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ANOVEL ELECTRODE FOR NADH
HIGH-SENSITIVITY DETECTION BY
ELECTROCHEMICAL METHOD

ABSTRACT

Previous study has confirmed, NADH, as an important coenzyme for all biological
metabolic processes, is related to a variety of diseases including cancers, Parkinson's disease.
NADH is also highly correlated to cell failure and death caused by a number of bacteria and other
bacteria monomers. Therefore, to detect cellular NADH level with high sensitivity can provide a
new way for the early diagnosis and detection of bacteria related diseases. Compared with
conventional detection methods such as high performance liquid chromatography (HPLC),
enzymatic cycling method and fluorescence method, in this paper, we take advantage of NADH
redox properties, through the new composite electrode structure, by using classical “three-
electrode” configuration to achieve high -sensitivity detection of NADH. Inspired by the DNA
origami, in this study, we constructed new composite electrode, by combining DNA tetrahedron
with the gold electrode surface in order to increase the effective contact area. Then the electrode’s
conductivity is increased by adding amino-graphene fragments. The gold electrode-DNA
tetrahedron-amino-graphene composite electrode structures were further visualized and
confirmed by AFM imaging. Repeated experiments using the composite electrode to detect
NADH confirms that our sensor can successfully reduce NADH oxidation voltage to 0.3V, the
lower limit of detection is 0.1nM, while the upper limit is ZuM. Our sensor has linear detection
ranges from 1nM to 1uM and sensitivity of 0.226 (UA/lg (Cnapn ) *cm?) . The selectivity and
regeneration of the electrode are both good. To improve the detection limit for the electrode, we
further incorporated gold nanoparticles, trying to build a gold electrode-gold nanoparticle-DNA
tetrahedron— amino-graphene composite electrode. Our repeated experiment confirmed that the
detection limit of NADH can be further reduced down to 0.1fM and up to 100uM, while the linear
detection range expands from 1fM to 1pM and from 10pM to 100uM, and sensitivity is increased
t01.305 (UA/Ig(CnapH )*cmz) and 0.200 (UA/IgC CnapH )*cm?). The novel sensor we developed
here could serve as a highly sensitive probe for NADH detection, which would further benefit the
field of NADH related disease diagnostics.

Key words: NADH detection, electrochemical, gold disc, DNA tetrahedron,amino-graphene
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1.1 NADH &4y

1. 1.1 NADH iR

NADH #& HH Pk i IR VS — 4% F R (Nicotinamide adenine dinucleotide, NAD) [t J&
B, NAD AN — Rl i+ CHEMRUREE 1) Wi, 75Ha L BRI 4R
REGEZEM . BT DPEE, mEHEHH AT (NADH + H).

NAD 7ESE AL OB, TENEREME. BESA. —RIRIGIA PR EE R4 AT B ARMER .
Hh ] =4 2 B S04 NAD, {2 5> NADH + H'o 1 NADH + H'MIAEAA I E A, 75
WP Bt vl A 2B B B T 5, S ATP. RIS, FEN4NE N s 5NE, s &
ARSI = R A R AE AR B i R, NADH .55 FLW I AT 1 26 K o S8 Ak
JE s

1. 1.2 %l NADH

I R Y SR OO EE i IR NS S 8% R (reduced form of nicotinamide—adenine
dinucleotid , NADH) FTLMEREZ bl HE . IR & AR, 7638 i) ot % ia A i [H)
i, ISR 2R RS, s fQutohae 1,

WATEEGT, BAFRHE 400 P B EBE L NAD 1 4HmeE, i Wi B
(formaldehyde dehydrogenase, FALDH). HEZHi5EE (formate dehydrogenase, FDH). .
I i & (lactate dehydrogenase, LDH). EEfiZ i (alcohol dehydrogenase, ADH). &%
& it & BG (glutamate dehydrogenase, GLDH) . 7N =MW & EF (glycerol dehydrogenase,
GlyDH) . 3-# 3L T MR & (3-hydroxybutyrate dehydrogenase, 3-HBDH) . 3F 5#&fin &K
(malate dehydrogenase, MDH) . %i % ¥ —6- % MR i & B¥ (glucose—6-phosphate
dehydrogenase, G6PDH ) % 1,

TE B S B S B, AN B TRV S2 AR, NAD N i A2 S i B 4 NADH, X i
EEARFEEENE L NEVERAEN, WTEAHTARZEMERRP DR
ISR, SRR A IE G0 7R AR R NADH, U] S 4k — AN oAt R S s S 1) e
S, 5 b SR R S A SRS (R A 2 T,

1. 1.3 NADH 5%

NADH & 4 Jfa fie B AU P 06 75 B0 g, o708 770. 8D, S8 HLAN 3. 0. BERER —FhE
BT, WEEE N — M ALY KGR E o BT R I4EHL NADH 267K F
23 B KT i P T 5 20 A Qg S 3B AN A AE T & 2 T Obi—Tabot ™ SR & B |, Al
AR I AR R I NADH %GNG I, 1 BN AL BRIk 4000, A8 A T I,
FAEFEREE NADH 286 amfE R %,

FERESE R 5 T, Qianru N AF AR BN, FUARIE A0 NADH () 58 559K 15 2 153 L AR 40 e
(1) 1. 8 15, WAL A [ e NADH RIS NADH f) EL 2 th N[ . Weihong "' #F ¢ £ NADH ]
BE A2 TR AT i FE rP K S ELR ). ERTA T R B NADH TSR m N B R AN 4
F AT Ut HBH B PR ARUR B 0E . SR OGS R SRR 2R 10 e 40 B e 2

Brambilla'" "4 53R A HLAUT Heid U A T SR REdi ok, MHLekifk Py NADH

%1

oF
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BT LR L, R B, STERRR DRSS R ] . Fernande """ ZHE L% W], NADH #£
558 I SR O A S € 8% -NADH EEWf5, AT LA ROS 4=, JET ORI 4l b2 48
IR TR A S0 2T 8 A AL AL E AL 35 . AN, 4R A ) NADH A 5 ROS 7K F. Ca® 7K P
S, IR LA pb3 fE R A FRIA, H 2 bR L bel-2 P T HIHI B 1 ERIA . [FIR,
NADH AJ LA —i1#il| caspase—3 Fl caspase—8 Wi, —iAFH L Cyte BRI H- R4 PARP,
EL B 541 5 5| 2 Ay B i 1 40 5 1

[, WFFC2 W, NADH 78 %E 224 5848 Mk 0 7 T A 138 E B A P Y, 1 e 5 A8 9 A
LRATHIIR KR EE R R 2 —. #IZEBATHESA (neurodegenerative disease, ND)
FEAFER /R KHEGER (Alzheimer disease, AD). MH4ZR% (Parkinson disease, PD).
FIEEYR (Huntington disease, HD) 4%, J&Ji KMEME BT MR AZEIET:, FmEEm
AT RENLE DI RE TY 2 S BUET N EBHHE 10— 20500, Hh 280w, HRee™
RRIBE T WFR ORI, WA RRGE AL B, R P DY S g N S0 I S B 5 U6k
/b, SXRE IR K NADH FH T 40 PR3 VA T 340 T A . 1 BRI S Ak 1,

UEAN, AR ST FEIESE, NADH & AR & s i R e i M AR R BCS NADH
HEIEMHKKR, WK SRR A0 2 F AR AR IR L I &P 2 3055 ) ] s ik il
5E NADH SR 2,

%5 NADH 17 & 5 G0 i IR « A AR SR GOREAE P IV 22 P i DL B 2t i 3 v 5 0 T
RN T P A B AN e, PR Py NADH & stk AT K I it mT B N AH S0 I 312
bR ARRH O 200 T P B2 R R A o

1.2 NADH #& M FE%

H 17 C AW 52 NAD 1 NADH ¥ i 7732 e 0BAE € i: (HPLO) . BRAIEIRE . 9806iE )L
AL A I 7 Vs

1.2.1 mirE ey (HPLO)

R AR — R EZL WM, T IS AR AR b e, TR
i A RS AEarRbE . SRR TR B BRI ER, RS EIRE
W, UL FEE A AN B A3 (1 LR o 207 VI A R 0 R b 8 2 S8 3B 7 A TR B R R A,
T 2R S IS AS 2 R T 0

Hongping """ 4 4F T4 77V MRl b BEAT IO R 08, B HPLC [RIRI5E T WLIAI iR Eng
FZEF R AN NADH. {H2 A Ty Hh 1) B 103 DA % s e 2 H AR 28 1) 2 B8 B e 3 K
o, TR R AR, St R bt A TR o (0 4k B AR 25 58 SR R K A e

1. 2. 2 BEAEIAYE

FEIEIR VAR OBE . W Wi CHEMRIR AL . WEMR AR B S5, 20k R A7 (E Bl
NAD'F1 NADH I, 7E Z BB 208 (ADH) AL VER T, SHBGRI PR W S IE R R BL, B2 R
FETE. ZMRRTE 570 nm N AR SGAE AW A& AR AR R D Jse st R o A W A B R 2 14 I FE A
(Formazan) "', A & rp i J3E 5 iy S 7 33K 46 A — o I PEE AR IS S I ) 7Y, B8 R A 2
o FIHIEAREE, FCE T4 R SARAE S 1 R SR, (8BRS R v i M43 R & R
WRE, SEHU T A AAS I

B pk T ST B T EREERRE . S DA BR BRI NI R U 2, SR 3 I B A
RifRZR, FESL T R NADH RS 7. AR U AE i BEIE NN E T IR E KA HL
FR R 25 H i) NADH ¥R JE

BB PR LR (R R 2, R B HLFE N K

1. 2. 3% HVE

NADH+H 7E 260nm A1 340nm &b#5H — 626 i, 17 NAD U A 260nm — &b Scieg, ix

20 k44Tt
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SRR ZARUHRLE H, ISR YRR, R DX P9 1) A

FEARSCE T, NADH (55 HRE U 9 Y3 A5 5 B B ™ #E1E, Renault G725
T B AR B R RRARE AT T AT, SRR NADH i 2 SR Gt T AT A
Mo [FINE, KRR Piston U7 A5 I Yo 481 4 WA QA R K AT FEAIE S, 8 2R A4 AN 240 5 oo
NADH (I3 5 58 i A 11 1 B C &R . Qianru 7 5 SR FH XU T E RS 6 3h 112 BA%
T35 NADH 77 L9 20 i R0 1F 5 e 4 RO BE JEAT T 488 LW ARSI 5 3R A

