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ABSTRACT

Foodborne disease is becoming one of the major crises on human health. Vibrio
parahaemolyticus, one of the pathogens, is becoming a highest risk source in food
poisoning worldwide. The conventional bacterial detection methods such as
immunology-based methods are not fast.enough and require a few days for a reply.
Hence, biosensing techniques with rapid, sensitive, and accurate detection have
attracted much attention recently. Among different sensing techniques, impedimetric
sensor adopted in this study is becoming popular due to its simplicity in device
preparation. In this thesis, study of Vibrio-parahaemolyticus trapping mechanisms on
the gold electrode via AC electrokinetics was investigated. The detection was fulfilled
using impedance analysis in a microfluidic system. A novel configuration of electrode
was designed and proposed for its advantages in combining bacteria trapping and
detection. To enhance the specificity, Vibrio parahaemolyticus specific antibody was
modified onto the gold electrode for bacteria immobilization. Cyclic voltammetry,
fluorescence imaging, and TMP were applied to identify the quality of the surface
modifications. The functionalized chip was then integrated into microfluidic system
for bacteria transport. The time needed for bacteria immobilization was reduced by
AC electrokinetics manipulation. The concentrated bacteria were detected by
impedance analysis. An electrical circuit model was also constructed and compared
with the experimental data. In spite that the detection was only at a level of 10°cfu/mL,
according to analysis, device with larger ratio of electrode surface to volume of
microfluidic channel could enhance sensitivity. In addition, the selectivity was also
investigated by simultaneous detection of analyte with Vibrio parahaemolyticus and

non-pathogenic bacteria, X1 Blue E.coli.



Bt

WREAR LTI E S and S H - B G R EGPE A @S AR
WAL AT AL AR RATIE R BRFIN o U d R
Feanidy "W THOFYPMAPN Fotg T 2N EETF o2 2 A S Apl o
Fi4%%@§¥?‘ P NE R Y R St FIEEAh A o ) By iR
FHZEL CREEEOIRTR P AL PAPHLIRAT] BN
Ao GER FRREASITIRES Y S5 - RE L DR R b
PR ARHHRES L - BB AR RO A ok Lo B gy
Bo%A MESFETFEE e KL P PRI RS AE o RHREF L
—EPFRERIRF FEOTHERAS - o & AR 2 E A G T R R A
EHELfrdpE L+ R L EMufedgi 12 g L A e d o
WA FEE o PRk P ATy FF T B Frcfok g, 7R RF R4

F g+ 557

FEACER ARkl A 4SS TR A BRER SR kR
DR R R AR %Fﬁﬁﬂﬁﬁ P EE LjEk ke q

2R P I AR A g e §

Ry REMBREL - MF LA FE > BPS2 PR Eags R AE

LI AHEREELR > 0 FARFRY EHaRF S B B afidp o

HHEZRAFHRZ IALFRIEFLIABTREI AT L LR T F Y

AR S ERE YR AR TUHR MR THARM | 5 AT

TR R, A FERE oy FE bk TR TR FX S

ié—iﬁﬂ?'fr"—} 7?—'-'" X E

AN
3‘/

2
X

—

R N

)
B
T

f

e
FTIS

FHRBE 2T UG BEIRNT T R ARG B AL o R (SR H e
R F B F1S RPEE A kOB R S RAErILE > BN RS

RBPBATA AL R AALEE

()



TABLE OF CONTENT

B B b i
A B ST RACT bbb are s I
. PR SO SE O PTSUR USRS RRPROPRP i
TABLE OF CONTENT ..ottt iv
LIST OF TABLES ...t vii
LIST OF FIGURES ...ttt e e nee e viil
Chapter 1 INTrodUCTION .....oovviiiieiii i 1

1-1 RESEARCH BACKGROUND AND MOTIVATION ..ot 1

1-2 BACTERIA DETECTION VIA IMPEDANCE ANALYZER......ccoiiiereenieenneenennnes 4

1-3 ELECTRODES CONFIGURATION OF MICROFLUIDIC SYSTEM FOR

BIOELECTRONICS DETECTION .. 11t vaxetae i tenseeesessesenseseesesseenseseesessesessessesees 8

1-4 AC ELECTROKINETICS IN MICROFLUIDICS SYSTEM ....ccovviiiininiiiiniiinns 11

1-5 STRUCTURE OF THE THESIS «2tsressmsnuss sseshttiureesseesseessesssesssessnssnsssnssnesnens 12
Chapter 2 TheoretiCal FEVIEWS wiv.. . coivieiee ettt 14
2-1 FLUID MOTION. ..ttt ittt ettt 14

2-2 ELECTRICAL DOUBLE LAYER....cccttttttiaitestiesireesineesineasieeaieesseesnneessneens 15

2-3 AC ELECTROKINETICS ©.utttiiutiieiirieesiteeesteeesieeeessteeesnseessnsessssseessnseeesnnns 18
2-3-1  AC EIECLrO0SMOSIS ....ocvveivieiiieiiieiiiesieesie et sie e 18

2-3-2  DIeleCtrophnOreSiS......cceivveiiiece e 24

2-4 ELECTROCHEMICAL METHODS ....cceiutieiiriesieiesiee st 26

2-5 IMPEDANCE MEASUREMENT ....ceetiiitiesieesiteesineesineesieeessee e e sneesnneesnneens 28
Chapter 3 EXPerimental SEt-UPS.........ccoovereiiiiiiine i 30
=L IMATERIALS .ttt ettt ettt ettt st e e st e e b e e ne e e 30

3-2 DESIGN AND FABRICATION OF ELECTRODE FOR BIOSENSING ................ 31
3-2-1 Patterned electrodes DEVICE ........ccevverveiverieiieiie e 31

3-2-2  Electrode preparation .........cccoccveeieeiiiresie e esee e 32

3-2-3 Definition of the sensing area for impedance analysis............ 33



3-3 PREPARATION OF SELF-ASSEMBLY MONLAYER MODIFICATION ............ 34

3-3-1 Gold electrode cleaning methods ...........ccccevvevveveeiieceecieenee, 34

3-3-2  Preparation of mixed SAMs on gold electrode ...........cc.cc...., 35

3-4 SURFACE MOLECULAR IDENTIFICATION ON GOLD ELECTRODE ............. 37
3-4-1 Electrochemical method for 11-MUA and 3-MPOH

1AENTIFICALION.....ei e 37

3-4-2  Fluorescence 1abeling .......cccccvevveiieiecii e 38

3-4-3  TMB deVelOPMENT........c.cccviiiiieiieiienee e 38

3-5 MICROFLUIDIC CHANNEL AND DETECTION SYSTEM SET UP .....oevvvrinnne 40

3-5-1 Microfluidic settlement ... 40

3-5-2  Processes of detection in microfluidic channel ...................... 41

3-6 BACTERIA PREPARATION ...ccetiiaiieeiiesieesiteesireesieeesieeesseesbeesneesnneesnneens 44

3-7 AC ELECTROKINETICS MANIPULATION FOR ANALYTE TRAPPING........... 45

3-8 IMPEDANCE MEASUREMENT wuttes b tuitaseesseeessreessneessnsassesssseesnsessneesneens 46

3-8-1 Parameters for impedance measurement..........ccceevveviverivennnns 46

3-8-2 Normalized impedance change as impedance analysis........... 46

3-8-3  EqUIVAIENT CIICUIL ...t et 47

Chapter 4 Results and diSCUSSION i uuiiimmmre e et erreeeesreseeseeseeseesieesseesiessreeseee e 49

4-1 CHARACTERIZATION OF SURFACE MOLECULAR ON GOLD ELECTRODE..49
4-1-1 Electrochemical detection for monolayer coverage on gold
BIECIIOE ... 49
4-1-2 Binding of fluorescent dye to Protein on
MUA/MH-covered gold electrode ...........cccovevvveveiciecie 51
4-1-3 HRP development using second antibody...........cc.cceeerinenne, 52
4-2 AC ELECTROKINETICS AND MICROFLUIDIC SYSTEM IN BACTERIA
TRAPPING ..ceeietteteisteeeaitteeesitee e st et e s st e e st e e s ase e e e asse e e ane e e e anne e e anneeesnnns 53

4-2-1 The behavior of AC electrokinetics in microfluidic channel ..53

4-2-2 The influence of flow rate on bacteria concentration.............. 55
4-3 BACTERIA DETECTION . cetuutetettteeeeeseeeeessaseeesssassesesssnseessssasessssnnseesesnns 56
4-3-1 Impedance analysis for three types of electrodes.................... 56



4-3-2  Impedance analysis on antibody-unmodified chip.................. 68
4-3-3 Impedance analysis of various concentrations of
Vibrio ParahaemolytiCus.........ccccevviiiiiiiin i, 73

4-3-4  Selective detection between Vibrio Parahaemolyticus and

XL1IDIUE E. COli v 77

Chapter 5 Conclusion and FULUFe WOFK.........ccccuveiinniinniienie e 85
5-1 CONCLUSION t.tttitteitiesttestee st esteesteesta e taesba e beestaesteesaeesteeseeeaeaneeaneeaneennes 85

5-2 FUTURE WORK ...ttttittiteiitteessieeesieeeassseeasnbeeesntseessssaessnseesassaesssssesssnsesssnns 86
RETEIENCES ... ettt e e s et e e e s e bb e e e e e sbr e e e e e e naraeeeeaans 88

vi



TABLE 1-1

TABLE 4-1

TABLE 4-2

TABLE 4-3

TABLE 4-4

LIST OF TABLES

STATISTICS OF PATHOGEN INFECTION IN TAIWAN IN 2010 ..o 2
INFLUENCE OF FREQUENCY FOR EACH ELEMENT . ..vvuiiiieeiiiiiireieeeeeeesssennnenes 65
VALUE OF EACH ELEMENT FOR THE ELECTRICAL CIRCUIT FITTING. ............ 65

DATA FITTING FOR BACTERIA DETECTION WITH AND WITHOUT ANTIBODIES
Y10 ] 51 [=1 [0y i [0S 71

DATA FITTING FOR SELECTIVE DETECTION. ..uuvviieeiiieeeesniireeessnineeessisnneeens 82

vii



FIGURE 1-1

FIGURE 1-2

FIGURE 1-3

FIGURE 1-4

FIGURE 1-5

FIGURE 1-6

FIGURE 1-7

LIST OF FIGURES

SEM IMAGE OF VIBRIO PARAHAEMOLYTICUS......cevereiieieresresierensessesensennas 2
RELATIVE RATE OF LABORATORY-CONFIRMED INFECTIONS WITH
CAMPYLOBACTER,  E.coLI 0157, LISTERIA, SALMONELLA, AND VIBRIO,
COMPARED WITH 1996-1998 RATES BY YEARS. ....ccovitiiierinienieenienieneanennes 3
(A) CHANGES IN IMPEDANCE OF THE IME IMPEDANCE SENSOR DURING
THE BACTERIAL GROWTH IN SELECTIVE SOLUTION RECORDED AT
DIFFERENT FREQUENCIES. INITIAL SALMONELLA CELL NUMBER: 2.06 X

102 crU/ML (B) A GROUP OF IMPEDANCE GROWTH CURVE DURING THE
GROWTH OF SALMONELLA, RECORDEDAT 10HZ. INITIAL CELL NUMBER :
A:CONTROL, B: 4.8x10°% c: 2.84% 10%, p: 1.75 x 10%, (E): 5.4 x 10% F:
5.3 x 10%, G: 5.4 102 cFU/ML: AC AMPLITUDE: 5MV (C) SEM
MICROGRAPH BEFORE TEST (D) AFTER THE TEST OF BACTERIA GROWTH
(INITIAL NUMBER:1.76%10°CFU/MLY). ..., 5
THE PRINCIPLE OF THE DIRECT IMPEDANCE IMMUNOSENSOR WITH
INTERDIGITATED ELECTRODE. ...vtuvisietetesiesessesteseasesseseessesessessesessessesessens 6
(A) DIELECTROPHORESIS BASED IMPEDANCE DETECTION SYSTEM (B)
SELECTIVE IMPEDANCE ANALYSIS BASED ON DIELECTROPHORESIS USING
IMMOBILIZED ANTIBODY. ...veuvevietetesierestesseseasesteseesassessessessssessesessessessssens 6

