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BIE Frin

1.1. HFEBM

EWS B CIIMETRICEEND T AN AR EDEEYYE, LTESBHTE, L2l
WIRERIE Y v 2286 2 HRER P ORMMp 7 £, PICFET 2 ED EEWE
T IEMENORBEICRL R v FHITORBBHZ S TnE M, vy
TEEDI L, exid, 7 77 0%, RBBRERE 2L, REREERS
MO &2 H3 59, ZobiTER, A%, WHET, EE Vo Tziie 5B
b, BV THINICH LCT o —F R & T30, MSEIERTREZ, mRE -
R N AT A3 AL S 7 il 72O,

YT OBDRFHTED—DIZ, ZODKEOERR TERERMENE Z L
WX oFEREhD, HEEREERIR LR H 20, Tk, € 0MmERE Y
BHoORMMNDO O L & bICHEBEBAICEIET 2 IHEROECH Y, BHRWE DI
DHIHERNCBN D, S HICERBNOHBE T EHEET 5 2 & CHWRFTER & B
ETHD, ZD XS RIEHEENLORERZNFRIEESA L, T v 7 OREEHFICHF
159 2 EEDE OEBER N 2 TR T 2 IR OB A TNV D, it v v 7
ORELE LTk, ©£K5% (Total Internal Reflection: TIR) %, EJE -+ — FILug
(Waveguide-mode Resonance: WMR) {5, HRii 7 7 X € 3L0% (Surface Plasmon
Resonance: SPR) {EICKAIE NS, S HIZ, MHEFHEE, &K SN HOBERH E
g 2 B eI &, RS OESRIEE R EFIA L, 4ot E AR IS
F2H0RMBIC R SN D, Z oY, M ROBEERME DL ORE S
DI RPN AEETH Y, BEHZDNAR Y VX7 BEOKRHTFELE LT, BT
TR TF O CIFRREA TN D,

EFOHET 2R MERTES - FREMELGEESRM B ES T, EEREINRE
WA BRI 8P & ILRC, WMRRCSPRZFEAFI L LTHWT, FEOY
B aERE, BE, B A X CHRIETAE VR L TCE 7, THETIZ, TEFEK
FOBEEBOME, o XROINEEL, &5, mﬁm®%ﬁﬁgﬁﬂ%&*k%£
RELT&E e, UL, Br o JHENEZEMET 272Hi12iE, PO -2 2 EEEk
EBEPFMEN EANHATH D, Z0D, KPR %WT%%i,Itéﬂhﬁwi
5T, WP EEWEORRE - BIRREIC W72 UF O EGER 2 BRI L,

AL, 7TENLRD, AFE [FH T, AR EMELR~7- BT, Kk
WA 128 CIRE s R OB & LT, TIR, WMR, SPROFEZHHT 5, 1.3
BT, EE O Y ~DISH %, ST Z 5 Lii~%, 280 GEE6E T,
BAZE L C & it o v SRR D, £, FE TR —& 7 v iR A E
ZRBLT D o Ol omEMER~ A 7 a RO TiX, —RoOimik
PO TANAERMFIRERE Y2 RHS 5, MFHER~ A 7 aiiikizon ik,



SEOEIE NGBS AU Y Ol 0w v HF v TRk TiX, 3
AR TR ENEBENAE YL LEHTH LT, REBERMBATRRICZRD Z &b
BE LU, $IGTES BT v 7 ORHEEEIC OV TR~ 5, H4E [RIN0ES
e etz B DI D DTIO,/SI0E N T — NILEFIE A » 7 O3] T, #F3ETH
REF o T RER L, RISERREEAETHDET Ny MNEEIRD, SUHMhRE
Al L RAC DWW TR B, 5T THIEE O IRE R T M1 7= 35 B Pk B SR R 1R
5 R LRI A A Y OBARE) T, RINCIS T BRI EEIIFE L, SPR
0 & AR E FEKBERS Lo on TN 5, HeE BRI BT
Bt Y 0Tz O T — RIEE - Kif T XE RIBRNRREF v T OR%E] T
i, BSECHARDE Y OERLIGA L LT, HEKBCERKENCL D, #HNEFE
TR S 2L b o AR & AR, B EcoML, ZhasoiEEs s LT
HCBIERT 5 2 ERFRRARTF v FIc oW TR~ 2, ke, H7E T <k, #He
EECOMETEONEMAE L L EC, T L v FHf O A% O R 2 ®
S5 B

1.2, IEEEEFE OB

EIBFEON T AR L WRO S E L & TR ERE SN D &, RESLRAIIZITES
EBFEEINZON, 1218 TIITIR, 1228 TIXWMR, 1.2.38i CIISPROMFHZ IR~
60

1.2.1. TIR

M1.112, EETREE 1 SREITREE2UEN AR SN B8R TE2R T, TEELCH
DTV B IREBROKENT, KOEITHMERT, 7272 LAHCRE, OFEITHBEL
RV, ZIT, ARARDLBEEBRD E, ARHENEERTRCEHT D, OB
G h B L5 W2 B L2 DR TR E A, n (n > n) &L, ZOBEREA
DA L IBITAZ, 0k 0 LB &, ERFELENHILT D, ARAVOIEAILY,

nsing, =n,sing, '>n,, (1.1)

EWETe L, SR SRGDOEAA0L,

00 = Siﬂ—1 [&\J’ (12)
m

ThDH, BEUADES A0 TERETHY,

2
tirlsz[ﬂSinetir) _1’ (13)
n, n,

: ny .
sin@,_'=—Lsing, >1, cosb,

tir



EWlc Y, LoT, EHEEGOERE(DIL,

E (r)= Eexp(—j B;x)exp(—7,.2), (1.4)

. 9 g 2
ﬂtir = nlkO Smgtir ’7tir a _.]nsz cos atir : kOJ(nl Slnetir) —n22 ’ (15)
EFT 2P, 2L, BIBEESEEOBROEE, kit2n/l, fulyutHRIETH B,
$ o, BRI OBRORIEIL, 7 RSB AICIBE L, ZORIEN1/eE
TR T 2 BEBEd ()1,

dy ()= B = ; (1.6)

Vo 27y[(msin6, ) —n

LEIT S,

TIT, AFDE, 2V EBPERMANC A U AR, BRSNS M AANERTE I
L¥AT, b b AftmE (BKH) IS\ B Ry D& T 5, sfidt (Transverse Electric
Wave Mode: TEE— ) &, #AR~Z SAPEREIZS LT Ry OHRTH 5, plR
Jt. (Transverse Magnetic Wave Mode: TME— R) 1243 b5, SRS TR, BER
BT DHDORAH UIC K OB I R DY 7 FBEL, ZhE S —X « ~v
vy 7 NEDLIRE, AFHERREDBED T —R - ~2 vz v 7 B,
H(1.6) & 1,

Atan 8,

x,(A) =2d, (A)tan 0, = ,
t t ﬂ\/(n1 sin,)* —n

(1.7)

ThHZbND,

1.2.2. WMR

& B CAD RIS § 5 = & &8RS 72 HOLE & IEG, T & XEEH LD
T OMEE A5 b 0 &R £ - BRI & RS9, X5 MR, BRYT
RO a7 %, EEFEDY Ty FCRYBI L ) ICHAES TN D, AR Sz,
a7 LTy FOBERTICHENCHRYIELERH SIS 2 LT, 27 fIck 2 Uik
Tk EERCE D,

®121, AfFENIER 2T P BT 2T AR, REBRORANL, HOHET
FW R, 7272 LAEICR, ORISR L2, K%, 97 E25 v R

DIETT R A Noores M & T D &, HolE, z=+ aDERA CEKFT SRR, xHFEIZIE,

Pum =ksing,,, (1.8)
AN,
}/wm = kCOS awm > (19)



TET D EITIR & B2 D, LamE DYt TEWER & FHEN D, 6o T, 27 HON
DENE ym & BT Hyyl X,

By s H oy < €Xp(=] B,y X) €XD(X ]V Z) 5 (1.10)

LEIT 5,
ZIC, RNMEHET A DI, 2T ExTMICHEE LB OO, FERID
YOI EFL, Thbbx M EERNI -2 6, 2O,
A

2x2acosb,, :N{—] (NzO, 1, 2,....), (1.11)
n

core

B, ZIZT, NEE— NEG LY, 0 EDEEEE & 5, 1218 Tk,
=R~z 7 b BB 5L, RULINMATRTLERDY,

27339050 _ 5N, (1.12)

S
nC ore

LU, SIS —R -~ T T MR MAR., k=B e B, R(1.12)
4akcosf, —2D=27N,

£
nCOTB
_aN+®

cosf, = . 1.13
T (1.13)

LB, Thbb, RAIICEBT D0uEH =9 F— KT, KiZaT7HeEild s,

£,

1.2.3. SPR

KA ST XE L, ERERFP OB HEFNEMRST 8L TH D, ZOEMHRE
BABN O AR SN ERHE LEERERAM T T AT RT Y b s B e
RS T AT &R T 270120, KOMHEE > &REKEOXKE 77 € DOAH
WE L —HESEILERSHD, LHL, sEMITERT 583, ZREOHFE &l 5
EEBEBEORAMICAKLTY, L EREROKRE T 7 A€ OAREEIT L2
WV, F T, AFEAERE CERH SN DIRHTA U BB E AV, SOMFRE
EZRR 7T AT OMNHBEEIC—H I, KIS T XE GRS 2HERD D,

M1.3@ITRT, BEReDERERDY, FEROFBEREREICHEL VDG EEE
2%, RMPADORERORIZ, HOETHMETRT, LR LM@Y, HERETT XE
VONMEER—F LARTIE, RE7 7 XEri@dmik iy, b, &RHoE
ST OBRE (IR AT BT AN B B 1280, OBRORHE~DEFFEN, 7MY



ZETZ R S, Thbh, sEBOEREyRS Lk =9, RESS R
FBUEFETE RV, —F T, M13@TICHERAITRYT, ASE (AR EKHNLE
BLmEN) ICERAD D BpieiE, xRN e, RET T e 2RiEHks, +
pbb, REZTAEDER, BRAOESITENEN, E=(E,0,E), H=(0,H,O0)
EERTZENHES,

I A = NVDOAFBRLVEEBEBROBEEZj=0L 35 &, LLTORIBEY Lo,

rot, =¢, a;” (n=dorm), (1.14)

EREL, FHEXFOIFEREY, mteRHIEETT, 2T, BH7T KTy
DEREARB o CIRB L TR Y, WHES E o LB L, E__ b3 5L,
ot

Ai(1.14)i%,
oH, OE
— =g ——_jpg E | 1.15
% "5 JOEL,, (1.15)
oH 0
"y:g _,,z__.a)gE i 1.16
o n J nz (1.16)
LB,

ZITC, K7 T XEr OB BT, FEAENCIEEENE 6 ORI LT
TN R BB TBR L, — 07, @RMIEA I R s b O MR L C2dr e
FERBEIEMICHET 2, BEABERLOSRBIECBIT 2RBER & hy, k. x)T RO
Boky by BROWIRZA, BB &, BEFERIOGRBIICK T DB, Hy
ixEhTh,