BEAk, BRI A Y NADH &1 E Y, 4 RS NADH BN B IEAHR R R 4R
Uk, PP SEIRAG I NADH ¥R FE,  m Bt e i ok R 4 P Ae B A0 2R AR BPIRAS I 3R 2 501
HE—5 H v,

PTEAART AT, TR M ER BRI T AT et

1. 2. 4 FEAL ARSI 77 V2

FL A A LA G400 Jo A I B8 4 1) SR B B v PR ) S M R PR (W PE 2R 43 T e T3
SRS R e . 20 2D 80 FEARNAIIFAAXT NADH ) i Ak 25 2 A A A 5 PRI 72

FEL P ARV 1) 5 2R A1) P 0 o A SRS S s 7 i EL - R 6 3 o LA AR i 5 it
TR AE A I A 53 (I P

NADHFE B 1 32 T 1) B Ak 2 AL — R 7 (1) NADHZE 25 — AN B 1A il 1 2ENADH
(2) NADH "#k—5 B &4 5l 3 I FENAD (3) NADFF ke — AN TARRRNADT =it ik,
FE P AR 2 B 0 — 1 AT, 2 B 14 43 (NADH)D 83 Fi A 22 T I oK 2B A I8 TR s 8 (e,
PR, HIE (Q) R /INRF Ak 28 e

Q=nFN (2-1)
Rk, OB (1D A:
I=nFdN/dt(1-2) (2-2)

(FHH, nAREERY AR A FE R R T4, PR WE,  NRYRE
JEREL, AR

MBAH LS — e i, AN/ dt S RS AH R IR EE A DG B R (DD fdai
VAT S 6 NADHIA B Fr e ¢,

FHFNADH 7E#RHEM RN A A REILHA (> + 1 V), B51EB TS T IRR. bt
WM BEED R T, R ZRERI NE, A5 5 Bk E . a0 FEKNADHA {L
iof B A RO T B AT H AR

MR 2 — R A AT R L. BT EMORN TERAENINEY, 25
TR A A s N7 S R Sz 87 P EE AR R R AR PR I S 5 R SRR FLAL A A O
fraE R

NADH + Mox — NAD" + Mred (2-3)
Mred — e+ Mox (2-4)

WA e AL 2 S SO L B AR B S AR 2, Bds . Bk R HLAT
AL NGRS T (ORI T ZURIEA T IR T e Y R
U LR L R R T BT DUEE S SRR (TONQ) , DU B
J5 ( TTF) o wyEmg ILATAEM ™ SR (DU BRI i T SRR ™ AR
fie V) L RS (g O SRR AT AR L BMERE ) L 3, 4- Rk R T 4
BRIt Ab, NADHEEU A i A ZR K AR R bR AR 2 it REAES 29 PR AIRNADH I H 4 B2 T H A A i 11 Y
e

R LA SAAGT I T A I AR AGHI RO S5 A W] A e BRI 3, AR AR

3 k44Tt



s . - }_P/f R 7

</ shanGHAL JIAO TONG UNIVERSITY %?Eﬁﬂcﬁfﬁﬁﬁﬂ’ﬂ NADH Ei&irg$ﬁﬁw

1,22 Brkedl NADH (02 5 ok .-
1.3 DNA BBk F{E KBS

B L2 B2 AL SR IR R R, LR W e LE Ak 2 R oy 1A P 2 A 5 v
AN B S, AEPREE I I AN AR 1A I 3598 3 T T2 N . DNA AR SR A 7
AR TR PP SRR AL R ARC DNA R ET, HE TR EY B 2 R, W B
R 2 B BRI U7 AR, DNA AL AL RS DR VR I . Pk, Rk pss 0,
I FAR R T 58 S MR S PR DNA F B HaAL 225325, 51R TR E TR 2%, 13
B T WA R R

1. 3.1 DNA HAb 2 AL AR K

DNA LAY, 22 R 28 B by Ak 2 VR 5314205 R 8] 52 DNA [ EE AR R P 8 4 2L, 5 3 3
TR R S R DR P 1 DINA 498 ] o 7 FE AR 480 6 8 1) LR R THT 5 7 2 b 2 R A B S A MK i
O T JEL A A e ) S P AU P 7 B B A oA A5 S A TR I (e L, RS
PIEEAE S, MRAEX LS ST DU SR R R B AN S ' 2 0 Y T e AR
TR A S () DNA AR e, Fhrp DLB L2 e e B8 U I 22 o AL A5 RS - BB I 4 0 R
INFRELE A5 5 BN BB AL 2215 5 AT 3RAE

1. 3.2 DNA FEAL 2 A5 B 2% 1 B FH

1.3.2. 1 FEIwAI

Wang ! &3 3 S AL BRI, LACo (Phen)s” 1R R7, [ PN BE 43 il 27 R 362
H 545 (Mycobateria tuberculosis) 28 PKIDRXAHXT S IDNABREF FE R AR R T, F)
FHEI B 2083, SEBL T DNAMEB I3 F T 45 AT 2 W bR &

BRUUE EERE AT T AL 2 G ] S RT3 (HBV) FRIDNAKREL, Pk 52 ik iR
it (CAP) ARic i ELAMEEN 2458 , FIFH Y650 F1H I 8 24 22 5 N AICAPRE B H (5 B, 3041 T DNA
P S HEATHBVIS W (T AT 1 0, /b B A P g PR A, 780 R A DS i A
P, ELDEHBY FIDNATREL [ 5 70 4% 4 10 A D SRR T, R 2H 25 AT L I PREBV IS T 25k HL
PEREFAE I AR fE R3S . H A Hashimoto®E A Y Sy FH Bk 2% 75 A6 I35 HBY. DNA )
SEGHEPCRY 4, ISR CIIHBY BREN B 2570 S ek AR SR, SRut 4 SRR i
T AR W5 P P AN 2 37 P B DNARR Y O T4, B B A s SRl e @7,

Wan " 76 & R R, AR E MO SRR R, KF ssDNA [ i 26T Ak 1) Fo AR 26 1 14T
F 38 R AGRFNEIN S FTHI A R AT B2 i, S4B M HIV-1DNA ik, $2
PRI SRR, Bianchi 7 5 FIAL S vk R T B350 25 (HIV-1) DNA 28 11 25 85 T 1A% oK
B, 120510 CA LR VR 17 B PR v 1 L 2% 52 I A% I AR 2 R AR M S 3 vl B AR A6 F I R34 1 42

Hashimoto """ %5 Fj DNA #RAHE M 4 ik, S HAL2E 5P Ye k] Hoechs 33258 HEATHL
JEFEAEI o Mi1lan " 25+ )\ ek 1 )\ BRI B e ik, P Z2 B 2K Co (bpy) s (C104) 5,
0s (bpy) :C1s 3% Co (phen) 3 (C10.) s fE AT HER A, IS I f BB LT 4 A5 P FE [N o Zhou '™ 4%
FAER PR A 2 0% = PO VR A A o D SRR 1A%, AERS I B-Hbrp iR 3% 1
i 5 IR (1) PCR 3738 7 W I HE R R AR 5

Xingyan " & NSRRI 70 T 28 HR,  LLIB T 2 (DRN) A4S HeR 7, B s
DNA (ssDNA—1) HeAfr [l 5 72 47 S5 AR 1, {3 FEAR R I 7T s SDNA— 1 5 1 ¥ HL KM ssDNA—2
FATTE BOBEEDNA (dsDNA) . B AL 223 11 A DRNTE 2 A2 T 2 HH B % 1k A\ DNA 1) XURE e 25 74
Hr, T RDNA AL SR A, I AS I AE AN [R) B2 A8 7 T (RIDNAGS #4) FA) A% 5

1.3.2.2 450

YT NKEZ BIR VI UABN AR AT A 1%, 88 S RIS 0 [ A7 7, kT
DR BT BT, 38 G A r (05 S A A B3 DR A8 7 ) N S e b SRR,

#4044t
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I FIDNAFE A TR (E . PRAE . AER A0 m, P G M B I8 (100 Do Ak A A R R DT A 7 A
WG AT A R

Marrazza 7 225 /N A B ARDNAZE — 5 FELUE T [ 52 3 Al 2 T, 1 FH /I 2 i BDNA L5 /K A
HS G PR N R, P EE B 3 HA 20 B3 e A 5 M A 1) B e D (%) 7 s WU 7R v 1 3
T WORA B R, W TSR R AR & Es . 1R 2 ok VD HR A 5 A4
(Chlamydia trachomatis) FI4EF VEPRENIR B 7R L0 BE il h 2 /b 3 5 () A S8 AR b, L UT B
LT HHAG TER A 5 A BRI AMREF I 4458155 1, el 4 A8 ) 5 Bk J KPR 220, 2mg /L
A B

Fojta "™ Z5FI FH 85 7 7 [ b 2 X DNABE AT Moo i 5 R A DNAGE (KT 2, o0 (2 I g 1
R 2245 1 1 2 (1) Ji BR A BODNA FEAR 22 7R AR B, Tl AR e v AV UR B e R T, R
() RS & SRS Tk K i B e AT %

1.3.3 DNA BRI R

5B RR A AR b, DNAFE AT AT DUEAT WA S Al . m] DAZEAT DNASIZ Y
(real-time) Fxill. A LAXIVEAR A AZ R BhASHEATAL I AT CAZEATDNAR K =R e fuksill . R
BRORE o AR E DR TOTT YRS s (R M NN ] F 4 RN R B AR e AT Akt 1
() S 21 )44 DNAAT 20 P4 ] 7 FRAR 2 T AR B ot 98 A1 TR 9 ) 4

1.3.3. 1 DNA DYTiifA 45 #4572 H

DNATE HL 112 2 11 (A5 2008 7€ 28 17 1 M\ Tl B ¢ 5 22k B DNARE & () — 4E SR BT 21| DNA SR 38 EL A
TR — ZE PR AR A 1 SIUDNADY 1 1 = 4R £ 10328 ), B Pe i " 45 1 VR H DU T /R DNA
S I R s @ VU AR 4T (tetrahedron—structured probe, TSP) FHLLE, XYM {4
DNATREF ek R 5 8 H JZ AT