REAL-TIME CONDUCTANCE INSPECTED IN 0.1M MANNITOL SOLUTION

(A)ELECTRODE DESIGN OF THE AC ELECTROOSMOTIC PROCESSOR

(TOPVIEW). ettt ettt ettt sttt et sae et e et nte e nne e 9

viii



FIGURE 1-8

FIGURE 1-9

FIGURE 1-10

FIGURE 1-11

FIGURE 1-12

FIGURE 2-1

FIGURE 2-2

FIGURE 2-3

FIGURE 2-4

PARTICLES CONCENTRATION (A-F) VIDEO TIME SERIES SHOWING
CONCENTRATION OF 200-NM FLUORESCENCE PARTICLES ON THE
CENTRAL ELECTRODE EACH PICTURE IS SEPARATED BY 10s. (G)
CONCENTRATION OF E.COLI BACTERIA AT THE CENTER OF THE CENTRAL
ELECTRODE. 11tiiittttteeitttteeesstteeesssssseaesassseeessnsseessssssseeesssbaeeesansseeessanssenss 9
FLUORESCENCE IMAGE DEMONSTRATING CONCENTRATION OF
DOUBLE-STRANDED 4 PHAGE DNA MOLECULES (48.5KBP) ON THE
CENTRAL ELECTRODE .. .ceutteteesteeteaseesseesseaseesseessesseessesssesssessesssesssesseensens 9
(A) THE EXPERIMENTAL SET UP OF IMPEDANCE MEASUREMENT WITH
INTERDIGITATED ELECTRODE FOR BACTERIA GROWTH (B) IMPEDANCE
RESPONSE WITH TIME FOR THE GROWTH OF BACTERIA. ....ccoveiveieainnens 10
AC ELETROKINETICS BEHAVIORS (A) DIELECTROPHORESIS (B)AC
ELECTROOSMOSIS (C)ELECTROTHERMAL EFFECT....cveivieiearieseeeneenneenes 12
ORGANIZATION OF THE THESIS: tictuuts - cfetineeeesureaniensneesienseeessessseessessnnes 13
MODEL OF THE SOLID-ELECTROLYTE INTERFACE WITH CORRESPONDING
POTENTIAL Y V.S. THE DISTANCE FROM ELECTRODE TO WALL. THE
ELECTRODE IS ILLUSTRATED WITH A NEGATIVE SURFACE POTENTIALY.
THE INNER HELMHOLTZ PLANE LAYER 1J;ICONSISTS OF NONHYDRATED
COIONS AND COUNTERIONS, WHEREAS THE OUTER HELMHOLTZ PLANE
LAYER 1, IS BUILT UP OF ONLY HYDRATED COUNTERIONS. .........ccurnv.n. 17
VELOCITY, COULOMB FORCE, AND ELECTRICAL POTENTIAL.......ccuvrnnee. 18
APPROXIMATE CIRCUIT DIAGRAM FOR TWO LONG COPLANAR
PLATEELETRODES SPECRATED BY NARROW GAP.......ccceiieniianienieenieanenns 21
SCHEMATIC DIAGRAM FOR CONCENTRATION OF IONS CLOSE TO A

CHARGED SURFACE IN SOLUTION. ALSO SHOWN IS THE DISTRIBUTION OF



FIGURE 2-5

FIGURE 2-6

FIGURE 2-7

FIGURE 2-8

FIGURE 3-1

FIGURE 3-2

FIGURE 3-3

FIGURE 3-4

FIGURE 3-5

FIGURE 3-6

POTENTIAL WITH DISTANCE FROM ELECTRODE SURFACE. .........ccocvuiiinnas 23

BEHAVIORS OF ACEO ON TWO ELECTRODES APPLIED DIFFERENT SIGNAL.

BEHAVIORS OF PARTICLE MOVEMENT UNDER FORCE OF DEP. .................... 26
ELECTROCHEMICAL CELL SYSTEM. THREE ELECTRODES PUT IN THE
ELECTROLYTE IS MADE UP BY WORKING ELECTRODE, AU PATTERNED ON
SI0; CHIP; COUNTER ELECTRODE, PT WIRE; AND AG/AGCL REFERENCE
ELECTRODE IN 3M KCL SOLUTION. ...cccitvieieiiiiieeecciteee e e st e e 27

CYCLIC VOLTAMMETRY CURVES FOR (A) APPLIED POTENTIAL SWEEP AND.

INNOVATIVE INTEGRATION FOR ELECTRODES. RIGHT SIDE AS A DEVICE

FOR DETECTION i it/ et tertueasssase e e s bbantieeeesnnsessentsessennseesennaseeeennaseeeens 31
ELECTRODE CONFIGURATION . it teeee et et e e e e e e e e e e e s 32
SENSING AREA DEFINITION OF THE CHIP AFTER SU-8 PASSIVATION........ 33

PROCESSES OF MODIFICATION: THE CLEAN GOLD ELECTRODE WAS
MODIFIED BY 11-MUA/3-MPOH MIXED SOLUTION TO ASSEMBLE THE
CARBOXYLATE-THIOL LAYER. EDC/NHS ACTIVATED THE CARBOXYLATE
GROUP FOR ANTIBODIES BINDING. AFTER IMMOBILIZING THE ANTIBODIES,
THE BSA WAS FOLLOWED TO BLOCK REMAIN AREA OF NONBINDING. ....36
PROCESS OF FLUORESCENCE. AFTER BINDING ANTIBODIES ON THE
ELECTRODE, THE RHODAMINE WAS LABELED ON ANTIBODIES FOR
FLUORESCENCE ....ccceiiittttieeeeee et esiitttreeeeesesssesstsbsssesseessssnssssseneseessssnsnssnes 38
PROCESSES OF TMP DEVELOPMENT: THE ANTIBODY-MODIFIED GOLD
ELECTRODE WAS FOLLOWED BY INCUBATING THE SECOND ANTIBODY.

THEN THE TMP SUBSTRATE WAS DROPPED ON THE ELECTRODE AND



DEVELOPED. ... etettteeeeet e e ettt e e e e e e e e e ee e teee e st teeeestseeeestseesentseerentnseeeens 39

FIGURE 3-7  PROCESSES OF MICROFUIDIC SYSTEM SET-UP (A) FABRICATION OF
MICROFLUIDIC CHANNEL . (B) COMPLETION OF MICROFLUIDIC CHIP. .....41
FIGURE 3-8 = CONNECTION FOR (A) BACTERIA TRAPPING (B) BACTERIA DETECTION BY
ELECTRODE. ....utiietteiesiteeasiteeeattee e it e ssbeesssse e s ameeesbe e e s beeesnbreesnneeesnneeennes 42
FIGURE 3-9  SCHEMATICS ILLUSTRATION OF ASSAY. ....ceittiiurienieeaeeesiessneesseeseeessessnnes 43
FIGURE 3-10 PICTURES OF WHOLE SYSTEMS. ....uviitiiiiiieieesireesieesieeesieesneesseesnseesneesnnas 44
FIGURE 3-11 BACTERIA TRAPPING VIA AC ELECTROKINETICS ENHANCEMENT............ 45
FIGURE 3-12  (A) EQUIVALENT ELECTRICAL CIRCUIT (B) EQUIVALENT ELECTRICAL
CIRCUIT ON THE CHIP (C) IMPEDANCE SPECTRA DIVIDED INTO DOMINANT
ELEMENT. c.cvvvvirrerns g A It 1. e sneeesanenssanenssaneessnsnessnsnesnes 48
FIGURE4-1  COMPARISON OF CV SCAN (A) BEFORE MODIFICATION WITH (B) AFTER
IMIODIFICATION sttt vkt e sssnese aakanseeeeeshbe et b eeesnseeessseesasseesseeesnneeesnseeesnnnas 50
FIGURE4-2  RHODAMINE FIXED ON ELECTRODE WITH ANTIBODY MODIFICATION. ....51
FIGURE4-3  RHODAMINE FIXED ON'ELECTRODE WITHOUT ANTIBODY MODIFICATION. ..
.............................................................................................................. 52
FIGURE4-4  (A) TMB CHROMOGENIC RESULT ON GOLD ELECTRODE WITHOUT AND
WITH ANTIBODY MODIFICATION (B) ABSORBANCE AT 450NM.................. 52
FIGURE4-5  PROFILE OF (A)ACEO (B)GRADIENT OF QUADRATIC ELECTRIC FIELD. ..54
FIGURE4-6  BACTERIA TRAPPING WITH 2VVP-P AND 200HZ (A)AT OMIN(B) AFTER
LOMIN. ettt ettt b ettt e et e bt e e nbeenbeeeneee e 54
FIGURE4-7  BACTERIA TRAPPING WITH 2VVP-P AND 30KHZ (A)AT OMIN(B) AFTER
LOMIN. ettt ettt b ettt e et e bt e e nbeenbeeeneee e 54
FIGURE4-8  FLOW RATE AT 100UL/MIN (A) BEFORE TRAPPING (B)AFTER TRAPPING ,

FLOW RATE AT 50UL/MIN (C) BEFORE TRAPPING (D) AFTER TRAPPING,

Xi



FIGURE 4-9

FIGURE 4-10

FIGURE 4-11

FIGURE 4-12

FIGURE 4-13

FIGURE 4-14

FIGURE 4-15

FIGURE 4-16

FIGURE 4-17

FIGURE 4-18

FIGURE 4-19

FIGURE 4-20

FIGURE 4-21

FIGURE 4-22

FLOW RATE AT 5UL/MIN (E) BEFORE TRAPPING (F) AFTER TRAPPING. .....55

DIFFERENT SIZES OF ELECTRODE. (A) INNER DIAMETER: 500 UM (B) INNER

DIAMETER: 250 UM ....ciitiiiiieiiie ettt st o7
IMPEDANCE SPECTRA USING ELECTRODE A ....ooiiiiiiiiiieeiiie e S7
NORMALIZED IMPEDANCE CHANGE(NIC) FOR ELECTRODEA................. o7
IMPEDANCE SPECTRA USING ELECTRODE B. ....ocviiiiiiiiiiciieeicei 58
NORMALIZED IMPEDANCE CHANGE (NIC) FOR ELECTRODE B. .............. 58
IMPEDANCE SPECTRA USING ELECTRODE C. ..ooovvevivivieieeie e 58
NORMALIZED IMPEDANCE CHANGE(NIC) FOR ELECTRODE C. .............. 59

SEM IMAGES OF VIBRIO PARAHAEMOLYTICUS BOUND TO
ANTIBODY-MODIFIED ELECTRODE SURFACE (A) TRAPPING WITH AC
ELECTROKINETICS ENHANCEMENT (B) EDGE OF ELECTRODE (C)

TRAPPING WITHOUT AC ELECTROKINETICS ENHANCEMENT. .......ccvvveeen. 59
NIC OF BACTERIA DETECTION WiTH AC ELECTROKINETICS IN THREE
SIZES OF ELECTRODES. (.. i iiiaihts taeteeeeeseeitsrrrereeeeesssassarsseeseeeesssnssssseseees 60
IMPEDANCE SPECTROSCOPY OF INNER DIAMETER: 500 UM(A) FITTING
SPECTRA OF THE MEASURED DATA (B) MAGNITUDE OF THREE ELEMENTS
IN IMPEDANCE ANALYSIS. ..ciiiiitiirieeeeee e s e ititrre e e e e e e s s ssatareeeeeeeessennnareneeeeas 62
IMPEDANCE SPECTROSCOPY OF ELECTRODE A (A) FITTING SPECTRA OF
THE MEASURED DATA...cciiiiiiiiiitiieree e e e e e seetttaree e e e e s s s snatareeeeeeesssssnssraeeeens 63
IMPEDANCE SPECTROSCOPY OF ELECTRODE B (A) FITTING SPECTRA OF
THE MEASURED DATA.....ttieiitteeieteeesiteeesiteeesteessteessssesssssesssssesssssesssseesas 64
IMPEDANCE SPECTROSCOPY OF ELECTRODE A (A) IMPEDANCE OF CPE ON
ELECTRODE SURFACE .. .utttitiiteeiiiiiitireeeeeesssisitarsseeeeessssssssssesssssesssanssnns 66