H,, = Aexp(jk,x)exp(—k,z), (1.17)

H_ = Bexp(jk,x)exp(k,,z), (1.18)

ERIND, RETT AL, xHFHIZBWT, HFEAREAR XS R SRR TE U
HWECHEIRT 2720, h=ky =k CH D, Lo T, EHT T XE L OEROESITH
1.15), (1.17), (1.18)& Y,

E, =——A(-k, ) exp(jk x)exp(—k, z), (1.19)
JOE,

E =—— s B(k,, )exp(jk x)exp(k,,z), (1.20)
JO&E,

E72 %, FHEEE L SRMERED R TiE, B L BN OB I AT RS ANERE TR
TR 6700 e ®, Ep=En, Hy=Hn,k72Y, X(1.17), (1.18)%L Y,

Aexp(—k,z)—Bexp(k, z)=0, (1.21)
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R(1.19), (1209,
4 k, exp(—k; z) +B k. exp(k,. z) 0

) (1.22)
8d gm
MWLYo, F(1.21), (1.22UTRWT, 0L DA, BOEBFIET D720,
k;‘uk—"“:o, (1.23)
gd gm
DR 0 SETE 72 TR e 2R, € T,
k,=—S4k (1.24)

m

DBIR &N T, T IE L, HEKEOBERILOMEE b7, K124 &l TR
LT 120101, SREHOTEERSATHD I LBRETHD, ZOHE
Tentd, @FTOAMBTIVHEEROKS), T72bbARMKEKIINE L TRET S
RL—FETF LY,

e 5 (1.25)

o>+ jyw

EEFZERURZ, 22T, 03 7T A EBH, yRBEEHTH 5.
T, BEERBNE X O REREN T DI OIS FVk,, katX TN,

ol =( Sdko)2 =k +(jk,) =k} -k, (1.26)

LN =( &,k )2 =k +(—jk,.) =k’ -k, (127)
T, (1.24), (1.26), (1.27)&L D, kIZOWTHEL &,

k. =k, Jaﬁ_:(ﬂ).jﬁi_, (129
&g,+e&, c\eg +e,

PEOND, ik, KET T AT OWEK L ARRKOSEBERTH D, K128)%
H(126)IARA L,

k, =k, |24 (1.29)

BEOND, LoT, IEBEEOEROMRIEA, T HIZ1/eE CHREEIHRICRE T
% Bifd, (DI,

1 A
M Lm (1.30)
ks 27 [Lebm
o

LFEIT D,



&I, B13OICABBERE RS, MP DG, RE77XErONHBHRTHD
A(1.28)%, ()IFFERHEEHT 2HONHBRL =2 [, %, Gi)TEESEOI#
C

%%h=2${%%fotﬁb,%@,EﬁfoA@E@K&E%@ﬁ%%éﬂfw
4

57 Ly T UBEDEZEZIGED, EBREEOTICHD TV X LAOFERET S,
X130 T, FEETDZEMT 20N WBIRGE)IE, RiET T 2T OS5 EG
DXV EMAET D, 22T, FERE L SRERAmICHEERN» D H 2 A5A0,
f%ﬁl%bk&#é&,%@&ﬁNﬂbw®m%ﬁmf§gﬁm%&ﬁéo%ﬁm

90°DFEFH CTEALT D &, TIZHINT D3)E, B1.3(0)T DK A TR LN T2k
T 5, TP, O.BEDETH-STH, OEELY L/ASNZ EERY, ()&G)iT
Roblaw, ¥ibh, FENRED L BISEE AR T 2720 CidEm 77 X idphit
TERWIEDBTND, D, BHGEOSHMBIRG)EE XD, TV XATHDA
RO, CTERAFH LIz T2E, 7VXLNOHDEBET F VDRI,

k== [e,sing,' THXBND, 60 - 90°TELT D L, KT 5 ()M 130b)H D
C

IREHR CR LR CE T 5, T70bb, H50, TOHEGDRRPS, ZD X5 ksk
RV L EIC, BHSTAELREREINDZ Lichb,

1.3. gk ERow L v A

IS NITRINT » TRENCREL TWD Z L0 b, F v PRETEECAEET 5 B
WEOBRHICE L T2 i cilk~=7=, TIREE, WMRE, SPRIEDISAE LT,
L3AHI TR SR Y ORITHREZRNT 5, & HIiT, TS0 EREML)
REFAL, WHITEBRENTZEZEMEZR LI D2 LT, BREL S EERIC
BT 22 L RTRBIZAR D, 1328, WSR2 R U230t o iz ou
TR D, & 6IZ1338iCI, IEEEEERIH v oEiEkicrm) iz, ISRz
WTak R %,

1.3.1. BRI

L SN OTRE PR RN T 5 KA ERHEE 9%, BiEF ~ P OREIT
FICFET A WE S, RIEECRHFTETH D, AECIEEY, KEEMRHEE o
Fle LT, EFOFFRT HAIEENBSE L TE7=WMRE U2 H0iis, HIERER
TR E R~ 5, WIZ, ZOWMRE & FEFEICUHCHELES, SPREVY O
HERE L Z OFITHEZ RS,



* WMRE V¥

M 1.4@IZWMRE o 2EDRFERYE, I DEEEZ R, WMRE S FIZHN
DR T 7L, FET T AER LI, SikSioh b5 EREEE Lo, S X
LMD AR ST, AELEDNEE it a7y 5 v PR D ORIE, AZET T A
FYRXLEBLT, MHTF v I ARKH IR, FEOT Y XLEMICK L TWMRAE
BEND, HHWEMTOARNE, RHT v 7OFE CRF EERZHEVIRL, &5
12, SiOJBOHREE Z D EICH TSN ZNEYWE 2 &0l RAm cakHIhd,

ZOERKNOUN, RIFEWE TORIL, S HIFHtERBIEShTns & &
WITEOE DR E U D, 07, RIBEAUR X302 RO GHRENBY 35, 3
R, TORRNREORDDORE S FNNE UL EER, BEERmICEEL TS
MEDEEFER, SVEEZNE, ERBEITROREEE & BEEICRE HLFT D, £
7z, 1%iR3 %SPR & FRRIZ, WMRZBNEFAIBERIE R, F v P OBEITRF T D IRM
D EFEHSTWET®, BREREICHEOWESENRELD L, KEAXZ MDY T |k
HAEU D, ZORKFRBEDHDDORESLEZFNDELIEREOT 7 MemAhld Z &
Wk oT, BEWEOTF v TRE~DREDHERY, TOWEDEBREEZRNTDHZ
LR TE D, 2B, SPRIFpHIEOATHIEREETH Y, EFTRLRSE BRI D 2,
WMRiZsfit & pl@dt, e cd s, o, BREEICIIZE < OFVIEEk
MERAFRETHD Z &b, ARFECBHERD D,

LD X Hic, WMRELVHOF v 7T, FERLERENTRIE, I EFEREZ
G 0 5K L 72 RIS SR~ SN LD TH Y, B ONEREIRD 15 1R % 1
VIR LA S EIEHECE » TR T DR TIERV, ZORORICHRILE, WMRES 9
LFTETHMER S BENRH L bDOD, () BT — FEEERE S, FE KR
X DR & I LIESHANE, BB, () EEORBRTIMEIN—TITLD
TR VY OBMBEYLNG, ZOABBHAVLNTWDS, (i) EEOR T DS NV—
W, BV OBRE B B L o T R A SRIT R #E LT STHER(24-26) T H
FREEE WO RBRBHWLNRTEE, ZEE2BEL, REMVHLTHOBWMRES AW
EHWAZ L ET D,

[ 1.4(a)l77R~9, S & SIOEM SR 2 EE KA b OWMRT v 71, FIHIROERES
Yo REREE L, v SEER TR0 LICHEERETH 5D, H14b)IRT
WMRE g, B E LTONRRENBL TWDR, +oIic i RE & ThH
by TNETIZ, WMROE Y V> THF~ORA & LT, BHF vy 7FRKEIZ, REX
G LB ST DR B A L, K1.5R T & 9 i migBR &L, TR
D ERERH 2 23 L CEZAIBRHRESh T3,

M 1.41ZRTWMRE S OMIZ S, HEBOME-CHEZLR(ESED I LT, WMRE
VY OESRE IS LIRS S ME SN TR, gL, F /(e H T 5



EOWIRB D, X BITIHFITE, WMREISH L7z, Vo 7 #iESE 302038 7 7 ¢
AEE Y OHE ST B,

* SPRE ¥

H1.61Z~9 K 512, SPRE Y DL ITHBEITERT Y X LO—HICEBEEEEL o —F
A7 L, CO&BEHERE EBEMIED, 7Ly Fv U BEORERNLER S
21530 SPRYE YL, pRAD KA TV XA b BEEEA~ANT S, R L=
WMRY ¥ DRIEREE & FfkIC, SRERICE L W B OB ERICKET D, X
FCIRE & MR AR CRIET 2009, SPRZFIEFEERIEEIL, Fv X OfEIKET 5
IEBY 2Fo TV o Ted, SREERIICHEIRET D &, KA b0l
o THRIEHTE S, SPREMETIEBEEL LTI, AuAg, AIRENREL SHNT
VBB AR AT TR IRIME TR B < SPREIAET 5 2%, SN CZ o=
HETT 29, —HAlL, 50005 A HURE ©, RIAVIEE CSPREHE TR CH
20, R BT, BRI, #6328 nmD AS LD ZREFIMES, Fu
TRIET, AgldDSPRTIX2891%, AuE Cidd4.9f%, AUE TII25.7MSICMCcx 52 &
PR LV RER VB, £72, SPREVHE, AFEMEOERERLNTETH
5T k)b, Biacore (GENLVATT) BT ERS A h (BhToh) @it
CHEl, BRICEMIShTRBY, HFRECEERE CELEREL TS,

LR U7z, PHRSEEER D TR shs 7T XE, 372bbSPRIT, Gl
7T RAEy EBEENS, R, BHETOT T A<EEaNC X 5ERT, T/ KT
ORMIHAEL, ZHHREMEFR T AE 2 (Localized Surface Plasmon: LSP) & M
(En M, LSPIE, B OGO & BERAT D), SPRTHEAEY Ly F< Ui
EFONFRELS AT A LERRL, BEEERAT 57200 TR WRETh 5, BIE
AREtHICE&R T /b 2o S8, LSPIZ LV mRRERHZ 3BT 238D 5T
WB®), X b, ki RGO X 0 EMEAR T EE5 I K ALSPO &S
AR ENTND, ZOfic, LSPZISH L& LT, REHEHRT < 8l
(Surface-enhanced Raman Scattering: SERS) 2 X %23 W% 0% flv =& o RBRIC 5
REENTW D, iz, ITEE L 2B ST (Near-field Scanning Optical Microscope: NSOM)
O2%, GRIREHCOEE R A XD 2 LT, BIFIRA 2B % 22 - 50 nmiRsE
DB I ERBTDHZENTE, BEEZED TV,