1.3.3. 2 DNA DYT {445 ¥y i B

Pei "V SR FMELE “ ZBIVA” KT Be, K DNADY TR A £ 4 5 iR it S8 AL (HRP)
FHZE A, Rt — o] SRR AR S5 5| R i rRL AR A 1 e R A R H ARDNA
FRIE-DNAfL RS o TZAR AT "7 [ ookt 37 I B 0 71 44T SDNADU T A 45 & il 4% 1
— BT LRI %5 100pmigt ML AFF A4 AR i 8% . PR L), Peis “V it Hiik STSPHY
24P T DNAME R Bt T4 R 2R 1 ORI T B o Yan 1% " St DNADY T4 45 ¥4 5 7] &
PRUERE FHIZE A Se Pl T B A . RKIIIR . & RS ] R R AE AL B de . Na '™ S i
DU T ARKDNASZERL T 5 DNAE S (1 AT &% (charge transport, CT) [IZN /1248 5C. Hao'™?
S5 7893 ) F VY T AADNAT) S5 R R 6314 1 FHDNADY T AR gl oK 25 4 $8 2 4w s i R i “ 570
“Ep. BT CRELT TR IR A A TR, Jiang 1T A5 P U T AADNA S5 4 1 R REHE
) 25 29N KB, ARGF B U 1 BB AR 5 DNAAN e 188 3 248 L B2 30 N 248 L £ e i

1.3.3.3 DYTHIA 45 4 i ) 28 S5 A 3

DYTHIARDNA FH — 2551 1 R BERR AL [(IDNA F BRI — 2880/ 1% 1 R 1 BERR AL [IDNA
Fr Bt i F AN 4L T SEa R DU 45DNA KT BOINN G2 ohiiih NN E95°C 25 Bl R
HEA N EAC T, BRI AN, T 4L R R DU TR S5 . TS FER R AT
T INTE 4 FE AR R T, e St B DU T AR DNAG RA A= ] 1) [ e 78 AR R T, ) SO AE A FEL AN
g —4. Z4egEiAatt, 34EDU A LS MR ORI BG 5 7 NAT T2 ) PRI AR T 2 1 35
BT 7 AN T AL 8 F7 ", (RIS R 0 DU T S A 5 A ] 8 5 AR A i
o

FIFHIDNADU AR g e fae e . Aok, SRS s SR, Al HAEA
XA, BETDNAARE TR, MMM TR, FAOTZ=XGIARTIPRM A 2)E,
SRR W B AE DU TR 2 18], DL EWNADH )y R B3R Al

#®
(S
=
=
S
b=
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1.4 A%k

1. 4. 1 f1 SBIGAER

2004 4F, Ge[E SRR EY B K B R < WA ERITIR T « SRR, il
SRR A A 58 B, AR SRSRAS R BE A SRE , T H i A A e — B R T
PR X PRI R sl “7E 4EA B M R aIvESEES” h, T HI)
HAE SEIG A M S8 R 2 B A SR, IR S SR X R IO ) AR AR I, RN SRR 2010
SEVE LR B 2 T,

i 884 (Graphene) A& —Ff I BRJE T DL sp® Z4 AL BIE L R/~ A 780 S 6 S A 110 1 T YR
Jee— M A —ANERE TR R 4abb e T BT DA R4 (0D) MIE IR, BT
—4E (1D) MIFKEBHEBR =4 (3D) AR, JEERA BIEIREE . gk H U
g UL gl e U gkt O B U0 SRkl B T AL A

BRI e T b B A R e R A KRR Y, Rl 2. 3%l Y SR B
5 5300 W/m « K, #iR N HEFIERFR BT 15000 cn’/V e s, & BT F SRR L FE
ESTZ N

FIH A S0 F IR A T 2 NAMRGOKRE, BT8R E T UK E AR ik, H
PH AR T RN AR (AP R IE 3, o] D 2 B FH TS A 22 il DASRE i v A A B Ao 11
FRAE RSN RE FE

SR, —4EFI A SEA S G kAEG . BIE. ZBEOHES, HAEERH 005k
TR RE, A3 —2H 5 A S50 ToTR 2 AL A I T A R, (R Bl IR L S
HAWK B E A, SIS R 7 BB RIE R 3 — 20 G S8 @ i ri s A2 e e o, 6
JRE RIS AT BB 1 ELA L 2 RN

1. 4.2 f1 884517 & @ 9Kk F 5 A 181 d ik

F ST S JBAUKRLT (NPs) BG40 FAR IR N 5% 4 J8 9 KRB OR 1) b 2R T AR
SR SRIVE RS B T PR 2 S T IR B T RE R AT . e R4
(AW, 41 (Pt). 1 (Pd) & BAKRT Ol 2 IR AL 7, 7E b IEml |,
S5 M T R 9K KL A A EME R AR AR D B 0 AN AR A oy ) [ e SR T S ARk
FAAARI R, R L R E A 23 O,

Niu" LB A S AuNPs B4 JE XK AN A R B AR TS ME BT B4 K. JTingjing
O SAG TBRIT . KR TR Hb B ARG, B R SR EURI A X ST R PR D) 37
8 U 2R R T R A A I FR (A 4. Li “°1 A Ramaprabhu ' 2875 4 2475 -AuNP H &
P AR bt — 20 I 81 4 R SR AL B (GODD s IESE AT S M- AuNP A M EHREE T GOD AT 1
Zhang """ &5 F AT SR 975 —PANP 24 A0 A8 i Eb B ) A 767 0 FL £ 8000 o P ERL AL 22 3 P A 45t v A
SEVE TR (R AT AL A SR o Ra j " AR AE AT BRI K BE B M PENPs, 153 GNS-Pt
ZR A A AT I XA A A REL [ L R Bl H e B 4T o

1. 4.3 fEM-EEAa N/ s E S Beim ik

& B AN /3R NPs B BOR B LR AR MR ) Bl AT, A SEim S5 8
& E 3 AR AT SRR I AL . A A ORI B A 2 i o T

Wang "SR I, A BEAGALGE (CdS) NPs 7ERI &M MLEE (GOD) i ik i
R FEER, —FHE GG R X GOD BRI HL T3 R 1 0T, 1) 88 1 A% St o) 480 6 R 1)
Rl s AR T ke Liu ® SR EALEE (Zn0) 9KERDE S 00 2L M0 AR AR A E 1
FERIREE, WA S Zn0 MIZLE A (Hb) HlZAEME A TR EK, F3—R
S, FAVEL . FR B TR AR AR . L1 O R TS B — A A G R AL MO/
A SR R AN K 25 4 R SN /K B TG ARSI o

6 T Jh4a 1T
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Yan "V RN, FIABEASMERIER R (GCE) T2 . FUIRMER . JRER I E AT
JER U H R A B, JET AT S = B RIS I . ARG EERE b, Fan U7V SR Ti0. A SR
AL TS TE AR 3 i S Al (R B PRSI e 0, T BRI KGR 46 52— T10,
YURE G MEMEN GCE, B B ANGI B M BR AR BRI A L, X 2 BRI A B B2
TR B 2R AT 1

1. 4. 4 fssiEm-—ANAEE S8 AR

Chen " 2561 CS & A BRI 804 52 & LA 2 Hb 1AM AE RS S5 4, o WA K o
AR A YA TE . Chen ™" S48 07 S4% /Nafion K [ % GOD JR{&HE GCE, 1Ef:
MR ARG 2 YA B 5 Fa 8 %« Huang U7 SR B 26 (PAND) SiHafthen. 3R
Fa @ A AE YA SV AL 3, W4 BRI A PANTws 181# GCE, il 4% i —Fh% Ekh DNA 741
o 0 2 Bt PR P FELA R . R R R AT R (A AR E 1 ) DNA AR AR IS . RIS, BT
WA (PB) WIS JFE P A, Niu™™ @it syt PB T B IR b, 55|
TR SR IE-PB B GCE BT B R A b, X XK I Ji 2 7 AT S 1) E AR A v 12 o

1. 4.5 f8M-BF R E A1k

BEFAR Gonic liquid, TL) HAIE. FEAT S FHR, & —FRSHE T AT,
ZHIEART 100C B 23RS IR ™ Niu " SR 1L RIS M. S fEil
R AR AE . BRI AL E 1L S5 HAB BT 4 B A AT A ER R T SR
RUE SRR T R QBT ReAL, T A 2 S A SR A, B A S 1L 26 KR,
AR SN SUEK R S T e 1) e A i bk o DN, g T R I SR
—1L/CS 15/ e A AE ARG I R i P s — A% EF e (NADHD BF, 7] DL RS s ke 52 3t 2 EG NADH [
EAt A, BINCEERERE (ADHD) J&, fEBh NADH A EEAE T, )& m RS . ARAS I
PRI A U 25

1. 4.6 QA S Ia i F Ak

Fei U7 Sy SRR ACHE i 4 FELUR B W P 7E 3R — R RE U R b, itk “3D7 7 A
SERTERG A T AR I (RIS, 78 20 1 B A 880 1 o 3 LV, AR DU R T b 31 AR AL (A DU PR

DNA J& — i W RIR AN KA, FIGKARL 2 B B A e S 4F R P RL 7 4Tt 7
FRI S, ZERG I [ 2 A ELRE AL ST 9Tt e i . Li U A Vo) 45t DNA—F SR 7
OB, SR IRAZ LT BR (04 7 ORI B I 5 B B o AR Y S e A A
5 DNA (ss—DNA) 5 A SIGE G, Wit —MrmT DLSCsl et )5 B (1) 24 e g 2L i
a6, FEEl N T AL B SE bR M .

