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AWFFECld, FMAZARRBIED: T %5 3W]J-PGRCA (Three-way junction formation and
primer generation-rolling circle amplification) & F#fb 4 V) ¥ 2 i~ 7 a pH & %%
W7z BEALF 5T Z A EDbEL T ETINNVTY) — IR €= ) Y 7T 5%
fili 734 2 DT %2 il A 7zo HAE 0.3mm OB Ir / IrOx AR 9 il & 1EE 1mm @ Ag
WA &Mk (SU-8) TEbNIzF v TZ2ERL, USRSy 7Y Y 72X DI
L7z Ir/IrOx MO B ANF % % G-l L 720 MG %2 A 3 2 SHEMICTEHI L 72 pH & IX
-58.6 mV/pH TH 1), HiRTOHGMETH 5 -59.2 mV/pH ISH AR L7z AAAL
438 L Cv> % miRNA (micro RNA) 16-5p 22T, 100 fM @ Target miR16-5p ASEFES
% Yty 3WJ-PGRCA O HOEIIER N # G2 L7z0 $72. SWJ-PGRCA & 1 V) ¥ A #ifEi~
A 7upH £y HEHAEGDEL L TmiRNAMEZBRE Lz, ZOEY—7 > b
miRNA 23S 535125V C pH DA DO S lze MERERT > T Vb0t
YT RERTHARTNA 2L, FHINEE O rEE 7 HiH R w1 Y 7 g LB A A2 R A A D
®HILTIFY AT I—DFB Ty b7 -2l SN,

A low-cost device for monitoring nucleic acid amplification in a label-free manner was
developed by combining two technologies: an isothermal nucleic acid amplification method
(3 WJ-PGRCA, i.e., three-way junction formation and primer generation-rolling circle
amplification) and electrochemical measurement using micro pH sensor based on an iridium
oxide thin film. A chip covered with an insulator (SU-8) was composed of nine thin-film Ir/IrOx
electrodes (fabricated with a reactive sputtering method) with a diameter of 0.3 mm and an Ag
electrode with a diameter of 1 mm. When the electrical characteristics of the Ir/IrOx electrodes
were measured, the pH sensitivity was -58.6 mV/pH and was close to the theoretical value
according to the Nernst equation. For breast cancer-related micro RNA (miRNA) 16-5p,
3WJ-PGRCA fluorescence amplification detection was confirmed in the presence of 100 fM of the
targeted miR 16-5p. miRNA detection by 3 WJ-PGRCA was also confirmed with an iridium thin
film micro pH sensor. As a result, a decrease in pH was observed in the presence of the targeted
miRNA. The developed device enabled pH sensing even when the sample was a small amount of
body fluid. Strict control of measurement temperature and appropriate pretreatment of the
sample would further enhance the sensing robustness toward a new platform for liquid biopsy.
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1. BZUSHIC

R E BT A O R R B L BRI L TB Y B, Amfly, Bk s, IE
W I BT R GEM Th B0 JRICTHIERRN 2B & B 3 W 8w &
7 BIREAR OB B 5 W IZEHRE O RIIZW & v o IR ERICED LGB TE T E
TEELRBEBBEMNE 2o TWwd, —#IZ, BRoEERMNE L TY 7VF A4 A4 PCR
(Polymerase chain reaction) 2SH\W 5N TW 5, Z OEIREEIE RO O M X HOEH 2
FHRTH D, —HT ML, Bdfifb, B X ORIEILE B & L7 BRALFRY 2 2% ER 0 g
MHEAEH SNTwb, BIZIEDNA ZEHIZA v —Hh L — T 5ME% D OMLE
70— T &AW BSACE ORI ESHRE SN TS 12, T2, BEBRMEIEERICBT
HER)AS—PHERIGIZBWT, —=53FDOX 27 LI F e TsILiceny) Ve
KEAF VBB ENDLZEZFH LT, KEAF Y 2IIEL L2 DNA ¥ —47 Y 925¢
TICERL SN T WD 35, PEAREAM RN THEM 2522 ik ) 425
BECHERILL, mANV—Ty P2 ZTREIC L TWw 5, [HAkIC PCR X LAMP (Loop-
mediated isothermal amplification) % & flAEbLE b T ¥ T X ¥ RIBEKE T /51 2 3
HEENTWASE S, LA LA S, PCRIZZDRINE RS IEME IR A4 7 V2 21,
PERITIREZAIS L D BERIFEDE LT 2B Z R > T b 7290, HEEL
&L HITMERICA U B EBMARENE. /A XORFAHETH > 72,

