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ABSTRACT

Study on the colorimetric and electrochemical for SNPs and
thrombin detection based on Au nanoparticles and
G-quadruplex-based DNAzymes
ABSTRACT

As the human genome project has uncovered the full sequence of human genomes,
the analysis of the variations among individual genomes has attracted considerable
interest in a wide range of areas including molecular diagnostics, environmental
monitoring, and antibioterrorism. Protein is a type of important biomarkers, which plays a
key role in life sciences, medical diagnostics. Many detection techniques have been
developed relying upon target hybridization with radioactive, which create disposal
problems, require specially trained personnel and have a short shelf life. There is a
considerable requirement for rapid, low-cost, and sensitive detection of specific DNA and
protein for the clinical diagnosis of genetic and pathogenic diseased. DNA biosensor, a
new conception of genome detection based on Watson-Crick base match principle, is of
great advantages such as easy handling, quick detection, favorable selectivity and no
pollution. Nowadays, it has become one of the most.important methods in DNA
detection.

One recent development is molecular beacons (MBs) that are highly selective in
their recognition of oligonucleotides. Traditional MBs are doubly end-labeled
olignucleotides that exist in solutions as stable stem-loop structures and utilize
fluorescence of a reporter dye combined with a proximate quencher attached to 3’ end.
MBs are now extensively emploted in areas such as genetic screening, biosensor
development and the detection of single-nucleotide polymorphisms (SNPs).

To achieve the desired simplicity, low-cost and sensitivity, colorimetric detection
using gold nanoparticles (AuNPs) has been attracting considerable interests, because
AuNPs aggregation accompanied by the surface plasmon shift can be clearly recognized

with the naked eye. The ease of synthesizing of AuNPs and the possibility to couple of
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ABSTRACT

different functionalities make AuNPs as a convenient tool for the sensing of metal ions,
proteins and oligonucleotides.

Aptamers are synthetic DNA/RNA oligonucleotides isolated for their ability to
selectively bind to various biomolecules through SELEX. As alternative to antibodies,
aptamers have many advantages including high binding affinity, convenient
automated-synthesis, ease-of labeling, and high stability. Up to now, many aptasensors
have been developed include optical and electrochemical aptasensors. Electrochemical
aptasensors have attracted substantial attention because of their high sensitivity, simple
instrumentation, low production cost, fast response and portability in the development of
aptasensors.

Since the first report by Sen and his co-workers in 1998, G-quadruplex-based
DNAzymes which have also been identified by SELEX has received great attention. The
folded guanine-rich oligonucleotides that serve as an aptamer for hemin could self
assemble to form G-quadruplex structure. After binding with hemin, the resulting
supramolecular complex mimics horseradish peroxidase(HRP) and catalyzes the
H,0,-mediated oxidation of 2,2-azinobis(3-ethylbenzothiaioline)-6-sulfome acid (ABTS)
and luminal. These G-quadruplex-based DNAzymes have shown great potential as a
novel kind of catalytic label for the development of various biosensors owing to its high
catalytic activity, easy synthesis and construction.

The goal of present study is to design novel techniques with high sensitivity and
selectivity. This paper has combines the excellent characteristics of AuNPs and
DNAzymes to provide alternative candidates for DNA and protein detection. The

dissertation includes three parts:
Chapter One: introduction
Aptamers are artificial oligonucleic acids which are selected through SELEX to bind

specific target molecules. Guanine-rich oligonucleotides are one kind of these aptamers

which can bind hemin to form G-quadruplex-based DNAzymes. In the beginning of this






ABSTRACT

dissertation, the importance of the DNA and protein detection was introduced, together
with the development of DNA biosensor. Secondly, the concepts and applications of
AuNPs-based colorimetric biosensing events, molecular beacon and electrochemical
aptasensors were described in detail to provide the theoretical principle for this paper. At

last the purpose and innovation of the dissertation were pointed out.

Chapter Two: Label-Free Molecular Beacon-Functionalized Gold Nanoparticles as

Colorimetric Probes for Single-nucleotide polymorphisms (SNPs) detection

Compared with the traditional linear DNA probe, molecular beacon shows higher
selectivity and specificity due to its conformation variations between stem-loop and stretched
structure in detection of mutations in oligonucleotides. We reported a new colorimetric
SNPs detection method by combining optical properties of gold nanoparticles and
molecular beacon with the high specificity and sensitivity. The thiolated molecular
beacons were attached to AuNPs via well-established self-assembled monolayer
chemistry. A perfectly matched target and the single-base mismatched target can be
completely discriminated by causing the change of entropic and steric conformation at
certain concentration of MgCl,. The color of the gold nanoparticle solution containing
perfectly matched target is blue and the color of the gold nanoparticle solution containing
single base mutation target is red. At last, we applied this method in P53 gene detection.
The results indicated that it was possible to accurately determine SNPs as low as 5%. The
proposed approach has a great potential for realizing an accurate, sensitive, rapid and low

cost method of SNPs detection.

Chapter Three: G-Quadruplex-Based DNAzymes aptasensor for the Amplified

Electrochemical Detection of Thrombin

A novel G-quadruplex-based DNAzymes aptasensor for the amplified

electrochemical detection of thrombin has been described. The aptasensor utilized a






ABSTRACT

combination of hemin and guanine-rich thrombin-binding aptamer (TBA) to form the
horseradish peroxidase (HRP)-mimicking DNAzymes with peroxidase catalytic activity.
In the presence of thrombin, the enzyme activity could be extensively promoted, thereby
providing the amplified electrochemical readout signals for detecting thrombin. This
aptasensor exhibited high sensitivity and selectivity for thrombin determination, which
enabled the analysis of thrombin with a detection limit of 6x10""M. On the basis of
results, this method will serve as a versatile tool for proteins and other biomolecule

detection.

KEY WORDS: SNPs, Au nanopaticles, Mocular beacon, P53, Electrochemical
catalysis, G-quadruplex-based DNAzyme, Aptamer
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Fig.1. Schematic representation of formation of gold nanoparticle probes.
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Fig.2. Schematic representation of the concept for generating aggregates signaling hybridization

of nanoparticle-oligonucleotide conjugates with oligonucleotide target molecules.
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with a target containing a single base mismatch at its 5’terminus.
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Fig.4. Assembly of nanoMBs: A) AuNPs with densely loaded linear probes: B) AuNPs with
stem - loop probes; C) AuNPs stem-loop probes and helper oligonucleotides; D) AuNPs with

multicolor stem-loop probes and helper oligonucleotides
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ZERETF, URGRRAEE, KAGEETE. NREFARNLL R RRE
(5-TRITC) ¥, N-BET B Rl L iy — AT 2 £ M (DCDHF) %k
MRS A AR RRUER, BN ERAEEROERNE, TLLLE
97%kh L.

DBMB DNA target : * DBMB-target hybrid
H-aggregation; No aggregation: *
no emission bright emission

Fig .10. Dimer-Based MB probes assay using Pc dyes and the structures of Pcl»  Pc2 molecules

HTHAZHRRABEER TR DNA BULES TRIFHTTI RS BLED T
REHI—RRR. FHATREHRNZARE T RIFEN S SRR T EHZL,
RIEIXT BT HE W T3 R I B 5 SN Bir W7 M. Fan N4
Mao MAMHRE T —M R ELES FEF (WA 11 FR). ZREENBLE
EHRE ZRRIFCERLED FEE W, EREEENFET, ZHREER
EREEE, FERBNEARERES: SNREEHIFE, 2HEHITIF, Z&
HTEERRE, FREFESRERE, REHM DNA FEAMEM.



Fig .11. An immobilized electrochemical molecular beacon

BAVMASE KR T EREE KT TR BRUZFET RO F
547, LREFBISMAFRM B DNA ME K, BEERHHEREHNS TR
EERE M LR RN R ERCYRIELR (CA), FRCEZHLAHT LA
RiE, 4RE AR R, FHALFEEHES, RUEFRAE”: A B DNA
JEE TR R XS, IR MRS TR BAEH, “ U FETFR
TR, NTRSRIEBLLES (B 124), BATFERERLE LRHH—
ETRWE,

A CAs-MB CAs-MB/target duplex

?Mﬁmu‘_

complementary target

o0
electrochemicalily inactive state electrochemicaily active state
o carminic acid momomer (b} Structure of carminic acid

o
Q@O© carminic acid dimer
o
on

Fig.12A. Schematic representation of the DNA and thrombin detection by CAs-MB.
RIS BA ) NAYIE R 5 TR AR R A LA A% L, ki RE
MREE TR PR E ERIMAK BRI RE, EHKEBROERT, B
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£R R, JIFERUERES, YEREAEESTRIFRE, RAHBUHFER
¥, fEREMASHA HFRIA R 42.4pM (B 12B).

,‘j -~:-—-b--'—-~.
dectrochomical sigual off:
-,;’f: ” @mmw @ CAdmmy
.w n;-h‘
m’%ég:u ‘ hrombi Q CAyMBY
SaTminis acid

Fig.12B. Schematic representation of the DNA and thrombin detection by CAs-MB/MNB.