1.3.2. #ERRHE

IS, MMTF > 7REICHEL, Ho, BAMEHREINLTWEZ &b, 1.3.1
Hi T~ AR A Y o, AR OREEZ RS TS 2 LT b A< A
bNTWVWD, ZZ T, ANb Lz KEERHBERE 3, BILF » PRECWE N
L ERFART FABRENT D720, BEOWE KT 5-DI21E, BT~ 7Fim



R EOWE ORI HEME21T O NERH D, LL, Fv XRE~DEHI,
EHEPIE S ORI L 2B L2 Wed, ZE L TREOWE 2 HRILT 5
WITEERHENNECH D, — T, AE RS EAMRINIE Vi, #ARE
RS SRWEOEHRE L TCHWD ), Fy R ~MEMiE a3 HLEREN, X5,
EICRELE OB L, FFEOWH ZHERKDL 2D, BREOFHWFETH D, F
7z, BF Ry hOREFEEIND LI, BVETIERERFOELARNRES < BRS
NTEY, ThoOBEBAFELZANVDEZET, LVEWS/NILEER S5 Z LR FREL
25,

VS &2 S U0 il Belr & U ¢, am R e 2 EMEEc X 2 a0tk o —o1
BHEPERE SN TCNESY, F7, 2FBEMEEEHCEMLEIN TR Y, R OEIAE
AL DA A0 L FOTORDG I AETR 7 o 7 OISO FR CREBRHEA TN D,

& 51z, SPRICK DTS OB ZE AV, Bt aRE ORI E S E IR
THFEEINETITEESBRESNTHEOD, F7, [ITIRT X 512, SPREE
TIREOCEEMEET, TIREOGBMEE L 0 bies 7% PIRRICBIE AHE ¢ dHh 509, Z ofl
W, K18Rd, SPREMEEEZ VTR ETHI LT, Y X LM LIV A 4
OO SPRIGEBIC L —TF 4 v S ERTEEEDRH D, —F, WMRIZE
LEFERDNELZFA L, BERHEAT > eI E DR 0D, EEORT %S
=1L, THETIE, SiEESIOBNLEAWMRT > FICk Y, HET60 nmD Tk
Bt AR L, 8RR IIED D OWET0 nm EOEEE BRI L T ®), &5,
D Z =T 513, SEEHEECLF (L% R L-WMRIEE 72 EAME S h T
Do

1.3.3. IEEBCR & v Y28 A T RB 7R & ot Bl

VRS RI R Y- oL, ik, /b E B iR L72E5EDS, THEZEHE S
NWTWB, AETIE, BRI Y ISE AT RE e F OERT & F o i 2 Rk~
é (o]

- BRHF v FOREREL

TR OBEBRMMAEE FIC@mb D7), il LIZWMRSCSPREHH L, T
v 7 OREE & o b3 ARFSE A S STV %, SPRICE B EFEHMME L & D04
& LT, Bz, SPREFIRATRERGRBIKE R L-#iE"), RO Lt/ 772
J& &g LI E R %, oM HSPREWMRE RIS L7126l E LT, KI1.9IZ5RT
91z, SPREFNERIEREBEEDO LI, HOREDHECHENRBLERBL, 77/
g 2 AL U 7= PR m R E DR E R S PR B 5, S B, ERIEERE T 4
=y 7R OB LG, S bka RIBENREIND EE I OND,
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- BHRXE
SPRE YV DEBIRAZEMR L L THWAFRERRE STV D, #lxi, Z7/1ra—x
DORPICRE SN D LI, BEEZHINT S Z LI L 2RISR YE OB EBELLY
FNCHIET D HFEIRm 5T g

W&, ERFRHEIE 2 BIE aﬁfﬁ'ﬂ(@J (Dielectrophoresis) *V&FIfH L 7= i85
FIRE Y RHE S TnD owﬂ% , AMBE D EREZENT 5 &, BTN CoHilE
FIAFHRIND, FY—ERP T, MhirOFESE, EERDY, FBUBEKOFEER,
HER LI LRI WS, EOFEKREMER L, b X ERE 0RO T Wi
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Fig. 1.1. Schematic drawing showing a near-field light induced by the total internal reflection of

an incident light.
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Flg 1.2. Schematic drawing of the light propagatlng in a three-layer waveguide composed of a
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Fig. 1.3. (a) Schematic drawing of a metal thin layer and a dielectric layer to induce SPR by p

-polarized light. (b) Dispersion relation of SPR. The wavenumber in the x-axis direction is

denoted as k. and the wave number, which excites SPR, is denoted as £,.
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Fig. 1.4. (a) Optical arrangement of the whole WMR sensor using the Kretschmann
configuration (After Ref. 18). (b) Photo showing a WMR sensor with four channels.
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Fig. 1.5. (a) ABO blood typing using a WMR sensor. (b) Dip reflectance difference between
blood with and without antibody. (c) Photographs of sensing chips analyzing the blood-antibody
mixture. Each photograph corresponds to the spectra shown in (a). Scale bars in the figure
indicate 10 mm (After Ref. 27).
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Fig. 1.6. Tracking surface absorption by SPR, (a) prism-coupled configuration and (b)
resonance shift in the reflected light spectrum (After Ref. 34).
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Fig. 1.7. Fluorescence images of neuronal cells cultured on a glass bottomed dish ((a) and (c)),
and on a plasmonic dish ((b) and (d)) (After Ref. 65).
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Fig. 1.8. Configuration of the sensing system. (a) Top view of the chip containing the fluidic
channel. (b) Cross-sectional image of the V-shaped channel (After Ref. 67).
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Fig. 1.9. Multilayer electromagnetic system (After Ref. 74).
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Fig. 1.10. Schematic of the experimental setup for dielectrophoretic concentration of analyte
molecules. (b) Dielectrophoretic forces attract analyte molecules toward the edge of each hole
as the electric field intensity gradient is strongest (red color) along the rim of the holes. (¢) SEM
of the nanohole array showing a hole diameter of -140 nm and periodicity of 600 nm. Scale bar
is 500 nm. Inset: photograph of the template-stripped gold nanohole array. Scale bar is 1 cm
(After Ref. 83).
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UBET D Z &2 AL, i -RBREN T, mEkix, 2Lz niEs%y oe
MR b EENZILET 2720 ¢4 <, B -8Em» L bitEd 5, ZOBERN LS
Bt Sz gL, EHIC, BRCoBEIh 5 g & A9 5@,

IO DB RN LA TIE, MERERFICE T R ZEMET B72D18, ZORA =
v PRVRICHER L, MERIEFRALDORIRE Bl d 5, S bic, MG IR % fif
RIEWMRE %2 RWT, Mg 5 fu % ool L, SyBfiim s o BIBET % & m HUR
ik (HBsHifE) 4 5,

2.2, MEREEA OB
TEREFLD L35 5 % B89~ 2350, BN OMEER SAREWIE Y, mBRiGY
B, Ko T, MR IOBRI L, WELOBRERET 2, 9, AR L7z
BA 3y MR EITEBMRIZ, M2.2@)RT, PRaDEEW T 2 AT 5 MR ILEL
DEEZ D, B COMIKIIFE CHEVCREICIEET S LIKET S &, LA TMKEHK
NRFRAOFE T 256, SN 5 s S O¥EMNSdni,
dh =vdt, (2.1)
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cREIND, Thbb, SMtshsRED,
dV = a*ndh = a*nvdt, (2.2)

LRIND,

WIZ, RA 2y MIRMNMEUHREWBRET NV E LT, H2.2b0)RT HEERERE
ALEEE 2D, RAay bRIZLY, mEREBEC OB SN Mg BE) LKV
i (Rf) LOMOEREE, TRXOENSSHESND, 22T, HTEELOR
L%, MIEBRORICSBShEIEOR S 2R, S 61, dIflOEBOEE, 0%
T & OBEOEAAZ 7T, BH0-®, MEROLEEEE, mfE/2mim e R
WEBWTRIUTHD ERET D, M THENT SN BB, MUNEE DRI rEE
Ehamigchs, ZOEFE, BEOMIELALI >TZDOEFRABCDO ARV T
HLLWEEBZ LD,

X222~ T RIK, LT O,

a—Htand >0 and o$9<§, (2.3)

BT T, HEA TR Sh i BIVAEFGOERIT, vt 3R ISV & & OFATID
HAEFGOEIIEEE L, ABPGOERITIVAENDER & % L e, HETH
BT SN EIR2avdt l UCGERLT D5 Z LR TE D, o T, HATHEBT SN
e A O W KIS 2 AV,

dV =a’nvdt, 2.4)

EXRDBND,

2.2 EXQHLY, dNFIREALOERES & vatOFEICE LN ERa D, T2
bbb, M4 iime T EMROEEIIHT 2REOEF, MNFERG L H#ES
() T LVVES, BN dr D RN HT 72 12 oy Bt S 2 M D IRT&ariX, FLOTEIR &I
ERMRICIRE D Z L R0 D,

ST, H#EBHILELOR XdhefiET 5, K2.20)12~T BTABCDDWE I
% x5, ESABLCDIXENEN, 2a—(H-h)tand)] & 2Aa—(H—~h—dh)tan6] T
b5, Lieiio>T, BIFABCDDMMIL, (dh)’%2 T+ 5L, 2la—(H—-h)tanbldh &
BT LNTED, LEB-T, BEABCDICXILT 2 BHEGTE O MR,

AV' =la—(H-h)tandY ndh TEShd, ZIZT, dridRQHDAVEFELNZD,

a2

dh = > vdl, (2.5)
{a — (H — h) tan 6’}

DIV N,
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S biT, 23MiTHIRT B, REITIER LI ILBILoR iz 2RI AN, BE%40.0 pL
T—E& LI o, SmiEs SnzstH Lz, 22T, mEREEEEWL, ~< b
70w MEB10%D & & OHEETH 5, 0.053 mm/mind 3547, £9°, =0 E L
MBI ENET S, SBIZ, =75, 15, 20K E L-MN#EERICELE FKE
T 5, 1220, HLOEKEEZ —EEL L, X6, LOESH, F3ERO¥ERaD2OD
NRIA=ZDILDI2E—ELTDHE, ERNAOBENTIIZONT, bH12O0D/85
A—ZPHMNT 5, K2.312, a=25mmT—E(@), EIEH=5mmT—Eb)& L=
B0, HEEMEES ShEk o0 LTRT, K2.3@), O)DHFDOEAITENT, 0734
ME 2L, hbMT 52 LR850 5, MAREWIEE, MEKBERODZRNIEENRSE b
DT EMD, M23&0, RENES, RMECIERFOND EEZLND,