IMPEDANCE SPECTROSCOPY OF ELECTRODE B (A) IMPEDANCE OF CPE ON

Xii



FIGURE 4-23

FIGURE 4-24

FIGURE 4-25

FIGURE 4-26

FIGURE 4-27

FIGURE 4-28

FIGURE 4-29

FIGURE 4-30

ELECTRODE SURFACE .....ciiiittitieiittineesssiaeeesssssrenssssssessssssssnessssssssssssnssens 67
IMPEDANCE SPECTROSCOPY OF ELECTRODE C (A)IMPEDANCE OF CPE ON
ELECTRODE SURFACE .....citiittittesiitiereessstneeesssssseeesssssesssssssssesssnsssessssnssens 68
IMPEDANCE SPECTRA (A)WITH AC ELECTROKINETICS (B) WITHOUT AC
ELECTROKINETICS ON ANTIBODY-UNMODIFIED ELECTRODE. .......cccvu... 69
OPTICAL IMAGES OF VIBRIO PARAHAEMOLYTICUS ATTACHING ON
ELECTRODE AFTER BINDING (A) WITHOUT AC ELECTROKINETICS (B) WITH
AC ELECTROKINETICS AND WASH. .....0eeiitireiieeesieeesieesssneesssseesssnessnseeens 69
NIC SPECTRA FOR VIBRIO PARAHAEMOLYTICUS BINDING WITH AND
WITHOUT AC ELECTROKINETICS ENHANCEMENT. ...vceivierienieeieeneeseeeneenns 70
NIC BETWEEN BACTERIA BINDING WITH AND WITHOUT MODIFICATION OF
ANTIBODIES. ... . [ P P A NG oo 70
IMPEDANCE SPECTRA OF EACH ELEMENT (A)IMPEDANCE OF CPE ON
ELECTRODE SURFACE (B) IMPEDANCE OF SOLUTION(C) IMPEDANCE OF
CPE IN THE SOLUTION .0 siktarasthaetureeesueeessreeessseessssesssssesssssessssssesnseseanns 72
OPTICAL IMAGES OF VIBRIO PARAHAEMOLYTICUS AT A CONCENTRATION

oF 10’cru/ML (A) NIC SPECTRA FOR BINDING WITH AND WITHOUT AC
ELECTROKINETICS ENHANCEMENT (B) OPTICAL MICROSCOPY BEFORE
BINDING OF BACTERIA (C) AFTER BINDING WITH AC ELECTROKINETICS
ENHANCEMENT. 11tt it itiitttieeee et e e e s s seiieaee e e e e e s s seste e eeeeeeessssnreneeeaeeesssnnnnnnes 74
OPTICAL IMAGES OF VIBRIO PARAHAEMOLYTICUS AT A CONCENTRATION

oF 10°cru/ML (A) NIC SPECTRA FOR BINDING WITH AND WITHOUT AC
ELECTROKINETICS ENHANCEMENT (B) OPTICAL MICROSCOPY BEFORE
BINDING OF BACTERIA (C) AFTER BINDING WITH AC ELECTROKINETICS

ENHANCEMENT. vttt ttt et eteeessttessseeesesesstnnsssesssesesstnsnssesssesessssnnsseesseseennes 75

Xiii



FIGURE 4-31

FIGURE 4-32

FIGURE 4-33

FIGURE 4-34

FIGURE 4-35

FIGURE 4-36

FIGURE 4-37

FIGURE 4-38

FIGURE 4-39

FIGURE 4-40

OPTICAL IMAGES OF VIBRIO PARAHAEMOLYTICUS AT A CONCENTRATION

OF 10°cFU/ML (A) NIC SPECTRA FOR BINDING WITH AND WITHOUT AC
ELECTROKINETICS ENHANCEMENT (B) OPTICAL MICROSCOPY BEFORE
BINDING OF BACTERIA (C)AFTER BINDING WITH AC ELECTROKINETICS

=N TN N[0 =1 ] = N PP 76
IMPEDANCE CHANGE OF VARIOUS CONCENTRATIONS OF VIBRIO
PARAHAEMOLYTICUS AT 50 HZ ..o 76
ELISA CHROMOGENIC RESULT FOR XL BLUE E CcOLI AND VIBRIO
PARAHAEMOLYTICUS DETECTION WITH VIBRIO

PARAHAEMOLYTICUS-SPECIFIC ANTIBODIES (A) COLOR CHANGE FROM

TMB DEVELOPMENT (B) ABSORBENCY .......ceuviieieienienieniestesiesieseeeennes 77
NEGATIVE/POSITIVE CONTROL FOR ELISA. ......ooviiiiiiece, 78
IMPEDANCE SPECTRA (A)WITH AC ELECTROKINETICS ....ccevvirieniraieenene 79

OPTICAL IMAGES OF VIBRIO PARAHAEMOLYTICUS (5*107CFu/|v| L) wiTH
XL1BLUE E. coLI (5*107cFU/ML) BINDING ON ELECTRODE WITH AC
ELECTROKINETICS ENHANCEMENT. (A)BEFORE BINDING OF BACTERIA (B)
AFTER BINDING. .....veiitrieieieiree e s et sre e e s sneeenneenneennnis 79
NIC SPECTRA OF VIBRIO PARAHAEMOLYTICUS (7*10°CFU/ML) WITH .XL1
BLUE E. COLI (7%10°CFU/ML) BINDING. w....cvoveeeeeeereesesseessesneesseensenees 80
IMPEDANCE SPECTRA (A)WITH AC ELECTROKINETICS (B) WITHOUT AC
ELECTROKINETICS. w.vvevieiurieieessreesieesnreesses s e snee s esmes s sneesneesneeennee e 80
OPTICAL IMAGES OF XL1 BLUE E. coLI(10° cFU/ML) BINDING ON
ELECTRODE WITH AC ELECTROKINETICS ENHANCEMENT. (A)BEFORE
BINDING OF BACTERIA (B) AFTER BINDING. ...ccuceuierieierieniesiesiesieeieeeeeans 80

NIC sPECTRA OF XL1 BLUE E. coLI (108 CFU/ML) BINDING. ................. 81

Xiv



FIGURE 4-41

FIGURE 4-42

FIGURE 4-43

FIGURE 5-1

NIC RELATED TO TWO BACTERIAL SPECIES AT 50HZ.......ccoooiiiiiiie 81
IMPEDANCE OF EACH ELEMENT (A)IMPEDANCE OF CPE ON ELECTRODE
SURFACE (B) IMPEDANCE OF SOLUTION(C) IMPEDANCE OF CPE IN THE
SOLUTION FOR V.P.4E COLI DETECTION. ...ccuttiiiiieiiiiesireesieeesineesieeens 83
IMPEDANCE OF EACH ELEMENT (A)IMPEDANCE OF CPE ON ELECTRODE
SURFACE (B) IMPEDANCE OF SOLUTION(C) IMPEDANCE OF CPE IN THE
SOLUTION FOR E COLI DETECTION. ...eeiiiiiiiiiiieeiiieeiiieesieeesieeesiee e 84
COMPARISON OF BACKGROUND IMPEDANCE SPECTRA BETWEEN 0.01xXPB

AND IXP B e 87

Xv



Chapter 1 Introduction

1-1 Research Background and motivation

To secure health of human beings is the fundamental of pathogens detection.
Foodborne disease infected by pathogen has being a serious threat for decades in
public health. Most of the diseases are caused commonly by the pathogenic bacteria,
including Escherichia coli 0O157:H7, Salmonella Typhimurium, and Vibrio
parahaemolyticus. One pathogenic bacteria, Vibrio parahaemolyticus was normally
found in many species of fish, shellfish, and crustaceans in marine environments,
shown in Figure 1-1. They survive in warm saline water with a temperature ranging
from 5 to 43 degree Celsius. When infected, Vibrio parahaemolyticus causes watery
diarrhea with abdominal cramping, nausea, vomiting, fever and chills. Usually these
symptoms occur within 24 hours after ingestion. Iliness is usually self-limited within
3 days. Due to the change of diet and the global warning, Vibrio parahaemolyticus is
becoming a highest risk in food poisoning both in United State(Figure 1-2) and
Taiwan(Table 1-1), Thus, the development of rapid, sensitive and specific detection as
an assay is important to respond effectively.[1, 2]

Biosensors have a wide range of applications for diseases detection and
diagnosis. The biosensor is an analytical device, which converts a biological response
into an electrical signal. It consists of two main components: the biorecepter element,
which recognizes the target analytes, and the transducer element, for converting the
recognition event into a measurable electrical signal. The bioreceptor can be a tissue,
microorganism, cell, enzyme, antibody etc. The transduction may be optical,
electrochemical, piezoelectric, and micromechanical combinations. All the biosensors

were designed for fast detection, specificity, sensitivity, accuracy, and capacity to
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detect small amounts of target in samples.[3]

The impedimetric detection is a potential technique for biosensors with
advantages of low-cost, miniaturization, and flexibility. It can integrate with other
analytic methods for higher sensitivity. The detection of bacterial cells using
impedance analyzer is well-known.[4, 5] However, performance of the previous
studies may be so far limited due to time and diffusion even the analytes are close to
sensing surface. In the case of fluidic system applications for biomolecular detection,
the targets displacement is dominated by diffusion of its nature. To overcome the
constraints of biosensing, the sensing signal enhancement with AC electrokinetics is

necessary and reduces the time of detection greatly.

Acc.V Spot Magn Det WD
30.0kV 3.0 19058x SE 19.0 3

Figure 1-1 ~ SEM image of Vibrio parahaemolyticus.[1]

Table 1-1 Statistics of pathogen infection in Taiwan in 2010. [2]
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1-2  Bacteria detection via Impedance analyzer

The recognition of pathogenic bacteria can help control the poisoning foods and
prevent the foodborne diseases. Indeed, a wide range of biosensors in current on
bacteria detection, such as surface plasmon resonance(SPR)[6], quartz crystal
microbalance(QCM)[7], and electrochemical impedance spectroscopy(EIS), are
mostly adapted to detect bacteria. The advantages of these methods are simple and
rapid compared with conventional systems such as Enzyme-linked immunosorbent
assay(ELISA)[8] and polymerase chain reaction(PCR) /DNA array[9], which are
limited by length of sensing time and portability for biochemical testing
procedures.[3]

The previous studies, Yang et:al. in. 2004 used indium tin-oxide(ITO)
interdigitated electrode for the ‘detection of viable Salmonella typhimurium in
milk.[10] The impedance growth curves, against bacteria growth time, were recorded
at four frequencies (10Hz, -100Hz, IkHz,- and ' 10kHz) during the growth of
S.typhimurium. It was observed that impedance did not change until the cell number
reached 10°-10° cfu/mL(determined by the plating method). The greatest change in
impedance was observed at 10Hz. Figure 1-3 shows the results presented by Yang. He
also fabricated a label-free electrochemical immunosensor for detection of E coli
0157:H7 by immobilizing anti-E. coli antibodies on the surface of ITO interdigitated
electrode and measuring impedance change in the presence of a redox probe
label-free detection of Salmonella cells in DI water. Figure 1-4 shows the bacteria
attachment on the ITO electrode and measured via redox probe.[11]

Suehiro et al. in 2001, 2003, and 2006 studied the issue of capturing bacterial
cells on the surface of electrodes using dielectrophoresis(DEP).[12, 13, 14, 15] The

concentration of bacteria formed pear chain between electrodes followed by an



impedance measurement, shown in Figure 1-5(a). The detection system was able to
detect 10° cfu/mL in 10 min. The group has also presented specificity improvement
by immobilization of antibody on DEP devices in a microfluidic environment, shown
in Figure 1-5(b). This study was published as a proof of concept and only a high
concentration (10° cfu/mL) of E.coli cells was demonstrated. (in Figure 1-6)
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Figure 1-3 (&) Changes in impedance of the IME impedance sensor during the
Bacterial growth in selective solution recorded at different frequencies.
Initial Salmonella cell number: 2.06 x 10% cfu/mL (b) a group of
impedance growth curve during the growth of Salmonella, recorded at
10Hz. Initial cell number : a:control, b: 4.8 x 10°, c: 2.84 x 10*, d: 1.75
x 10% (e): 5.4 x 10°, f: 5.3 x 10%, g: 5.4 x 10° cfu/mL; AC amplitude:
5mV (c) SEM micrograph before test (d) after the test of bacteria
growth (initial number:1.76*10%cfu/mL).[10]
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1-3  Electrodes configuration of microfluidic system for

bioelectronics detection

There are plenty of studies about the concentration of bioparticles using AC
electrokinetics on electrodes with various configurations, such as parallel integrated,
castellated, potential-well, quadrupole, and concentric. AC electrokinetics as an
approach in microfludic system for particles manipulation has also been reported by
several research teams. AC electrokinetics can induce non-uniform AC electric field
above electrodes. P. K. Wong had used the circular electrode (Figure 1-7) to
concentrate the samples into the region at center of electrode, which has a advantage
of smaller target preparation, such as E. coli Bacteria, quantum dot, and DNA,
showed as Figure 1-8 and Figure 1-9.[16, 17, 18] Also, multiple interdigited
electrode arrays in previous researches were widely used as impedance analyzer. The
impedance spectroscopy in microfluidic system often uses the parallel interdigited
electrode for incubation of the analytes. It has been present advantages of low ohmic
drop, fast response of steady-state, and well performance in detecting small amounts
of products.[19] Figure 1-10 shows the experimental set up of impedance
measurement with interdigitated electrode.