3 FEENRE

ATHERERA¥PEARAFENRRE, W5 FEGHEEAERT LRIE
Riadh, FHATFHEIROARER, KKERT S FEFMNASER, EERN
BB RERRTMARTRS ST H4EE T RARE, ST RBEMER
#, EUEHXTEE. B, S8MKBEAREHEEHER, DAXRED TR
FEARMRE, METHFERN DNA EVEERAANNHFRERAERN
MEEX.

=, BRE LIRS KA ARR

19904, EMSzostak JMIGold LEERE K BMILRLHRIEY), HESH
RRB—MMGBXERREHSRARN. ¥ 4481 DNA B RNA HEH
R EERBRZHI (Systematic evolution of ligands by exponential enrichment,
SELEX) AR, BEEAMELHS FRAGRES. BREFMEAHE—HE
5@aFrM. g4 (B13), MARHFSERKBTERUMREA, may
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TR BAE. BRBERE. SAMFEN KBz RN ETEHEHF
U, FAGRERNZEYE, TRESERHRATERERENGS. CERRE
MEH#E. BAR/DNA HEARSOHRARERSHMGT. £&E. 2T
KEHEMNATIET AMIBRKNE. BREEEWIEBR, —RTUSHEE,
A G RE LR AR

“7= Aptamer
< Small molecule target

g }Macro molecule target
¢ Antibody
A B c

Fig.13. Aptamer-based assay formats. (A) Small-molecule target buried within the binding
pockets of aptamer structures; (B) single-site format; (C) dual-site (sandwich) binding format

with two aptamers; (D) “sandwich” binding format with an aptamer and an antibody.

3.1 BRERRLEEYEBR N RE
MR E ke YR8 R IE A S TR R E e BRI, R
BEHS BRAVTGEATE S R B SR AR TR i 2 e R 2%
s, FRBAEEYEBETURERLEFER TG HhImeRacH
B
3.11 iR B FE ALY RS
FAFERIETERAHATIFE, EERBEHEE BIRD THE5IRA M,
HRR A M RARTRAN GRS, ZRERZRAEFRAERR, EF/IFC. &
FHEESEERR, RARRRBERLRE. B, FRcRapEER RS

12
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XEREFERS BEAFEATE3RMERBMIAELNET, HATERLL
[Fe (CN) ¢ P S BN RIRS, RESASEAREREEYLTEEWE
BT B P R R A ST M. Sullivan®e APV F 6 1 1 5 & 1B e
t®, MR 0ESEFS SR HRRE NS FRMEBER, CRRIEL
KSR M, XA E R %2.0nM, 3 BLAI2 M NaCIARBERT BT L. Ma%l™
R TIgEE R R, BHEIEARFAMGEEHEN BAKERREE
2Rk L, MIgEEBRBMAREH RN 0.1 M. ERPHFARFHEMGEXE
G & aE hAT TRIE, HEIEBN DNAFFIRE T H5EAS &A1,
Yao/MHZ0TE 4 e 4R 2% TR FH 9 4 0 I MG ) 1 MRS 48, MO BRVRSEH, Hop—
HTEREM, BIMERRAORANKREEERNNGEE, B2 ARG
S, xRS AR FRIA I M.
312 e AR ERLIEEE

FOREARAEEYARRRETEARSY FRANGERHSHZNL, K
FeEE A LR RE RN EE RERERE, SRR BREE SRRk,
BRERBORSETREEH, ERBECEERED, FEH#ITHE, RAR
Fio
3.12.1EER YRR

%% ( ferrocene, Fc ) MIIEREIE (methylene blue, MB) E&iFtEfI B
EATFOH ENATEANGERENIFT L. HeggerfPlaxcoW A/ MR T #F
2 REEFCHESHAR signal-on) P FESMHIE (signal-off) &1
A0S 1R BIE T T A S TR RS RS ik B A%
B BIERESI (B14.A), BOFMAG, RLEOERESTHERXBER R
MBI R EMAARRE, FERLERS: MUAROBESERE, GHLHKE
W, BREEEIRIM, FMBLS R R AR R R, Bt
FESEK, AR T signal- off BB EEHAERE. FENERELERIM
REVREEARISE, DT A6t M M5 AT 2 B AW, AW TRIZ6. 4 nmol + L~'e HTEK
HRBAGFEEBRMERES, FTMaoS I AT T 0, KR T Ho—FiH
RIERS, U5EREERE, SEATHOFCDNAB LR, ERETHER, &
fE—EREE LA T EMAYERES (B14.B). Dong/M“H#MBIEA 5 S HIER
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#, FATRIBAIEDNANSEH, AERENT HESHYR, ARENBFR
H (ATP) fk: i PRAEA 0.1 nm.

A

Fig.14. Schemes of several “signal-off” electrochemical aptasensors.

Plaxo/MA X #Esignal-offtE B 83 5 Rl 1% 71 T signal-onBLE& 1L 2%, #E Tl
Z MR A S USRI BRI, A VH & 1A 55 F B AN BT 1T BRI Atk X
SHEEESHLERE, XHMBAY TEHERKE, HA¥ESRS, HREZA
RIS EFEEE, BTFHEEHKTREDNAZ BIMRAERN G, EEA
Frols b fE SR, HABRBEERE, MELETRIE3 nMILRREH
signal-of I RBBEEH. mTZERE—TEELETPREERR, TaENE%
MRS HTMER KRS T8, FkRERMIRMBIERES. Y
NROUR H— TR T A BB, KAWL %k, HEERX
TR .. ARASREENRCON, EBFEBRERTFX, HEFS
BERGE, FREATH, BFLENEDNANERR FEE, ZHKMNE SRR
Wk, RZ, BRAFEN, BFERZH, RUATZEENES.
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Fig.15. Schemes of several “signal-on” electrochemical aptasensors.

Fan% S B 2 BB T SEEM 2R MATPE 5 5 H B AMER AT Y B
gl aAKZ S WIREKE, WET signal- onB!ATPIEFE B . WHESHKIRIE,
BETHTFRABEFES ( >10nm), ATPAFAREERMBIBES.
31.2290K0Fhrid

BEMKBARGERE, FRRFRAMEREOR. RIFHSFEELURELEN—
HAERLFTFCY. BakkerF W CASH KRR FAR R B MASE AL “= 818"
ERETH&BkEE, MATEAEBCEE, EHREETFEFEERRRRN
I Cd®, SRR T RRIZ0. 14 nmol » L. AT NS HECLR ARy
KK F /i LB/ K R =R 44, ﬁJﬁﬁﬂﬁﬁ%ﬂﬂﬁﬁ*ﬁ&ﬂﬁ%tﬂ?&ﬂ%
SRR, B3 TREOREE. PER TSN S REAER, 17
TRAEE 1 b A0 FH e 440 80 R L RS 1 4k L R /40 P K KL 1 W v O 4R L P A 1 R 2%
I PR F X B K AL, BORTE S AR ALk ) 46k L %
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Fig.16. Scheme depicting the analytical procedure for using the Pt-NPs in the analysis of

thrombin.

3.1.2.3845E

BRCIE B REE TERMMIMR A, SHRFAXEORMRIE A5
BEARBONM, RSt EREY F-LAFERRGEAUANERR, W
BMEE. PDGFEMAEHIN, WLLELHE “&EK-HHFREaR-BRES” 1 “=
BAIE” G5 AIRAIE A R A8 AT B ARRIR BRI . Mascini/MA ) FIRE K BUk: L4
¥ FEMFFCHES, EROBEETRINERLBHN=HE%EH, RE/HK
MR AR D IR A K BURRTE, AR SR iR R RN EE (&
17.A). KatakisZ" Uk R BB MESE k. BEOEE. £V RIFCHUR MRS 1
MEAFIFCHBERTENYE (HRP) BEASHRKE, HWE—IEH “=H
R G, EBERPAMERR IR CMHRPY S AL SRR, TTIRHA I A
fuAg, #TRiE80nM (E17.8.

Fig.17. Schemes of enzyme-liked electrochemical aptasensors “sandwich” structure on a Au

electrode surfaceof (A) HRP (B) Alkalin-phospatase

32 BREABRLZEYARENRE
BRERESEEOTEYS FHRIAS, RATEHNES, SEATNEET

EARMMEA, LPSEAERRARRNA. #EEABRIABBRANEEN

B RIERNEEEG, TAMUENENIIRS T BEDF TFURAMR,
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BRIEARZ R, RAREVEBBZRBRIER. BHAXKME, DNABRTEE
AGRERERBORLRETEMRE, RER, RENHE RIS
BRERENEERRANBZEL, KRESHRETR, ULEESHNEIEAF
REAMFGLREFNKRBIF. #HEHEE SELEX HAKMAMTEMKME, &K
MR E, EhaEARRHNREESE N .