2.3. AL EREH:
2.3.1. MIREEALEHT 2 ~1 7 n ik O/EN

X241 29 & 52, AFEGQERIIMESHEGDRELE AT 5200~ 1 7 v il
ZHAB L, MERREDRLFMLIZ, 3, v~ A7 LRAENIERE (NanoSystem Solutions,
DL-1000) & A A>Ty F 2 7@ (Samco, RIE-101iPH) Z#HWT, 74 N V757
4 —EICLY, YY) arvBERv o b, RO ZER LZ, E6i2, it
BEALOFARICEIMT SR Y AF NV RAZ 7 ) b— &, ZOgFIcESE L, X,
WY VAFNaxH DTS LRY ~w— (BUF, PDMS; Dow Corning Toray, Silpot 184)
B O DRV Z2 BTN, 80 CCITMEA L 7= 7 v 2 = AR BT, $54§960%5>
&%, PDMSZM{L I, NS RHNR Lz, TDH%, ZDOPDMSTF v Fi22->D L%
HIFTAREHAZER LTz, PDMST v 7 OKRME 2% ST X~ 27 Y —F— (Harrick
Plasma, PDC-32G) % H\NCE L=k, PDMST v 72 A% N T R EHICEE 0 &1 T
WMEER LTz, BB OR TR, V) a—rdhFa—T 2N LTHEKDOA
ERAeE: 5 AP

2.3.2. MERSIRERHR O

R, FEHE LT 22>DERO IO D MEABOFEMZ R, FER=FL P73
IR A Y U A (EDTA2K) 25895t &M 0O EHE, Tennesseelll ik s — &
ANOIEA LTz, R2LIOFFNFEH SN TWD KL DI, MIROSMENRETMET 570
2, 7, BLOBEICL YD FOMBROALERE LTz, &I, LU IMERRERRI10
uLz, #9990 pLod> V) ESEE AR AEAK (LU, PBS; FBMIZE T3) C# IR Llnikate
& L7z, 72720, ZomERehize MugmEoimE 2 &0, FEOREHZE R
MEEFNE LTS EA SR T0E®E0, x5z, & h&fo~< b7 U v MAEE
HWRI40% TH Y, MIEIFEOEFREITHSOPLTH D, Lo C—HoImikicix, FEHL
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THI20 pPLOMERARE £ D, —F, AR TRV, ERRifiEEE00 pLizik, 10 uL
OMERNBEEN TN B,

24129 L9518, U VAR (New Era Pump Systems, NE-1000) % VT, i
B#I20.0 pL/minC, MKk e~ A 7 Btk ~EA L7z, LEALDKIB0%IZ, K30 pL
OMEAFIE SN 2B T, MK OEAZIFIE LT, L2 MK THRES DI
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SBEL 7 EEAEROE S 2, BUG LEBMEEREN OHEE L, ERBAIROME Z LT
DF(2.6) & 0 A L7,

ERHIRDOME = (1-n, /1) x 100 (%), ’ (2.6)

72720, mRUn e, <A 27 aiiikE@BBT 0% 0, K1 pLolEzEH
EENDIMEKOETH D, AFIETIE, MIKAEEZPBS T20HICAHAIR L-%, MEREHHE
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2.3.3. MEEEHP 0 v A VR GURBUERH

K2R T 8 918, 1B LT=~A 7 afiiiiEa WMRE VHHIERE L, TA LV ARRIED
T O DOFEEE & U CHATTREDRIEZ 1T o 7o, AWFFECER L7 WMRE > O I,
FYEH T AFM EIC, BE4S nmD FERSiHAERfE &, — OBER(LIC X VB SR
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oY REREZ, UTICHRR2280 U = b X v UFEENR UL TRA S
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T L, HBsHURDSRHMRICEE S5 L 9 24RREHE Lz, &L, BRT T X~
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Table 2.1. Details of prepared blood samples.

Evaluation of removal
efficiency of blood cells

Detection of analytes in
blood

Human whole blood diluted

HBsAb was ‘added at a
concentration of 75 pg/mL to

Preparation method ~ with PBS was centrifuged to human whole blood diluted
collect blood cells. .
with PBS.
Hematocrit (%) 10 10
Plasma Absent Present
Total volume (uL) 100 100
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Fig. 2.1. Structural and optical arrangements of the whole waveguide-mode sensing system. The

sensing plate consists of a waveguide-mode sensor composed of a Si0O, glass substrate layer, a

Si single-crystal layer, and a SiO, waveguide layer. It is sandwiched between a microfluidic

channel and a Si0, glass trapezoid prism. When blood ascends the sedimentation hole in the

channel, blood cells settle down to the bottom of the hole, leaving plasma at the top, which then

flows into a detection area in the channel.
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(@) (b)

Fig. 2.2. Schematic cross-sectional views of two sedimentation holes: cylindrical (a) and

truncated conical (b). Red, unseparated whole blood; shaded in yellow, plasma to be separated
for short duration dt; yellow, plasma already separated at ¢. a, radius of the base; H, height of the
hole; 6, inclination angle of the downward-facing wall; v, sedimentation speed of blood cells; /

+ dh, height of plasma at ¢ + dt.
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h [mm]

() (b)
Fig. 2.3. Heights of separated plasma 4 as a function of the retention time ¢ of blood in truncated

conical sedimentation holes with different inclination angles 8. A constant volume of the hole,
40 pL, is filled with blood with a hematocrit of 10%. (a) a is constant at 2.5 mm and H varies.
(b) H is constant at 5 mm and a varies. Solid black line, § = 0° dotted red line, 5°; broken blue

line, 10° solid orange line,‘ 15° dotted green line, 20°.

41



N Outlet for plasma

Inlet for

A B Sedimentation hole (i) or (ii)

‘;I'-- PDMS
~ (lass substrate

Fig. 2.4. Schematic diagram of the microfluidic channel with cylindrical (i) or truncated conical

(ii) sedimentation hole.
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Inlet Qutlet

Fig. 2.5. (a) Whole view of the microfluidic channel with the truncated conical sedimentation
hole (ii) used to examine the height and purity of the separated supernatant. (b) Enlarged view
of the hole.
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¢t [min]

Fig. 2.6. Height of the separated supernatant as a function of retention time ¢ of blood. Circles
and triangles: averages in the cylindrical sedimentation hole (i) and the truncated conical
sedimentation hole (ii), respectively. Error bars show maxima and minima measured at three
points in the same image, while dotted and solid curves show theoretical values for (i) and (ii),

respectively.
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Fig. 2.7. Purity of the separated supernatant as a function of retention time ¢ of blood measured

for the cylindrical sedimentation hole (i, circles) and the truncated conical sedimentation hole (ii,

triangles).
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(a) Blood without HBsAb. (b) Blood with HBsAb at a concentration of 75 pg/mL.
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Fig. 3.1. Optical arrangement of a WMR sensor in the Kretschmann configuration (not to scale).
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Fig. 3.2. Schematic views of the cross-sectional structure of the WMR sensing chip. The
directions of the light reflection and transmission (a) and the change in value of N(z) in the chip
when 6 = 6, (b) or 8 > 6, (c), 0. critical angle of total reflection (not to scale). n’g, n’y, n’5, and
n’y, denote the complex refractive indices of the substrate, the layer 1, the layer 2, and the buffer,

respectively. Yellow areas in (b) and (c) are conceptual images of near-field light.
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Fig. 3.3. Change in value of M(z) in the WMR sensing chip when the real part of »’; is higher

than those of n’; and n’,. Yellow area is a conceptual image of near-field light.
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Fig. 3.4. (a) Calculation results of Ny(0) as a function of »; and k. White squares stand for the
values of ITO (i), diamond (ii), SiC (iii), TiO, (iv), ZnO (v), and Si (vi). The layer 2 is assumed
to be SiO,. (b) Values of Ny(0) for the candidates (i) - (vi). Numerals in parentheses are the
optimized thicknesses d| [nm] that yield these values of Nu(0).
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Fig. 3.5. (a) Calculation results of Ny(0) as a function of #, and k, and for MgF, (vii), CaF (viii),
8i0; (ix), PMMA (x), and BK7 (xi). The layer 1 is assumed to be TiO,. (b) Values of Ny(0) and

the corresponding optimized values of d, [nm] in parentheses.
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Fig. 3.6. Normalized electric field strength squared M(z) in the WMR sensing chip composed of
the 28-nm TiO, layer and the 315-nm MgF, layer as a function of distance z from the interface
between the MgF, layer and the water. The interfaces between the substrate and the TiO; layer,
the TiO, layer and the MgF, layer, and the MgF, layer and the water are indicated by the broken
blue line, the dotted orange line, and the solid black line, respectively. The position where the

light is totally reflected is shown by the broken black line.
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Fig, 3.7. N(0), calculated as a function of thicknesses of the TiO, layer and the MgF, layer.
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dm [nm]

Fig. 3.8. Calculation results of Nym(0) (solid red) obtainable for the Al SPR sensing chip and
the incident angle to the Al layer 6y, (broken blue) as a function of dy,.
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4.1. [XTHIC

TSGR Z R U 2N ST, SO DA A — 2 7702050
W 37 OBRENTIES AL TWG, &bhic, SEEMECTRE ST e 4
5 (SPR) ZFIHT 2 Z &Ik v, HHKERIORIEDIN &M TR R < fHhitd o
RETH WY,

ARMEOER OO DHEIGEE LT, HEKamO FEEER THIET Ry o
WAEBEATHDCY, BT Fy N ONRIRETE EiC1A2- THKRT 5720, o
PR E D BEANNICL - T, BF Fy beEdRicpiiEc& 3, &b, Bt &Rt
DERLF—Z, Thbb, AF—T R T bRRENVZ ENG, BRI LS
BELT VY, SHICET Ry ML, BEaSHEH, B LI WEDORN&AEZRY, BT F
Y PEEPRICRN S E LD, BNTESLOBAR BT ISERDH D, 20D
BOFIEELELT, Au, Ag, AIEOGBHEREZHWASPREH D, ZZT, HIFETHR
N2, Auk Aghd, R & EARIMER T, SPREZIRE L BIEEHKR DS, AT
ERPENEO —F AUTERIMR) S AT E TORWVEERFEIICIW T, SPRE
JhEFRETH B, L oT, AIFEIEZ AV - SPRIRINENE, A ERRIEBTED
DIV BTV BB

£z, K41087, HE— NEERER T v 7 LT, WMRF v ) &Hni-&
X, RS OBBREERATRE R RIEO—STHBEBY, EH 13, E3m TR
£ 51T, ERTHNENC X AEAHE LTV, KNI G % B RICHI MR AT/l
IR G Z e E U & 2, Z o R, 6 203, EikE o — 8 B 45528 nmDTiO,,
—JE A ZHEE315 nmDOMgF, & L7eWMRF » 712 X v, HEE, #R375 nm DR
Wt D _RERRE RSB TE D Z LB Doz, ZHiE, SPRF v 72>
WCFRICFHE LR L0 LEFICENMETH S, LiL, TiOyMgF, WMRTF v
Ta R L CTH D L, MgR,OBEECTIREICBER S D Z L3y o1z,