In this work, concentric electrode combined with inside parallel integrated
electrode enhances the capability of target concentration and bioassay. The bacteria
were concentrated onto the inner circular electrodes, and impedance measurement

was performed by using inner interdigitated electrode inside the inner circular.
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Figure 1-7 (a)Electrode design of the AC electroosmotic processor (topview).
(b) Schematic (side view) illustrating electrode polarization and
formation of AC electroosmosis.[18]

— 100um

Figure 1-8 Particles concentration (a-f) Video time series showing concentration
of 200-nm fluorescence particles on the central electrode each picture
is separated by 10s. (g) Concentration of E.coli bacteria at the center of

the central electrode.[18]
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Figure 1-9 Fluorescence image demonstrating concentration of double-stranded A
phage DNA molecules (48.5kbp) on the central electrode.[18]
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1-4  AC electrokinetics in Microfluidics system

In microfluidic system, the phenomena under AC electric field that involve
the interactions among applied electric fields , ions suspended in solution, and
polarized particles result in ions and particles movement. There are three dominant
mechanics during the AC signal applying, dielectrophoresis(DEP), AC
Electroosmosis(ACEQ), and electrothermal effect actuating motion of solid
bodies( micro-/nano-particles or bio-particles ) in the process of applied electric
field.[20, 21] The AC electrokinetics physically displaces particles and induces fluidic
flow duo to the controllable parameters, such as voltage, frequency, electrode size,
etc.[22] Electroosmosis is the motion of fluid induced by tangential electric field at
the surface of electrode due to ionic.movement in the electrical double layer (Figure
1-11(a)). Dielectrophoresis occurred during non-uniform signal applied in the solution
as suspended particles is polarized. The polarized dipoles difference of dielectric
particles between the interface inside and-outside give rise to a net force, either
toward the strong electric field, called Positive DEP(p-DEP), or away from electric
field, called negative DEP(n-DEP), on the particles(Figure 1-11(b)). Electrothermal
fluid is generated by electric field from the temperature heating of the fluid and the
gradient in local conductivity and permittivity (Figure 1-11(c)). In this thesis, AC
electrothermal effect is negligible due to the low conductivity of medium and
undesirable mechanism while trapping the particles. These experiments reduce the
response time by relying on forces integrated with electroosmosis and
dielectriophoresis on analytes. The parameters are with low potential and low
frequency that can induce merely dielectrophoresis on particles and electroosmosis in
electrical double layer, but prevent the electrothermal fluid in the microfuidic cell.

The potential application of AC electrokinetics can facilitate methods for
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manipulating biological objects.[23, 24] Efficient bioparticles manipulation can
shorten the detection time and improve the sensitivity.[25, 26]

In the article, bacteria were trapped onto the center of the inner electrode,
experiencing a balance force from dielectrophoresis induced by polarized particles
and drag force by AC electrosomsis under non-uniform electric fields without using
bulk fluidic. It can largely reduce the time for immobilization of bacteria and enhance

the sensitivity.

(a)

- Weak DEP effect

Strong DEP effect

DA

F=(+q) x (+Et) Induced charge (+q)

Heat sink

Figure 1-11  AC eletrokinetics behaviors (a)Dielectrophoresis (b)AC electroosmosis
(c)Electrothermal effect.[22]

1-5  Structure of the thesis

This thesis reported enhancement of biosensor via AC electrokinetics on bacteria
detection. We detected the Vibrio parahaemolyticus as pathogenic analytes via
impedance biosensor and AC electrokinetics was adopted to enhance the capture of
bacteria. First, a new configuration of electrodes for diagnosis was fabricated and
simulated by COMSOL V. 4.2 for analysis of electric field and AC electroosmosis.
Second, the chip was cleaned and functionalized by chemical molecules ion gold
electrode with confirm using characteristic methods. The specific biomolecules that
recognize Vibrio parahaemolyticus uniquely was immobilized on the electrode before

detection. Third, the AC electrokinetics was involved for bacteria trapping and the
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impedance was analyzed through electrodes. Modeling using equivalent circuit was
also adopted to justify the impedance spectroscopy from the measurement. Finally, to
confirm the selectivity and specificity in Vibrio parahaemolyticus detection, a
non-pathogenic E.coli bacteria was mixed with Vibrio parahaemolyticus in the
analyte for detection. Figure 1-12 illustrates the experimental flowchart on achieving

Vibrio parahaemolyticus detection.

Device
fabrication
A 4
Electrode
cleaning
\ 4
Surface
modification
=4 L |
Identification of Microfluidic system
modification set-up
s
Impedance measurement
of immobilized antibody
$
Bacteria trapping via AC
electrokinetics
\ 4

Impedance measurement
of Bound bacteria

\ 4

Electrical circuit modeling

Figure 1-12 Experimental flowchart of this thesis.
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Chapter 2 Theoretical reviews

2-1  Fluid motion

In incompressible fluid dynamics, the behavior and velocity of the flow can be

described by Navier- Stokes Equation:

d
p (6—: +v- \717) = —Vp + n72v + Fbody __________ (1)

where p is the density of medium(Kg/mg), v the velocity of flow(™/s), p the

pressure(Pa), n the viscosity(Pa-s) and Fp,4, a body force term(F/mg) The

Navire-Stokes equation is derivative from Newton’s Second Law, ma = F. On a
hand, the left side of equation due.to the inertia of whole fluid describes acceleration
of transient and convection. On the other-hand, the right side is the sum of pressure,
viscous forces and the body: forces. For laminar flow of microfluidic system the
Reynold number(Re) expressing the ratio of inertial forces(convection acceleration)
to viscous forces, is low, so the inertia terms are neglected. Considering the steady

flow in addition, the Navier-Stokes equation is written:[27]

0 = —Vp +nV?V + Fypgqy ~------mmmmmm--==- (2)

The equation presents the motion of fluid and gives the velocity for a given body

force in the microfluidic channel.

14



2-2  Electrical double layer

In an electrochemical system, an ideal polarized electrode involves no charge can
be transferred across the electrode-solution interface. As a potential is applied to the
electrode, charges (counter ions) will aggregate in the electrode surface until the
potential drop across the capacitor satisfies the applied potential. The region of
liquid near to the interface has a higher density of counter ions. The result in the
change of distribution of ions near the surface is influenced by the distribution of
electrode signal. The charges exist on the metal, the excess or deficiency of electrons
and resides accumulating in a thin layer (< 0.01 nm) on the metal surface. The charges
in the solution are made up of an excess of cations or anions in the vicinity of the
electrode surface. The whole array of charged species existing at the metal-solution
interface is called the electrical-double layer (EDL).[28, 29]

Electrical double layer consist in the presence of several layers. In the further
consideration of EDL model in Figure 2-1, the inner layer closest to the electrode
contains specifically adsorbed solvent molecules and other species is called stern layer.
The stern layer can be subdivided into two regions, which is the inner and outer layer.
The inner surface of which is named inner Helmholtz plane, composed of solvent
molecules and other specifically absorbed species. The bound solvent ions as outer
layer, outer Helmholtz plane, of stern layer samples which are not absorbed
specifically but attracted in electrostatic forces from the charged metal. Due to the
thermal agitation of solution, excess charges distributed in the extend region from
outer Helmholtz plane to solution bulk form a diffuse layer. This model is presented
in Figure 2-1.

The volume of double layer is dependent on the pH and ionic strength of the

solution. To calculate the potential distribution of the electrical double layer,

15



Poission-Boltzman equation is given to describe the varieties of electrostatics

potential of charged atoms in the space,

72 = 4% = — L Sinf zexpl-ziq(2)/ks T (3)

dz?

where  is the electric potential due to surface charge, q is electric charge, n is the
ion concentration, z is the ion valence. The Poission-Boltzman equation can be
solved by assuming generally the relation with respect to smaller «, which leads to

the Debye-Huckel approximation

vy = %f = K2 (2)----mmmmmmmmm e (4)

and the potential distribution is

Y(2) = hoexp (—Kz) —--mmemmeee (5)
where
a5 2 /2
<~ (E52E) ®

k is called Debye-Huckel parameter. The potential decays exponentially in the diffuse
layer with a characteristic distance by Debye length A, = k1. This value correlates

the thickness of electrical double layer.[29]
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Figure 2-1 Model of the solid-electrolyte interface with corresponding potential
Y v.s. the distance from electrode to wall. The electrode is illustrated
with a negative surface potential 1) . The inner Helmholtz plane layer
Y; consists of nonhydrated coions and counterions, whereas the outer
Helmholtz plane layer v, is built up of only hydrated ounterions.[29]
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2-3  AC electrokinetics:

2-3-1  AC Electroosmosis

When the potential is applied on a electrode in the solution, explained in Figure
2-2, the electrical double layer (EDL) is established and accumulated uniformly and the
microfluidic cell is also supplied by external electrical power as a electrostatic body
force E,. . There is a tangential component of electric field, E.y¢wqn . Here
considering the steady isobaric flow in Xx-direction along the surfaces (such as
electrodes), with velocity and potential gradient remaining in y-direction, the equation

(2) is simplified: [27]

0%
0= n ﬁ + pEEext,wall (7)

v(y) e =0if y > Ap

e P)

Eex t

Ap Debye lenght

€->

Au

.

Figure 2-2  Velocity, Coulomb force, and electrical potential
in an electroosmotic flow.
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The term, pgE.,:, is induced Coulomb force by electric field applied on the electrical
double layer. In further detail of Coulomb force, the charge density around the EDL
can be gotten by Poisson equation, ¢ is the potential of bulk solution, pz the charge

density of medium, and ¢ electrical permittivity of solution:

Vip=—Ef ~(8)

&

the equation (8) is to substitute pz in equation (7):

92 3%¢
0=n # - 8a_yzEext,wall (9)
Rearranging equation (9)
a2 2%¢
n a_yz =& a_yzEext,wall (10)

This differential equation can be solved via boundary conditions at the electrode
(y = 0) and the bulk solution(y > Ap,y = ©0) point with the definition ¢ = ¢, and
¢=0:

nv = gEext,walld) + Cy + G (11)

It makes velocity:[30]

v = %(cpo ) (12)

where the v, &, Eoxrwan, and n are the electroosmosis velocity, permittivity of
medium, the tangential electric field on the surface, and the viscosity. ¢y —¢ Iis
defined as potential that represents the potential drop cross the electrical double layer.
¢, Is a potential at the surface and ¢ is another potential as a function of distance
in y-direction. Equation (12) is the solution of the electroosmotic flow, that involving

fluidic flow in the solution after the external work of electric applied. The free
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charges within the diffuse layer of electrical double layer move due to the electric
field direction, tangential component, on the surface turning out electroosmosis. The
mechanism was generally observed and accounted for in DC field. However, AC field
providing a non-uniform field can also generate the fluidic flow locally relating to the
charges of the double layer. As voltage is applied, it causes an electrical double layer
outside the electrode surface. If ignoring the formation of stern layer in electrical
double layer and assuming a linear approximation of diffuse double layer, like the
chart in Figure 2-4, we consider a specific capacitance dropped across entire double
layer, which is

CSZ

: (13)

here Cs is surface capacitance(F/m?), d the Debye length(m). Owing to the surface

charge density, the capacitance can be rewritten as a ratio of charge to potential:

L= (14)

Where Qgis the electrode surface charge density(C/m?) and ¢ is the zeta potential (V)
which describe equivalent potential of diffuse layer. Here the zeta potential drop from
the electrode surface to potential defined point, ¢e~1. The interval is same as Debye
lenght(Figure 2-4). In the linear approximation the zeta potential is proportional to

surface charge density in the diffuse double layer:

==y (15)
S 1
and
e ¢ (16)

K

where k is the reciprocal Debye length. In term of velocity resulted from interaction
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of ions in double layer

v = EEextwall Z (17)
n
also
__ €Eoxtwall
v = s Qs (18)

In microfluidic system, generating a non-uniform electric field between electrodes can
model as a circuit, including a series of solution resistance and surface capacitance at
either double layer on the electrode surface. Figure 2-3 show a two dimensional

system with a semircular circuits.[31]

BT N = +,

Figure 2-3  Approximate circuit diagram for two long coplanar plateeletrodes
specrated by narrow gap.

The solution resistance and double layer capacitance is with a value

ARzpiz i and ACsz%zszcdx

omax

Here, x is cross-sectional position and start from the center of the gap between

electrodes and d expresses the length of electrodes into the page.
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Since eletroosmosis is affected exactly by the behavior of ions motion in the
double layer. The potential with a time-averaged value, i.e. root mean square value V,

cross the double layer can be driven via voltage dividing:

Yiwacs (19)

Resistance and capacitance parameters substitute the function

bepL = % (20)

2+jwn(¢/g,, KX

The total surface charge distribution and tangential electric field in x-direction can be

evaluated from this model as Qg = ex¢gp, and Eext_wau=a¢;’;m. The time

. . E .
averaged electroosmosis velocity from v = ”‘#‘MQS yields:[30]

_1 EoxtwallQs) L. &Vo’0?
(U) = Re{ P } St 87 (1707)? (21)
where
0 = %mcxaia) (22)

Moreover, diagram outlining of AC electroosmosis is patterned at Figure 2-5. Its
mechanism report the charges above electrode surface shift from the edge of electrode
to the center. The ion movement induces and exerts net drag force due to medium
viscoity. The forces acted on the double layer generate bulk fluid motion, rotational
motion, on the electrode surface toward the center of electrode. The direction of the
flow would not be alternative with electrical potential change since co-ions and
counter-ions switch transiently as well due to applied electric field and the tangential

component.
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Figure 2-5 Behaviors of ACEO on two electrodes applied different signal.
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2-3-2  Dielectrophoresis

Dielectrophoresis(DEP) describes the motion of polarizable particles under a
non-uniform electric field. It always employs in an alternative current (AC) to
produce the non-uniform electric field. Depending on electrical and polarized
properties of the medium around particles and particles inside it can be attractive or
repulsive, which termed negative and positive dielectrophoresis. Figure 2-6 shows
that particles move toward the field in Positive DEP. The negative DEP causes
movement in reverse.

