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Figure 1 (Color online) The working mechanism of DNAzyme

N 4R B FPbY, Mg™, Cu™ 4, i1
(R HER . AR . diAERKCH). iR KT
WA, FET LR, 11 DNAzyme ] LI H T 47 57
P 0 IR DU A S . A, 3E T RNA-cleaving
DNAzymeXf RNA 15§ & 507 47 U1 HI ARk,
I FH T R A P 200 i R 7 A RNA, HLA W 7E 1R
JPAE . AT AT LASE i DNAzyme #5551 5 1] 9] 1
mRNABH B 45 1 B9 B, DA I 45 48 1 A Rk,
Ilt, RNA-cleaving DNAzyme#f ¥ i, 3 B FL KR Y7
(0 T, DN A Bee s im g | B b J8g S5 52 v 114 724
FEPIATT 250 I I & SR AL R A R TR,

1 DNAzymeftAill bz Al

1.1 DNAzymeHH T H4)B % 1-Hl
NN ESE ST 5. RS, S
R TENE. HAE AR N R RERE R, KR
oG ML PR SRR REEHANIE, R
SIS . AL R SRR AR, T E A ]
PAS| & HA H 28 RGeS BOE T ik, SeE
X 4 DR v R R L SR ARSI LA o B
M L. BET4E B FrOK I = 2 A 57 k0
N5 03 1 ob - - SN ¥ | N N 3G ey
TR AR AR (R B T vk R A S SR (1Y
KAEULER 5, HFERHS, FFELTTME AR AN R TT
A, AT T ATTME LGS N 2 ARG T4 Y 5 2
I, FFR—MfE . P, REESEE e
E R ARR RS T EZEMN HAR. B 19944
BreakerllJoyce! "\ 1 SELEX i ik £ R 1533 7 —Fhfig
B TEPO™ A71E N XTRNA R VI B 76 P I DNA S, B
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KRB DNAzyme— i J& DI iR (D-DNAzyme),
FE S Bt i AN v 5 Tl A B S AR AR B A AR
b % TR 45 A s B B g, AR R R B BRI T
DNAzymeRJ N . I, #E DNAzymef)fa & Pk L
KO TR R e e B L . (HAS S 4,
AR, TR AR S, BRI AR TS
X % D-DNAzyme H. b %5 18 5 ¥4 09 L 8 ¥ & (L-
DNAzyme)"'®'""!. 5 D-DNAzymeH] [, L-DNAzyme’}:
YkoetEm, AR THREZENER, JFiE—2
SEFRLAAR P A
1.1.1 Pb* DNAzyme

FH T Pb> (9 DN A zyme & % 9 5% L () — Fh 7]
LI X RNAYE ) DNAzyme, %8 2 A 76 P> FE 1L )
M, AReRIMBEEYITE M, Wik, T LUH PR
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17E B Ak mF0s (134 56 S8l A2 0 0 A ol ) 25 - A 254
R BRLEE DX 50) A0 ) 17 JEC 3 3R ) 5 R S 1. M
—/NRNABHEE 1 6 W55 17S 5 B4 1 7E B8 5L B 4D E %)
J&, PO IFLE R, JRWIAEERNABRIE A & A= Wi .

AR, A% HETPb? DNAzymeikitIifik
HETPOEEAE . W 2(a) e Lulf i 2h " i it a5 —
PO LSS, H T AR R Y5/ mbric 96 % B A
()RS 1B N3 AR IR KL A B Bl B 25 A s, 98 63k 1A
SRR BEAN B A, DaRE 9K . in APb™
J&, VBB SR, Wi BB RS
fift 4 oK, PG 5K B H AT B, KR
JE, BT A SCEL PO Y E A I HR AR — P
B RS A AE BRI TT 50O T P AR E 196 e B2
AR, N T X S ) B, Luif g PO 5K e
AL YA Ak A RS FI T TR AR 2(b)) . BB
AR 2(c)) Fl 3 T B 5% DN Azyme () Pb™ 14 &% 2% (1]
2(d)P. Btk S i PO AL SR AR AR AL AL TR A FR
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Figure 2 (Color online) Working mechanism of Pb** sensor on the
basis of DNAzyme. (a) The first generation Pb* sensor!'. (b) The se-

cond generation Pb** sensor®.. (c) The third generation Pb** sensor'?!l.
(d) The Pb** sensor based on the single-strand DNAzyme'*