1.5 KEXFEMAR

NADH ¥4 55 2 Fireid FRI AH DG 143745 NADH [k Ay 30 A SR B A TR o A A
FBOAFLAEAG I RSEA | AGHI R AE0E S A P #R A i) U 3T A e I ik b B AT o o O
FIC NADH S bt f %, A DNA DY IR SR Re e sy . SRR (A 454 3 0 S8 Rr I
CLR A S0 T L (R PRSI, A SOl —Fh NADH e RSN & 5 HiAR
Hig @ B EUFE =08 (W 1-1 froso):

(1 = 5% 55 MZH B K FLBLEF AL DNA Jv BOMI—2% 55 MZH R EEARBREZAL ) DNA
Fr Bl 2k B AN B 2 DNA Y i R 45 4

(2) KL 05 (1 DNA DU ] P4 25 R e o Bt 5 e 5] o /9T B A 0 < AR R T, 8 Al
R S T AR

(3) FINBIAAT SIGTEEL, R @ T A SBIRE Py PR AE DNA DY TR 22 18], AT =8
WK B8 AL i A E T3S LA 3 ELRE

#®
~
b=
=
S
b=
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E T AFFEA NADH &R BUSHAN

B 1-1 &HEE-DNA HEE-EE A RIEE & REERSBrEE

R <z P AR -DNA U T A2 A AT S0 SR U A 1 NADH AN, SR TE AR AR L R o

A R AL SR

F—Z DNA TUmE kg

2.1 SRR SR

2. 1. 1 S50
WELR

NaOH

NaCl

KCI

NaHPO,

=
D=

=

2 4 B AL 22 i A A PR A A
25 4 B AL 22 i A A PR A A
ACros )
Vetec ‘A ]
Acros )
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E T AFFEA NADH &R BUSHAN

KH2PO4

MgCl, 6H,0

PH ZZ i PH4.01

PH Z&i PH7.00

PH 22 PH10.01
=R OFE)BE FHIREE (Tris)
LW 28 (EDTA)
ey U Fi

TR e HE

HydraGreen™

DNA

20bp DNA Ladder Marker
50bp DNA Ladder Marker
100bp DNA Ladder Marker
IR

TAE 22l

2. 1. 2 SEIAN AR

PGC 453E H 170 #r K

PB-10 pH it

eI

C-MAG HS7 IS4 k2%
ETS-D5 H 14 fi =i A vt
Rocker300A E =i jEdE &

Je & (Nylon) JEEE 0.22pm 47mm
Direct-Pure 2-Pass RO 10 4li/k £%:
Fas (0.5-5ml)

WA (100-1000p0)

sy (20-200p)

Bitias (0.5-10)

820438 =yt K B 4

720BR/02387 k.2 ekl R4t
EPS-300 £ % 2UAs e A FEL UK AX
HE-120 £ T fig/K-F- LUk Al

2.2 TWHESTSE
2. 2.1 VETRECH

Adamas A 7]

Adamas A 7]

Hach /a7

Hach

Hach

Acros

Greagent

Acros

Bio-Rad A ]

HydraGene /A ]

Takara A7), HPLC 4tk
Takara /A ]

Takara /A 7]

Takara /A ]

¥R AR R A A
g U i A R A BR A

»

SIS
oA g oa

N\

»

S

ADAM
Sartorius
ABSO

2

=
S5
BSOS

x
[T e e e« [ = = |

Rocker

Rocker

Rephile

Eppendorf
Eppendorf 24 ]
Eppendorf 24 ]
Eppendorf 24 ]
SANYO 7]

Bio-Rad A ]

g RBERHA R A
g RBERHA R A

5

»
o) o

bl

(1) PBS ZEpPiiiic#l: FxiE 8g NaCl, 0.2gKCI, 1.42g Na,HPO,, 0.27g KH.PO, & T

1L BEfrs nN 800ml DI water, #iiFE¥g5); 3T pH £ 7.4; HEMEHZE 1L; HHES
YRR BN mIRKE, R
(2) Tris ZzrPyRECH): FREE 121.19 Tris BT 1L B4 0 A 800mL DI water, #ii$}:
¥153; AT pH £ 8.0; AEMERE 1L, ARSI IREELIE; SEKE, ZERRAT.
(3) TE ZErfiRACH]: FRE 146.12gEDTA BT 1L Feaf ;s hi 800ml DI water, it
¥I5); T pH £ 8.0; AEMEEE 1L; & 10ml 1M [ Tris. 2ml 0.5M ] EDTA A1 800ml

9T k44Tt
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DI water J&4, 1 pH £ 8.0, REMERSE 1L, MHHETSEEEELIE; SEKE, =R
RAF o
(4) TM Syl FRE 10.159 MgCl, «6H,0, 5 20ml 1M ) Tris A1 800ml DI water
REHE; T pH £ 8.0; REMERSE 1L; ARSI IEEERLE; miRKE, EREE
1Fo
2. 2.2 DNA DU A5 4
(1) R w1t 7 2 DNA BEE5r 1, 5K 55 MR 75,
A 5°-ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCC
GCCATAGTA-3’
B 4#: 5°-HS-C4¢-TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCG
AGGGTCCAATAC-3’
C #%: 5’ -HS-Ce-TCAACTGCCTGGTGATAAAACGACACTACGTGGGAATCTACTA
TGGCGGCTCTTC-3’
D ##: 5 -HS-Ce-TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTG
GACCCTCGCAT-3’
B, %%: 5’- TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGG
GTCCAATAC-3’
C.%%: 5 - TCAACTGCCTGGTGATAAAACGACACTACGTGGGAATCTACTATGG
CGGCTCTTC-3’
D.%%: 5 -TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTGGAC
CCTCGCAT-3’
(2) BT 4 4 DNA ¥88 (AB;CiD; , ABCD) 4> FHEFIA A, ¥ T TCEP/TM
SR, PECELAK 15 41 S0l W, BRI ER 2-1. 3R 2-2 B

£ 2-1 EFHEDNABREER (AL L

PS5 A% B8 C8 D% TM TCEP
0 43
43
43
43
39
39
39
39
41
41
41
41
41
41
37

© 00 N O O B~ W N -

N o =
w N P O

[EEN
~
N O O O N DN N O N DD DN O o o N

N O N N O O N N O MM M O O N O
N D O N O N O N N O N O N O O
N N D O N O O N DN O DM O O

oo o1 o1 o1 o1 o1 o1 o1 o1 o1 o1 o1 o1 o1 Ol

[EN
a1

10

p=i
=
R
p=i
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F2-2 FHHEA DNABEWHW (Bfr: L)
FY5 A% Bi CH D# TM TCEP

1 2 0 0 0 43 5
2 0 2 0 0 43 5
3 0 0 2 0 43 5
4 0 0 0 2 43 5
5 2 2 0 0 41 5
6 2 0 2 0 41 5
7 2 0 0 2 41 5
8 0 2 2 0 41 5
9 0 2 0 2 41 5
10 0 0 2 2 41 5
1 2 2 2 0 39 5
12 2 2 0 2 39 5
13 2 0 2 2 39 5
14 0 2 2 2 39 5
15 2 2 2 2 37 5

() H EIRIBETIRG 2 7080, SRIGTE 95°CINFA 2 73803 30 AIRIEAHE] 4°C. #54E
ff) DNA DU T A L5 7R = ] 2-1 B

A 2-1 DNA EALEHRE R

2. 2.3 DNA EEZ HLUK

(1) BERRHBCH]: B 50X TAE 2R, ke Jy 1 X TAE 2K, X 50mL B T-HETEIA,
TN 0.9 g BiAEWE, AR B TR i 2 B ekl & A ik, fEahiRs), Bl
1. 8%EF I HHEE I, NN 1L AZ R Y 7] HydraGreen 4t

(2) Bl Peipis T raykiE N A VLIS A, BARETACEALE, ONTIIR SRS AT
T e BT F o KB IRREBERRA E13] 65°C 4TS, TRBIR SIS RN NGB S AR
PRSI R . WA BB TSR 35 kb, fERR e AR, EEM -
BT, BB XA, TN T, AN RELFIN 1 X TAE HL Pkl B 2 ki

11 T L4470
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(3) JmkE: fE& A IAVKE I 6UL 20bp DNA Ladder Marker, 7E#&AiykiEIA 61L
50bp DNA Ladder Marker. H{ 5HL DNA ¥£fh (15 41), 7355 1hL By ISR A5, F 10uL
ARG AR IR A W MM VKB 2

(4) Hiyk: WEHEE 100V, MEGHEKSE, RIEE (46 ft CRED RIEMBHE,
T HETFE UK, RS IRET AR WK R IEAR T R B. U g B RS B EE R IR T 2/3
bR, 5 b HL K

(5) ZAMaM: &R, BT ARG, JFE LIRS, WE gL DNA
TERAMNE T RIS AitE oL, WM AL S8, 8B G R Gk T4 T
R1Fo

2.3 LWHERSTHE

ABCiD; 5 TC55E DNA DU It 45 #4 1R 3 i b B s el pk s 3 8 SR an Pl 2-2 o, Ferp
/225 100bp DNA Ladder Marker £/, MEFFRILAE H 3-6 71 HEE DNA AL EK T
100bp; 10-15 1| ¥ 2% 5. 5% DNA BEALLH A 88447 T 100bp 5 200bp 2 (8] H £z 100bp;
7-9 Bl =5k H 5% DNA FEHLZL & B EZ R AEA7 T 100bp 5 200bp 2 [A], {H A & i 2% B
% DNA 414, 2 200bp; 16-18 %1 VU 2% #5% DNA 414 HIBs % {7 T 200-300bp 2 [8], #Eifx
200bp, TEAFFEEILE.