In electric field E .a dielectric particles can be induced with dipole moment p

proportional to the electric field, E « p . The constant of proportionality depends on

the geometry of the particles in general, The force of dipole is given by F = (p - V)E.
Combining two equation above with using a spherical particles of radius r and
dielectric constant &, as model and accounted for the solution permittivity &, , the

force acting on a spherical particles‘is given-by[27,31]

Fogp = 2mr3Re[CM()]V | Erms|? (23)

where the Re[CM(w)] is real part of Clausius-Mossotti (CM)-factor, which is
frequency dependant. The CM-factor reflecting the effective polarizability of the

particles and medium depends on the complex permittivity:

CM = Re ( 8”*_€m*) (24)

Eptt2em”

The complex permittivity, €*, as a function of the frequency of AC signal, is a

g

measure of the permittivity and conductivity of particles and medium, &* = ¢ — i; .

For the spherical particles, the CM-factor ranges from -0.5 to +1. Positive value of

CM-factor means that the motion of the particles are toward higher electric field
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strength in the direction, this is so-called the positive DEP, while negative DEP occur
when the direction toward lower field strength and the CM-factor has negative value.

For ellipsoidal particles, such as E. coli and vibrio parahaemolyticus, it has an
extend value range of CM-factor. The dipole of ions gets along with axes of ellipsoid.

An ellipsoid with three orthoghonal axes a, b, and c, the volume(m?3) is

_ 4mabc

Vellipsoid -3 (25)

and the time average dielectorphoresis on an ellipsoid particle[20, 32, 33]

= nabce,,Re[CM]V |E|? --------nmmmmem- (26)

FDEPellipsoid

For the solid prolate ellipsoid, the CM-factor along axis is given by

* *
v Ep'—Em

Re[CM]

(27)

N (Sp*_gm*)Aa"'fm*

o=a,b,c
A, is a component of the depolarization factor along any one of the three axis of
ellipsoid(a,b,and c). The Re[CM] for ellipsoid can take account of ellipsoidal shape of

cell. A, is for a prolate spheroid with semi axes a > b = c has been described as

A==t in(qg+? 1)~ 5 (28)

(@2-1)"/2

where ¢ = -
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Figure 2-6  Behaviors of particle movement under force of DEP.

2-4  Electrochemical methods

The electrochemical techniques here perform using a 3-electrode cell. The cell is
consist of a working electrode, usually, a counter electrode, usually in Pt material, a
reference electrode, usually in Ag/AgCl in saturated KCL, an electrolyte solution; and
redox reactive species (Figure 2-7). Working electrode is usually Au surface in
commercial assay, counter electrode in Pt material and a reference electrode Ag/AgCl
in saturated KCL. Potential is measured between working electrode and reference
electrode. However, the current is measured between working electrode and counter

electrode.
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Figure 2-7 Electrochemical cell system. Three electrodes put in the electrolyte is
made up by working electrode, Au patterned on SiO, chip; counter
electrode, Pt wire; and Ag/AgCI reference electrode in 3M KCI
solution.

The Cyclic Voltammetry can measure the varieties of current of distinguish
analytes during pre-determined range of potential is applied. The voltage signal is
triangular wave. In forward scan of input wave, cathodic potential increases and
current increases as concentration of active species in solution become lower. After
reaching the highest potential, the reverse scan provides the potential with anodic

direction and the oxidation occurred in working electrode (Figure 2-8).
(b)

reduction

oxidation

Cathodic Potential (V)
Current (A)

Time Potential (V)
vs Ag/AgCl (sat. KCI)

Figure 2-8 Cyclic voltammetry curves for (a) applied potential sweep and
(b) measured current response.
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2-5  Impedance measurement

Impedance measurement are made using AC signal, where the current oscillates
in a sinusoidal function from as low as a less hundred to nearly 100,000 Hz in
different measurements. As applied AC current to the electrode system and measure
the AC voltage across the electrodes, the impedance is simply given by AC equivalent

Ohm’s Law:

~I<

(29)

The instrument is capable of monitoring both magnitude of voltage and the phase
change of voltage relative to the phase of current. Combining these parameters, the
impedance can be broken down into two parts: one due to pure resistance and the
other to the reactance of the system. The reactive part (Xc) in this case is due to the
capacitance (C) associated with.the medium around metal surfaces. The signal of
impedance received from the electrode as a simple circuit both in series and parallel
of resistances and reactive part.

For the circuit, the impedance of each element are given by:

R — V(inplhase) (30)

_ V(out of phase)
Xe = 1 (31)
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X, depends on the AC frequency(f) is given by

1
T 2mfC

Xc (32)

and total impedance (Z) is given by

7= /(R)2 + X2 (33)
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Chapter 3 Experimental set-ups

3-1 Materials

The following materials and chemicals are used:

Potassium  hydroxide(KOH), Potassium  ferrocyanide, bovine serum
albumin(BSA), N-hydroxy-succinimide 97% (NHS) and
1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDAC) were purchased from
Sigma-Aldrich . carboxytetramethyl-rhodamine succinimidyl ester (5(6)-TAMRA,SE)
were obtained from AnaSpec, Inc. 11-mercaptoundecanoic acid(11-MUA) and
3-mercaptopropanol(3-MPOH) were provided by laboratory of Prof. Yaw-Kuen Li in
Department of Applied Chemistry, NCTU. Vibrio parahaemolyticus and Polyclonal
antibody of Vibrio parahaemolyticus. purified. by mouse Immunoglobulin G was
prepared by laboratory of Prof. Tung-Kung Wu in Department of Biological Science
and Technology, NCTU. Phosphate buffer was prepared as 4.4 mM Na,HPO, and 1.4

mM KH2PO,.
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3-2  Design and Fabrication of electrodes for biosensing

3-2-1  Patterned electrodes Device

Geometry, area and gap between electrodes are important parameters that
influence the function of AC electrokinetics. In the interest of the bioparticles and
micro- or nano- particles manipulation and concentration, the concentric electrode
was designed.[18] The interdigitated electrode for analytes detection in microfluidic
system was beneficial for the impedance spectroscopy.[19] In this work, concentric
electrode combined with inside interdigitated electrode was designed as shown in
Figure 3-1. AC electrokinetics manipulation and impedance measurement was
integrated together in this device. The size of the circular electrode part was defined
for the effective trapping and-for electrical impedance measurement. Due to the
biomolecular modification onto“the electrode, the material of external surface of
electrode is limited to gold,”which has also-a great biocompatible affinity. Gap
distance and interdigited arrays size influence the scale of impedance. Devices with

5-um gap and 5-um-electrode width were optimized for impedance measurement.

-~

Figure 3-1 Innovative integration for electrodes. Right side as a device for
detection.

31



3-2-2  Electrode preparation
Each device used wet SiO,(wet oxide) as substrate. A thin layer of titanium(Ti)
of 30 nm and gold(Au) of 300 nm in thickness were then deposited on SiO; with the

procedures of thermal coating by CHIPBOND Technology Corporation. Then, Au-Ti

film electrode was printed by photolithography and etched by wet-etching processes:
I.  Coating the positive photoresist(6400) by spinner
Il.  Soft bake
I1l. Exposure
IV. Development and fixing
V. Gold etching with Kl:1,:DI water = 68 mg: 17 mg: 24 mL
(shake the etchant gently during etching the gold )
VI. Ti etching with DHF:H;0,:DI water=1'mL:1 mL:80 mL

Finally, the photoresist on the electrodes was dissolved by acetone as shown in

Figure 3-2.

Figure 3-2 Electrode configuration.
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3-2-3  Definition of the sensing area for impedance analysis

For impedance analysis, the area of electrode dominates the measurement as well.
Though the microfluidic channel was used, various sizes of channel made artificially
had effect the measurement. Hence, the SU-8 2005 (negative photoresist) as
passivative layer created same area in all electrodes and reduce the effect on
impedance measurement. A 5-um SU-8 layer was patterned via photolithography. The
defined SU-8 pattern was shown in Figure 3-3. The processes were depicted as
followed:

I.  Spin coating the SU-8: 500 rpm for 10 sec; 3000 rpm for 30 sec.

II. Softbake: 65°C for 60 sec; 95°C for 120 sec; 65°C for 60 sec.
I1l. Exposure (with light intensity 130 millijoule per square centimeter).
IV. Hard bake: 65°C, 60 sec;-95°C,600 sec; 65C, 60 sec.

V. Development: 40 sec with SU-8 developer.

VI. Definition: 30 sec with IPA.

Figure 3-3 Sensing area definition of the chip after SU-8 passivation.
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3-3  Preparation of Self-assembly monolayer modification

3-3-1 Gold electrode cleaning methods
A clean gold surface provides a better interaction with thiol molecules during
SAM process, which is also beneficial to electrochemical detection and impedance
spectroscopy.[34, 35] Previous study had shown technique for cleaning gold
electrodes. The gold electrodes were cleaned sequentially by following processes:
I.  The bare gold chip was first cleaned by immersing chip in isopropanol and
ethanol for 10 min each within 2 min sonication.
Il.  After rinsed with DI water, sample was immersed in a solution of 50mM
KOH with 25% H,0, for 10 min:
I1l. After the treatment described above, sample was in 50mM KOH
and connected to a potentiostat. The electrode potential was swept from
-200 mV to -2000 mV (vs. Ag/AgCl) at 20 mV/s scan rate, and then
rinsed in DI water again.

IV. Blow dry with N,.
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3-3-2  Preparation of mixed SAMs on gold electrode
The alkanethiol layer was modified onto the gold electrode by the self-assembly
techniques. A SAM as linker molecule, 11-Mercaptoundecanoic acid(MUA), on the
gold surface was modified to connect the proteins or other biomolecule via covalent
bond.[36] In previous attempts, however, using a thiol mixture with a 4:1molar ratio
of 3-mercaptopropionic acid(3-MOPHA) as a spacer to 11- mercaptoundecanoic
acid(11-MUA) immobilized proteins for antibody detection exhibits a better
performance than homogeneous SAM since the mixed SAM s reduces the steric
hindrance caused by the carboxylic-terminated groups of SAMs.[37] Therefore, we
designed a kind of mixed SAM, including hydroxyl- and carboxylic-terminated thiol
for covalent bond with anti-Vibrio Parahaemolyticus antibody. The antibodies of
bacteria were then exposed on the thiol-functionalized gold electrode. As a result, the
biocompatible layer formed on gold surface for Vibrio Parahaemolyticus capturing.
Figure 3-4 shows a cartoon flowcart of the surface modification. The processes:
I.  The cleaning gold electrode was.immersed 8 mM 3-MPOH and 2 mM
11-MUA mixing thiol at absolute ethanol for 12 hours at room temperature
Il. Gold electrode were washed by sonication in ethanol, followed several times
by ethanol and DI water
I1l.  The 50 mM EDAC and 30 mM NHS in 1xPBS for 30 min was attached the
NHS group to -COOH terminated thiol on the gold electrode at room
temperature and then the chip was washed by 1xPBS and DI water.
IV. Vibrio Parahaemolyticus antibody with a concentration of 100 ug/mL in
1xPBS injected into the channel through fluidic flow and incubated for 6

hours at 4°C
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V. The PBS and the DI water rinsed the chip

VI. After microfluidic channel made up, BSA with 1mg/mL for blocking was

incubated in the chamber for 1hour and washed with 1xPBS and 0.01xPB.