Z AR TR, BVRELDIN BB X OFNAL 20/ - fli 5 70 S IRA% R s &
BBibk4 ) Y afi~ A 70 pH vy 2 HniBL 2 HMAEDELZ ETIN
VT )= UTIE A DIBBEIEEZE=5) 73 5EMT /N ADRREIT- 720 55
MBI Y A F v 7RIS T miRNA 284 572912, PG-RCAZWZE L 72
SWJ-PGRCAZFH L7727, 72, BN HBEL, 1V VY adEMO~ A 70
pH % F v 72FH Lz, S04 ) Vo~ 270 pH & ¥ 3T ED T A
YA Ir/IrOx TEM & LK L T/ - £RAILT N4 ADFEHITHRTH 5, 3WJ-PGRCA &
A) TV nER~ A 70 pH Y EHMAGDE L L THERRET ¥ 705 OB
HHOREEY Y Y Y ZOEBRZRETIATNA A, VF Yy XA T TV —0OFHBT 5
v N7 A=A NN,

2. EBRAE

2.1 DH tyﬂ.* k4 70)&’1& a o :IrOX(300nm)/Ir(300nm)/Ti(10nm)
THA L Fy TOEMER LIR Lz, & Glass substrate  ():Ag(s0onm)1itonm)

5 AHBUZ, WA 0.3mm O Ir / [rOx e oy _dametrimn_ 42

W& 9O EE L2e 2L X Ir/IrOx X, Ir

ANy ) ¥ T OBRIERE T A 2 RA L7z USE

20Xy Z ) Y FICTRIE L 720 S HIZSREm—

b
MMM DF v 7T L5720 IICITELE 1lmm D
Ag Tﬁi‘ﬂ%%x/\o/ &) 72 & V)ﬁxﬂ%bf:o zh f':::;ber
FNOBBETOIZ O A =2 ZWIT L7720, &

/ K kg \Ti m st.{-s

T O ALY HEIHE SU- 8 THD I HE sic " o
b L7zo Ag BB 1Y 12 AgCl i % HE Rt P —
Sz, a) L, b) il
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2.2 3WJ-PGRCADHEKXE=Z2VYJ

# IR L 72T 3W]-PGRCA FURETR 10 pL 7% L, SYBR green Il % fv2 724
JekEEIC & ) 3W]I-PGRCA IS D HEFT 2 G L 720 & 2T 3W]J probe &3, K 7128
7 % Target RNA, 3W]J template, 3W] primer 284 7)) ¥4 ¥ — a Y L72BKERTa—7
DZEZE|T USmEZ 60 C. USKHZ 4R E L. VU7V % 4 A PCREEL W
TEDOMTE MR L 720

#1 3WJ-PGRCA SIS

g 3135
2.5mM dNTPnmix 100 M
Circular probe 15 nM
Vent (exo-) DNA polymerase 0.5U
Nb.Bsml 1U
10x PG-RCA buffer pHS8.8 1x
DEPC-treated water -
10x SYBR Green I 1x
10x Rox Ix
3W] probe or 1x PG-RCA buffer 100 fM. NC

10x PG-RCA buffer : pH 8.8, 10 mM (NH4),SO,, 10 mM KCIl, 6 mM MgSO,

2.3 Ir/IrOxEEEESLSH3WJI-PGRCANDEHRE=4) 5
FK 2R L7z T 50 pL @ 3WJ-PGRCA IS % PCR F 2 — 7IZHB L 720 Kb
BREA) Vo s~ A 70 pH £ oI T L, BEMEKSEBICRHE NS 7o b
¥ B BAMNCERT 5 2 & T miRNA E B 2 E L7,
#22  pH FHUH 3WJ-PGRCA St i AL
A i

2.5mM dNTPmix 100 M
Circular probe 15nM

Vent (exo-) DNA polymerase 0.5U
Nb.Bsml 1U

10x PG-RCA buffer pH8.8 1x
DEPC-treated water -

3 W] probe or 1x PG-RCA buffer 100 fM. NC

10x PG-RCA buffer . pH 8.8, 10 mM (NH4),SO,4, 10 mM KCI, 6 mM MgSO,

3. BREEE
3.1 Ir/IrOXEIREEOH RS

A2y Z) Y7L D Ir BIEOERIIES TH A D IrOx 3B FICEITSINTLE )
FICREROEN S ARy ) 7y =7y Ve LTHERT A Z L IZREETH B, 20
720, Ir DAY FHIZAr HA L Oy HADREHT AZMEHT 5 tE A8y 7 #4700,
pH FHINZ B W TR 2 AV R MS& 2T Ir/IrOx MBI &% I 0E 2 H 5,
Ir/IrOx @ H* [KEZ G5 2 12h 720, HEL2H T 5 Ag/AgCl R EMRZ HWT, =i
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ICTpH Z 955 4 ICBAL X ¥ - h COBMEBAL MR L 728 F ¥ ¥ A VA BEET
WMLz ZA, pHEEIX-58.6 mV/pH TH ). FiRTOMGME-59.2 mV/pH (ZIL Wl
PO NTz BN AV A MO E 2 FEHT 51213 [rOx OFALOfli%L % Hl#H 3 % &
EHRHY, BETAZRA LIS A Ny ) v 7 ClREE Bz ba—)Lvd3 5%
TEIEFHELWAS, RIr/IrOx BIEBERICBWTIZ T REELZAE L TWA I L2 LRI
ol