2-2 Fo3fiFE DNA DU TH 4 B F ik 45 5%

ABCD #7257 540 DNA DU [ 4 25 #4) (1) Bt g Wi e WL ik S5 5 RN 1 2-3 s, Hod iy
A1)y 20bp DNA Ladder Marker, #£ifill 4 50bp DNA Ladder Marker. & s, 2-5 51 ¥k
DNA FfIE £ 47 T 50bp; 6-11 51 2% Fiik DNA BEALLL A sk £ 7 T 1 =5 T~ 100bp;
12-15 51| = 4% ¥ DNA BEHLA & 555 $ R RERL T 150bp 55 200bp 2 18] 16 511U 4 ¥4 DNA
HE BIRHEEL T 200-250bp 2 (8], TEAFFAERAE, UERH T TCEP Ref %P 1E 3% S-S
HITE RS, B ARG T DU THI A 45 HA 7E 4 FEARR THT [ ZH 2 52

12 1 Hha4

=

'~
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E T AFFEA NADH &R BUSHAN

&l 2-3 ZhEAL DNA DU T A KRAL B Kk 45 R

2.4 KENL

A JE R AR AR TC SR TSR AL P DU 2% DNA JE [ P 471 3% 72 DNA DU T A5 44

Jf 1 DNA B IEREEEL F IR LU0 I0AIE 1 DY RS M R D38 . JF HIRUE 1 XU /E TCEP
A AE 0 DY TR SRR85O — 2B DUIIARAE 6 AR T i) B 4R it 12

F=-E SHIR-DNA UEEES

3.1 KIKFIS NS

3. 1. 1 58t

WL

35% H,0,

LM

K3Fe(CN)g

KCl

TCEP

3.1.2 SLERAN F%
CHI660E Fi it T AEuk
CHI101 2mm HE 124 4% ik
CHI111 Ag/AgCl Z L L%
CHI115 15 % HL Ak
CHI120 AR K}
CHI220 f&] 5L HL ) 22
SB-5200D-300 i = ik v an
Femias (0.5-5mb)

25 5 b 2l A PR A F
Acros ]

Acros A

Adamas A ]

Vetec /2]

Acros /]

g REALAS A F]

g RAEA S A A

i R AR A ]

g RAEAN DS A ]
R AF
RIS A

TR Z R AR R 7
Eppendorf 23 &)

2013 1 Hta4

=

'~



) X X ARE

NI s o Tons unnvas TR TR NADH SREE R
Fe s (100-10000) Eppendorf 2 7]
Feigs (20-200) Eppendorf 2 7]
Feigs (0.5-10) Eppendorf 2 7]
PGC 453E 1773t K- ADAM /A ]
MP-1B < AHFE B AL i T R AN AR A IR A ]

3.2 LW HESLE

3. 2. 1 FWRBCH
(1) “E A" #i: H 98%HIK HS04 5 35%[H) HyO, F AR AR L 3:1 TR A Bt il
(2) 1 mol/L #ifilg: F 1.6mL 98%ik H,SO4+28.4mL DI 7K it il
(3) 2mmol/LK3Fe(CN)gin 0.1mol/L KCI ¥ : H] 0.0329g KsFe(CN)s + 0.3725g KCI &
22 50mL e 1T ik
3.2.2 HAARWER AL EE
¥4 N TEEBCE T MP-1B SAH R B IALES & b, A8 200r/min, #9347 S
HLR R T A2, L2 H AR R T 0 B T A 63 o
3.2.3 MR
VBT B U 1) 4 TAE ARV TR & N ARV 10 20505 B 25 8 Kbk i
3.2.4 HFEHETHENK
P A B 5 1) AR AR 25 B 1K, AR IEYE 5 28l fE, PR B ARRIAAE G
W, FIEYE 5 4
3.2.5 HLEIGIE
P RHEAE T Imol/L FIRIRERH, KAIEM R, HifBETEE 0-1.5V, H
[ % 100 mV/s, 3 20 B, dih a2 e UG CASGIE HE AR FT B8 B 3
3.2.6 SAM IR %
PR IhFT LT B AR B T 2mM KsFe(CN)gin 0.1M KCI & h, KRR 2%, F34
H 3 [ -0.3-0.6 V, F1 T3 2 100 mV/s, 314 2 B, HEE — B4 ; SR 54 FEARIR ML AE 0.25uM
T E ALY DNA WU THHAER T, 53 0 £ER% 10 7080 30 4041, 60 434, 120 434, 180 734,
240 43 BRAT 12 /N E R B E . BT 2mM KaFe(CN)gin 0.1M KCI i, SRAHIER MR
2k, R ETEE-0.3-0.6V, HMEHEZE 100 mVv/s, 194 2 B, W& ESE _EEHE, FE
b,
3.2.7 DNA PUMfA AR EIRR
PR IhFT LT B R E T 2mM KsFe(CN)gin 0.1M KCI & h, KRR R 2298, F34
FL 9 [E-0.3-0.6V, HIMIEZE 100 mV/s, % 2 B, HUE ZREEE: RERK =ik m)
IRMALE 250nM. 25nM. 2.5nM LK) DNA DT AR, 12 /N EECH, BE T 2mM
KsFe(CN)g in 0.1M KCI ¥, KRPEFMR L, =i EEE-0.3-0.6V, HIHIHZ 100
mV/s, $4t 2 B, B E A AR, (ERITE.
3. 2.8 DNA VU THI{ALE 4 MR 1 5 413%
B IhFT LT B AR E T 2mM KsFe(CN)gin 0.1M KCI &, KRR 2298, F3H
HA R Y [H-0.3-0.6V, FTHI #2100 mV/s, $14 2 8], HUEE — el s s S5 4 IRV AE 0.25uM
TWrE AL DNA DUTA R+, 180 /i fEiH, FE T 2mM KsFe(CN)gin 0.1M KCI &
v, SRR 223, FE R TG R-0.3-0.6V, HHEIEZE 100 mV/s, I 2 [, UL
Bl R IRAER, WAE H F 3R

3.3 LWERSITIR

14 v JLaa

=

A8
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3.3.1 G HIRFT B E

BE A R A AN 0, S AR IR 22 B E T Asoe, B 3-1 Hsn, HAE
1.2V MHEA S, £ 0.8-1.0V Z A1 — MRISBLIIC I, UEH AR ERIT I RIf, &
R T (1) 4 5 HEA RS, mTDAEAT R — 20 st

10

[/JUA
(631
1

-10 4

-15 -

-20 T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Ewe/V

B 3-1 BEBRE IM R HIEHFRZE (0-1.5V, 20 B, 100mV/s)

3.3.2 SAM I FERZR

RV ERIE ) DNA DYTHNAR S 4 AR SR T (1) 4 5111 B A28k 78, 7E [ 2 DNA DY Ti
PRIERR LN 250nM FIRTHE T, FRATE T AR ] o B AR A - K & T I S8 it 5 5
MR T 1 4 iR E5UR SR O, TR 22 ] A A AR 3 i RS 1) K /IN I B T F R 2 T 1) 4 Dl
15, n DLE I AR IR T 1w R T R SR AR FEARER TR . I 3-2 WA, BTN
B, DEEAIT TR, RAHTELLHAE], DNA UGS 5 R &R T4 6, S8
& 57 R g imsd, B R AIE R BN 3 /N I IEE S CF AR, HAEIX 2 )5
WRFFAAS, KA 2 /N Qs e f R S5, H AR A B —Fp o AR, a6 B3R
B, TR D BT LE P Al B R B RS 43 I P P DNA DU TR, A A I RSB T, 2 et 2
—/NPERIRAS, EEFEAA ., HULIRATAT LAFGE 250nM 773t DNA U A 4 H A
SAM FAEFREEN KA 3 /N, N Je BRI AT VU RS @i e st S 8 — .

015 7 L 44
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10

—— Omin

——— 10min
—— 30min
—60min
—— 120min
—— 180min
240min

B 3-2 RNFR R T4 Hik- DNA HE#& S 4 BERE
2mM K;Fe(CN)gin 0.1M KCI ¥ H EFFR & (-0.3-0.6V, 100mV/s)

3.3.3 DNA VYTHIAE R B AEWR EEAR R

DNA VU A AR IR B B s AR T DNA DU S &5 FIE &% 5. N
£ DNA VUM, AR5 5 7 250nM. 25nM A1 2.5nM =4~ DNA VU [ A 25 s 7
X LaG . Lhi i 3-3. 1 3-4. B 3-5 T4, TESAFIMRIZEN DNA WHAE &5, e
TR SR VA BT B AG, R IS R I 145 75 DNA WA S & mith. (HN TR
IEEEE, EIAE DNA VU ARSI E N 2.5nM F1 25nM 1 F ARG I 25 S 9% A VR 4 DNA
VY T A4 5 VR B Dl 250nM TR FEAR B R o R FRAT T e 7E 2.5nM. 25nM 1 250nM =AM B
FREET, FRATECH] DNA DY 433 1 B AICBR S 250nM

016 70 L 44
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E T AFFEA NADH &R BUSHAN

10

lfuA
o
1

& 3-3 &Hitk5 250nM DNA MUEAE R PR 12h 57
2mM K3Fe(CN)g in 0.1M KCI ¥ BIIEFFRZE (-0.3-0.6V, 100mV/s)

10
5_
< 0 -
=
54
-104
| | 1 I | | I |
03 0.2 0.1 0.0 01 0.2 0.3 04 0.5
EwelV

& 3-4 &Hi%S 25nM DNA PR FIRHE 12h j51E
2mM K;sFe(CN)g in 0.1M KCI ¥ KIfEFRRZE (-0.3-0.6V, 100mV/s)

17 U 44T
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10
_ _..-f"\x
—— Omin
5 12 h \
~
i e .
q: 0~ I .-'//FF
=5 _r'l ._.l"
-— I ___'_F_,.,/
;__-;—F__:__.___ — -
-5- '“x\
A
1\‘\ ;
=10 -y
I I I I I I

I 1}
0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
EwelV

& 3-5 &HitkS 2.5nM DNA VU RS R IR 12h J57E
2mM K;Fe(CN)gin 0.1M KCI ¥ H EFFR & (-0.3-0.6V, 100mV/s)

3. 3.4 DNA DY A 7E 4 AR R 1 1) H 2H 2%

T 5 SRS T E I E R DNA WUTHAR, SAHORIERRE IR — P, AR R s gh
W, FRATHE 5 28 DY T AR H8 B 1) SR 56 2R AR 2 Dy, BCHIILF DNA DY TRV, Mike 2 250nM,
FT B R D) 14 FEAR, SR J5 1R IEAE DNA DY THHAA VR 3h, B T 2mM K3Fe(CN)gin 0.1M KCI ¥
T, B RAS I AR 22 P Hp 8 () SR A T 0 5392 Y AR B KT R4S, TUISIE R DN Y
THIATE 4 FE AR R T 225 T, Wb AT IR 455

3.4 RE I

ST R B S T E B A DNA WA, S ORIER RS [E M, MR A & i 45
W, B2k DUTHI AR PSR IR S50 26 PF e« FiCH) DNA DUTHARYA R, #ikE4s 250nM, R IhFT
S, EIIAE 250nM DNA PUTREIA AW $ 3h, LA 2mM KsFe(CN)gin 0.1M KCI ¥ /FE A
PRI, 25 AT G PR AR 22 R w4 1 1 SR A DR U 5 35 Y A A EE ORI B ARG, JUHIE B DNA DY
THARTE S AR R T AR, nItT e 8250,