/9. DNA BsZeE B5R DNA Ryl = 0 A

B AT ZRREIENT AR SELEX BARK R, & Fh DNA BBt 2 8 ik th
%, HULEEN. BB RERHREURERRSRERE, BHRKT RNA
MAEAE, FET MK LERR IR SR,

4.1 G-JU%} ¥k DNA BEfI& A0t R
KEZH K DNA B2 LA DNA FFRIE AR, BAMNERLERAR. Sen M
BOSIF 1998 R SEIRI T —H G- E4H%) DNA B (A 18 BT7R), ER LA
WMERIEAEIR, —RES GREMETRETRFS (PS2M) 5HEMLEHES
¥, XKES G WENERUHREELHR IO EREE. XF G5
A DNA BB REC FHRIRS AW, EXNEKFETRNEXE
(luminol) BY 2,2 R - (3-ZHEFEHHEMW 6-FK) (ABTS) BEATHEM, XA
Bt TR B ) Hemin AN BER LR

Ps2.M

Fig.18. Proposed hemin structure and guanine-quadruplex model for the folded and

catalytically active structure of the PS2.M-hemin complex (deoxyribozyme)
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4.2 DNA Bb 2R EDERBPRINA

HF G-Ik HI 1] DNA BEESUEUK (97776 T BEX luminol AT /RIRAIAEM,
BRI 1ot 48 30 & S B B 5 K5 1% DNA BERLFIE LIRS RS E 1L AR Lo
Willner MAXT K DNA BHET WEHXHR, RET—HHNES GHENER
BERFS PW17, KR AT DNA SRR 280, ff184585d 7 & i g2 i 1
EFEGHHFES 2T DNAL, ANFAERERARRERAAKEZEESG
WEMFF PW17 %5 DNAIL, ZHFMEET, WR=9RSH, % DNALE
6 F & 2R R 5 A I 5% hemin FE A DNA B8, {559 LR Luminol
KR MTITHE EFE DNA WE (B 19).

H,0;  Luminol

Fig.19. Amplified Chemiluminescence Detection of DNA Using DNAzyme-Functionalized

AuNPs

Dong ZTHMAEIF %, Bk nmBEN—BEE | BHLAE, BEEE
SHERE, BBREAIST—BRIMHRKNERE SHE G, EilktnigmER
WA EEEERRE, FEEMREMEEA R DNA BEH, KOtR
PUREMRS . Lu ZCER KSR B =R, FRRNESBREER, B
FIF DNA BE & 6K 0.1 nmol/L DNA. Li Zi@ I Btk R Ni4§ DNA B € £
YL, FIF DNA BBIRGREH R, BULRAREK.

4.3 DNA BsZE LRy B B R A
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HERNE—E AL ARTR, REFESRARERE, HRRERGEGE
HEUE, THET DNA B HATFERMAMOY LEMRMRE T —FHHENTE,
i BB fE— R it R U, Willner AP T X EAE MR C BN 10E
5-DNA Bk & I BB B TR 7, BEEREAERITHE T —R DNA K
Fro, SERE R AE R S RE ORI PR IAE) 107> mol/L, X AMP MR RIBELF) 6X 10°
molL, HHEFHEMHAERTERBESERAMERR, EEZLT 100 1,
Dong /MA™ME4E DNA B/ EAE T REWA, MATRIRMBHERERESL S
hemin R G-TUH 44514, BA DNA BM#EMAMNR, A LERE—PE SR M
BijE, XFr DNA RO dE AR BIRHRIMER, Ll 4 5 B A0 b G r i S
mT—HMFESE (NE 20). Park NP ILEZRN DNA 0975 E#1T T #—
Sk, HE DNA | B e KIS [t € £ &1 IR DNALL, 25T
AR ERREHRGEH, REEET—ERERN hemin, EHTHHIARF, %
BRBB P L RH hemin FBIEE &, #E1L ABTS £2% H4% DNA 2 50 fmol/L.

+
HAO,
-
y€+ [ —
hemin
ABTS?
TBA TBA-hemin thrombin-TBA-hemin

complex complex

Fig.20. Colorimetric approach to sensing thrombin based on the DNAzyme formation between

hemin, TBA and the target protein.

4.4 DNA BB R E

IJUER, G-IE DNA BEfEREMFRER, BIASRURIER, &
HEMEE LR THEASS THRRERE, - SRERANRBENER
#. R, % DNA MEERFITURBEERT, EEERH, XY KT
EHNAFE. Hemin 5E& G WEN DNA FFIRARENS GRS, BREE
TREEBRBTFERTHCHPBENREL, FERATFEMERBZORIP.
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I AR BRIMEX

BEE AR R AW RINFR R AR E A RAFFIMNES), HERIEHR
FRMOHE, BN TFRANETSHRBT 2. BERMZRSARE
MHEBEEMAST. BEER (DNA) ERERBANERYR, ABREAZH
EYkmREER. MREEEH EMERE. EH. BRIHET, RTRSTH
BEEROBEREHERN LR BAREVEGYIEY, Z550B0R—
HRUAES) . FEXHEERFS DNA MR E SRR S5 BARNE
P, MERFL, BESROEHSHMGTRE T IREREX.

DNA EYfEBBHRERRIM T AT ERAHEEFFRA, UER
B, EEMES. REEEREHFARZEASMTISRNZENR DNA LR
R G-H/HA%iH) DNA MREREA#HR LT SELEX BATREL RN SES F
BAERRUEENERS T, BAELEEMEBEANRRL, HEMHENTA
REUETEHAHFBRAT .

GKARER “21 HLRHWRNME” XY, BILARNHRIMN. MR
SRR, BFRNAENE FRENN SRR, Ko, ME. t¥Emestt
RS RAEBENEL, ERBEMHE RSB, SRMRBAASE
BRNRBRET EFOESZRE, AL ZRNATHRES FHEE. F510R
WRBK. HRETR—EHURUEESBER R, WRERK, EVHERETN
WIS TS, EEMERPONARR RIFONATR, TRRMAR
RHREEEMERMEHELETE, £ DNA. oK. B BESETEES T &KX
Bk,

ARIWAR BN R : FEMREBEARE L AEBRHA LR BEN AN F
fERBEARMEE R A ELT DNA B8, REREMRBIENEGERE SN
Mt E R R G-TI4 14 DNA B 5 REREAG TR BN ERRENR
BUAERSE, URBRRBENFEMEDERSE. FRAWHANETEEETE
LUFPT:

1. AFEFFERAKER LR N EREH AT SHE S SRR
B FEFRTILERER R ORI AR A TEAN R FHATR WA
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R, WEZ, FTFEYFRARGREZELTBNRREEFFEENHENL. FX
PR ERERAY FEHEREE, HE—MFENHERMNABERS SN
HEBEAR. AEBLHKERN AR, B2 TEHEHISKREN, B&
BRHERAKEE, NATREHRRENRZIRAGN, FELAX DNA @R
WA RATYOE . REFIERIRR], T BRER R RARERTETE S,
3 HiZAeBHAR B4 H PCR I R HR S SHNNAREHNTE.

2LETF G-WAHES MK DNA A ZRRE A BRFE ST MR MR M
G-I k4 HIi) DNA BEZ—FITMHA S L E & G RENERE SRS
1, EHRELEREMUT BRI BB (HRP). FBIA K Z DNA B 5L F
REABALE, ARROBHIKRERE S GWESIMIEKE & RIS RER
M EFR TR DNA RBEfEILtE ISR S, MRE ST EMRRERBRILF
i3 TR ARROR . Zth RIS LB R MRS R, BRBEARH, i
Hegezhi¥imd, ABTHREATRERAFEY S THATRA L.
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FoF A TFEFFERNAKRERE AR ERETRFERES SHE G

B8 ATFEFFCHIRESBE TGN EREGHRFS
B2 SRR

B E HTERMBR AL T 58 E SR E R BRI B

MER AT, B ERNAESHERRENRN L. AXAET -7
ASFEERRE. REFERANINAKSRERERERYE, WIHOHEN
R BERES O ERITE. FARKESKRNBAREABHLEBIHN ST
fEitRE B E RS R REHBH UK SBHRE (AuNpsMB), HMANFEEEF
B3 (EREAFFREREMRFSD 52T, EEREMAREERE
SRBFHBNERY: MEELEELAGT, SRERTARENRSE ATE
B BRI LR R ARG . &5, BixtLOEBIERNAER Ps3 £
B b, RS HRE S ITERARER P53 BE, SHNRHES SN
Al SRERER, ARESRILATE, REMR, KR X PRERHR
HEREBIFBRTHIHERIEEZD 5%.

KB, MkeK WE BRESEN Pz

— 55

AEFZBERRO=ESER A BOERAEENREK, HPREHERS
&M (single nucleotide polymorphisms, SNPs) RFIZRR. FEABREZN—FE
R, GHTHZEMEN 00% U LU 4N EZEREBENRNEETETEME
B AN, SIS, EREHRIFRIEERCUR A VIR IIN IO
BANE, XEFERZETRE. EEMSEEREA, FANFYURRET
A8, BERROANGNES, REREK, HFESHIERARNELRTEX
B, AT BT R EILER, SHARBEAMRBERARE. WK
Wi B T SNPs KERR AR gk &K (AuNPs) 32 LA RIFHIAEYIH
2k, BRI, B8 T RAEREARNRERRIME, HERRIRHET
FHTE. .