1.1.2 Cu* DNAzyme

Cu** DNAzyme/&—FDNA-cleaving DNAzyme,
HIEME W B AR Cu M E B A e S R, IR T
UAHFRCu™. WE ()R, Lulffig >I5 Fit
Cu® DNAzyme " 45 MM HEAY Cu* e e L A%,
KI3(b) Tz . 1% ZR GEAEIE W) BE B9 5”3 A3 53 ) AR i
DG FE A FIER K FE A, [R] B 78 il £ %) 37 - it b 18 458 K
FEH. FEPA R ER L FEE-HZ T, KRBT
R AR 2 15 5296, TR 52 BT Cu A G e 58 6
M35 nmol/L). K T #F—5 S H Cu™ i F B ATHR I
FRAG, Li%s AL FnE 38R ) Cu®* DNAzyme,
%tCu® DNAzymeilhf 7 EH A4 (& 4()), AT HG5r T/
VK 53 B % W GE IR AE 43+ N I BUR e 454, i
Tl LAY ) 235 ) AS SO A5 A T 1) 7€ S 75 S R R BRI,
I ST X Cu® A B2 B K1 (0.6 nmol/L). it
Ak, E4bTR, R T fEJEDNAzymestE A Pk R
RRSE . DBl )i, ke e e PR PR i e 9
H BRSNS R Cu* Y DNAzZyme 5
FRFES, B3t T —FH Bl Cu i L-DNAzyme, JH
TE IR Z P Cu™ . 455 875, L-DNAzymeH:
A 5 D-DNAzyme I Bl AL TEPE, (HAEAY)HE T
W L A YRR OE T, SEEE T AEAIIEINS nmol/L
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Figure 3 (Color online) Cu** DNAzyme. (a) The secondary struc-

ture of the Cu** DNAzyme. (b) Working mechanism of Cu** sensor on
the basis of DNAzyme
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1.1.3 UO}* DNAzyme

[i]Pb** DNAzymeZfbl, UO;" DNAzymells J&:— i
RNA-cleavage DNAzyme, HAJE/E 7 EAEUOS WY
e R A fEsL B, K S2(a)ffi s, UOSY DNAzyme
({454 5Pb™ DNAzymeZ5 FIAHIT, Luifig PY ¢
5L A R KL ALK DI 4 A7 AUk e, R K
VA KT R R A T PR 1 (1 S2(b)), F: T R . &
SRR UOT DO A, SCBL T XTUOS IRk B (45
pmol/L)A .

1.2 DNAzymeH T3 At gk

AT 53], DNAzymel?) 4 B [H - RE nT DL e
()42 )8 BS 7 (Pb*, Cu®, Mg™™45), W n] LLE411E (K
MRS EE P PO . AR . Aafk . 464
E CH). Wk, [FFEAT LU T4 9 ke 5 B A
2T HIDNAzymef il &R 45
1.2.1 DNAzyme T 40 & & B8 40 fo A

1Eid R A 104 B, Lifiig] P =9 & 7 —Fh It T
“tric 9¢ 6 Y RNA ) # i (RNA-cleaving fluorogenic
DNAzyme, RFD)”ffiill{& %. REDFREN /& — B DNA
e HAP R AT RNABEE. RNAGK I 76 A9 4%
R AT ARIC 1A T HE P FIE K I P . HAG AL P
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Figure 4 (Color online) Cu®* detection. (a) The working mechanism of Cu®* fluorescent sensor based on the reconstructed detection system. (b) The

working mechanism of D-DNAzyme and L-DNAzyme"®!