18 T 44T
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SHANGHAI JIAO TONG UNIVI::RSIIV %?Eﬁﬂﬁﬁ%ﬁﬁﬂ’\] NADH %iﬁﬂfg*ﬁ;ﬂu

FNE £HR-DNA HEF-FERCAREES

4.1 LR FN S
4.1.1 25

XF005-4 i3 & 30 A 5847 TEPA(TUZ ) JeF gk
4.1.2 SEEAN AR

CHIB60E HLfb.2% T A g REAEE A ]
CHI101 2mm B2 &4 stk il RS A ]
CHI111 Ag/AgCl L HiA% i RS A ]
CHIL115 15 % B AR i REAXES A ]
CHI220 &) 51 L bl 42 i REAXES A ]
i#s (0.5-5ml) Eppendorf 2 &)
Bii#s (100-1000) Eppendorf 2 &)
Biiss (20-20010) Eppendorf 2 &)
s (0.5-10p) Eppendorf 2 7]
3% 5 T M4 Tecnai G2 Spirit Biotwin FEI A ]
HE R ENL DHO5-1IDN K R IR A R A
TGL & mEE B O RIS A TR AT

4.2 L HES SR

4.2.1 HRECH]
R BRI B 5mg I AT SR TEPA(TUEF) MR, T 20mL DI K, e
il 0.25mg/mL 4 EAb A SR IA VT
4. 2.2 @IRAA B D HOMHRER
(1) HX 20mL 0.25mg/mL A0 A SRV, R AR AL AR 1 4 /)N, B 10mL
G, BHAET 104 1.5mL /NEOE S, B 20 408, B0 IE 3000r/min,  FEECEEA
BOVE BT ) A S A SR o B, FERE B0uL b VRS AR A K A A Tl R O
HEAT TEM K600,
(2) HX 20mL 0.25mg/mL 28 F b A s 4 i, I A AEALEE AR AE 6 /i, X 10mL
EiEW, BAET 104 15mL ANELE T, B 20 48, B0 E 3000r/min,  FEEUEEAS
B ST A R AT BRI 0 O, FREN 50Ul i VG AR B A R S A
HE4T TEM 6390
(3) HX 20mL 0.25mg/mL 28 E: b A s 4 i, I AR AEALEE AR A 8 /N, H 10mL
BB, BAET 104 1.5mL NELLE T, B0 20 408, BS0A%IE 3000r/min,  FEEUEEAS
B ST A R SR BRI B, FREN 50uL b iE VAR ARSI A A A
HE4T TEM 6390
4.2.3 4xrAR-DNA DUA-R I A SR IE E A IR R
HUSESS 3 Byl £ 1) 4 FEAR-DNA DA S & Htlk, BOH AR 8 /N, 3000r/min &5
0 20 S JE IR IS A BRI VAT 10uL, 50 INTE 4 Fa A -DNA DU AR A itk b, 15 4y

ZH 19 U1 FE44 70
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.ﬂ\" Y AKX d 1%
727k o A F
* SHANGHAI JIAO TONG UNIVERSITY HETHEUFEFEA NADH &R BUE&N

B, KR E T B T 2mM KsFe(CN)gin 0.1M KCI ¥, SRAIEIR 2298, Hfim
JEEF-0.3-0.6V, HHIHIHEZ 100 mV/s, F14% 4 B, HUE S UUEEDE, S8)5 Fi%in 10uL # s
Kt 8 /B, 3000r/min B0 20 38 e M E A SBIRIE, 15 2% 5 BRRIEAT M IR 261
MR AR A, Wtk | 5%, 1EESHT.

4.3 SLWERSTE

4.3.1 FRMA BIHSBSMRER

Pl 4-1, B 4-2, 1 4-3 mT 0, BEAE R SIS (R A 3G 0, SR A SRR A R
N, EERHEWD . NERF A B RERThEE E DNA PUTH A2 8], A7 S8 i R~ v
ZAE 100nm BAF, W 4-3 oR, ABFREE 8 /N, 3000r/min 5.0y 20 B R TS R LA
BIEFE T /N T 100nm, i AL 5 SESEIG BR . A RIE G SESRIe  [F —1E, 7E B E ARG
T A BRGNSk o AR R 8 /NI, 3000r/min 5.0y 20 43l

B 4-1 FFHRE 4 /MK, 3000r/min Bl 20 40 b S B LE BRI T& T B

020 U Ht44 71
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SHANGHAI JIAO TONG UNIVERSITY ETHAZEFEERM NADH 5 R EE#N

4-3 FEFE MR 8 /NBF, 3000r/min B 20 S8 EREMA BIFEREN ETEHRER

4.3. 2 S HIM-DNA DU -3 A 800 R & SRR R

RIACA ST IE AT, DNA 7 iAy, —F T s v A & A siaTh
K S EVER BT O, A HmA rT ORI S B e /o, B9 Ie I i i
HOTIH AN 10uL 88 A5 kYR 8 /NS, 3000r/min 740 20 35 BB A1 S2IA VAR 15 704 )

%21 T HL44 T
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TS/ SHANGHALJIAO TONG UNIVERSITY E T AFFEA NADH &R BUSHAN
HURAE AR A I PR 22 P 1R LA 3 S e KR S o 1225 S P 4-4 Wl i1, B I ) £ R AR,
W AR BT N, R W] P AR R T A A SRR VR BIZATE 22, 60 b, IS TR,

2 W LI P 3 THT R PR F) S A A SR LR VAT, ARSI N A A st AN RE S o A Al
TARRIAE /1o HIUE, DOPRIESHR LI AR — PEAN SR 26 R A e LA, i A SRR A
LB -DNA DU A R 2 A SRRy, A e l-DNA A E S ke, & 15
Fr BN 10ul B AR A 8 /R, 3000r/min B0 20 73 JE IR FEAL A SRR VAT R L

S 4k, WAEBIE SRR B4 B AR-DNA IUTA-Z A BmE 50k, HTE

10

l7UA

03 0.0 03 0.6
EwelV

& 4-4 A[EIR & EA%- DNA MHEE-EE A BIFE A ERkE
2mM K;Fe(CN)gin 0.1M KCI ¥ IEFFR LB (-0.3-0.6V, 100mV/s)

4.4 KENGE

AT EHR R E A SR O BOR AN S S0 5 LA -DNA YRR &
HIR I R 25 A o ARAE SEIR A R, foe 24 8 A A S80GSR D9, S 20mL 0.25mg/mL
S STV, R 8 /NI, 3000r/min B0 20 2B EEL RIER. RIS, JEIE s
WA, mAHIE AR A S S & RA-DNA WY & i r o7 X0y, s e 6 ik
-DNA VUTHARTF & Bt E, & 15 70BN 10ul Rt 73 BN s =4 A s3I i, SRA
WP/

022 T 44T



E T AFFEA NADH &R BUSHAN

FHE ETESBRAY NADH 4

5.1 REIKFI S5
5.1.1 s

NaCl Acros A ]
KCI Vetec A F]
Na,HPO, Acros A ]
KH,PO, Adamas A #]
PH 2203 PH4.01 Hach A ]
PH 22 PH7.00 Hach ]
PH 22 PH10.01 Hach /A 7]

NADH
5.1.2 sZIGALES

ACros A )

PGC 453E HL1 4 k-7 ADAM /A ]
PB-10 pH it Sartorius A ]
TERTRZ & ABSON A ]
C-MAG HS7 I#sE )11 H 2% IKA A #]
Rocker300A B 45 il je %t & Rocker 24 7
Je & (Nylon) JEEE 0.22pm 47mm Rocker 2 ]
Direct-Pure 2-Pass RO 10 2i/K 24; Rephile /~ #]
s (0.5-5mlb) Eppendorf 24 ]
#i#s (100-1000p0) Eppendorf 24 ]
iy (20-2001) Eppendorf 24 ]
s (0.5-10p) Eppendorf 24 ]
820438 =yt K B i SANYO /]
CHIB60E HLfb2% T AFEuk i REAEF A A
CHI101 2mm B4 5 H) g RS A
CHI111 Ag/AgCl Z LL Hit RS AT
CHIL115 15 % HLAR i REAEF A A
CHI120 HEARIMEH KL i REAEF A A
CHI220 {5 FL AR B8 R REAES A ]

MULTIMODE NANOSCOPE
5.2 LW HES SR
5.2.1 VERECH

Z#I[H DI A+

(1) PBS ZEppiiic#l: FxiE 8g NaCl, 0.2gKCI, 1.42g Na,HPO,, 0.27g KH.PO, & T

1L Beprd; mo 800ml DI water, iE¥%5]: A pH £ 7.4; REMESRE 1L, HiHES
e E e, EIEKHE, FIRRE
(2) NADH ¥ Bc#: FRE 0.036g NADH ¥, I 5mL PBS 2, Bl 10mMm

023 T 44T
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NADH, FHKREUER PBS 22 i M BEFLHil¥R 2 0 0.1nM. 1nM. 100nM. 1uM #1 10uM f¥)
NADH & -

5.2.2 AFM B0AIF AR #E 7

il % ED R AR RE S DU, BN BE AR, £ ik- DNA WUiAE 4. 4 Hi%-DNA
VY T AR - AL A B 30min 4 DL e 4 FEL A -DNA DU THIA-Z 24k 47 8804 75min 24, 3%4E
AR I R AT A G, S DT W] ) MULTIMODE NANOSCOPE  #E47 KT 1) ARM A&
W, LTS R, WAEE A HARmEE,

5.2.3 HA MM NADH 4k FE R IR R

(1) FRCIhFE 3R 10 4 Fo AR -DNA DU THA- S R A 520 B2 & sARE o AR AR, I H
WRAE %t Hal , AQIAQCI FFRAE 2 LE B A 22 = R Rk 254, B T il 47 1) iImM NADH
B, SRAERMRZE, AR TEE-0.5-1.2V, HEZE 100 mV/s, 1 1B T
VE B MR 3 AT BE BT e B, 76 1mM NADH V8, SRIITEHR 2298, 134 v 5 Y6
-0.5-1.2V, MR 100 mV/s, 6 1 [, EHKRATE, WEE A BT NADH Ak f
JE 2 o

(2) Pl InM NADH ¥, 435I & B AR-DNA VYT A2 3640 f 8803 5 A F AR R4
S HRAE N TAEEM, R kb fRzdid, HmBEM oV JFeE, FRRE (D JgRik
5, I UE S S G AR NADH AL HE 5200 .