" Mirkin BFZ/MAM PR BRI AKX SRS TH EERIEE DNA F5l, A
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F-H A THAFFCHAKSREERHNERETRFFISHES BHNRE

DNA FFlf R AN AT BT —AH . B8 “Au-s” RERFHAR
] DNA HEHFARFISKREE, SRIBRERAALE. JLEERTHNER
HAZEAERAKRREH, SREEREELTRESE, HRbLE
FhEERER, KRG EREMNPLE. ATRELEROBREE Tm
HTH, SE2EHNRERRAEFHE, DHERRSMRMRERE M.
b & AARMOEAT, Maeda A PRI T ERBESIRH B ERE IR
A AEERENME, LHSRRENWESE DNA R4 TERLEEAFIINRE
FPAIM HARA BIZCR, SIREMRM AR RERMTIRE. Tk RinaRENRR
A, WETEERRMEHGHREM PCR I LHMA.

HFER (MB) BR—HAGEREHNERBETREHS, AN THENRE
EUERRG AEEFNEEENRA IR, TURREET RHAEERR
B, REMZRAERKSE . ZEERNSRERM. Fit, 2TEEFREER
HBHREREE BRI SRR DNA MHREENHRHT AKX FEE
1, SXARBEERIKF AR EE SRENR NP, RITEHS TR
7 (MB) BWESRRME, & —MHEUMNAKEREH (AuNPsMB), FITE
RSN L EIRE. SRRHERNTERT. 2TERELSRRARET
WHRA N 130m MERRE, 24RECHSUREEERIERIE DNA, HE
BRBR FEMRELHNZR, LR SBEEE MeCLRE T HRE. #
F&E T, AuNPs-MB B 57 F DNA FHINALBERBMEMEHE, 5/
SROARBRENRE. VRARRFCHE, FEGERNEY, ARRE
RAMRHNLRESEZMMEN. RN, BFHAT I FREFNERAIER,
A SCIR H B EA N REXS R R S RER TR S, A ELRER RHER
AR H WA o
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& FFEFFCHAKERLARAN ERETRYFANES SHRNIRA
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W
MgClL,
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o
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Aggregation Disparsion
{Complememary) {Mismateh)

Fig.1. Schematic representation of the principle of the SNPs detection based on AuNPs-MB

probes.

Z RIS
2.1 AA S %

2.1.1 13

Cary 50 BV%5h-81 WA I i+ (Varian, 3£[E): PHS-3C pH it (LERERHX
HRAF): HZQ-C HERBRGFRAFERBHRTREARAE, PEELIL):
Eos450Dx 38 AHL(Canon, H 4); H1650-W B4 3 B Lt (W AR AR £ AXAR) )
FL-7000 %4 %X HITACH, BARK): JEM-100CX B4 8 F BHME
(JEOL, B%)
2.1.2 %A

FKE RABERMEKTERZ9(99.9%) (LEBEAERALFLNTRAE);
ZKAEHEEM(99.99%), ik OB, FiE LR (L Sigma-Aldrich St. Lousi, MO, USA
BRAR): ZRFREE P (Tris-HC) (P EEHEALEXAER A F);
FrRRF A e, SERERAKR ZIRERK.

ALARMEREERFSIHPLC dift, EBETEMTIRERAR)FIIR
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FoE  ATERFCHAKSRE AR ERGTRFFIANESSHRRG

* 1):

Table 1: Molecular beacon-functionalized gold nanoparticles probes and their target sequences
BFF izl &iE
AT R &R
RRRE 1
HE 1 RERR
S 5-GAAAAAAACAAAAAAA-3 F5 (B Xh: B
ERBR)
P REEIRER 1 IR
Titsh A TEHEF
5 (EXH: RE
BEHFD
RAELRE 1 WIE
s2 5-GAAAAAAAGAAAAAAA-Y sk T AR
) GRARE 2
RALRE 1 PR
$3 5.GAAAAAAATAAAAAAA-3 Tk T WAL
5 (EREF 3)
RAIREF 1 IR ER
ERELLAHERR
) (RER AR
4)
P53 ALK
£ 2
Tl 5'-ATCTACGGCACCAGG-3' BAER ps3 #K

P1 *-HS-(CH)sT1o-GCGAGTTTTTTTTTTTTTTTCTCGC-3'

S1 5-GAAAAAAAAAAAAAAA-Y

S4 5’-GAACAAAACAAAAAAA-3

P2 5"-HS-(CH2)sT10-.CGCTCCCTGGTGGCGTAGATGAGCG -3'

T2 5'- ATCTACGCCACCAGG -3' RAR ps3 HHE
KA 3(5RE
REE 1 FFIHR)

P3 | 5-HS-(CHy)Ti-GCGAGTTTTTTTITTTTTTTCICGC-FAM-3'
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R HFEFRERHAKREBREERH N EREERFIIENESSHN RS

P4 5"-HS-(CHp)sT1(GACGGTTTTTTTTTTTTTTTCTCGC-3'

BG4 (5K
HIREHESER
-3

'FRIZHS REBTAVFT: PT10 A% 10 4 T RERBE—EHNARTN; FHPRERR

WA,

2.1.3 DNA £H 7l
BERGERFIINEH S HELREM TGS, Mikh:
http://dinamelt.bioinfo.rpi.edu

Table 2: The structures of molecular beacon-functionalized gold nanoparticles probes and after

hybridization with target sequences

LA T 25+
(1) ss(P1): . \/T/T ‘7\
Tn=55.2°C ! H
\ !
AS=-1444 T*K?—«I:"(
AG=-2.6 il
Lg
AH =-474 s —b—t—>
T’c—g\:— >
(2)ds (P1—S8): ,_zii‘—'
Tm=33.1°C o
AS=-3143 };:;
AG=-6.6 4
—A
AH = -104.1 ?—c—a—A—o—-izi_—— :
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FoR  HTERRENAKEREERENERBEERFIARES SHNEY

Tn=334°C
AS=-320.5
AG=-6.7

AH =-106.1

(3)ds (P1—S1): - :c?f—_’
To=41.7°C ig_ .
AS =-360.6 4
AG=-9.7 - _5_
. AH=-1216 gomone- e
%
(4)ds (P1—82): -— :i’“'

(5)ds (P1—83):

Tm=33.3°C
AS=-3278
AG=-6.6
AH=-108.3

3
*'l-w "
tr

i

4-""-"-4-

Tn=20.3°C
AS=-178.8
AG=-45
AH=-60.0
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£-¥  ATEFRTHAKERIL ARG ERETRYFIARES SR

(7) ss( P2):
T = 55.4°C
AS=-1303
AG=-24
AH=-4238

(8) ds (P2—TD:

T = 55.8°C ;f: '
AS=-323.7 e(f_igﬁ
AG=-14.5 _ _%
AH=-1149 -

?—G—O—T-— _i.i__,

"eﬁc!';.“ ]

©) ds (P2—T2): -uiii:}_
T = 59.6°C =5
AS=-335.0 %g
AG=-16.1 "fé
AH=-120.0 -

j—a—c—T—c—i—i— x

22 KRB

2.2.1 KSR HIE
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=R ATERFCHAKSRUEERGNERETRIFFIEMES SHNAY

Ak &R A HE SRR TR ER =1 R HAuCL &), B B
BB F KL, BA 2molL MEEAMKERENM 2h, EHTHEH.
% 98ml =IXKFEBKA 2 ml SOmM EEMBMRE, PERH T MAZTHRAED
FEAEREIGE), BEMA 10 ml 38.8mM HFTER=ER, BREVMAZHES,
GREEREH 20min(EBRBRBEEATLE, RAERABE, BRERBELE), BE
RERRENRAZZTETRIEAH. HRHNENERBHE T THNRAKERP
T 4CHKETBREER, BHAFN.

BR—E BB EFHERBEMKREZE 1 ml, WEZEREHE B AR
¥ A, 77 520 nm FZEZE K T 0RO REME, 1B e20=2.7% 10°M 'em™P, AT A7
&K ERTIIRAAEN 13 nm, HHBHEEHR 10.8 nM.

2.2.2 AuNPs-MB 4+ %1 %

AuNPs-MB 54t i & SR U B2, B 5% 1 0D &4 DNA (~3.5nmol) ¥ 75
350uL BI=IRZEVBAKP, &% 15min, FHRSERE, HHBA 1200 uL 10.8 nM #)
SRERP, BREWIFETRKPET 120 AR5 LR OBBEPKKMA 17.5 pL
1 M Tris-HCl Z i (pH=7.5)F 157.5 uL IM NaCl K¥&W, HERFGHEF 12h. 25
XAMA 9 pL 1 M Tris-HCI 3 (pH=7.5)81 90 pL SM NaCl k¥, -8G5 18h
R, ETKETD 4CEALRF 18h.