MRFD 547 1) Hbr X G456 )5, REDIG AR i
B Y E RNAJE 4 Y RNA-cleaving ¥ 4, 15 752 6 3
PRI K B 43 85, 7R DOE S, NI T B s
FRSE PR FIE F A T 4FE R, REDs#REFE 48 T
S RGN P, AR SR, Yousefide AP T
RNA-cleaving DNAzymest ## T ¢ JCHR-EL, 1Z9EEH
FHRE 4 SRR IR 455 R AT, [ DNAzymelt
B RE O R E5R, S DNAzymes V) BTG M, B
PG, PRAEBOGE S, LT XY T K ImAT
i RO R SRR TN 3 4h, REDs#4HIR T
R M IR A0, S A SRR I T A L, RFDs
PREF R PR T o FERT . HAR M. 6w,
Ll @i 20 B RN A-cleaving DNAzymes ¢ GHR
BET T4 S PR TR0 2L i 4 I MDA-MB-231,  [m] #F,
DNAzyme H# 5 4 1l If 45 & FL AR 9 40 il MDA-
MB-231, {fi DNAzyme & U5 & 1) 454, BG
DNAzymesVIFIGPE, BERUDOGENA], ™ ANES,
SCEL T XFMDA-MB-23 VI BE 4 S A (0.5 wg/mL).
HAh, S5 RFELWIZRNA-cleaving DNAzymes ¢ G
B By € 1 VI EME A B — 20 T 3L 02 W
HIRTT.
1.2.2 DNAzyme T ¥ ¥4 F 4 W

SRR R T (ATP) & AE WA o8 20 240 i — Y0 A= i
15 3 T s AE i 1Y R TR, BRAS G A7 AL b1k 2= g
o, AN TR, K2 5 ILA L
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Figure 5 (Color online) The mechanism of RNA-cleaving fluorogenic
DNAzymes for the detection of live E. coli cells™
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DN ATE 12 1 (RE 06 38 1 3/ A% 11 BR 5% 75 20 3R 1 1]
Z AR 5-PO M3 -0HAK il i 2 1, ¥R 25
DRV K% BE- IR PR S DNA-JRFH R B 44), H 7
TXTATPRYA I 5. fH R X Se kg I 7 1k = 2 A7 7
REPEARR B N T P S ), B2 KR
DNAzymes U4 F B UITE M, REWE AL S N RE WS Ty
2 Z PG, NI 5| A 224 IR ) 55 ) N 3 — 4§
T, ¥DNAzymes5| AATPKNFE &, FLME STEH
B, BEERI A REUE. E TR, Lugg AP
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Figure 6 (Color online) The mechanism of RNA-cleaving fluorogenic
DNAzymes for the recognition and detection of MDA-MB-231 cell
lysate!®

V- DR ATPARHSA 1 1) Tl 22 5 02 AN 1 89 D10 4% TR Tl
DNAzymef5 5 K THHEATPR A R . T T4

DNA % 3 /i %t i IF F ATPE G 55 B (e S 1k, 2446
M 2 G0 H ANTELE H A2 T ATPIY, 28800 57 AU DNA F-

ANEEWEIE L — 25 5E 34 Y DNAzyme [ 51, G 4EHY
H 35 YA SR B AN RE & AL R, RS T A R Xt
ATPRY A o B A 5 B e Bk, MR, 342 B g = A
() DN A zyme RE 11 i K B 5 U1 7 A 1 f Ak A5
SANE, W IR ARG R, X ATPRY
KB 15 31)0.053 nmol/L(S/N=3).