DT HARMIETIE, STRQDIZFEER LR 2= 38 LT, —EBIZTiO,,
ZEERIC, BHOTIOEOEEMNR S RE L CRIKAREZRSIOZEMA LT,
TiO,/Si0, WMRF v 7% 1Rk T 5, S BIT, Hlko%, AIOSPREEATF 7 (LLTF,
SPRF v ) #1EKT D, WMRF v FLSPRF v 7 HWT, BF Ry MBI
A (CIF, BF Py MNMEBIKEWESR) ORNMELWET S, ki, HERFBRLER
AENO TR LI EEE L, WMRF v 7E2HWAZ &T, B Fy MEBIKEZKL
BIEWDZ ENTRENRETEIT S,
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4.2. By

M4.1ZR$ & 512, WMRESPRZEY B 2ERIL, 7 vy F~rRililEd &b, B
BMCRIT 2, TGO TR _RERBE (LT, REFRE) NG, 2%, 7YX
ANAHFTDAH DO EBREEWN), Fv 7 L WHEONmICTEEL, oA @Dz
BT LHERETER )R &,

2

E(Az)
Ey(4)

N(4,2)= . (4.1)

EEHZRINDCY, 2=03F v TIEBEREE T D, T2 LAPFRICEBNT, wmEspD T
fi} &3, ENENWMR & SPRERT,

INETIE, BITROFERRnO—J8H &, BITEOIH 0 _JBEE2H T 2WMR
FhEE %, m >R DT, Kt SR D 06OMAAD I 5 R THRT 25 Z & T, N4, 2)
EIAMTTRER - & A LC & 2@, ARGk, —BH%Tio,, ZBA%SI0 &L,
AFHDERADZT5 nmD & & DNyw(375, OPMER R L 72D X 572, AFAOm TiOE
&SI EDIRE ZRET 5,

£, KA USRI AR A& IET 5, WMRE B L ERZ, BT Y Aok
WMRF v 7 OEROMBZHRAT T AL L, ZORBITRITITERIE (r, = 1473, k, =
0.000 @) % M4 %, MHEORY, WMRT » 7ICH F S ARGk e L, ZoEYT
FIIFSTHRE (= 1.354, K, =0.000 ) ZEAT 5, K4 1URT I, HRELHD
HHEL 77 AN, BEY Y XAOQEIICK LTOETRIFAIT, 7 XL OMmic#
T b, ZDEE, B/ —BHRE~OXDARNABIEERT ) XADESMA, BT
) XL OJES R, ORI,

0 =p+sin™ (w] , (4.2)
np

DBURBRE Y S22, 72720, 7Y XA EHAROMEHIR Uiz, o137 ) X b/HAR 7
E~DHDAF A & HEL,

FROBIWROEZMTIE, WMRF v 7 /KR E CERERKF SN 558 OBEAAIL,
66.8° L FHE & B9, EECHIE T DR OJEITET, KOEITERI Y bEMNEHL R
L2 EEMEL, QFERALVENMIKRELIBRETILERH D, Lo THRHED
WMRF v 712iE, R@2)LVo=671°LHEIND, ¢=32°0E7 ) XL%2HHT5H
keI B,

DEIZ, TIOE & SiO B DIREIE 2R ET 5210, MEFEDEIrERET 5, ®mEK (RF)
v 7Ax b Y A RANRyZ Y V7R (EHA T ha=2 X, CFS-4EP-L) % H\ T,
TiO, & Si0, %2 ZNENHDSiT =/ EIZHIE LTz, ZOERIBITRE, o 7Y A
—#— (J.LA. Woollam, VASE) ZHWCHIE L7z, ZOHE, BEPCOWEEL=375mm
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DIETIX, TiONX, ngop =2.757, kioy = 0.029, SiO,dngios = 1.503, ksior = 0.000TdH >
776

IR THNEICEED &, TiOE & SiOE ORERIE 2 RET 5, ET— NiX, s,
plRAEDELHIZ L > THRIE SN D BRIEDO I BRI EREZHMTE D, Lo
T, —EH & UTHER0-80 nmDTiO, &, —BH & L THIEO - 300 nmD SiO R S 1
TeWMRTF > 12, 7Y X b%iE LT = 375 nmDslhi a3 AS S ZBED, Nym(375, 0)
OIEEFHE Uiz, ZOERE LTH OGN, TiO, & SiO,DWIEE D BIE & L T D Nyw(375,
0)Z [X4.2(a) It TRY, X Bz, K4.20b)2, [X4.2(a)D A¥: TR £ =543 Dk
Y, L, MEDPOEAID, Nuw375, 00D EHET S L 2ICBRATNS, K4.2(0)
DOAMATRT LI, TiOJEDOIEENKI38 nm, SiONEDIEE R #1160 nmD & ¥,
Nom(375, VI KAE453% & B 2 B0 D, H420)DILENC DWW TITEIRT 5,

WMRTF > 7 & Hilisd 5 %, Al SPRT v FORE&EEEFHD, 7277 LAIBDERIC
%, BRI TH DEES nmDALOBERIERENTWDE Z L& RETHY, F1-,
TURL, B, KOF v 7 BTSN KOEFERIL, WMRT v 71OV TRE
L7zbDERUTET 5, CHRA3) L Y, AlEALODERIBITRE, na=3.467x10", ky=
4.535, napos=1.790, kapos =0.000 L {HET 5, Tz, SPREFIE T D72, AFHEITp
Whed5, Ma3oPAMEATRT L I, AUSDOIBEESI8 nm, $H3H52°0 & %,
Ny(375, 0)iT R KIE12.6% & %, HAIDIFENE, 43.18iCHkT 3,

43. EBRFHH
4.3.1. WMRF » 7 & SPRF v 7 DIERR,

EROWMRT » 7 DEFIEEN R A2 LT 5720, EX18mm, 1E14 mm, B X1 mm
DOBEETH T AEREIZ, FF—BE & LTCTIOZMEL, DI T/EA & LTSI0 &
L 7=,

TIO,D ANy Z U 7 L— N, 0.5PaDArFRPAS, RF (13.56 MHz) E 7200 WD
T, %0.063 n/sTH D, LoT, A& U FEZ953358 & L, BHE36.2 nm
DTIOMREERIE LTz, 72720, RKEROER T 24451280 C, BEEEET Ry NEHE
ROFINREE, NTEIIMTOFEIRT CHEwT 2720, BEZ0.1 omDFEFE TRe#
LT3,

WMRF » 7 OB R ORIBARIFE 2 00T 5720, Si0D Ay #Z Y o i
Mz E{L X B3MOWMRT v 73(), (i), (i)ZMER L7z, 0.5 PaDArEMS, RFEN
400 WOSEAT, SiOD Ay # U v FL— hMif0.223 /s TH D, LoT, Ay &
U JHE & 2 DRERDSIONEE Z, WMRF » 7 (1) Cid12535% £ 168.4 nm, (i) Ti&
12535080 &£ 171.7 nm, (iii) TIE135358 £ 175.0nm & L7z, ZOWMRF v (1), (i), (iii)
DOTiO K USi0,DIEE L, B4.200)ZFH, FI, BATREN TS,

67



X B, OO DSPRT v ST 5720, WMRF v 7L RIRO AT T X
EREICAIZ R LTz, 0.5 PaAOArFRBR, RFES200 WOSEHT, AIDAR Sy &
7 L— 30246 nm/sTH Y, RIEL7ZAIDMEEIZ182nmTH -7, AlE EICTHERK S
N5 HREELIEALO;DIRE %#5.0 nm& 35 &, AUBDOEZ1X13.2 nm& RIES b o,
SPRF v & B TV X LDEMSE42°L T DL, H43DRATRIND L IZ,
Ny(375,00037.8 L st S B,

4.3.2. WRRED 72 DR & ERF

YERL L7=WMRF » 7 L SPRF v 72 FAWT, BT Ky MNEEKOEIEHRE ZHE L
77o B4.11Z8 T, LEDM#IR (Thorlabs, M375F2) M5B DL, 77 A3, ) A—
h L X, @R (Sigmakoki, SPF-30C-32) %@V 7' U X A~AF I D, AFHHIE
WMRTF v 7 Cidsf@t, SPRF v 7" Tidpllt & 95, WMRETZIISPRAFE SN D &,
F v TRENCERAPEIR S WIS R AET D,

WMRF v 7 E 72 (ISPRF v 7% 7V X AD LIZE W, DX, BEEKNI0 mmOE#
LEETAHESOmmOT ) a—r FTh— beF v 7 EICERE L, $100 pLo#tix
, YVa—rIF AL —rOLNICHEF L, 22T, CCDA A—P ¥ (Bitran,
BU-59LIR) Z# R C, XL X (Mitsutoyo, M Plan Apo) & Y6527 /L4 (Thorlabs,
FELH0700) %@ 7= t08tBR %, SBtkM1o CTHRIL L, Z0XET7 4218, ¥
ERK700nm &L Y b REEOOHZEZET D, AFEBERE A A - HIZEET S
ZEEBS, 2D, Qdot 0SA ML T VY Yas— b (Thermo Fisher
Scientific, Q10163MP) @ Z A THW L, ME10aM M =mol/L) DET Ky NE#&E
WKEREL, MADOEE L ERHMCEEBRERE L, TOBT Fy M, 85k LD
FhE Sy, RT705 nmD & FITH D WA R T D,

4.4. EBER

9, REREBR L) XASAGR EZNDRIO, LEDIEIN O DX DOIFIIRE %,
5y 6% (Ocean Optics, USB4000) % FAVWTHIE L7z, 4412, sf@itd& Uiz ASLHaEE
L) ZTRBERRC, plRXt & LI ASEREEL () & FEMR T, M LIZLEDGIR O
i, sttt &pRATR—Z2Z &E3b0Dd,

WMRF v (i) - (iii) & SPRF > FI1ZOW T, 432802508 L7 5k RS Lz, Hk
EBT Ny MR OBENIRE X457, iEL, AMRICER LA A=k
VG, BB 16 bitD BEFA CHIXIBICFRER S N D, TR L2 K &2.5mm x 1@ 2.0
mmOE BRI ONT, WEREOFHMEEFE Uz, MuKkZE T URE L, Hti
RO ICRE DO, %, FWMRTF v FIZOWT, (1) AREOFRM, 3(i): Bk
ZOFHN, (i) : AEEOERITRL, SPRF v FIZ2OWVWT, HIKE DRI TRT, -
2L, pDBHRZEE, TRENOIEL Y H/SWEEBEIRS TV, X
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4512, BT Fy MERKREZMT LBIS Uiz, SOLBRESEONOLERE O L%, %
WMRT v FIZ2WT, () : REF, () F=A, (i) : ESATRL, SPRF Y 7o
WTRKEA TR, 77— N, uDIEREFZEe,Th D,

ARA=T BT K DB f AT v 7O BRENIL, BAREFICKDNNYy 7 7T
v RHOEp, & LTEND T, pfu DL, T 7 OMREZ R 28D —2 & 225,
TNENDT v IO T pufu 7R T 5 &, WMRF » 7°()i34.5, (ii)iE3.3, (id)id2.9
TH DD, SPRF v FIEL6ICTERNWI ERGND, 6T, MAKDENOFLENRSE
SNT-HBERFEDH R EAIREL, py-uDFRTE, Z OEERZITEEOGR
BPHZ LY Jo? +02 pbAtHTE D, KASLY, £F v 7ORT My MEBEOE
DMERTOERE X, F v 7 () TIEHI3820 £420, (1) TIEHI2520 +290, (iii) TiX#I2070
£330, SPRF v 7 TCIIHIS90 £ 150 KO b5, L oT, WMRF » Fi)Z T 5 EE
FERHCIRE X, SPRF v T OMHDKI6SETH D Z & B35,