KAERNERREER, 7 13000 rpm/min 250 30 min, F& LERE, B
ZFKER, B0 30min 48, FEEERE WEER 3K HEHRBHEEN
DNA ZB. #EEHENEBRE 2 B7E 600uL 20 mM Tris-HCl (pH = 7.5, 100 mM
NaCHA#H, WA 2.5 uL 1mM W38 CBE(EERE N 4pM)%E B (10mM Tris-HCI,
pH=7.5) &5, B AEHL 30 min. REMA 600 L ZRZEETHE, ERZRM
WECE, ALIMIEM. ERZR. BREOSE, LB LER M=Kk
EAE—KE, MA 600 pL 20 mM Tris-HCI(pH = 7.5, 100 mM NaCl ), B&#XT
4CHEPRAF
223 SBREHREFEGE

EREROY FEAELZROTESECRDY, BEREREEH P1 FFIHERRN
HRRARE 3 HBERFIE 222 BITARMNFACHLESE, MA 1M HEZ
RUKBBEERERNFELRIRER 12 mM, BTHRSGEE 18h CURRIEN R
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F-¥  ATERRCHAKERHE AR N ERETRFFLRESFHN A

I ERE), RIESREEHHRERGHiEETLRA. BOREER A
Tris-HCl 2R BTN . H—RF—REN TR MR TR %
RS iR 36 R B 0 pH A TR — B, LMRIES LR FAM HIFF5ERY
—Ht), ARHNEBEHEBOTARGEE, BERARIEK En=518 nm 5KEE
B, BEmE, A ESRE TR EE.
2.2.4 BRI

4 HER 225 pL AuNPs-MB (B 5K 1.3X107 mol/L), 2 HIIMA 456 pL 20
mM Tris-HCI (pH = 7.5, 100 mM NaCl, 4 mM MgCL)#ZH¥EH, 19 uL 10 mM FIA
A B A% DNA(RJGKE 2.7X 107 mol/L)5 A R IM MeCl, IR, TE 0
30 4 DB AT 400—800 nm (OGO, 4 BHET B BEMAE 520 nm
0 600 nm L HIRBIEME, B I= Aq/Asyo KT B SRAKBRRERKE P,
I A LA B K 50 AuNPs-MB %R 55 EFR 2431 AuNPs-MB &), 4 1 X¥F
) t YR, W LA7R 3 4 RO RHL 2 SR 72 FE B B [R) R AL (93 11 3 i £k

= GREW#R

3.1 &RREHREEEMGH

ERREHREEFENHEMOT EFERE RE, 0 HES RRERREER
HaTrmg B8, sRd, BRI T HRSHEHREER FAM MFENE
EHUHERIRS F5(P3: FAM-DNA-SH), 1%/ 223 MR HBEELBHEHK
KFH I LER, RRE—ERERATEE, SRUE 24 BEFR. HEH
BHRHIRARETERA 1x107 mol/L~1x10° molL H&—EBHECHHNTN
FAM-DNA-SH 8 Tris-HCl ZvhiH, RKEBEME 2A B a—f Fim. UFARE
BExt P3 WHIIRIEAEE, W 2B, BB RIFHRESTOLRENIFHEL.
WERHEHAGE, SMERREREHNERREN 4715 &, REPKHEH
(NanoMB)& il & I E R B 4415 48D, AAHBEERHBIHE (96 £) 1
ZHZ—ELP, RITAARZES FREFNEREHFEMHESIRY, FeRK
mMERERNS TEERGEDRE, HAFELRRONES ZERATHNERS
H, W& 2(1) '
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F_&  STEFFRCHARSREERANERGHRTIERESSHNRA

: 35 5 8

Filuorescence intensity

- -

© W % M N0 60 o0 0 B0 M Q0 02 64 05 08 18 12
Wavelength{nm) Concentration of probe CiuM
Fig.2. A: Fluorescence emission spectra of different concentrations of FAM-DNA (a to f:
1x10”"mol/L~1 xlO"moI/L) and AuNPs- MB-FAM(red dash line)

B:Calibration plot derived from the fluorescence spectra at E,=518 nm

3.2 AuNPs-MB1 Bl R F MgCl, IERIZW
RATERA R T REREH Pl (AuNPs-MB1) X EFAR AR S AIRZRR B iR
£ MgCL¥RE 2 5% 2.6 mM (B 3A). 40 mM (& 3B), 60 mM (/& 3C) 1 90 mM
(B 3D) fEATHRMEES . RIBEE MeCl, YRR M, AuNPs-MB1 AT I
ELFREAE, RRERMEMH MB1 HZ-F L1 ZRAIFEAM DNA &5
B R ESRAKBRIEE M BAEET . & S S1 HAF4 55 AuNPs-MB1 3
TR, ERERNARRBENERE. 0%, HHPE5REHEE (SD #2X5
MERERMIEEFELER () MHE, 1ERNRNELENEE, & 40mM
MgCl, A BE IR IR KX 43 BT A L 054 3 40 mM MgCly 1R A BAEX 2 E o
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F-E  STFEFFCRAKERIL AR EREHRIFRNES SN R

030 [ 1]
g Notarget A ~-~ No target B
028 11 -4~ Single-base mismetch 07 4] % Singo-bssemismach
6 Pertect match - Pariect match
026 1 o
} 0.24 4 3 05 4
3 02 2
HEbe ettty 04 4
w 4
03 4 MM
048 4 .
02
0.16 4
r v v v r v r [ A - T ’ T v v r
4 U] ] % 15 2 2% N B 4 (] 5 " 5 2w 25 B B
Timelmin Time/min
(13 s
- D
~9- No trpat ~g~ Ho target
0.7 4| 4~ Singebese mismasch 0.7 { | ~= Singlebass mismatch
~#— Parfect match -8~ Purioct maich /./‘,.
(13 06 4
} 051 } 05
2 04 2 04
6.3 4 0.3 4
82 024
01 T T Y T * T T 03 r . . v : -
£ 0 5 0 # 2 2 » B K] 0 5 10 % 20 25 W 35
Time/min Timemin

Fig.3. Effects of target DNAs and concentrations of MgCl; on the stabilization of AuNPs-MB

colloids. The samples in (A):2.6mM MgCl,; (B)40mM MgCly;

(C)60 mM MgClh;  (D)90 mM MgCl,

HAEBRMFLHEER NS RERERMERIEDL E4H01E, kM
KB W EEHNBT DNA 2 TFEHH=ERRRESEN, SE—CHM
BB EMZMATS RERARM 8. £SRREORE &M EEE
FIEHT, RIMEN: hTRRE> FEFOZHGHH0ZRAEKMN, THT
WRLZ MEEEES, HREET Mg" N EHIEW, RiE AuNPs-MB BRI E
L ERELRNEEERAAZERIZEW. T34 BE5H 2 TR,
SRCRTTERRIER DNA XURERELH, XA RIS BRRLZ MEHF 7,
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FoE  SFERFCOAREREERE X ERETR T LREL SN

Bgm g FAE M EER, ATTSBERAKTRORENTRE, WTREHNE
2(1, 3) Fiw. AN, WEARKBRFCHEHENHEE, TLER, REHA
#5 S1 5 AuNPs-MB1 & EME T AS &b 2162, XHEAER HEK S 5EKIH
SEHE, AMERARERRE, SRENESRED, RLFF S 1
[ ARG FE S1HE.

3.3 AuNPs-MB1 K4

33.1 5E#RS (AuNPs-L) EHHEHE

FAVER 52 TER (MBD WMERENSE—-BMEBRE (L) #17
B, ZET MB MERREARNAHERENELEHFINGES . TRERD
R 3R, B 40 mM MgClL 2% F, AuNPs-L M 5e2H M5 g B i7fy
SRREGETHE (5~ M (g—1p A 0.0073 7 0.0739, EAREELH R
WHHEFF 52 TAFFINRR. 3% AuNPs-MB1 IS, H (s~ A (g
—I) 7374 0.076 71 0.4548, T2 P UL B B ER A F Y 5T HAFFIMIRG.
BRSUEN T AEZHHE NS FEFRE S0 SR B E S 5.

Table 3: The value I (A600/A520) of molecular beacon and linear ligonucleotides functionalized

gold nanoparticles probes and after hybridization with target sequences

AuNPs-MB1 AuNPs-L
Free of | hybridization | hybridization | Free of | hybridization | hybridization
AuNPs-MBI with S with S1 AuNPs-L with S with S1
D 0.2260 0.3020 0.6808 0.2583 0.2656 0.3322

3.3.2 AuNPs-MB1 SNPs AR BB EZ RN EHEEER

FERAER 40 mM MgCL T, EA19 7% AuNPs-MB1 FIIA S. S1 B#x (SI
2 S FMRE CoA RE) MERERIET LM TEM SRIE, SR0E 4 57
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$-H  HTFARECHAXERIARHNERETRFFIERES SRR

7o MRS B 4RH AuNPs-MB1 B B R RITF, 2R R ERAE (B 4A-D,
7 520 nm A HB 13 nm ERMSROFERYKE (B 4B LEEL). THMAH
7 S1/E, &REIE 600 nm LEIRKEHBFE, 520 nm FITKERK, Btk
BB ZE 535 nm, KRN EHEAR (B 4C) FUTFE (E 4A-2). 1R$EE 3B, 30 min
e B AR IR, KA1 HBARERN 5L FSRHER -1 i 6.3 5 %%,
RWHFEREHNERES AE RFNERRZRES,

O Y.