L-H A MR —Fh e 23R, HEARRD
AHEEER, A MR BRI S IR E L Z S W
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X T 2 24 TR AH S0 2 W 5 R Y7 #R AT B L
I F L-2H 2R MK A P Y DN A zyme 7] S 80X L-2H 2 R
AYRE SRR . JTAER, oA T HR e 2 R E A I Y
R EFERENE, B2 TAWIS: ), Gk
TR 2H BOEL T L BRI 1 AU DN A zyme 1 96 S 4
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B2 H R G 5 ORI, S EUL AT B bR+
Fr il i R AR IR A SRR BE MRS, A
S3@FT/R, KT HE— R RS, W g
i HEZRVZINVUIEEN. Bs(NB IWE IR R 5915
SRR, A5 L2l & R O DN Azyme T
H 55U/ A g B B I DNA R BES [ e R AR Y
KREHDNAK ) 22 28 5 B U] = i A5 DL 17 2 P
TEIR, M= A A2 A5 SRR R BB, DAL
1o X L~ 2 R AL I 14 2R 802 (113 (b)), AT, Je i
R 5 {5 T WRe AT AP m A DU R RO, T o 1
AT LA — i 54 i 700 o B B O P AR R A B 1Y)
5%, BBWAHMEIE 2GS, 1B AR B
i A B S . Bilan, 2L R R A A A R A
Aol ANA AL A S5 (GO), FHLAREAR AR I 2 1 5t
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Figure 7 (Color online) Schematic illustration of the electrochemical sensing system based on the dual strategy of ATP-dependent enzymatic ligation

reaction and self-cleaving DNAzyme-based cyclic amplification**!
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XUE H ARG K GO B 1) 15 5[5 5 BRI R i )
T —FPDNAMG A T T L-H AR AR . R st
K TAE S HORNTS SRR AR S, [ G Ras X T
L-2H Z R K Y RABUE IR 3 11,73 pmol/L(EIS3(c)).

2 DNAzymefEEHIGIY FpH

FEPIVRIT AR FE KO BRI mRNA B 5% Al
B, MR ARk 2 2, s 2R YT I H
1. EARNAVIE| DI RE I RNA-cleaving DNAzymeRE
5 vk b 1) E) B FRRNA, BH W2 (A% 81 TA4E,
et DO S il E R N S I, RNA-cleaving
DNAzyme £ £ 8% 5§ Dy o b FH F 22 28 16 PR 95 0 19 3
yr W gk 5 — AN BT X0 Ber-Abl i R Y
DNAzyme # F] T 20 1k i B4 B2 Pk A i 5% /Y BF 5%
J5 ¥, DNAzymefE by — 2587 8 A 1 5 R SR IR 259,
T bR 56 AR Y7 AR O i g P B ™ B R A

F5C I, DNAzymeE e Ko J5 i A 9 i) 2 ]
YT I HIE BRAE R B Be, BB I PR HH v A IR
(R S, HC R 5% ) AR R a8 6 A TR, B G o] BE
LA AL FER R R R, K DNAzymei# ik £
HISE . AR, 99K B2 0 248 R K R YT K
BB, R AR R )i e 24 4 386 3% 1K R g
A R0 b A 3 DR 245 ) B 3K Mg ZH 4L 9K 25 ) Ak
AW E YR B R 2R e e R = 25 )
VAT A 3T B, WESFT /R, Tanif il gl “ ks
DNAzyme i 2 7 MnO, 44 Kk i b H F 5 IR 97,
MnO, 44K A 1E 4 Ce6FRic I DNAzyme i 254, AN
A PLAR DNAzyme #5449 g5 A6, 17 B AT L s R
¥ DNAzyme 2 3% 2| 4 Jfd 51 N . 4 Ce6-DNAzyme-
MnO,#t ARG, MnOL# 14 P9 48 B H KA T sk
Mn**, 153 Mn>* 1] LLisE— 41 DNAzyme i Bl
¥, fiDNAzymeifift. 1 1b/J5 A DNAzymeBE % A7 5K
YI#E| H A mRNA, fEEH PR, i FiR97. R
P9 K1 kL5 DNAzyme f7 3045 &, #4810 Se itk i 1%
RGN B T 1% 9 DNAzymelF 3 RIG T 251 1
TE &, AT T35 DAY 2 fig B 3k DR 98 A48 R4 A5 J T
[ LR 5T