4.5. B8

R ORI ERBOCIREE & i B0, BREMEE L LI, £ F v S ORT R
v MEER O ECREEZ TRIT 5, £, HEEL=360 - 400 nmD YT 1T 5 WMR
F» 7@) - (iil) & SPRF v T O _FERBENN, 0)%, BEATIERZHWTEHE L, &
F v 7TONA, 0%, ADBEE LTH46IRT, Fv76)  FRER, (i) : F—mgi,
(i) : B RBHR, SPRF v 7 B CH B, 777 L, FRICHER LK ORI,
431EICBRARIZEE Lize Nam(d, 00D E—213, HLHRE L WMRAFIE SN B KE
WK LTAEL S,

sIRC R OpfRE D AFEGRELR), L)X, K447 X 210K TchH s, SHI
BT Ry MEBIRORIEOPER, $RbLIOONFRETF Ny MEEK~RBF I
& & OnmBALIEH 72 0 O EIRE S, FEIEOIEL =360 - 400 nm T2 5,
XoT BT Ky MNEBROMMHNEMEFEUTICERT 2 THETS 22 L,

2

© 400 _ 2,
F=cx j j [N(A,O)e 48 I(ﬂ)n(i)}dﬂdz

(4.3a)

=%>< [ (dN@,0)I(yn(A))dA.

360

72120, cldEET, d)iL, TS LOBEMEE R /el B35 F CORBHLER
Y, BB, R@3aZB W THWEL S, “REREENIZF IS L,

DN
N(A,2)=N(4,0)e ‘P | (4.3b)
TRENDENET D ERETED, Lo, NO,2ZAWIZ, @30 iia
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CRT LIS, e D RIS L, R@3a0BAN LTS ERTED, WMR
F w7, SPRF v T DdANWIENE N,
A

dym(A) =
271'\/ (n,sin6)’ —n,

s (4.4a)

d ()= (4.4b)

MHREIND®, g, aid, AIEKOWFERTH S, 7ods, BT Ny MEBIRIZ K
5 NRIARE T, d(d) & bk LB T & 5I1E 8/ S WO F7-, K(4.4a)icWMRF 7
DB ORBIFTERNTIH I TR, Tk, WMRF v 7 ORE & AR A EAT 72
72D ThD,

(4.32) DA D OB E BT B 72018, ) ZRKRMEILB74)TESL L, STk
CI)ITEHEN TV DWW %, RKEE & DA =360 mTEHL L, K4.712, K4.3a)
DFIDOWHE B ADBEE S UCoRd, ZOfE%L =360 - 400 nm D& T, KEM
%z 1namé LTEMBES L, KT v IR DFOHFEMEZ RDIZ, 7272 L, U SR T,
D=1 L Lz, ZOFR, FiZ, () Ti%9.47x10%, (i) T1X6.93x10%, (iii) T1&5.17x10%,
SPRF v 7 Cl37.63x10° L &7z, “DFOEZ RS L, [XM4.5% 0 RD -85k
& D N EBu, - po Z M E LT, Wi DOBMRE X481, T 7() : /M, () :
BT, (i) : BH, SPRF 7 M ThHD, £z, BT —/3—1F, ANROHIRE

D ERNHFERFOEIRE DIEMERFE o, +0o; THD, K48 OHRIA & FMMAIZOU

THBIET 2, 22T, FyTRECEBESHPEL T RNE X, 4y - pEFIXED
bbb ¥uThs, Lo, K48, FAZERT S X IR/NPFRENLRDE, WMR
F o () - Gil) OITRERE RARTrT, RARE Y, uq-pdd, FIZIZIEERIC A
THIEBIND, TABIE, SPRF v I Ty - po & FOHFIBMR ZRE LT 5A
O, ELEHRTH D,

DOEL, KEEEEATIOIWMRT v 7R OSPRF » 122N T, LD {LlERE
BEIZAN, uq-pZ2HEE LT, R420)1RT X918, WMRT v P Ofciitidig, IR
JE38 nmDTiO,E & IEE 160 nmDSiOfE THEM SN D, ZOHE, N(4.3a) R U(4.4a)
XY, Fi, 133x10° L END, Licho T, REEZH T EWMRT v 7 Duy -
i, 4.8 D FhE DMRMNMA TRT LI, 5000 HEIILD,

SPRF v 7" Cid, K431 T X 912, AUBDOBEN18 nm, $2352°0 & X FriliiiE %
&b, Lo T, SPRF v FOEEMEE TIE, (4.3 K @4.4b) L W F = 1.20x10*
CHEBEEND, ZOROu, - pbE, BASHOAKEDFENATRT L 91, 920TH 5,
X oT, WMRTF v 7 O8I EEE N OBREMSIRIL, SPRF v S LR, K55 (=
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5090/920) 5T b, 1272, WMRF v ZOIEIER Rk OEE(ZSPRF v 7D
EEER (FA) Ofx X0 H/hEn, 377bh, WMRT v FIIFRRKEWICH D
59, hFER I EFHEHRHE TRV EWNZ D, 2k, SPRT v ST~ THRED
BV 2o D% LB LT 5WMRT v FOREORED, 2RI TidanZ IR
THEEZLND, '
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D &I LT, AlSPRF T DRF BT/ & 72 5 A E# IR TR L v EE L
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F o7 XD bR6SHEROEABERBEONT-, ZORBEEND, REtELHET5
WMRT v 73, BE#MEZHTHSPRF v 7LV, KS5MEm<, &7 Fy MEERY
LOENBELZHOND Z EWWE SN, Thbb I bOERIX, WMRF v 753
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Fig. 4.1. Schematic optical arrangement of the UV near-field fluorescence biosensor with the

two-layer WMR chip (not to scale).
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Fig. 4.2. (a) Normalized electric field strength squared, N,,(375, 0), calculated for the WMR
chip as a function of thicknesses of the TiO, layer 1 and the SiO, layer 2. The base angle ¢ of
the prism is set to 32°. Water is put on the layer 2. The color bar is linearly divided from cold to
warm, depending on the value of N,yn(375, 0). (b) Enlarged view of the area surrounded by the
white frame in Fig. 4.2(a). The solid red, blue, and black circles denote experimental conditions
for the WMR chips (i), (ii), and (iii), respectively, while the white square denotes the ideally

optimized condition for WMR excitation.

75



['nve] (0 ‘cLe)sn

0.0

0 5 10 15 20 25 30
Thickness of Al [nm]

Fig. 4.3. Ny(375, 0), calculated for the SPR chip, as a function of thickness of the Al layer and
base angle ¢ of the prism. Water is on a 5-nm Al,O; layer put on the Al layer. The solid green

circle denotes the experimental condition for the SPR chip, while the white square denotes the

ideally optimized condition for SPR excitation.
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Fig. 4.4. Light intensity of the LED, measured as a fanction of 1. Broken red: I(1) for

s-polarized light, solid blue: I(1) for p-polarized light. Note that the two curves overlap each

other.
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Fig. 4.5. Fluorescence intensities measured using the WMR chips (i) - (iii) and the SPR chip.
The solid triangles represent the average of fluorescence intensities from QD solutions g, while
the open circles represent the average from water u,. The standard deviations of fluorescence

intensities, represented by vertical bars, are larger for the QD solution than for the water.
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Fig. 4.6. Nyn(4, 0) and Ny (4, 0) calculated as a function of 4. Solid red: WMR chip (i), dashed

dotted blue: WMR chip (ii), dashed double-dotted black: WMR chip (iii), broken green: SPR
chip.
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Fig. 4.7. Integrand in the right side of Eq. (4.3a), d(A)N(4, 0)I(A)n(4), as a function of A. To
calculate the relative total fluorescence intensity F, each curve is integrated with respect to A.
Solid red: WMR chip (i), dashed dotted blue: WMR chip (ii), dashed double-dotted black:
WMR chip (iii), broken green: SPR chip. Only in this figure, 1 is treated as dimensionless.
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Fig. 4.8. Effective fluorescence intensity, xq - s, for the WMR chips (i) - (iii) and the SPR chip

o0
& %G

(111)

as a function of F. Vertical bars show the standard deviations. Solid circles: measured, open

squares: estimated for the ideally optimized chips.
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BAERNE & &RIEA~RE SE 5, FEKSESPRY VBRI TWEY, ==
T, MR X 0 BREEINT S &, BRI AN THBEMATFELEIND, ~E—E
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WARTEL, FEIKENE D00 %z, MRFOFERELEEFERN, BFDEEIY
bHRXVES, EOFHEKE (Positive DEP) MMER L, Bk HIXERERE OV ITH
BT L, —F, MEITOFREREEERYN, BOBEELY S/AIWES, AOFHE
7kE) (Negative DEP) 2MEF L, PR FIXENRE DTV FIZHEIT 5,

Lﬁ@iﬁ@&?ﬁ%énfwéﬁiﬁﬁiﬁﬁmt/ﬁi,mm%%tT%&%

, BB RED DR TE D, LL, ERICE UV 2EATI5E T, AR
EP T AR LHEXKENC L > TEREICED N DN H S, 22T, &
Het R DA KIS % M D> B RBIT B 72012, ARYEE AR CHRE L, SPRICED
BROWNCERET 2 o FRHE STV A STik(11,12) TiE, HOERE TR
ENTEEYEE, FEXKNCLVEROT; ) EEL~ED NS, 20T/ #HiETIE
SPRUFFR SN DT, F /G EORNBEOENEZRET S &ic kD, A FYHE
ERHLTWS, ZhbORIFIRE, SOLAR TIERINWZWED» L DEF DR ZR
HATEETH Y, mVEREEZ AT, L L, BHERER T/ EEEERTHZ &8 L
VW, o T, AMFETIE, HABRCTIERINEEYWE L, FEKENZ L D SPRBH
i XD B I D DFERE SRR IN T T XE I ESE (SPRF) /N1 A&
v ERFEST D,

AHZE ik, MHMGOERYE L L CKREE (E coli) ZHWe, £7, ®RiFv
TOREITECHFET D, KBE»ORELSNIEBRT S LICX Y, FHEKENC
LV KGHE%EEHE~ED DO, FEZHMEROBRKBEFH~T-, D&IZ, SPR
ZEMLECHRESES 20, RET Y ToEERE#EL LTz, 61, KBEZ4, 6-
UTIV)2-Tx=)bA K=/ (DAPD) THfa L, SPRTHIIE S 7=DAPIDH LR
ExRE LT,
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5.2. 3L EBH
5.2.1. Rk