Immersing in

mixed 11-MUA(2mM) and 3-MPOH(8mM) with 1:4

clear gold electrode

e

OH OH OH OH { OH OH OH OH
\-‘\‘\‘\I‘,\‘\\\-I
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Figure 3-4 Processes of modification: the clean gold electrode was modified by
11-MUA/3-MPOH mixed solution to assemble the carboxylate-thiol
layer. EDC/NHS activated the carboxylate group for antibodies

binding. After immobilizing the antibodies, the BSA was followed to

block remain area of nonbinding.
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3-4 Surface molecular identification on Gold electrode

3-4-1 Electrochemical method for 11-MUA and 3-MPOH

identification

Cyclic voltammetry is an electrochemical technique that probes the reduction
and oxidation of the redox active species in the solution with the electrode. The
stability of structural SAM on the gold electrode can be analyzed by CV method.[35]
Three electrode cells were comprised. Gold electrode with patterns on the SiO,
substrate was as a working electorde. A Pt wire and Ag/AgCl metal in 3 M KCL was
also prepared as counter electrode and a reference electrode. During the CV scan,
shape of I-E curve between the barely clean gold electrode and SAM—coveraged gold
electrode would get a strong difference. The gold electrodes with SAM blocking the
redox currents influences the electrons transfer in CV scan. The investigation gave the
identification of the MUA/MH coating on the gold electrode. CV measurement was
achieved by a CH Instruments Model 600B - potentiostatic (CH Instruments,
Austin, TX) with parameters:

1. Electrolyte and redox active species: 1xPBS(pH7.6) with 30 mM potassium

ferrocyanide(KsFe(CN)g)
2. Scanrange:-04V~0.8V

3. Scan rate: 100 mV/s
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3-4-2  Fluorescence labeling

Antibody of Vibrio Parahaemolyticus at concentration of 100 ug/mL was applied
to NHS group on surface of electrode. Carboxytetramethyl-rhodamine succinimidyl
ester (5(6)-TAMRA,SE) were diluted to 1 mg/mL in 1xPBS. The solution within
rhodamine put on antibody-modified electrode to carry out the binding reaction.[38]
The reaction took 4 hr. PBS with 0.5% tween 20 and D.l water rinse heavily on the
chip, followed by dry N,. Images of labeled antibody were obtained by fluorescent
microscopy( Zeiss AX10). A filter of 515-560 nm was used for exciting the

rhodamine. The binding method was show in Figure 3-5.

‘} gl ) \
- mmEh

° ‘1:) = Rodaminelabeled S ‘ o=
' 4 for 4hr A

Rhodamine

Figure 3-5 Process of sample preparation for fluorescence imaging. After binding
antibodies on the electrode, the Rhodamine was labeled on antibodies

for fluorescence detection.

3-4-3  TMB development

TMB solutions are chromogenic reagents for horseradish peroxidase(HRP)
enzyme, wildly utilized in ELISA techniques normally. In the presence of HRP, the
peroxide active the enzyme and thus convert TMB into a blue byproduct. The
incubation for 6 hr with HRP conjugated second antibody on to the no-patterned gold

electrode, which was immobilized antibody in previous. Figure 3-6 demonstrates the
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antibody modified on the thiol-modified electrode. After incubation of
HRP-conjugated second antibody on the first-antibody modified electrode for 6 hr, the
chip was washed with PBS/0.05% Tween-20 and D.l. water. Subsequently, the TMB
substrate was dropped on the chip for a while and the measurable color-changed
solution was then taken to read absorbance at 450nm wavelength. Here, the negative
comparison was experimented by taking the absorbance change at 450nm for the

electrode without antibody modification.

‘ 2™ mouse IgG
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Figure 3-6 Processes of TMP development: The antibody-modified gold electrode
was followed by incubating the second antibody. Then the TMP

substrate was dropped on the electrode and developed.
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3-5 Microfluidic channel and detection system set up

In recent years, the interest in the bacteria or cell detection using microfluidic
system increase dramatically. Microfluidic channel was used for the stability and
enhancement of biosensing. The integration of bacteria detection with microfluidic
enables a faster detection. We use a simple microfluidic system to combine the chip

and facilities for bacterial transport and detection.

3-5-1  Microfluidic settlement

Following the modification of biomolecular on the gold electrode of chip, the
chip was located by a Teflon O-ring and acrylic broad to make a microfludic chamber.
The advantage of being removable and reusable Teflon ring on the top of the chip
gives a compliance of experimental channel: Teflon at 1mm thickness was taken to a
well with a volume of 25 ulL.Figure 3-7(a) illustrates schematics of chamber
settlement. Teflon tube was then inject into the chamber as inlet and outlet for sample
delivery. The chip after settlement placed at the PCB, shown in Figure 3-7(b). Bovine
serum albumin (BSA) was injected into-chamber for blocking before measuring

0.01xPhosphate buffer as baseline.
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Figure 3-7 Processes of microfuidic system set-up (a) fabrication of microfluidic
channel . (b) completion of microfluidic chip.

3-5-2  Processes of detection in microfluidic channel

Due to the design of electrode configuration, the electrical connection for
bacteria trapping and bacteria detection is different. In order to manipulate the
bacteria to the inner circular of gold electrode, inner electrode was connected with
functional generator reverse to outer ring of electrode, shown in Figure 3-8(a).
However, measuring bacteria immobilizing on the electrode was completed by linking
either side of pad in inner electrode to impedance analyzer, shown in Figure 3-8(b).

Phosphate buffer diluted 100 times is as solution for whole detections. The
solution did not react electrochemically with electrodes during trapping and detection.
In this bioassay, Peristaltic pump for sample delivery was connected to inlet and

outlet port and make the flow through the channel at rate of uL per minute, shown in
41



Figure 3-9. The all assays of detection were investigated under microscopy. Figure
3-10 also states the process of detection. A modified- antibody electrode without AC
electrokinetics was also inspected for comparison. Figure 3-10 shows the pictures of

detection system.

(a) (b)

—
AC signal applied | [ Impedance analyzer ]
.

Figure 3-8 Connection for (a) bacteria trapping (b) bacteria detection by electrode.
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To detect the bacteria

Teflon tube
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in 0.01x PB Pump \ ~ Pump waste
N
N
N

N

0.01xPB was injected into chamber
using peristaltic pump connected telfon
tube at rate of 50ul for 10min

Measure the antibodies-modified
electrodes as a baseline in fixed volume
of 0.01xPB over a frequency range from
50 to 500kHz, with 100mV

Inject and trapping the bacteria (V.P. or
E. coli) onto detected area via AC
electrokinetics in microfuidic flow at
rate of 5 ul/min for 10min.

Aftertrapping, VP was immobilized for
Smin for specific binding and then flow
with 0.01xPB to wash away unattached
bacteria at rate of 100uL/min for 10min

Measure impedance of the bacterial cells
attached on electrode surface in fixed
volume of 0.01xPB

Figure 3-9 Schematics illustration of assay.
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Figure 3-10- Pictures of the whole system.

3-6  Bacteria preparation
The fresh Vibrio Parahaemolyticus and E coli XL1-Blue strain were taken from
frozen stock and then cultured in the solution of Tryptic Soy Broth (TSB) with 3%
sodium chloride, and Luria Broth (LB) containing 20ug/ml tetracycline at 37°Cfor 6
hour, respectively, until the value of ODgq reach about of 0.97 (10°cfu bacteria). The
bacteria were collected and diluted 100 fold in phosphate buffer that do not affect the
electrode surface after applying via oscillate voltage. The bacteria were then trapped

though AC electrokinetics and the impedance were sequentially detected.
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3-7  AC electrokinetics manipulation for analyte trapping

After antibodies were immobilized onto microelectrode surface, the AC
electrokinetics processed so that only antibody specific bacteria can be left on the
inner surface effectively even the electric field unapplied. The article demonstrates the
enhancement of the binding of anayltes with its antibody via AC electrokinetics. The
mechanism assist to reduce binding time. Several researches of AC electrokinetics
forced on bioparticles trapping onto center of circular electrode. The designed
electrode using in this detection, however, has not been applied for the bacteria or
other bioparticles trapping. Here we show the approachable AC eletroosomosis and
electric field by COMSOL V.4.2 simulation on the electrodes to make sure the
probability of bacteria trapping.[22] « The: ideal result for bacteria trapping is
manipulating it onto inner surface of electrode, depicted in Figure 3-11. There is one
size of inner electrodes with-diameters 500 wm, and each contains the interdigited
electrode with 5 um width and 5 pm gap. The diameter of outer electrode is 1050

with width 50 um.

Figure 3-11 Bacteria trapping via AC electrokinetics enhancement.
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3-8  Impedance measurement

Each detection method used Agilent 4294A impedance analyzer with two-end
measurement. The data were collected via Labview programming. A set of inner
circular electrodes was actuated with AC electrokinetics and another set of electrode
was without AC electrokinetics as control part. The sensor detects the changes of
dielectric properties of electrode surface up to analytes binding. Bactria were dragged
in fluidic flow channel at various dilution (10°10’cfu/mL) and mixed (Vibrio
Parahaemolyticus+XL1 Blue E coli) solution. The baseline was established by the

flow flushed thought the antibody-functionalized electrode.

3-8-1 Parameters for impedance measurement

For frequency sweep measurement, the impedance was measured from 50 Hz to
500 kHz with oscillate voltage-100mV. Diluted Phosphate buffer with 100 times as a
solution for measurement without and with bacteria. - The fixed volume of solution

was used to steady while measurement.

3-8-2  Normalized impedance change as impedance analysis

Using antibody-modified electrode to binding the bacteria without AC
electrokinetics enhancement was used as control. To observe the effect of Bacteria
binding, the magnitude of impedance was compared for bacteria binding in the
presence of AC electrokinetics to antibody modified on electrode. Introducing a
Normalized impedance change (NIC) as a function of frequency range from 50 Hz to
500 kHz and drawn based on the difference of magnitude of impedance with respect

to the baseline. The value of NIC was given by following formula:

Zsample - Zbaseline

NIC = X 100%

Zbaseline
where Z,.se1ine 1S the magnitude of impedance for antibody-modified sample and
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Zsampie 1S the magnitude of impedance for a sample containing bacteria, Vibrio

Parahaemolyticus and XL1 Blue E coli.

3-8-3  Equivalent circuit

In impedance analyzer as biosensor, total impedance of medium cannot directly
be calculated from input voltage and current. Another alternative method, an
equivalent circuit, can fit the experimental data. The information of equivalent circuit
characterizes physical response of electrical parameters owing to the impedance
change.

The electrical parameters used in the experiments were designed and fitted
including bulk medium resistance (Rsol), double layer capacitance (CPEdI), and
medium dielectric capacitance (CPEsol) between the surface of inner interdigitated
electrodes , shown in Figure 3-12(a)-and (b). When electrodes immerse in solution, it
is consider that the bulk medium and electrical double layer in series. Bulk medium
with ion species is as a resistance and the polarized interface of electrodes as
capacitance. The dielectric capacitor explains dielectric properties of solution
surrounding the electrodes. Instead of ideal capacitors, these capacitors mentioned

above are described as constant phase element (CPE):[5]

1
Zopp = =————
T TGwyp

T and P depend on the environment of medium and interface of electrodes. If p is 1,
the CPE is an ideal capacitor. In reverse, p close to 0 means a simple resist emerging.
if the equivalent circuit is simulated, the detection plot as a function of frequency can
be explained in three distinguishing range(Figure 3-12(c)).[39] The CPE double layer
dominates at lower frequency since the higher impedance of interface capacitor. At

intermediate frequency, the CPE interface and CPE solution obtain a balance that
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causes bulk medium resistance influences the total impedance changes. At higher
frequency, the electrical double layer vanishes and impedance of the dielectric

capacitor still diminishing, so the dielectric capacitor is become important.[40]

CPEsol
(@) (b) N
CPEsol i
B) Rsol
CPEdI Rsol I
CPEd]

CPEdI Rsol CPEsol

Impedance (Q)

Frequency (Hz)

Figure 3-12  (a) Equivalent electrical circuit (b) Equivalent electrical circuit on the
chip (c) Impedance spectra divided into dominant element.

48



Chapter 4 Results and discussion

4-1  Characterization of surface molecular on gold electrode

4-1-1  Electrochemical detection for monolayer coverage on

gold electrode
The CV method is capable of analyzing the SAM formation on gold electrode via
investigation of moving ability in electrons transfer. Before processing the
modification, CV recorded the ions transfer current between the reduction and

2+ converts

oxidization at the cleaning gold electrode. It shows the redox species Fe
easily in black line of Figure 4-1. However, the CV curve varies as the electrode is
SAM modified. A 2 mM MUA with-the spacer 8mM MH monolayer in absolute
ethanol were absorbed for 12 hour on the pattern gold electrode with size of inner
diameter in 500 um. CV curve for MUA/MH SAM on gold are given in red line of
Figure 4-1. During the CV scan, the MUA/MH monolayer insulate the gold surface

2*3* ‘molecule in solution. The anodic and

against the electrons transfer with Fe
cathodic peak currnet was deceased compared to bare gold electrode. The results

effectively identify the MUA/MH monolayer formation on biosensing area.
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Figure 4-1 Comparison of CV scan (a) before modification with (b) after
modification.
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4-1-2  Binding of fluorescent dye to Protein on
MUA/MH-covered gold electrode

The CV measurement revealed the 11-MUA/3-MPOH thiol layer modified on gold
electrode. The COOH-terminal thiols can covalently bind antibody after activating it
to NHS-group. To present the antibody of Vibrio Parahaemolyticus binding to NHS
group on patterned gold electrode, a fluorescent dye performed a visualized study of
antibody binding. Rhodamine interaction with and without modified gold electrode
were characterized by fluorescence microscopy. Unmodified chip act as a control data.
Figure 4-2 and Figure 4-3 show the patterned electrode fixed rhodamine with
modified and unmodified antibody. Though the rhodamine on the antibody-modified
electrode compared with the control can_clearly be observed, the SiO2 substrate still

have unstable absorption of Rhodamine.