03 4

024

SRR SN L E R 045

0.9 9

990

Wild target Mutant target

Fig.4. (A) Photographs of AuNPs probes (1), mutant target (2), wild target (3) after the
addition of 400mM MgCl,. (B) Visible spectra of AuNPs probes solutions before (dash line) and
after the addition of mutant target with 40mM MgCl,. (C) TEM image of aggregates of
AuNPs-LMB with mutant target. Photographs, spectra, and TEM were taken at 30min after the

addition of 40mM MgCl,. (D) SNPs detection capability of AuNPs-MB1

FIRRATFRT 40 mM MgClL 2B T, SNPs B C G (82), CoT (83)
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- ATREFCHAXEREERAHERBGTRFFERES SHH R

AR, % AuNPs-MB1 AR5 RER B SI. S2 M1 S3RXSE, FIBNEKK
ARGEHEEH, 2R 30 min K [, BHERNE 4FHim. TLUER, X
FSIHNREHES (sl B S2HRHES Usl) K491 RS3IET (sl
142 f%. XAHERBT GWEMN TREXZ 55 EMH AuNPs-MBI 3551
MEREROMEERE ARENE, BUELSKRNRETHFEER, MMk
HR AR RRLRTRAM AR, WASTEREHLANEGRTRE SIS ST
ot LE

Table 4: The value I (A600/A520) and emtropic effect of molecular beacon-functionalized gold

nanoparticles probes and after hybridization with target sequences

Mutation site
Mutation site (18™ base)
(13" base)
Free of hybridization | hybridization | hybridization | hybridization
AuNPs-MB1 with S1 with §2 with 83 with $4
(C<4A) (C€G) (Chidl)) (A€0)
AS -1444 -360.6 -320.5 -327.8 -178.8
T cag00/as20° 0.2260 0.6808 0.3180 0.3348 0.2632

TASKERTHE, As RETRERAS (A% 2) Ha@a.

3.3.3 SNPs NAALARER R HEEERAER

ETFAFERREENERERGHFRET ATERME AN REE, A
% T7E 40 mM MgCl, 228 FRREAE AR FIAL A8 R A S LR X & I FR e MR
FE 5 HEET RN MLER 23, 6), LRERWMK 4 iR, BT HEREYH
¥% S1 41 s4 51 HSRTE 30 min BHAY 1, TUBHBEEOREMLANAR, 1E
BE R MR EAR, LM ABRELSRRE, | A/ ERERABRGE.
FEVHRHTLRREMN DNA BHERE, FRAMARESIER. RABIH
ST AR H AR ER ER AR RIFIIRMWAMEK 2 HEN

3.4 AuNPs-MB1 ] SNPs € 2Rl
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FoH  ATEFRCNAXSRUERH N ERETRFSIRRES FHNRA

LA FERME (allele frequency) FIE BT EX FHFA SNPs 5HRMAHRKER
BAEEEME Y. RIVATHEBEMERIE (allele frequency) 5 1 EZMMKR
K& B E S ERME. REY B SI MHFER B SKBARLH (0, 0.05
0.1, 0.3, 05, 1) BAEULBNESMERMEHRIIER, BEHFNBRER
#270nM A& # LRRHINEEREK S 55 AuNPs-MBI #ATZ3C, ATHEN
40mM MgCly, FRESMT A JREEHIRE M. BENHF WA 5 7w, BHER
RUARSEEM, SRPAKBRMRENEZIEK, TUEE, AuNPs-MBI
BRI %N SAEESE, NERERERYEF 19ENTERHFFET,
AuNPs-MB1 HAABER I HH RE R HiR. KB AuNPs-MBI BESCH RAFH) SNPs E &
wdl, FE—ERRE LR E H R LR



K S FERRCHAXSREERHNERETR I SRES SHRRHN

0.7
A o /\ 100%
*
. *
0.6 1 ® ¢ ® 50%
L [
L J . . *
'-:g 0.5 9 F'S 'y - L 3 0%
< b . 0%
<§ 3 ° » v
_— 0.4" [ - v
v
L e L 5%
b v .
0.3 *, .s?»?»i;ﬁ’**“
o b AP I S
0.2 v r T r v T T
5 0 5 10 15 20 25 30 35
Time(min)
0.8
0.7 4
0.6
&
-‘!s 0.9
<
0.4 1
0.3 4
0.2 T T T T T v
0.2 0.0 0.2 04 0.6 0.8 1.0 1.2
Aliele frequency(%)

Fig.5. (A) Kinetics of aggregation of the mixture of mutant target and wild target at different
allele frequencies after the addition of 40mM MgCl,. (B) Plot of Agp/Aszo as a function of allele

frequencies. The total concentration of mutant target and wild target is 270 nM.

3.5 %} P53 ZEHE ] SNPs #1R5)

AR ETENEEY, BAMRE RPN T —R P53 BEFFIHRE
B4 P2 RAHN M EFERER T1 MRBRER (T2), FXENMSEHHT M,
RE 2 (6, 7, 8), HIBHNMESEHH D AuNPs-MB2. HEMNERKY, %
AuNPs-MB2 7t 2.6 mM MgCl, #1355 T st BB KRR RERIX 4> T1 1 T2: T B HRA
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T2 HES (L—1p) BT (-1 #9.51% (B 6). 5 AuNPs-MB1 L, Z#REt
B th I B, X B2 5 DNA 5 sh R R 5 SRR A R 3 F1H 2,
SHTERENFH OHEIHEER. T BEEHETSSRIFRNLRR, B
WEAF &R, TERE PS3 BT GRESEST THE, MM HE
Bt /1t AuNPs-MB1 %, ZEBKIER MgClL, MEMBERPRAEEEIX S, X
—AEA T A i AR AN, N HE S N R IR T USSR AR RS
BHE B SNPs iR7.

04
P53 gene segment
0.3 1
T 02
0.1 1
0.0
Wild target Mutant target

Fig.6. SNPs detection of P53 gene segment.

M %#

AXRE T —HEFHFEFMIR SR A RPGER R B SNPs AI377
. TRERRY, BRASTFEFBHRLERT P REESKIELRTFIEN
RRBENRS, 5HKESREARNLEEEREET MTRA: D ERABWAL,
SRFELERAERTHR, THEBRORBEE: 2) WRERBALREERER
AEEHARBREA, TFEUARKELTHTNA: 3) AHEEZRTRAR
MREPETIAG, fejfatRid: @A T EROBME, BUTIRSR. Bit, RLELR
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B=E BT G-I5 A4 HE DN S F BERIE RSB ST AN LS

=% ETGHIHEHK DNA BRLFEREREBREST
S 00 L

B E AXNHBETHEE G-I DNA BRELERRE KA, M
R 111 B % 15 (Thrombin) MR X R 10 RS S IR LG R RS, &EB
BFM T — e RAU T EMIT 2 ARHRP)T DNA B, TRIMKKEES
G-I 8 1 g RS S (TBA)AL BB G-T M ik R B i M ZE & AR
RO ORAEHE, TLERNMEEANEET, X5 DNA BHELIEY
BRI, BRGT LUE A i B A TR AR o S0 A RIS TR B AR R
BRENREREEH, RRNAZHMAEANSLEAEASHEM, ARAET
SERRRER AR . R o1 TR PR S AL 0 R0 R, A R 5% gk M TR R
&3 6X 10MM, TENRNAEAREEEYS FRRIEHE—FHERLNTR.

KRBT DNAM HEEH Bn8 G-Ik Bk

—. 5|5

1990 4, £EH Gold "1 Szostak PHFF /M4 HItE T — KT 4 2 AL
BEREHUHEAR (SELEX) TR, XF AR S L% AR HEAT 0 A IFT R
f. BEEHARBEIM DNA 8, BT RNA BETEMEIL RNA FIZRMEM DNA [0
RN EP Y, ZTEAMTAERNFROLEENTHMIEN. 5 RNABHE
BRI, DNA MR, B, REALREHA GBS S HEHEL YIRS
FEETIEMNA. Lu MRAKERFRY DNAK, FRESRBETERSR
MRS A E A, HATRY)E CHL AN Py O U0 %, ETERBE
&, BRNT, VESBETHRMARTHNAR. B2, MLrXLmai
DNA fEAEE, RARMER K G5 ZTU ERRE, AEIRKIATL DNA
s 2T L RIIMRIR & B A W 1E AR, X7E—ETRE LERREFRK DNA BERYAL
AN 49T DNA BERITaEE. 1998 4F, Sen MPIGEL SELEX BAME S T LA
AR DRI I — X B AU DNA B, EMERERR—BRES G BENERY
HRMFF), RS2 AR G S, XRERZHMALIE 24 1M



BT BT G-VIAAEHE INA A FEREH B RE SF RN NS

[ PSS.M, AL 18 MEEN PS2.M P51, X431 DNA BERIL I RHAR
T B (HRPYIRBU AL YR, ZEXVEUKAFTE T BEREAL &K i (luminol) K OB, thEE
ik 2,25 R -NG-ZEH HEM-6-BHEMABTSERFEN ABTS "E™=Y, X
FREEILRE B B RN B R B RN B, R — RSB IR A T
WRLAMBRBREBRBHETEST ARAESH DNA SERHEY S 702, B
EiXF DNABMTI RGN, — R E & GRENERRERIERE, K. pw170%),
ARGO100M# TBAU%:, HIESLIaE SR G-TU4 A HE S F DNA M4
¥, Williner MAREFMAFRT PW17 FFI S0 ST DNA BB A T HE
MR EA M DNAUST, g8 AMP[AIHIEEIEHD), HRAIET Po™ A
LA E MK DNA B89 THL I Po? LA B M2, TR RBUEERRMR,
B NFHEE LR . Dong MABEAE FF R MR REIXF IR ER AL BRI 1%, A1)
RP—% KPR EA(TBA)E & G BEW G SRR G- 4%
W, REEENEZ AT, MHEkS TBA ZRINEMER K=37220M, T4~
44 TBA AR T BEAHNRE Y Ke=23puM, & TROELEE, AL
HoSieR 8 2R (30 0. |