5.2.4 ADH K BR 55 28 P A0 X (R $R 2R

VB 10mL IHECHI ) 0.1nM. 1nM. 100nM. 1uM. 10uM ff] NADH &R AE N Hfid
W, PRSI 4 A -DNA DU A2 IR A 5800 B & AR AE N TAE A, 81 F FARAE
T, Ag/AQCH FARAE A2 LL B AR A R 48 i = FERR 254, SR Ao kAR 229, T H
JEJE RN 0-0.5V, LA /BT B i o ik i AR e ih 28

5.2.5 5 & M ARG UE

i 1nM NADH £ FLAEW, FH #8814 FE A -DNA DU T /R-Z 8 A S8 s R A
WA R TAERR, B B A X B b, Ag/AQCH FEARAE 2 bb B bl R R il = et 45 44,
KRRy Bk b AR 22325, 1T L R 3 FBL A 0-0.5V, 3R A3 SR UG T o AR e th 28, 15 F PBS(PH=7.4)
W, PRI AR 5 el s, RS E S BRDEE, RGO Bk Rk 2L, Wit
HEVUIK, it 60 2050, 1EEHT. LB T4

5.2.6 K& HEMEREMELRIIE

R 1nM NADH fE A FARR,  F#8 E B 3 (1) 4 FE A -DNA DU T R -7 S B2 A AR N
TAEEAR, HR AR Xt A, Ag/AQCH HIMR AT A2 b F A R R 28 it = F Al 2540, SR Ak
arfikpiR zeidk, T R Y 0-0.5V, SRIGIFE AR ik 4k B 100ul 50x 4 A 24
%, M 500ul 10nM NADH ¥ Al 4400uL PBS ¥, FiH] 1nM NADH IR 30240 f B 55 v
W, FE G HRER TR, B BARVE XS ik, Ag/AQCH HLBRAE A2 Lh B Al b B 45 il
RGN, SRR Bk 22k, I EETEE DY 0-0.5V, SR IIAEE T 1o
Jikf iR 22k 6, R PR s AR LA

5.3 LRSS THE

5.3.1 AFM BGHIEE & & 45

MK 5-1. K 5-2. K 5-3. K& 5-4 fXFEL AT %0, DNA PUTHAAK ) RS & &40 1 2R 1 Ff
REFE , MBSOV I A1 B UE S DNA DU TR 1 B DD #6 2 F0 5 4 AR R TR i Sh 6 o 4 FLA-DNA
DUTHIAR-Z B A S50 (30min 320D 524 FAR SR TR AS B 5 4 Fa A -DNA DU TR A AR 1)
KELRE P AH LUBE SO I, R BHE 75 2 BUS B2 28 A S0 0 v DR DU TR AR 42 B Hh T F il
FIMFAAR, I ABIGEHE SR 60min JoikBImAl, 42 e b4 R E

24 T 4471
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®)FFRArY
X %/ SHANGHAI JIAO TONG UNIVERSITY %?Eﬁ'ﬂﬁ;f_‘:—ﬁxm NADH ESZFL/)\U

FEASRERG AR A RO ER TR, ORI R A S 75min Ja,  AUARGR RS L
RIEHN,  BIMRSG/N o FEt, AFM S5 SR ML F L IE SE 6 F AR -DNA DY i 4A- 28 A0 A
SR A AR IE T, FTRAHET NADH Kl R tAiE s 1 58 DY 5550 T e Al A0 520
LI TR0 H B A 28 AR i PR 1R T

Roughness:42.499nm

B 5-1 EBERRERNITH AFM E

2H 25 U1 FE44 70
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Roughness:81.275nm

& 5-2 &HE%-DNA [HAERE A HEERE RS T AFM B

026 70 4477
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Roughness:81.501nm

& 5-3 &Hi%-DNA JUHEA-ZEA B (30min Bil) E&4 RIS T AFM B

027 7 44
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s SHANGHAI JIAO TONG UNIVERSITY HETFHBEWYFFER NADH SR EELM

& 5-4 &HE%-DNA IHE-FEMAARIE (75min RE) EEBEHKERKT AFM B

5.3.2 54 M NADH 484k Ha ) 54 i

MK 55 PRI SE S|, H AR RIE NADH ZAL ik i 1V FEIR2 0.6V £ 4,
I, AT B TE HE R 4R 78 4 A T NADH U0k H [ FARFR R, A Seie Al T RS
S A kAR i, ARTRTEIAMR 2 BRI a5 3, A T15E RTE RN 0-0.5V, sEig4s Ran
K 5-6 AT

®
&
=
b
R
=
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< SHANGHAI JIAO TONG UNIVERSITY %?Eﬁﬂﬁﬁ%ﬁﬁﬂ’\] NADH %iﬁﬂfg*ﬁ;ﬂu
10
—— composite electrode
—— bare gold
A 4
<[
3
=
5 T T T T T T T T
0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

& 5-5 RE& HRAEEBERAE 1mM NADH BB RITEHRZE (-0.5-1.2V, 100mV/s)

M 5-6 %1, B & HAR DK NADH A L PRI A 0.3V BT, 4R 4 FR Al 7E 0 %2 0.5V
X [H) Y0 Bl I AN R M NADH 73 31504k BB ATIERE, & & s AER NADH #2 1V AL
JEBE A 0.3V, MK T NADH A ALIAET, 8 G Ah i it v 51 R I = RS B
AR oA 2 JE 2R A AR A TR0 NADH (R0 PR AN 28 M A X (a1 1 353 ik AR 22
LR E R

029 U 44T
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0.15

—— Bare gold
—— composite electrode

0.10 +

I/lUA

0.05

0.00 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Ewe/V

B 5-6 HA& RIS BARIE InM NADH ¥ I Bk PR 20k B
(RER & BARTE PBS AR Bk IR 223 il £

5. 3.3 NADH A il B A0 4 14 Aar il 3o

B 5-7 %1, BE#E NADH WFERIBEIN, Flor ki Ok 2k i 2 i Az s, FLUGfE
ALEIIE 0.3V L, F—RIEHE G BRI NADH SRR 0.3V, NHEEE
oo 2 A AR AE AT NADH B (& A TEE, BL g (Cnapn ) AEEARFR, I{E AN
PABKR, S B BRI S, s 5-8 PR .

030 ;U 44T
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—0.1nM
—1nM
0.20

0.15

I/luA

0.10

0.05

0.00

0.0

Ewe/V

B 57 H& BRERFWRE NADH IR kPR 205 B
(RER & BARTE PBS AR Bk iR 220 il £

MEEL A BB DL AT AT, 24 NADH 58 0.1nM B, 2k - A-iRiE, 24 NADH &%
M InM F 1uM, _ETHEAIE RIS, ER LML, 24 NADH KA R 1uM J5, BEE
NADH 4 5 38 i1, B 704 (B AS 3 0, 6 ZE NADH ¥y 1uM I i Bl 2 1 U238 2 i A,
b5 NADH RGN, MG AEEIN, "A BRI RNT NADH W ERRAE R L. kT
H1, 4 HAR-DNA PUTHAA-Z 3810 S50 5 A o T NADH 3R BERIRL I RER A 0.1nM, |
PR 1uM, ZRPERIITEE Y 1M % 1uM, RSN 0.226 (UA/IG (Cyaph ) *cm?).

2H 31 U1 FE44 3
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< SHANGHAI JIAO TONG UNIVERSITY %?Eﬁﬂﬁﬁ%ﬁﬁﬂ’\] NADH %iﬁﬂfg*ﬁ;ﬂu

0.25

0.20

I(uA)=0.0071Ig(C . )+0.1575

I/lUA

NADH

0.15 4

0.10 T T T T T T
0.1nM 1nM 10nM  100nM 1uM 10uM

Ig(CNADH )

& 5-8 H& AR NADH Rl aE £ 40l &

5.3.4 EAHEMKHAENM

H &l 5-9 %1, H PBS (PH=7.4) phti il A AS R [a] 5, Kb B2 5 i AR E o TAE
W, BR HRRAE Xt HA, AgIAQCT BIMRAE RS L FEARAG) B8 3 — Ha Ml 4544, FH 1nM NADH
VB HRARRAR s TEAS IR Iy it 18] R BT 73 2 ik b AR 2 vk B ) B 28 AS IR A TR], AN sl D {1 25 4
HARE. BT BN REEREAN, SR G BB 5-9 Frx, MRZEZR KNI
MRS EIETIE, EEERMEAE R, &t N2 RESMHH.

032 T 44T



E T AFFEA NADH &R BUSHAN

B 5-9 H&BRAE PBS MELRIEA RN HJE7E 1nM NADH B KM 2 ik iR 3% B
REE & BARTE PBS PRI Bk R iR i £ AR B

5.3.5 HE MG

F PBS Hi R e vA FE 0 B R M VA o HL AR, DARADL LS AR B 8 . P ] 5-10 1, 7EASE
PSR, ARt NADH A4S R 5 ESC I R 45 50— 8, & o kv
Rzl g, UEE A BT T NADH kst Rir, R A8 2 52 3% 5 NADH
LAZ TR IR o

EEEEE

5-10 H&HIRE PBS ELHIH 1nM NADH H5H PBS #B: 40 AR Wi F &1 i
1nM NADH H s kR Z2iE B QRZER A BERTAE PBS H I kiR ik i ZR)
AR

033 T 44T
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5.4 KB/

A EEIE RA] AFM,  MOULE A BE L9 HAIESE T < F A -DNA DY T iA-Z 340 1 s 4
AR I, WEIE T 55 DY 2 0% TR R AT SR I AN ()6 - B L) 3 (s
Wit BEJE, 8 S e ri A -DNA DU T - A A S8 0% 2 A K T NADH (Al ,
IESKIZ R A AR BE AR HS NADH ISR H 1V FEIRE 0.3V [RIRHESE & & BT T
NADH K E IR FFRA 0.1nM,  EFR>y 1uM, ZBHERIITEREDY 1nM £ 1uM, REUEH
0.226 (UA/lg (Cnapn O *em®), S A MM APE AT, MR, BP0 NADH &R
R AGLIN BT H AR o

#®
%
=
=
R
=



E T AFFEA NADH &R BUSHAN

AT LB SEISIESE, <5 A A -DNA DY iR —Z A AT s bl 2 ro AR R D A NADH 454k HE
£ 0.3V Ay, MR AL RAF, REVIDSCIL NADH m REBUZRIREIN H bR, (H2Z%
52 R R FRTAS U BR AN ZE A A VT AN 0 BEAR, DRI E A8, fECAH SSRHEGE,
ARG ZARTFIN SRR T o AT BE a0 e AR D0 AR it AR RS AT ot Bl
Ag/AGCI HURATE N2 B HRR R 28 3t — AR 45 44, LL HAUCH, 09 B, T HLAE 2200

FAE EAEMRML

RUE 2 G AR -G PRR T 25 A, 105 08 DNA DU fARE &

Wb, 1EEHT, S8 aE 6-1. B 6-2 fiaw.