(a) (b)

Figure 4-2 Rhodamine fixed on electrode with antibody modification.
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Figure 4-3 Rhodamine fixed on electrode without antibody modification.

4-1-3 HRP development using second antibody
Figure 4-4 depicts the TMB chromogenic resulting of thiol-modified electrode
immobilized HRP-conjugated secondary antibody. Under light exposure, the changed
color could be visualized. The absorbance at 450 nm was further measured to
compare the modification
(a) (b)

TMP development

03

0.25

0.2

W Prescence of 1st antibody
015
M Absence of 1st antibody

absorption

Figure 4-4  (a) TMB chromogenic result on gold electrode without and with
antibody modification (b) absorbance at 450nm.
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4-2  AC electrokinetics and microfluidic system in bacteria
trapping
4-2-1  The behavior of AC electrokinetics in microfluidic
channel
Locating bacteria on the inner surface of electrode is the ideal concentration.
Appearance of AC electrokinetics results from combination of DEP with ACEO.
Figure 4-5(a) depicts the profile of simulated ACEO velocity in the 0.01xPB solution.

It may produce ACEO on the surface of electrode(y=0) even if the velocity on gap
inside inner interdigitated electrode is zero. Figure 4-5(b) shows profile of VE? Eis

electric field and VE? is proportional to DEP force due to the same parameters of
bacteria. We still can get the notice that the DER is available under this electrode type.
In fact, the bacteria can be manipulated on the surface of inner electrode efficiently
with 2 Vp-p and 200 Hz. When applied voltage with-2 Vp-p and 30 kHz, the DEP
mainly trap the bacteria at electrode edge. The outcome of bacteria manipulation
could be set as a function of frequency, in Figure 4-6 and Figure 4-7. At low
frequency, the bacteria could be trapped on the inner electrode because of the
combination of DEP and ACEO. At high frequency, DEP force dominated in the
microfludic flow. Bacteria were dilution in 0.01xPB and non-uniform electric field

was applied by 2 V from peak to peak. The sample flow rate was at 5 uL/min.
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Figure 4-5 Profile of (a) ACEO (b) gradient of quadratic electric field.

Figure 4-6 Bacteria trapping with 2Vp-p and 200Hz (a)at Omin(b) after 10min.
(a) (b)

Figure 4-7 Bacteria trapping with 2Vp-p and 30kHz (a)at Omin(b) after 20min.
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4-2-2  The influence of flow rate on bacteria trapping

Before bacteria detection, the bacterial cells delivered by tube to microfluidic
channel with a rate of flow. The flow rate can affect on the efficiency of bacteria
trapping. We use pump to deliver the bacteria in 0.01xPB to microfluidic chamber
with different rate and observe the effect on the bacteria concentration on the inner
circular electrode. Flow rate at 5, 50, and 100 uL per minute was chosen for
monitoring. The results in Figure 4-8 show that the best efficiency of bacteria
concentration occurred at flow rate of 5 uL/min. The time for bacteria trapping is

10min by applied voltage 2 Vp-p and frequency 200 Hz.

(a) 100uL./min (c) 50ul./min (e) Sul./min
aronsses 1 1 i : ; 111111111
i !
1
! !
| !
| !

b B .. .I 0

worse Efficiency of bacteria trapping

Figure 4-8 Flow rate at 100uL/min (a) before trapping (b)after trapping , flow rate
at 50uL/min (c) before trapping (d) after trapping, flow rate at 5SuL/min
(e) before trapping (f) after trapping.
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4-3 Bacteria detection

The AC electrokinetics for Vibrio Parahaemolyticus concentration on surface of
inner electrode was manipulated successfully by the data above. The impedance
change was measured for immobilization of bacteria and accounted for the physical

model based on electrical circuit.

4-3-1  Impedance analysis for three types of electrodes

The sizes of electrodes were fabricated for efficient trapping and detection of
bacteria. Three sizes of electrodes with different diameter of inner circular
electrodes(100 um, 250 um, and 500 um) was investigated for the impedance change.
We present electrodes with inner diameter 500 um as electrode A, inner diameter
250um as electrode B, and inner diameter 100 um as electrode C(Figure 4-9).
Detection of Vibrio Parahaemolyticus-at concentration of 10°cfu/mL was performed
for comparison. Applying 2 VVp-p with 200 Hz can'concentrate bacteria efficiently for
electrode A, 2 Vp-p with 400 Hz for electrode B, and 2 Vp-p with 750 Hz for
electrode C. One of the electrodes ‘has'largest variation of Normalized impedance
change (NIC). The electrode with greatest change allowed it to use for following
detection. Figure 4-10, Figure 4-12, and Figure 4-14 show impedance spectra as a
function of frequency for individual electrode. Figure 4-11, Figure 4-13, and Figure
4-15 results of Normalized impedance change for each electrode. Experiments of
bacteria binding with AC electrokinetics are set against without AC electrokinetics for
NIC analysis.
Figure 4-16(a) and (c) which are the SEM images tell the difference between bacteria
immobilization bound to functionalized electrode with and without AC electrokinetics.
Figure 4-16(b) shows that few bacteria attach to the SiO2 substrate resulting from

antibodies not being immobilized on the oxide surface.
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Figure 4-9 Different sizes of electrode. (a) inner diameter: 500 um (b) inner
diameter: 250 um (c) inner diameter: 100 um.
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=== Bacteria binding without AC electrokinetics enhancement
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Figure 4-10  Impedance spectra using electrode A.
(left: without AC electrokinetics /right: with AC electrokinetics)
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Figure 4-11  Normalized impedance change(NIC) for electrode A..
(blank line: without AC electrokinetics;
red line: with AC electrokinetics)
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Figure 4-12  Impedance spectra using electrode B.
(left: without AC electrokinetics /right: with AC electrokinetics)
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Figure 4-13  Normalized impedance change (NIC) for electrode B.
(blank line: without AC electrokinetics;
red line: with AC electrokinetics)
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Figure 4-14  Impedance spectra using electrode C.
(left: without AC electrokinetics /right: with AC electrokinetics)
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Figure 4-15  Normalized impedance change(NIC) for electrode C.
(blank line: without AC electrokinetics;
red line: with AC electrokinetics)
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Figure 4-16  SEM images of Vibrio Parahaemolyticus bound to antibody-modified
electrode surface (a) trapping with AC electrokinetics enhancement (b)
edge of electrode (c) trapping without AC electrokinetics enhancement.
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All of the impedance spectra from three different sizes of electrodes have the
same trend of decreasing value in low frequency after binding with the bacteria. It can
be attributed to the change of dielectric properties on electrode surface. The surface of
bacteria has many proteins with high conductivity.[40] These charges can gain the
conductance around the electrode surface causing total impedance reducing.
Compared with value of detection(red line) from Figure 4-10, Figure 4-12, and Figure
4-14, the electrode A gives a greater change in bacteria detection. The AC
electrokinetics trapping can actually detect the bacteria in limited time. Figure 4-17
illustrates NIC in three sizes of electrodes. The NIC can obviously tell a major

difference on electrode with inner diameter 500 um (electrode A).

Impedance change-at 50Hz for different electrodes

-50%
-40%
-30%
-20%
-10% o x

L

o,%(
e,

Normalized impedance change

. /
<3y )
Oy Oy,

Figure 4-17  NIC of bacteria detection with AC electrokinetics in three sizes of
electrodes.

We fitted the impedance data to the electrical circuit model. The value of the
element in the circuit with and without bacteria binding can explain the behaviors
inside the chamber. The circuit model can fit the measured impedance under 5% error.
Figure 4-18(a) Figure 4-19(a), and Figure 4-20(a) are the fitting of the equivalent

circuit of 500 um, 250 um, and 100 um of inner diameter electrode. In one hand, thick
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gray (antibody-modified) and blue (bacteria binding) line perform the measured data.
On the other hand, Thin cyan (antibody-modified) and red (bacteria binding) line are
fitting spectra. The impedance spectra of antibody-modified electrodes are fitted by
impedance of distinctive elements in Figure 4-18(b), Figure 4-19(b), and Figure
4-20(b). We figure out that the CPEdI at low frequency dominating the impedance
value. Frequency ranges from 50 to 1 kHz can play a role for electrode A, 50 to
550Hz for electrode B, and 50Hz to 300Hz for electrode C, collected in Table 4-1.
The electrical element from the model in different electrodes is followed by Figure
4-21, Figure 4-22, and Figure 4-23. CPEdI represents capacitance of the electrode
surface and its change in three elements is largest due to the attachment of bacteria
onto the electrode. The value of each element for different electrode and with/without
bacteria binding is showed in Table 4-2..The difference of CPEdI-T before and after
bacteria binding for electrode A is evaluated as 2.4 times. Others could be 1.07 times

for electrode B and 0.9 times for electrode C.
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Figure 4-18  Impedance spectroscopy of inner diameter: 500 um (a) Fitting spectra
of the measured data (b) Magnitude of three elements in impedance

analysis.
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Figure 4-19 Impedance spectroscopy of electrode A (a) Fitting spectra of the

measured data (b) Magnitude of three elements in impedance analysis.
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Figure 4-20 Impedance spectroscopy of electrode B (a) Fitting spectra of the

measured data (b)Magnitude of three elements in impedance analysis.
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Table 4-1 Influence of frequency for each element.

CPEdI 50 ~ 1k Hz 50 ~ 550 Hz 50 ~ 300 Hz
Rsol 1k~ 200k Hz 550 ~ 60k Hz 300 ~ 10k Hz
CPEsol 200k ~ 500k Hz 60k ~ 500k Hz 30k ~ 500k Hz

Table 4-2  Value of each element for the electrical circuit fitting.

T | ceeaT | oo CPEsolT | CPEsol

Inner electrode diameter : 500 um

dEfJé’tﬁf,n 87701x10  0.72793 68620 16052x10  0.91754
de/?;t:‘taizn 20848x10 0.6613 44204 23348x10 | 0.8948
Inner electrode diameter : 250 um
e 93361x10° 059348 276160  goosaxio 1
After

-8 -10
detection 1.00022x 10 0.63343 251830 1.0966x10 0.98156

Inner electrode diameter : 100 um

8 a1
dEfJ&Ef,n 1.2653x10 0.76104 94521 9.4923x10 0.99394
Aft -8 11
demc;ron 1.1471x10 0.76894 97305 9.5325x10 0.99378
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Figure 4-21  Impedance spectroscopy of electrode -A (a) impedance of CPE on
electrode surface (b) resistance of solution(c) impedance of CPE in the
solution.
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Figure 4-23  Impedance spectroscopy of electrode-C (a)impedance of CPE on
electrode surface (b) impedance of solution(c) impedance of CPE in
the solution.

4-3-2  Impedance analysis on antibody-unmodified chip

The efficiency of bacteria binding was characterized by detection on the
antibody-unmodified chip. The detection was gotten by trapping Vibrio
Parahaemolyticus at concentration of 10° cfu/mL with AC electrokinetics compared
with trapping without it on electrode A. Figure 4-24 show the results of measurement
for antibody-unmodified process. Figure 4-24(a) is the impedance spectra for bacteria
binding with excitation. Figure 4-24(b) is control without excitation. The pictures in
Figure 4-25 reveal few bacteria under microscopy are still binding after AC
electrokintices enhancement and wash. The remaining attachment of bacteria is

caused by the polarized effect from the DEP force. The impedance normalized
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change(NIC) between the bacteria binding in Figure 4-26 states similar variation, so
the gold electrode with antibody modification has beneficial to bind bacteria. We also
take the NIC data from the detection of Vibrio Parahaemolyticus at concentration of
10® cfu/mL on antibody-modified chip for comparison at 50 Hz, shown in Figure

4-27.

(a) - un-modified electrode (b) - un-modified electrode
10M 5| = Bacteria detection with AC electrokinetics 10M 4| = Bacteria detection without AC electrokinetics

electrode diameter: 500um electrode diameter: 500um

100k o 100k o

at 10° cfu/mL concentration at 10° cfu/mL concentration

Impedance (Q)

10k o 10k o

T T T T T T T T
100 1k 10k 100k 100 1k 10k 100k
Frequency (Hz) Frequency (Hz)

Figure 4-24  Impedance spectra (a)with AC electrokinetics (b) without AC
electrokinetics-on antibody-unmodified electrode.