B EERAMRNEIR, BANRIERQESHE ST RIES S
ETMER. BOEEAEN—HLEREAR, EREFRPHTESERENS]
fr, EMERBE, BEEENERERERBNTFREATAENRENRL.
HAEERERERE-AUNRMREE, BEMR, ERENNEREREEX
RERAENSERBRPRE. BR, HildU¥EBRRREAFEEEHE LIFC
—EREEEEY RS, W %%k, EREENERIELEEDE, mig
SATE S R A SR ELR ST BRI AR,

AL AR, HRIRE T -HHFRENEFFCHEERE HA G4
DNA M5 {i BRI SR S 178 R BRI 5 59 KR AURR MBS A s (L 2 4
k. HTi%DNA BB G- AR R CELBENTR, FUESHEER
AR T2 ATH HRP ARic @ 142328, BT Lg% HRP ARiC S BRAIBLTh 1 A
RREEBA, TREFRCHOBLESRRORT. £RESMRTRENTE 1 5
7~ FEBMNGRLEOEALET AR REE RS RERA), RAEEY
HGECESE, BETAE—ERENIMREZMEPETHE, HZERITEN
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F=E ET MIMASHN DNA B b Z B RE R BB (5 ST MR M A

B&H, BIERAEHERR. BABNEHREERBEELEHT S BirRnREsE
T8, HTERSROMZANEENANGE, FEROBEHENREE, &
hEhEE 2 FEA B BRI, BT NEKFETH DNA BRIAEILE B
FHRIE W 2R RS TR AR E R . RYROBHEERS DNA M5
HRRENBHREAMNEEER, B, WUEE HAERE K P 1k
V5 P R S B e 2 Ky R A A D

H0,,

f/ Hemin=Q

J

N Heminl)

Hy
= Au Electrode \WAWA Aptamer @ Hemin . Thrombin

Fig.1. Schematic of the thrombin detection based on DNAzymes

. LR
2.1 R 5158

2.1.1 {% 2%

RALFETIES 832, 660C; ZHIRAREHRTIEHE, AgAgCl BHLHE,
Pt WHEAR), BARR (LERENEARAT): 85-1A B HHHE (TEAXH
FHUBHRRIEAE); BN,

2.1.2 #l:

WAL RIE K (Aptamer 5'-HS-(CH,)sGGTTGGTGTGGTTGG-3") ( L#E4AT
EVBARSARAT); 4MFAEABSA EREEEPHBERAR): HHEMH
(Lysozyme LI HEEEBAMFIRERAA)); B8 (Thrombin LESREDEH
HRARD; Fizk CAE(MCH), PM 2 (Hemin L# Sigma-Aldrich, St. Lousi, MO, USA
HRAF): 30% H0,, —FEFDMS0), BiHEE X-100, LTI K;[Fe(CN)o)




=8 BT G-I REHIE DNA B AL F BRE b5 B B A SRR A A

(LBEBRHERLFANERAT): ZRFEREPRIEMKE(Tris-HCl) (FEE
HERMEAAERA R,
BRI R e, SERERAK N ZIKERK.

22 ERPR

2.2.1 EBENHE
% aptamer ¥ T 200 mM Tris-HCI (pH=7.4) 1% & B E) 0.1 M BIVEH, 7 90
CTAH 10 min AFIREIF DNA WESESHIEI B 9. Hemin £ (0.01 M)%¥## T DMSO
o, 7E-20° C TIRAF, FiEukRE% 51 FIZ M H#R QS mM HEPES, pH=74, 20 mM
KCl, 200 mM NaCl, 0.05%(w/v) Triton X-100 and 1%(v/v) DMSO). &HEH&A 0.05 pm
HEMERRITES, 2AEK. ZEAKPEEBE S48, 7£ 1 MK HSO, 8
PHT R ERIFR LR, ENHRENSEE, AMEEN (02~1.5V). &
FIF A AR R TR R SR TET 200 mM Tris-HCI (pH=7.4) 0.1uM aptamer ¥R+
4°C 483 16h. PEHRZJE7E 1 mM MCH % F (10 mM Tris-HCl, pH=7.4)54L 2h.
B A FREERE 4 hemin(0.5 pM)3EFF 1h (25 mM HEPES, pH=7.4, 20 mM KCI,
200 mM NaCl, 0.05%(w/v) Triton X-100 and 1%(v/v) DMSO), 78 BIi& k15228,
2.2.2 B EERRA
¥ LR & T BB AL BB PRSI R E ) thrombin R P 37°C #
& 0.5 h(pH=7.4 Tris-HC, 140 mM NaCl, 5 mM KCI, 1 mM CaCl,, 1 mM MgCL,).
2.2.3 BLER
Zrhic iR E RS FITLE 30min B K — EIRE IRV K AR A P
(10 mM HEPES, pH=8.0, 50 mM NaCl, Cior=18 uM )7F 0.2~0.8V(vs. Ag/AgCl) I
HETERA, 5% 0.1 V/s HATRAEEIR R RN, mi2iEsERA T#T.
2.2.4 HBAFHEHRA
R FPFARRIBAEH 0.01 mol/L Ks[Fe(CN)s)/Ka[Fe(CN)e] (1:1) 0.1 mol/L
KCl #. RRMFIRMSEH: Wb 021V, HEEH 10° Hz~1 Hzo

= GRE0#
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F=H BT CIUMEGHE DV Bt ¥ BRIE B RE ST AW MRS

3.1 BALERHFEHURNTERR 201 BB R

LHBEAEREMERA SR W BB REPAT AN T, TURERRS
WRATSAHHR, SFEERMAHT (impedance), FKif L F1&% B (Ret)yE K EHK
FEER. Pl REMES) BB R R K. ERBRBEHRAORR, Fi
TENFEZRERNER, LFEFTRRRPSHBLEFED R M [Fe(CN) >, &
B EINyquist i (BB B E A M Zin Xt KT Z 1) ERAHEM LR
FALPRS, RPRAXMENLABS HR FAEdREs, LERXIETH
WRetBI B H. BATKAHCHIG60CER A ZETIEY, ME&BRRRLERREMHIREE
T T B (Nyquis) B RE. LREROTEIFIR, Blaf&RERIREISH
Nyquist#i£%, #12k /RIS Bon /D FRM BT, R B /D R~200
Q), P BERRE R FERIRIR, JLFAZME. A% LEREANFECHE, -
B T & R BB B 3 R AT S5 [Fe(CN)e = A B s HE R AE A, BRER[Fe(CN)e]>™*
e RRREHTRFESR, BAXHENERALTRERENRS, FUR
IR HTS R INEI 1195 QF1650 QEA (B2b, 2¢), HAMTFHREZHLEBTZE
REBRAA AT &K L RENK T Bbl. BEERELE—F1 1M &
MEETE, RIMSERTIRFENE S, FHEAMBAIIRS KQESE2), -
e R H A S A RN, X G R i T MBS & 9B KR BVE S e B A R T,
e FEARRKSEARRE, R MAFAE%ET LR S ERING & E AT e
R EY.
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Fig.2. Electrochemical impedance spectra of the bare Au electrode(a), the Au/TBA electrode(b),
the Au/TBA/MCH electrode(c),the Au/TBA/MCH/thrombin electrode(d) in aqueous solution

containing SmM |Fe(CN)6|'” “and 0.1 M KC1. The concentration of thrombin was 1pM.

BT H— SR EARRE DNA BFL 0T BRGS0k 5 R 10 58 5
FRALRRETREBIRUNEEY, RNSHNGHTZELRETHE. IiF
R4 JIII7E 18 uM Ho0, B9 HEPES MM hitAT, MMRERRIRBEAIEE R B )
WA —, TRERME 3R, SRRELTEREFNFECHE SIS 18
UM H,0, I BB HEPES ZrPHi P T B ik 2433, BEME o0 REXERE
i 0.5 uM IS E S BT b), B HB ML a MMk b TUABEE
B4k b 75 E=-0.380 V &4 L T IMEK AT IR, X W 46 R B T Ihi 8k 5 iE 14 B¢
TR B B S B i B AR R A R EUK P AL g . JRIR AT
B2 B FAMRBE SRR PIEZE K SBBOMNE RS S KT G-T3HE
S, HMNRBSRGHR RIS, N E— R RAERS. REBILERRE
1 uM BOEERPHTIES, EREARERSERIESS, BRNELFER
R ¢ Bim, TRURBMEL o A0 Tl b WRMTREEE. KFTSHEH,
B EE R A MAERTE, MER SR RRE LT BW, B K~3712uM
RHEE K=23 uM, BIEESE A2 MEEEMAME T G-lU24k%H, DNA Bf)
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BZE BT IAALHN DN ¥ EREREERE ST HaNELE

ReALiEtEth F SRS, X DNA Btk RE A B R ILEIER, A
BRSO R B ST AT B AL AR R M B . BB IRE H R UL G-I
SR NMEALEH, BaXEAREY G-HHARE EA M TINKKI KA
R bk R AOIRE, RAVGEIMAS SR BT TRk, A
SEMT, BROAEEERENEBREHT | oM BROMBHZTEHEAE 05pM 0t
WM E, BANFERREHEME 3d frm. mELETH, DNA Kgrt
WK SR SR M T B 3 K, X T B R ol TR i B AE Py R T ) A7 AE FRLER T o
BB, SEEMEAELGRRMMEKE. FTUATRS, BRI T LR
Bk, X5 mHEmA .