3.2 3WJ-PGRCAHXZVUTZINEALE=ZV )
FHA Y LA ) THBEIE T e
3WJ-PGRCA |2 £ ) miRNA O % #iat L 72, 0y
— KRB THIREICRBTEEENS
SYBR green Il # JlV 726U 7V 4 4 L E= 2
1) ¥ 72k ) 3WI-PGRCA Bt DO HEAT % 3
L7zo ZOREHE. RIZ 3W] probe Z ML T -
Z\ § 7D 5 miRNA A48 L 7%\ Negative PR o Em T
Control (NC) & i L T, 100 M miRNA 2SfE4E
$ 2354 SWJ-PGRCA DHOEHREEAK X < B4
T5ZEDHER SN (K 2),

——100fM
——NC

M o N & o ®
_—

X2 3WJ-PGRCA Ut 4T O Hife 22

3.3 3WJ-PGRCA%ZFIAL7=miIRNABRENDI/ KFESLA b 7y tA

3WJ-PGRCA (2 X % miRNA DM S fETH o722 &
o, FVESKEIEB X OIS #To pH 2 b2 5Hll 3
52212, miRNAMIHOZ Y FRA ¥ b7 vt A28
WEENEI D EMGEL 720 ADBADOFBICHEEL TS
miRNA16-5p 122 T, 1 nM @ miRNA 2SEAET B 412
BT, RCARIEBI L AAT N FRR SN2
EMS. WIEEWOHAESBDO LN (K 3), 512, B
BL-zsHEMR Kt~ 70pHt 42T
3WJ-PGRCA Dfij#£To pH 2L Z i 3R L 72 & 2

%. 1 1M miRNA 2F4ET 2 5412 B T pH DA RTEERR
HHNTZ(F3), INHDOFEENS, SWJ-PGRCA KD T 4 : y
VERATVEIT Y EALIZLED 1 nM miRNA O R A350] g 3WJ-PGRCAEEY
THhAZERFEIF Lo YTIWVIALE=ZSYY VT 255 X3 FLVESKCLD
OFHEE LTBY ., M IERE R R S 2 3SR 5 % 6 3WJ-PGRCA FE 4 Ofife 2

# 3 3WJ-PGRCA OHif4® pH %A1k

Before After
With target 1 nM
. d 3
microRNA hie Seet?
Without target microRNA 8.70 8.72
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4. #R

AWFZETIE, EFEVFY PN F T =D LA v —A—L L THEHEN TS
FLASANCESE L 72 miRNA Z e x g & L, MEMSFRICRH S 7o bror sy v v
TEAT) T LTI NIMLBIAE R 2 EB T 2 08A30t vy oOREE2 B L T,
ZEmR— AL D Ir/IrOx Hi~ 4 7 1 pH & > H OVEEICHU) fLA 7S, FORE, %
M T a7z Ir/IrOx L EM B L O Ag/AgCl BB O — KL X b, NEITHED
miRNA % [N BE e & TN, A2 BT A R E SNz, —), BEY
F 7R IR BSOS O B E O K& 2 HlH 2 EOBELHL N ko7 SRIEINS
DOFED RPN NT T E S ICHIIERIE Z #D L UEDNDH 5,

5. Bt

ARRFFENL AR 30 4FBE H ARMAY 748 T2 & O e 2 2 Tir - 725 D Th %,
RO & D IEH - L E 5,

6. BEXK

1. Thibaut D, Michel D, David E, et al. Real-Time Electrochemical PCR with a DNA
Intercalating Redox Probe. Anal. Chem., 2011;83 (5): 1815-1821

2. Kivlehan F, Mavre F, et al. Real-time electrochemical monitoring of isothermal helicase-
dependent amplification of nucleic acids. Analyst, 2011;136:3635-3642

3. Merriman B, Ion Torrent R.D. Team, Rothberg JM. Progress in Ion Torrent
semiconductor chip based sequencing. Electrophoresis, 2012;33:3397-3417

4. Toshinari S, Yuzuru H. Real-Time Monitoring of DNA polymerase Reactions by a Micro
ISFET pH Sensor. Anal. Chem., 1992;64:1996-1997

5. Rothberg JM, Wolfgang H, Todd MR, et al. An integrated semiconductor device
enabling non-optical genome sequencing. Nature, 2011;475 (7356):348-352

6. Toumazou C, Shepherd LM, Reed SC, et al. Simultaneous DNA amplification and
detection using a pH-sensing semiconductor system. Nat. Methods, 2013;10(7):641-
646

7. Taku Murakami, Jun Sumaoka, Makoto Komiyama. Sensitive RNA detection by
combining three-way junction formation and primer generation-rolling circle
amplification. Nucleic Acids Res., 2012;40 (3):e22

- 109 —