KH# (Takara Bio, IM109) 1%, 2R T L, 3mLOAY 7 -~ L ¥ —= (LB)
IR~ L, 37 CORECARR, IRESE, TO%, OSSR LZEN L, LBEIK
ZRER, Bolt XKBE 2 MA Millipore, Milli-Q) THIRL7=, ZOITEZ3EIN54
El#R VIR L, LBIAKZSEEICHAK CERR LZ, REIZIE, XKBEEOM—>T %
KA LRLT W9, KIEFEZET/10 uLOBK % MAK2 mL AR L, EE2x10°
cfu/mL (cfu: 2t =—JBRHAL) O KB EREIKZ 57,

XD, KIBEZELEMOIMY & XL CTHRIET 2720, FLohiish, KE
4&nm%Wka¢éﬁﬁ%%#éﬁrlMmmwﬁ&mé§DMIHMmmma
scientific, P1306) THefd L7z, = 2 C, DAPLIE, HEANXTHE SN, EE461 nmfHE
DNZEHBNER L FHT 5, DAPIOIRE L] pg/mL & L, DAPITYLf X 1= Kby I
B DOPRIE 13494x10* cfwmL TH - 7=,

RIG U REIR T O KGR MO ERREIE, Bl i LIEFIh 2, X o TARF
JETIE, KIS KIGE BB R~ 2 5 EKMME 25 B89, KIBEBERIKD
BELREKOFER L IET 5, KIGEHRER 2 BT 2720 H Lz Ak0EE
RIY, BERE (BEutech Instruments, PC450) % AV CTHIE LR, #92.2x10* $/mT
o7,

5.2.2. ITOERE % A\ = KB O #cEL LB H

AU CRFE LTk y*f@*ﬁ@ﬂﬁ:ﬂs HIRT, 72720, PATICl 25 KIGE DK
LG & HOERIB D2 oD EERO 7= DIiE, B 288k IR, BLOEBE A,
Z DFMERS RS,

KIGE DS OBELE T 5 72012, Lk U7z FIECRaR U 7= K5 i R i % 8
LTz, KRG SREIE D D ORGELIE Z BRI BIZR T 5729, BHICIE, BHEER LS LT
— AR LA P T AR X (ITO) %8 LTz, RIEEFIIC L 555 IKE /41
KD, ERELEIIUEREZRHALE, 8FE (RF) 7R b2y 2
CHE (CWAS hr=2 X CFS-4EP-L) ZHA\W\ T, K& &14mm x 18 mmDA A
T AEERIZ, K& X6 mm x 8 mm, FFEE30 nm DITOREZ JURERIZ, BARR] O BEHED K
500 pmE 2B X I RIEL, MHTF v 7L Lz, ZO®HTF v 7R EAROER S Y X
A BICERE L,

FR LTeRi T v 7 EICRRB Sz, BEEH1 mmDT ) a—r I A — MIERT
2 L BT EERL cmDILOHIT, KIGHERREBIR %1960 pLili T L7z, Z OIREET,
XeZ 7 (GritEHER, SM-10YN) OX%E 7Y XA AR5 &, BRillF v 7 L KIGHER%
B A E TR Sh D, RIFEBER» LA U 28ELE R, sSEoxt L v X (R
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> k=2, MPLAN APO) #i#L T, CCDA A— &Y (Bitran, BU-59LIR) (2L YV, &
JERF0.SFD TR L 7e,

¥z, BS2ATRTE ST, 180MMOThE, FEMENI/V2)V, $74bb, E
DI KME & AORKBEOEFEZEN20 V, JEHEEK100 HzO2 O PELED, MNLWVESTC
BRI ENENEMEND L)~V F Ty 7 rarYarb—4 (Wave factory, WF
1974) ERTF v FITHERE L,

RHMEBEEZRISEEINL, KIGHEHBERY S OKELEE BERR0.55 T, FUWMH
Lz, 2%, ZIREEFINRTERISREM L% 0, BILERE i Uk, FIN
REEDOEDRKE L ADRKEOBEZEIT20VOEE, FEE1 MHZCE X, Rk
WCRGELYC 2 BlEE Ui, BRI Y 7+ (Image)) #AWVTC, S L2 BELDCBROFENT
BT o7,

5.2.3. Al SPREEZ A\ - K H o 3% ek

DAPIE SN RIGE b OFEEHRHT 2B S, KIS HTHIR 2R3 & Y
EE2 AW, ZADOAMICEEE I VDB &L 91ig, B ETHEFE405 nmD YD SPRA
fEhs Xy, AIEZEBIE L LTHWESE AIZRRIE L AEN T A HRKE A
HGABHKTY) R b LICRE L, BE405 nmOpREE2 AS LD, 7Y XA~ ASH
RO NSO BERE, & AIRNEEAR/ KIGEHEBEBAE (2=0) DEREOQ)DORE SDOLOD
2R CH LR - REFRBEEQVE/ DEEHFE L, 2L, @¥lboz), KB
FRBRIEOBITRO K & HEREEE K ER U EREL, AET T ADBHT Fngo, =
1.47, ksior = 0.000 12, KD BT Ehyier = 1.35, kyater = 1.58%10° %A L7z, AlDJBITEHR

X, M= Y 7Y A—#— (J.LA. Woollam, VASE) % VN THRIE LB Dny = 0.347, ky =
454& Uize AIDOIEE%0-50nm, B 7 Y X ADEHA %30 - 5000 & H TEL & 7= 1
D, EEETHIECODE R WTEHE Lz, [EOVE[OEDH T —F v— bk %FK5317R7,
BT ) X LDESMN414TAIDEENRKI8.7 nmD & Z1Z, |EQ)E[ I3 AE16.0% &
b, ZOfERE L LI, MAREMKL OSPRENERE & LT, RS3TIZRMRTRT LI
FEIE20 nm DA Z BT T AERICEIE LTz, ZORET > 7%, [EMA2°OERT 7
ABE Y AL EIZERE L,

SEIZ, RN (37~ ek, SPF-30C-32) %#i& L CTpfRYt & L= E405 nmD L —
— (Thorlabs, CPS405) % EHT Y AL AH LTz, ®tp L X EICHER44T nmD
v RS8R 7 4% (Bdmund Optics, 84095) Z#%E L7z, BT v 7 iz, BE4x10*
cfu/mL DDAPIF: 8 KB B REVEN K & 4960 pLiE T L7z, 2D & &4 U 5 DAPIEL AR B D
LWL, BN CTRIE Lz, 20k, 8%, BREICITER260 - 280 nmfiE DR
BAERERN SN 5P, HiR400 nmTit, FRREDRBBEKRMEOK001%L 2B 4D
W SN TH YD, ZBRIHE N L2 RA405 nmD AKYEIE, KR OA&FBREBICEEE
FEEhhnweEx2 bbb,
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5226 LRERIC, BRILTF > 71T, TR ER/NOBEZEN20V, F#EK100 HzO 25 E
JEZHIIN LT, EEEN145 FHEJEWJDb BIEFINZ (&1L UT-11Z, DAPIRL (S KI5 iRE
WOHENE TR CTHORIE Lz, FROEBRRE Y 7 & HAWT, EEENHE
BTG LI 8O O 217 > 1o, & I, FINASIREE DK & R/ D EE1T20
VOFEE, BEE1kHz, 1MHzE A2, RSS2 LT,

53. EBRER
5.3.1. K& OBELERH

5226 FEHL L 7= FIE T, Wk OITOEMZ G+ 2 RHTF v F12XeT v b0
AL, KIGHEBERD O OMELE 282 Lz, EORKE & ADRKEDELZE)
20 V, FAB¥3100 HzDRZHEE % 15 BRIGT » 7N L7z, BEgimEY 7 h &M
WTC, EERIINZICENEG LG %, BEEFINANCEE Lz BELDCgIc Hhda by
Te R Z 5.4 T, XS5.4@@)F OFRAE, BEEVINAT S ik L, EDINICEm L=
AELIETREE 23492000 [arb. unit] LA EDO YRR, K5.4(a)k v, [AEE100 HzD A3 E
FEE2BRIC1GMAMNT 5 Z & ¢, KBEAITOEMB E~EE-TWn5, SHICELES
Fm Uit 2 &, B E~EE > KGEIE, K5.4()0FH EOEFSN~BE LTV o
TR

:0)?& JABH MHzOZZWERE % 150 MR T~ FCHN Uiz, B L= 8L

, BEFERHUNENCES U BELEBRIC ERAE bR R 2 KM5.40)02R T, X5.4(0)h D

ﬁﬁ%ﬂ%k, BEFVINZRIC N LR % R 7, RS MHzO A REEZENnL 7=
BEE, KBETEBROmRICEE D,

5.3.2. KIBE 0B EsH

52381 FCH L 7= 56T, MR OAIEM % A5 2T v 7 IC 405 nmD L—H
—EAH L, DAPIHL KRR b ORI 2B Uiz, M5.5()s, BE EIUJ[IHIJ
WCHUE L7, ATEM)E L OV O DR ¥4 %24, DAPIYLE S KB
EH)— R CTHET 2 LIKETE 505, X5.5(a) T, %@L@Aﬂﬁb\?‘éﬁ‘éﬁ%zﬁ
BIZEIND, UL, SPRIZE Y, DAPIHM ST KIBE S D& AR E < Fhe &
NBHTHD,

45.5(b) - ()2, IEDRKME L ADKKEDOEEZEN20 VOELEFIINE I HIS L iz
Yl Eond, FUINEREILEZ, 100Hz (b), 1kHz(c), 1 MHz(d)TH 5, [H5.5(b)
BLOKS5.5c) TiE, B HICMWESESPBER IS, Zhi, B LZSPRIZE S
bDEBEZLND, —J, X5, 5(d)“C“&i AR OS5 & ARICEBIE N R, =
T TR5.400)BhE LTl ~7z X 512, Bs MHzZFIN3 2 &, KIBEIXEBOLS
WEDLNDETHD, LIL, %frﬁfm% X, BTy TOREMRORHEIZEETH Y,
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SPRZ JiE K722\, Ko T, BAROEIZED LT DAPILE S /- RIGHI A & DO
BRI, HARICBIER RV EB I BN,

ZIZT, HM5SDOTRTOENBOAIEE LT, Iy cEmREROMNICK S &E
ZOENDHENEENELBREIN NS, 37205, DAPIEAKEED b OEEZ N
BRICH KR, ZRHRHT v 7OENRRI AT ) A XERL T2, AlEMR EOHE
1 C1400 [arb. unit] PA EDHIRE R G T HHHOH, Bf T T L& L, EEM
IRl Z % C, A $0100 HzO R RBEEIN®% Rk Ctaftir L, Ehgbeigo—&%,
B5.6(a) 2R, 7272 L, MHEOBEWERSE, fkERPER-FHEKTHY, EEA
WKEYERGEERBL LD o722 & &RT, fkE IR T g 72350
TR ELTERTAMT Lz, M5.6(a@EY0, RRBFEALVARICEZIEREND, R