0.6

04 1

0.2 1

Current/1e-6A

0.0 1

0.2 1

04

0.2 0.0 0.2 04 06 08
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Fig.3. Cyclic voltammograms of TBA(a), TBA/Hemin(b), TBA/Hemin/Thrombin(c) and
TBA/Thrombin/Hemin(d) Au electrodes in deoxygenated 10mM HEPES, pH=8.0, 20mM KCl

and 100mM NaCl buffer containing 18p¢M H,0,.Scan rate: 0.1V/s.

32 AR AT AR
AL KAEFRELERRT TBA/Hemin/Thrombin EBRAECREN 10 mM
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HEPES Zw ¥ (pH=8.0)F R R R B R 2 k. 4 RmE 4 5w,

BEE R E B 60 2 250 mV/s H KIN, DRk E R B RREENEMESL

HEEm, KHUMXREED 09937, EREANERATHE, TTHER dTaKERR

SUERAEEBRREET G-HARMRMEHE BRREH —EHER, 76t

REREENE R, $7FEBRROMERFEZ—. ‘
RIFARELaviron 522 Q=nFAI" (1)

12

Current/1e-6A

0.2 0.0 0.2 04 0.6 0.8
PotentialV

Fig. 4. Cyclic voltammograms of TBA/Hemin/Thrombin modified GCE in 10mM pH=8.0
HEPES with different scan rates (curve a to h: 0,06, 0.07, 0.08, 0.09, 0.1, 0.15, 0.2, 0.25 V/s).

Inset: the cathodic peak current of DNAzyme vs. scan rate

He, I"E8EEREYHREEEE (molem?), ARBREH (cm?) QREE
(€) MEURZEAMETERE. 0. FAMAETFEBENENEFE. RE
AR, ATLKEEHRFMDNARIE % B0 ME 43.49%10™" mol/em?.
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B=F BT CUABLHE DN B FBRIE ARG ST MR MR NN

3.3 TBA/Hemin/Thrombin E % BI% H,0, i F E4LIE R

A LR K HTEIMRZER A T B DN ARSI £ B AR S UK M98 B e ik o
MEAFT7R, H—EEBIHOMAZFIBRERI0.01 M KJHEPESY #F (BISb), S¥H#H
FAFFTEH, 0.0 BIFERR R L 2k R4 T 9 B 8952 (B 5a). HAPZERAIE=-0.380 V
HI T Fe"/Fe" EALE FT R A S RUAF A 5 ,

HRNMEN T,
1 2
v O’
H0y  H0 NTT—
\ -
N N FaV / o
N/ Né:""'N/
Fﬁ“
§ i OG
Og e 0 18
" N;‘!*:'N
L]
N——+N
O . 3

TR B R H,0, MR I M, EXNEKKRELE 3.6 ~ 144 pM
HHEHAEE, ERRFHEZERR, 1(RA)=0.105+0.006[H;0;] (pM), LHEHXR
£ 0.986, ¥ DNA BCLRIEEERRRE, 34 H,0,F REFHELERE
W REAERP, BFRERE A BT R RS S R REER S, BRI
Lineweaver-Burk 77 2P /Ie=1/Ina Ko/ InaxCrio KB ZEM HRIF R FRIE,
HBIKRFEH K234 pM D FE53 ClkIREC> 3, 180 DNA B85 H,0,Z A%
T RIFHIFAME .
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06
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0.2

0.0

Current/1e-8A

0.2

04 T T T M !
0.2 0.0 4.2 04 06 48

PotentiallV

Fig.5. Cyclic voltammograms of anti-thrombin aptasensor in 10mM HEPES(pH=8.0), 20mM
KCl and 100mM NaCl buffer, under N, at 0.1V/s before (a) and after the addition of (3.6, 5.4, 7.2,
9.0, 10.8, 12.6, 14.4) x10° M H,0; (curve b to g). Inset: the plot of the catalytic current vs. the

H,0, concentration.

34 BMEHERRT

HTERORIGOE, HRCRANE, BEREBREE T AR LA
FHITHEG, AR TRLFESHRN. SRR ¢ FiR, EMARLES,
WA, FE N R NIRRT, AR R LA LS
Bk 1 - R -V Ok B - 58 45 30 ) DNA BB &5 MG R, BRI TD R B AR AL 4
Rt AR AR . 46 L o i R VR P 0 B B, 7GR LGV BEZE 107'°~10 mol/L
HENERRIFHEYE, SBEEFERN 1(X1074)=3.768+0.333L0gCurombin » £
HAREREH 0,993, BAKKIIRA 6X 10" mol/L(S/N), ¥ iZfEEaBx KMl A
HREHRBE.
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F=H ET UL ALHE DNA B ZHRRE SRS RE ST R WA N8

0.6 -

o.s-;'

04 4

0.3 4

Current/1e-6A

0.2 1

0.1 1

0.0 1

010 -0'.2 -0‘.4 -0‘.6
PotentiallV
Fig.6. Cyclic voltammograms of aptasensor corresponding to analysis of different concentrations
of thrombin. All experiments were performed in 10mM HEPES (pH=8.0), 100mM NaCl and
20mM KClI containing 18¢M H,0; under N;; scan rate: 0.1V/s.
Inset: Calibration plot of peak currents response as a function of logarithm of thrombin
concentrations derived from the cyclic voltammograms: (a) 0 M, (b)1X10'1° M, (c) 1x10” M,(d)

1x10° M, () 1x107 M, (c) 1x10° M.

3.5 FE B AR N R ML A T A0 R4t

i TR A8 5 3 R4S & RETU AR A G-I 2 #6454, DNA BB BERIERENL
WER, HEBRANFEN TRRERSROIBNESRAZWE, EXRP, R
1% A 4= L7 1 28 F1(BSA) A0V 11 8 (Lysozyme) X5 6k o 402 30 18 6 4 8% 48 Xk L
iR, SRERWE 7R, HOKREHR 1 1pMEB, F0EQERANEE
WmREE, BAFRNESTNRLEBNESEAHRR, HAETRTHMY
1 uM BRI B A N . B TT L, P AR A F R A LA i L
BERORLH, BRARATHRR G- 4 DNA B s b £ A5 B asx A M AR IR DL R
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BT BT - ALHIN DNA B L ¥ HRE R 245 S 5 R R AR

R RIAIRED .

20

Current/1e-7A
= &

b d
o
2

00 BSA Lysozyme  Control  Thrombin

Selectivity

Fig.7. The variations of the peak currents of the aptasensors after incubation with 1M BSA,
Lysozyme, control and Thrombin respectively for 30min at 37°C in 20 mM Tris-HCI
(pH=7.4),containing 140 mM NaCl,5 mM KCl,1 mM CaCl; and ImM MgCl,
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R XTERZ I, OFERAT, A LOoLELOREBLKITEH
B. REAERGHBEZHENAIRERE, FRXRERMERMHELES TR
B, BOBEHERZEREFZR LR REEHENBLESR, EEHENE
RSB RS R R RIS, HRMERESBHEIMTAEST AR
B FEIMGIRAE, FRE ZERFMROEINFALES FTEM
AZEMIEFARO, HEMBRMARRDMITTHESRE, LERNEE. 5TEHE
MEBRMATETFRENHASERABLER, HRRFEILS.

R BRI B R, HRRERREREE I RAEFMER, Eik
1) & AL B A R R A !

XESNERSORBES W, FXRARLMMERRS TRAM. X
=R, MRS, TROFRIRMRESBRLER, B IETHM
ETBZMARNOLAE S REREELRIMESHIE, A ARFFHAR
REEK, SREXMEDFES . R, EEFLBEMESETTRBROKNE
MEH, IREX=ZFEPELRETWANRANLREFER ALY L HBAES
HRFMMBE, EHRFERERET=ZERNHZ!

B ERHITEI, KICEM., #RAEIH. BRKEM. RREM. BiElE
IFRRFEME AT AEMGROMEL . B RABE L. T2, 2O,
BE. Ef. THAURRNAEERZNZERELRAIRIMEETRTHRH
KR, BEKTHSMEMNE—RMETF. B# B1312. B1402. B522. B520
SIS ) &RV ST AR I 36 Tk & D2 B b B AT ARFT. R BEE. BHA.
HRE, HERSHENMYREIMTELNIEEDRXL, REFRE=ZFR
RaTHRINEE, IEREMBLRE ! BE RS RS = FENT AR !

BERERBBEOFA, BEbMNLeEMNBERRIFR, FBRBHRITE
BAHE, MR RERIZN.
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