Figure 4-25  Optical images of Vibrio Parahaemolyticus attaching on electrode after
binding (a) without AC electrokinetics (b) with AC electrokinetics and
wash.

69



50%

40% —

30%

20%

10% -

0%

-10%

-20%

-30%

Normalized Impedance Change

-40%

-50% -

electrode diameter with 500um

= without AC electrokinetics enhancement
with AC electrokinetics enhancement
at 10° cfu/mL concentration

T T T
100 1k 10k 100k
Frequency (Hz)

Figure 4-26  NIC spectra for Vibrio Parahaemolyticus binding with and without AC
electrokinetics enhancement.
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Figure 4-27  NIC between bacteria binding with and without modification of
antibodies.

Appling the impedance spectra to the equivalent circuit model, the data fitting of

three elements is collected by Table 4-3. The electrode with antibodies modification

has biggest change on surface capacitance (CPEdI-T) after bacteria binding, 2.4 times

of value from surface

antibodies modification

capacitance before binding, however, the chip without

gives a change of 0.9 times in CPEdI-T. The impedance
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spectra of each element for antibodies unmodification are shown in Figure 4-28. The

magnitude of capacitance of electrode surface, resistance of solution, or capacitance

of solution demonstrates a negligible change before and after bacteria binding.

Table 4-3 Data fitting for bacteria detection with and without antibodies modification.

T | ceear | cpeaip e p—

before
detection

After
detection

before
detection

After
detection

-9
8.7701x10

-8
2.0848x10

-8
1.2653x10

1.1471x10

8

With antibodies

0.72793 68620

0.6613 44204

Without antibodies

0.76104 94521

0.76894 07305
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4-3-3  Impedance analysis of various concentrations of

Vibrio Parahaemolyticus

The study also utilized the functionalized chip, the electrode A, detect the Vibrio
Parahaemolyticus in concentration ranging from 10° to 10"cfu/mL, binding on inner
electrode. The analysis was achieved in a comparison based on bacteria manipulation
with AC electrokinetics without AC electrokinetics(control).

Figure 4-29(a), Figure 4-30(a), and Figure 4-31(a) stated the detection of Vibrio
Parahaemolyticus at a concentration ranging from 10°cfu/mL to 10’cfu/mL. Figure
4-29(b)(c), Figure 4-30(b)(c), and Figure 4-31(b)(c) shows different concentration of
the bacterial cells before and after binding with AC electrokinetics enhancement. Less
concentration of bacteria means less bacteria binding on the electrode surface. In the
same way, the immobilized bacteria have effect of the impedance change on the
electrode surface at low frequency. Its changes indicate a negative value of
Normalized impedance change (NIC) due to.the decrease of the magnitude of
impedance as well. Furthermore,-the-variation-of the Normalized impedance change
(NIC) is proportional to number of the bacterial reduction. Figure 4-32 thus depicts
the impedance change for different number of Vibrio Parahaemolyticus at a fixed
frequency of 50 Hz. The limitation of this system for low concentration of bacteria is
greater than 10° cfu/mL. However, the infection dose of Vibrio Parahaemolyticus

giving rise to symptoms of illness is at 10° cfu/mL.
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Figure 4-29  Optical images of Vibrio Parahaemolyticus at a concentration of
10’cfu/mL (a) NIC spectra for binding with and without AC
electrokinetics enhancement (b) optical microscopy before binding of
bacteria (c) after binding with AC electrokinetics enhancement.
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Figure 4-30  Optical images of Vibrio Parahaemolyticus at a concentration of
10°cfu/mL (a) NIC spectra for binding with and without AC
electrokinetics enhancement (b) optical microscopy before binding of
bacteria (c) after binding with AC electrokinetics enhancement.
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Figure 4-31  Optical images of Vibrio Parahaemolyticus at a concentration of
10°cfu/mL (a) NIC spectra for binding with and without AC
electrokinetics enhancement (b) optical microscopy before binding of
bacteria (c)after binding with AC electrokinetics enhancement.
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Figure 4-32  Impedance change of various concentrations of Vibrio
Parahaemolyticus at 50 Hz
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4-3-4  Selective detection between Vibrio Parahaemolyticus and
XL1 blue E. coli

Bacteria detection has to be distinguishable in clinical diagnosis whereas the
pathogenic bacteria always go along with many other non-pathogenic bacterial cells.
In this experiments, ELISA method was utilized to perform the Vibrio
Parahaemolyticus recognition by its specific antibodies. The assay also introduced
XL1 blue E coli strain as nonpathogenic bacteria in the system. The indirect type
ELISA was thus carried out. Two sorts of bacteria were incubated in plate separately.
Figure 4-33 showed the TMB chromogenic result by using different dilution of
concentration of antibodies immobilized in the plate. The darker color changes
obviously in the columns (rightside) with Vibrio Parahaemolyticus differ from the
columns with E coli (Figure 4-33(a)). The recognition of the antibodies is clearly
specific for Vibrio Parahaemolyticus, enable the distinguish detection of bacteria
selectively. The absorbency.-for each plate well ‘measured at 450nm decrease
progressively depends on concentration of antibodies, shown in Figure 4-33(b).

Figure 4-34 is including the negative and positive control.

(@) (VP | [XL1Blue E.coli | (b)
dilution i 350, V8 ;1: ’;b
200 _*aﬁ 3 : \
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Figure 4-33  ELISA chromogenic result for XL blue E coli and Vibrio
Parahaemolyticus detection with Vibrio Parahaemolyticus-specific
antibodies (a) color change from TMB development (b) absorbency
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Figure 4-34 Negative/positive Control for ELISA.

The selective detection was further demonstrated by two assay systems. First, the
mixed solution with Vibrio Parahaemolyticus and XL blue E coli at the same
concentration of 5x10” cfu/mL was measured after bacteria binding with AC
electrokinetics enhancement. The operational .parameters for AC electrokinetics rely
on Vibrio Parahaemolyticus trapping. Second, observed the performance of the
antibodies’ recognition, only-XL blue E coli at concentration of 10% cfu/mL was
trapped and measured.

The impedance spectra of mixed: solution were shown in Figure 4-35. Bacteria
binding can be also observed by optical microscopy in Figure 4-36. The shape of XL1
blue E coli and Vibrio Parahaemolyticus cannot tell difference apparently, so the AC
electrokinetics for trapping may force on both bacteria. The measurement after
bacteria binding with AC electrokinetics(Figure 4-35 (a)) has different scale compared
to the binding without AC elctrokinetics(Figure 4-35(b)). The NIC for mixed solution
is shown in Figure 4-37. However, the detections of E coli individually with and with
AC electrokinetics depicted in Figure 4-38 vary no difference after bacteria binding
and wash. The NIC of E coli measurement shown in Figure 4-40 also report the same
drift. In Figure 4-39, few E coli attach to the electrode firmly due to DEP force even

washed by buffer. The polarized force induced by DEP bring bacteria to touch the
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edge of electrodes(Figure 4-39(b)). All the selective detection of bacteria including
Vibrio Parahaemolyticus, E. coli, and Vibrio Parahaemolyticus+ E. coli compared
together with impedance change at 50 Hz in Figure 4-41. The selectivity was
particularly for Vibrio Parahaemolyticus, which show a slightly larger measurement

relative to XL1 Blue E coli
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Figure 4-35  Impedance spectra (a)with AC electrokinetics
(b) without AC-electrokinetics.

Figure 4-36  Optical images of Vibrio Parahaemolyticus (5*10"cfu/mL) with XL1
blue E. coli (5%10°cfu/mL) binding on electrode with AC
electrokinetics enhancement. (a)before binding of bacteria (b) after
binding.
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NIC spectra of Vibrio Parahaemolyticus (7*10°cfu/mL) with XL1 blue
E. coli (7%10°cfu/mL) binding.

Figure 4-37

= Antibody-modified electrode
nonpathogeinc E.coli detection

= Antibody-modified electrode
nonpathogeinc E.coli detection

10M 5
AC electrokinetics enhancement AC electrokinetics enhancement
M 4 electrode diameter: 500um W electrode diameter: 500um
g g
8 8
S 100k § 100k
o o
o o
Q Q
E E Q
at 10° cfu/mL concentration at 5x107 cfu/mL concentration N
10k of 10k “of \\
N\
N
1k T T T T Tk T T T T
100 1k 10k 100k 100 1k 10k 100k
Frequency (Hz) Frequency (Hz)

Figure 4-38  Impedance spectra (a)with AC electrokinetics (b) without AC

electrokinetics.

(@)

Optical images of XL1 blue E. coli(10%cfu/mL) binding on electrode
with AC electrokinetics enhancement. (a)before binding of bacteria (b)
after binding.

Figure 4-39
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Figure 4-40  NIC spectra of XL1 blue E. coli (10°cfu/mL) binding.
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Figure 4-41  NIC related to two bacterial species at 50 Hz.

Appling the impedance spectra to the equivalent circuit model, the fitting data of
three elements is collected by Table 4-4. Measurement of the Vibrio
Parahaemolyticus binding in the presence of Ecoli change surface capacitance
(CPEdI-T) as usual after bacteria binding both, 2.2 times of value from surface
capacitance before binding, however, the chip for another detection of E coli gives a
change of 1.1 times in CPEdI-T. The impedance spectra of each element for selective

detection are shown in Figure 4-42 and Figure 4-43. For detection the magnitude of
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electrode surface capacitance demonstrates a change, relative to detection of E coli,

before and after bacteria binding at low frequency.

Table 4-4  Data fitting for selective detection.
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Figure 4-42  Impedance of each element (a)impedance of CPE on electrode surface
(b) impedance of solution(c) impedance of CPE in the solution for
V.P.+E coli detection.
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Figure 4-43  Impedance of each element (a)impedance of CPE on electrode surface
(b) impedance of solution(c) impedance of CPE in the solution for E

coli detection.
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Chapter 5 Conclusion and Future work

5-1 Conclusion

In this study, impedance biosensor has been proposed for rapid detection of
pathogenic bacteria, Vibrio parahaemoltricus. AC electrokinetics has been realized to
concentrate the bacteria onto functionalized electrodes and detecting immobilized
bacteria via impedance spectra in the microfluidic system. Binding of linker molecule
and antibodies on gold electrode have been demonstated and justified by several
methods. We have demonstrated the successful manipulation of Vibrio
parahaemoltricus on the circular electrodes within interdigited configures via AC
electrokinetics. The new electrode configuration successfully demonstrated the
integration of bacteria concentration.and-its detection.

Compared to the bacteria binding without. AC electrokinetics, the impedance
change due to the Vibrio parahaemoltricus immobilization with AC electrokinetics
greatly improved within a limited time. After the bacteria adhered to the surface of
electrode, the total impedance changed-at low frequency due to the decrease of
impedance across the electrical double layer, resulting from the equivalent circuit
fitting. The impedance analyzer detected a minimum of 10° cfu/mL of Vibrio
parahaemoltricus in 0.01xPhosphate buffer. The analysis showed that the larger ratio
of biosensing area to microfluidic channel the more sensitive on bacteria detection.
Moreover, the selective detections were demonstrated via detection of mixing Vibrio
parahaemoltricus with non-pathogenic bacteria, XL1 Blue E. coli with Vibrio

parahaemoltricus antibodies-modified electrode.
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5-2 Future work

Further exploration on this work will be on the increase of sensitivity down to
10° cfu/ml. The sensitivity of impedance detection depends on various parameters,
including configure of electrode, binding affinity of biomolecule, dimension of
microfluidic system, and ionic strength of buffer solution for detection. First,
improvement of configure of the electrode for detection and for trapping influence
using AC electrokinetics make it efficiently applicable to biosensing comprehensively.
Second, SiO, substrate can be passivated with poly(ethylene glycol)(PEG). Due to its
highly hydrated polymer chains and steric stabilization force, it may prevent the
binding between SiO, and protein or fluorescent dye toward selectivity for
gold-patterned SiO, surfaces. The concentration of antibodies also affect on the
affinity of bacteria binding. Future experiments should cover the relation between
concentration of antibodies and efficiency of bacteria binding. Third, for impedance
detection in microfluidic system, carrying small resistance and large capacitance of
solution can rise capacitance of the electrical double layer respectively. Hence, using
narrow and elaborate microfluidic system may enhance the sensitivity of the
bio-impedance analysis, especially for lower concentration detection. Further, the
solution using higher conductivity for impedance analysis can reduce the background
impedance. Figure 5-1 shows the background impedance (without antibodies
modification) in the solution of 0.01*phosphate buffer and 1*phosphate buffer. With
the above mentioned improvements, biosensors can be improved toward higher

quality for impedance analysis in bacteria detection.
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