BIRMABIHEEH
P 1) 6 < LA < OKRE T -DNA. DY A - A sl B i, 2 R s i i e v
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ANOVEL ELECTRODE FOR NADH
HIGH-SENSITIVITY DETECTION BY
ELECTROCHEMICAL METHOD

Previous study has confirmed, NADH, as an important coenzyme for all biological metabolic
processes, is related to a variety of diseases including cancers, Parkinson's disease and other
metabolic diseases. NADH is also highly correlated to cell failure and death caused by a number
of bacteria and other bacteria monomers. Take breast cancer for example. The concentration of
NADH in normal breast epithelial cell is (99 + 37) uM, while in breast cancer cell it is (168 + 49)
UM. Also the ratio of free NADH to enzyme-bound NADH in normal breast epithelial cell is (0.18
+0.08) to (0.82 £0.08), while in breast cancer cell the ratio is (0.25 £0.08) to (0.75 =0.08). So it
is meaningful to find an effective way to detect NADH with high sensitivity. Conventional
detection methods for NADH include high performance liquid chromatography, enzymatic
cycling method and fluorescence method. High-performance liquid chromatography (HPLC;
formerly referred to as high-pressure liquid chromatography), is a technique in analytic
chemistry used to separate the components in a mixture, to identify each component, and to
quantify each component. The main disadvantage of high performance liquid chromatography is
that the sensitivity of high performance liquid chromatography is low, failing to obtain the
effective detection of NADH concentration. Enzymatic cycling method is complicate and
time-consuming, while fluorescence method is expensive and inconvenient. Compared with all
the three conventional detection methods, we take advantage of NADH redox properties, through
the new composite electrode structure, using classical “three- electrode™ configuration to achieve
high -sensitivity detection of NADH. When constructing new composite electrode, inspired by the
DNA origami, our study combines a latest researched structure, the DNA tetrahedron, which is
self-assembled through the principle of complementary base pairing by four cleverly designed
single-stranded DNA, with the gold electrode surface in order to increase the effective active area,
and then by adding amino-graphene fragments between the DNA tetrahedron, which are known as
segments of carbon monolayer with massive stored electrons and a remarkably high electron
mobility, the electrode’s conductivity is increased. We hope that this newly-constructed gold
electrode-DNA tetrahedron-amino-graphene composite electrode can achieve the purpose of
high-sensitivity detection of NADH.

In order to construct the composite electrode, firstly we need to construct DNA
tetrahedron.We prepare three kinds of buffer (TM, TE, PBS) before (weighing, dissolving,
adjusting the value of PH, filtering, high temperature sterilization), then mix all the buffers and
four kinds of DNA solution together according to what Chunhai’s paper teaches us, heat the
mixture to 95°C for 2 minutes, cool it down to 4°C ,and store it in the refrigerator. Then agarose
gel electrophoresis is used to get to know whether the DNA tetrahedron self-assembles
successfully or not. After several experiments, we optimize the experimental condition of agarose
gel electrophoresis by dying the gel using 1L HydraGreen before it solidifies. Finally we get
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perfect images from the 720BR/02387 chemiluminescence detection system for the result of
agarose gel electrophoresis, which prove the fact that the DNA tetrahedron is successfully
constructed.

Secondly we need to combine the DNA tetrahedron on gold disc electrode. After physical
polish, piranha immersion, and ultrasonically clean, the gold disc electrode is ready, which is
proved by the cyclic voltammogram of the electrode in the electrolyte of 1 M H,SO, (the voltage
ranges from 0 to 1.5 V, 20 cycles, scan rate is 100 mV/s).Then the process of self-assemble is on
via immersing the polished electrode in the prepared DNA tetrahedron solution. And through the
cyclic voltammogram of the composited electrode before and after immersed in DNA tetrahedron
solution in the electrolyte of 2mM K3Fe(CN)g in 0.1 M KClI, ( voltage ranges from —0.3V to 0.6V,
scan rate is 100mV/s), self-assembling is proved to be work out with the decrease of redox peaks
of Fe in the cyclic voltammogram. In order to optimize the experiment condition, we have tried
some parallel experiments changing the concentration of the solution of DNA tetrahedron. And it
turns out that the best concentration of DNA tetrahedron among 250nM, 25nM and 2.5nM is
250nM, which is proved by the cyclic voltammogram of the three the same electrodes immersed
in three different concentration of DNA tetrahedron solution in the electrolyte of 2mM KsFe(CN)g
in 0.1 M KClI, ( voltage ranges from —0.3V to 0.6V, scan rate is 100mV/s),for the biggest decline
of the redox peaks of Fe in the cyclic voltammogram while immersed in 250nM DNA tetrahedron
solution. Also the process of self-assembling is researched, and the results show that immersing
the electrode in DNA tetrahedron solution for three hours makes the most stable active area of the
electrode for the combination of DNA tetrahedron and bare gold disc electrode, with the balance
of DNA tetrahedron adsorption and shedding on the surface of gold disc electrode. So according
to the result of these exploratory experiments, we standardize the condition of making the process
of self-assembled monolayer of DNA tetrahedron on gold surface by setting down the
concentration of immersed DNA tetrahedron solution to 250nM and the self-assembling time to
three hours.

Thirdly we need to insert amino-grapheme fragments among DNA tetrahedrons on the
electrode, which needs the appropriate size of amino-graphene fragments. In order to get suitable
amino-grapheme fragments, the 0.25mg/mL prepared amino-grapheme solution is divided into
three groups, then every of them are ultrasonic concussed for four hours, six hours and eight hours.
After concussion, all of the three groups are centrifuged for 20 minutes in the centrifugal machine
at the speed of 3000 rad per minute. In order to know the accurate dimensions of the
amino-graphene fragments, we take samples of the three groups and send them to Instrumental
Analysis Center of SJTU to have TEM test. According to the TEM images of all the three groups
of amino-grapheme, we standardize the condition of grapheme dispersion by setting down the
ultrasonic concussion time for the 0.25mg/mL graphene to eight hours and the time of
centrifugation to 20 minutes at the speed of 3000 rad per minute, for the fact that the longer the
time of ultrasonic concussion last, the smaller the grapheme fragments are, and they are already
around 100nm wide when concussed for eight hours, which meets the requirement of experiment .
Also, we have tried parallel experiments to find the best way to add grapheme solution on the
electrode. Through the cyclic voltammogram of bare gold disc electrode incubation in 250nM
TSPs for 3 hours with different time added 10uL 0.25mg/mL graphene in the electrolyte of 2mM
KsFe(CN)s in 0.1 M KCI,( voltage ranges from —0.3V to 0.6V, scan rate is 100mV/s),it turns out
that the best way is to add 10uL 0.25mg/mL grapheme on the electrode for four times at every 15
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minutes.

Ultimately in order to testify the successfully construction of gold electrode-DNA
tetrahedron-amino-graphene composite electrode, which cannot be observed by our eyes, we
prepare four kinds of print electrodes, divide them into four groups, the first one is bare gold, the
second one is gold disc with combination of DNA tetrahedron, the third one is gold disc with
combination of DNA tetrahedron and amino-graphene added for two times, and the last one is
gold disc with combination of DNA tetrahedron and amino-graphene added for five times. Then
they are sent to Instrumental Analysis Center of SJTU to have AFM test. Finally, according to the
AFM images, it is confirmed that the gold electrode-DNA tetrahedron-amino-graphene composite
electrode structures successfully with the biggest value of the roughness of each print electrode.

Then repeated experiments using the composite electrode to detect NADH confirms that it
can successfully reduce NADH oxidation voltage to 0.3V, which can effectively reduce the side
effect of impurity, and the lower limit of detection is 0.1nM, while the upper limit is 1uM, the
linear detection ranges from 1nM to 1uM, the sensitivity is 0.226 (UA/Ig (Cnapr ) *cm?), and the
selectivity and reproducibility of the electrode are both good. Since the detection limit and the
linear detection range of the gold-DNA tetrahedron—graphene composite electrode are not as good
as we expect, we have tried some ways to optimize it. After continuous attempts, it turns out that
gold nanoparticle works out, because it can increase the roughness of electrode surface and can
also help make the electronic transmission more easily. We have tried many ways to deposit gold
nanoparticles on gold disc electrode. Ultimately, we standardize the process of experiment to that
before combining DNA tetrahedron on gold disc electrode, electrochemical deposition method is
used with chlorauric acid as electrolyte to deposit gold nanoparticles on bare gold disc electrode,
then DNA tetrahedron and grapheme are added the same way as before.

Our repeated experiment confirmed that as for the gold disc-gold nanoparticles-DNA
tetrahedron-amino-graphene electrode, the detection limit of NADH can be further reduced down
to 0.1fM and up to 100uM, while the linear detection range expands from 1fM to 1pM and from
10pM to 100uM, and sensitivity is increased to 1.305 (UA/lg (Cnapn ) *cm?) and 0.200 (uA/lg

(Cnaph ) *cmd).

The novel sensor we developed here could serve as a highly sensitive probe for NADH

detection, which would further benefit the field of NADH related disease diagnostics.