VX, EEEVINET & Elk CEUINGEICEN L2 6a, s, WCEImEgIciid LR
ZRT, XoT, JAMEKI00 HzO R FEERIMZ L 0, AIFEM ET, DAPIY K
2 EDOENEBTIEMUEZ EBRDND,

DO, EORKEEAORKEDOEEZIF20V, AR kHzO X EFE % 1457 HIH]
ML,Wﬁbtmﬁ@%,%FWW%&E@Q@&hﬁ%%I%@Mﬁ?oI%@&
FEE ORI T 21TV, FBERNATE BRI, BRI Z R CAMT L TWD, E%@
X0 BIRDENTEL OREPHRIND Z L0 b, AWM kHzO R P EEFIAN

AVEM IS, 2 ORGEPEED Z LD 5,

%ﬁu,lmm%?%%%%®%mm;%EWMK;UEDKZ&%Wﬁiétb
BIDODAPIS & KB HE BB & T~ 760 uLia T Lz, »&EiZ, EEZEHMNE
R 104 R E S, _®W&Tﬁ%@%mﬁbkoﬁﬁméﬁ,%E&%%?@
L, BEhdbEigo—E%E, R57N0RT, FAITIRIEELS, Zo%ER~NT
i3, BAKRBICE 0 KBRS T v 7 E~EBLRN T kb% TE D, TRPL, M
5.6(a), (b)Y THR.ONT-HREDOWINL, FHFEIKENZI VAT LR D,

54, BR

B5.202 "¢ X 912, ABE T, MM 52 o00BMIC, (AEZEZE 180 E Lo
W%V%Wwawé AR % AR I3 EE L 72 BRI, %ﬁﬁf@%ﬁ%%ﬁ%k%
SEpEH, FEKEIZLDIDREHARCBET 5720 ThH 2, T2b0L, BVED
o@%@ﬁ?ﬁ%kwv,%@mﬂﬂ%@m@%fm%kmvwﬁm%%¢6:aﬁf
& A %ﬁﬁ%ﬁ%#bfwé JE X20 nmFE 721330 nm D EHROHREE CrE, BRI
FiZE, —FH T, 4o0BM LTI, FICERAREITIZEFETHDI, bLmTH2
o@%@_Hbum%ﬁo@ﬁEF%WMLt&fé&,%@@@%&ﬁﬁﬂ%@@)
DENLE, BHBODOBMITEICEMWBGVOEM EELLRD, Zhux, EBLEET TR
<, BWUSNOBEFTI CERBRENTICECRDILEZERL, AL EOFHEKEZXH]
THIEDRREZRD,
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ARFFETHEH L KIBHE X, KBEOMBE (Cytoplasm) % PHIE M (Inner
membrane), MfEEE (Periplasm), ZMAKEAEAE (Outer membrane) Z3HR Y PREA%IEZ LT
BY, BMOOFEROEERL, KSATFTIICKRESERSL®, S5z, K
R L UCOFER, SERIIMOARBIKTFERZEF>Z EBMbh T3, filx
VX, RSB DA i, F%WW#&& MUK TR 23T 5 5 R AR DS L = B @42,
Z DIz, MMUFRIEOWNANC 5 5, FFEEEZ SIS iXBR A S0 522, Eh0jE %
Baebits e, J:?E@ﬁﬁﬁz\@#ﬂ—éu\ TR 6L R0, MREICERPIHEHNS X
92 hp B0,

[X5.4, KS.6lCRTHY, AMBREEIC L Y KIGENEEZHANIEL, 100HzE 1
kHz TIXEM B2, | MHz CIXBEMROICEE 5, EIINEREA 100 Hz, 1kHz T, b
WD L 9, KIGEONBIOMBE 2 ST BRITE 59, SMUHRAIED B A3 ES
@%m#k%xfwéo%mkmﬁio_,%Mm@ﬁ®$z¢k;0§%$i,m
DOFERBLCEERLID /A3, T2bh, FKEKI00 HzR1 kHzTlE, ADFHE
KENC X0, ERREN R HENVER LICKIBEAED b LB X 5532, —F;,
JEB 0 MHz CiE, KIBEOREO KD % 5D 5 M S EROER K 5 LAET
D, REUTRT X Oic, MIREOFHFERI JOHEBERIY, KOFERE L OEER
E0mwv, LedoT, Ks4b)Iicrnd koI, EOFEKENCI Y, KIBHITERM
EORWERDIR~ED NI EZ HNL®),

BEM DL T 2 ANE R T, B A2 MNE LT 57208 H 23400, —F, A
JECHZE LIzt ik, | TER SR Z, BT v 7 BicalicNgE L, oh
Z BRI FTRECH 5, BIESTOMOMEEZ T ES¥5 2 LT, FEKE%
FIH Uiz, Efe Rl A A FRERT S 525,

5.5. K5

AR % EREDOTEICIET S 2 & & BRI, FREkEIEERE 7S XE o 4Lg
(SPR) #HNA AV 2R Lz, AR TIE, £, FEKBIIC L VB L~
KBE BN E HHNEAKESE, ITOEMEHWTHRIELE, ZOEL S &I, AlEH
ECHRA405 nmDIEOSPRAFIE S5 & 5 o a Rk U, K100 HzR01
kHzD R IREH ZFHIM L7245 R, DAPIYL G KBE D, ADHEIKENC LV AlERE L Ic4E
ELHZEEMR LI, TRbLARE VL, MRS E RZEMMEZBRET v 78]
ETFETHREHT D2 ENFEETH D, I 5, AEH MHzOZHETEZEIINT 5 &,
EMOMICKIBENED OND Z & 2HR LTz, KIBHEO Z ORI EE L, FHE
KENC XY, KIBERABETZ L 2R LTV, ATFEFRICHRBIEE LT, &
KL DS - FRMRHEBIROEFIEN 5 2 L R HF S 5,
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Table 5.1. Samples, light sources, and electrodes used for the detection of unstained and stained

E. coli cells.

Detection of scattered light from
E. coli

Detection of fluorescence from E.
coli stained with DAPI

Sample Suspension of E. coli cells with a
concentration of 2x10° cfu/mL

Light source White light from a Xe lamp

Electrodes 30-nm-thick ITO

Suspension of DAPI-stained E.
coli cells with a concentration of
4x10* cfu/mL

Laser light at 405 nm

20-nm-thick Al
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Table 5.2. Relative permittivity and conductivity of water and constituents of E. coli, together

with the latter’s thicknesses.

Relative Conductivity Thickness
permittivity (S/m) (nm)
Water 83 ™ 2.2x10" -
E. coli® Outer membrane 10-12 0-10* 5-10
Periplasm 60 3.2 10
Inner membrane 5.5 0 5-10
Cytoplasm 108 0.22 1000 - 5000 (Size)
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*CCD image sensor
* Band-pass filter
*Objective lens

Sample solution B
Silicone vessel

Bacteria—__
i trapezoid prism
o substrate . P P
Light AC voltage

sources

Fig. 5.1. Whole view of the DEP-assisted SPRF biosensor (not to scale).
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E. coli

Electrodes
(ITO or Al)

Silica glass
substrate

Fig. 5.2. Schematic top view of the sensing chip. To detect scattered light or fluorescence from a
suspension of E. coli cells, two ac voltages with the peak-to-peak voltage of 20 V and the
mutual phase difference of 180° were applied to two pairs of the ITO or Al electrodes so that the
potential became positive maximum at electrode (ii) when it was negative maximum at
electrode (iii). The red and blue arrows show the directions of forces due to positive DEP and

negative DEP, respectively.
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Fig. 5.3. Color diagram showing the value of |E(0)/E,|* as a function of thickness of the Al layer
and base angle of the trapezoid prism, calculated numerically. The intersection of the two

broken black lines indicates the condition actually used for fabricating the biosensor.
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Fig. 5.4. Images of scattered light from an E. coli suspension. In both figures, two images taken
before and after the application of ac voltages with a peak-to-peak voltage of 20 V to the ITO
electrodes for 1 min were overlapped. The frequency of the voltage was 100 Hz (a) or 1 MHz

(b). The exposure time to take the image was 0.5 s for (a) and (b).
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Fig. 5.5. Images of fluorescence from a DAPI-stained E. coli suspension, taken with an
exposure time of 1 min. In (a), the image was taken before the voltage application. In (b), (c),
and (d), images were taken after the application of ac voltages with a peak-to-peak voltage of 20

V to the Al electrodes for 1 min. The frequency of the voltage was 100 Hz (b), 1 kHz (c), or 1
MHz (d).
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50 pm

Fig. 5.6. Images of fluorescence observed on a part of the electrode surface, made by
overlapping two images taken before and after the 1 min application of ac voltages with a
peak-to-peak voltage of 20 V. The frequency of the voltage was 100 Hz (a) or 1 kHz (b). The
magenta dots indicate that E. coli cells were collected by DEP. When two dots in magenta and

green overlap with each other, they look white.
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50 pum

Fig. 5.7. Image of fluorescence observed on a similar part of the electrode as that observed in
Fig. 5.6, made by overlapping two images taken before and after the 10 min retention without
the voltage application. The white dot indicates that two dots in magenta and green overlap with

each other.
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Fig. 6.1. Schematic optical arrangement of a fluorescence sensor with a chip for simultaneous
excitation of WMR and SPR (not to scale). A Xe lamp and a spectroscope are used for checking
the proper thickness of each layer, while an LED and a CCD image sensor are used for

observing fluorescence.
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Fig. 6.2. Calculation results of normalized electric field strength squared. The base angle ¢ of
the prism is set to 42°. (a) Nyn(375), calculated for s-polarized light at the WMR part as a
function of thicknesses of the lower TiO, layer and the upper SiO, layer. (b) Ny,(375), calculated
for p-polarized light at the SPR part as a function of thickness of the Al layer. The thicknesses of
the TiO,, SiO,, and AL, O, layers are set to be 40, 241, and 5 nm, respectively.
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Fig. 6.3. Comparison of the reflectance spectra. Red: WMR, blue: SPR; solid: measured,
broken: calculated by assuming 240-nm SiO; on 31-nm TiO, for WMR and 5-nm Al,O; on
11-nm Al for SPR.
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Fig. 6.4. Nym(2) and N, (1) of the fabricated chip, calculated as a function of A. Red: the WMR
part, blue: the SPR part; solid: s-polarized, broken: p-polarized.
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Fig. 6.6. Fluorescence images of the solution of fluorescence beads excited by s-polarized light
(a), p-polarized light (b), and non-polarized light (c). The range of the ordinate, showing the

fluorescence intensity, is set to make the fluorescence clear.
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Fig. 6.7. Effective fluorescence intensities x4, - 4. Red and blue symbols show the intensities in

the WMR part and in the SPR part, respectively. Vertical bars show the standard deviations.
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fluorescence beads, as a function of 1. Red: the WMR part, blue: the SPR part; 'solid: s-polarized,

broken: p-polarized.
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Fig. 6.9. Fluorescence intensities uy, - 4y as a function of F. Red: the WMR part, blue: the SPR

part; circle: s-polarized, square: p-polarized. Vertical bars show the standard deviations.
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