DNAzvmeid i] }l PO g, HAEHTHIVHIG T 1
W FE il e B £, 7£10-23 DNAzyrmel| & B
J&i, SantoroMlJoyce* ks Hi e Jeiz F B HTHIVHF Y
Hi e, AT 5 A BT EFXTHIV gap/pol, env, vpr, tat
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Figure 8 (Color online) Activated mechanism of the Ce6-DNAzyme-
MnO, nanosystem for gene silencing and PDT!!
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R PR R G PE. A T 3 — 4 M DNAzyme A 5
AL 30 4 40 B 7E 75 2, Unwalla #1 Banerjea™" (8 Bl
T WS 5 5 R 5 A A R T 1 R 32 AR
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o S R T A W A R S MR B M, O RS R Sk
PIFEIHIV-1 TAT/Revd 4B RNA, M A R0 40
JiL P HIV- 105 8 (9 5 P %58 . % 50 50 ) DNAzyme [if
FH T & AR TT 1 52 PSR A T 7 AR A0

AN . DNAzymeft OB RFR AR AIEIEIE &
i 2 U2V T 4 g, LSS SR I A
il A B A R

3 RN

i i DNAzymesifa it . PTIBPRAEAL . 5 4 AL
GhINREACABE R OE A1, LA AT 4 S PR 2 B 7
RS T L AR SR T RS, DNAzymesti 2
T &8 F A 4 T k. 2 A T
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SCEE. N T [EDNAzymesHES T Z2 3 W F B OE A9 52
B AGE I L 28 A ARG, 3 T AR R e A AR R ) Bt
THEHE S1 42 B DN A zyme 7E R N 1Y 55 5 M 1
HIRA ISR TAE.

A, H:TDNAzymesfRNAYIEIVEH E 28 H

T e BL R YT . {HIEDNAzymes HLIE T A
PR BTIG, VIARK B EE, 5 DNAzymesl
fi] S A 40 il 5 2635 ; DNAzymes5 | A4l J5 ) F2 2 P
DNAzymes % 14 () 15 11, 43¢ 0l J2& 28 35 A 3 1< B 19
L, R A B ] $2 5 DN Azymes A 16 14 45 5 T 14
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FR, B95 K51 B HIDNAzyme £ 2445 & ke 1 25 4 3%
TEARFR, DA o 205 b A% 356 5 D] 245 40 28] 3k e g 2H 2.
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DNAzymes in biological detection and gene therapy
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* Corresponding author, E-mail: sjie@sjtu.edu.cn

Catalytic DNA molecules (DNAzymes), produced through the systematic evolution of ligands by exponential enrichment
(SELEX) process, are synthetic, single-stranded DNA molecules that either have catalytic abilities or can perform spe-
cific reactions. Among these DNAzymes, RNA-cleaving DNAzymes are the ones that can cleave RNAs at specific sites
with the help of cofactors. The cofactors contains heavy metal ions (eg., Pb*, Mg2+, Cu2+), small molecules (eg., ATP,
L-histidine, Vc), bacteria (eg., Escherichia coli) and so on. Based on the particular property, the RNA-cleaving
DNAzymes are particularly promising for creating methods that can detect a wide variety of targets. For example, scien-
tists have successfully found the Pb** DNAzyme, Cu** DNAzyme, UO%* DNAzyme and some other specific metal
ions.based DNAzymes. These DNAzymes have a high recognition specificity for the metal ions. Only when the specif-
ic metal ions existed, can the catalytic activity be performed. Besides, and the size of the catalytic activity is closely re-
lated to the concentration of metal ions. Therefore, these DNAzymes can be used to detect heavy metal ions. Similarly,
the DNAzymes have been used to detect the ATP, L-histidine and Escherichia coli. What should be mentioned is that
natural DNAzymes are generally D-type nucleic acids, which can be easily degraded by proteinase in physiological fluid.
Therefore, in order to extend the applications of DNAzymes, emphasis has been placed on improving the selectivity and
stability of DNAzymes. Based on the principle of enantiomer of nucleic acid, non-natural L-type nucleic acids have been
used to prepare DNAzymes. L-type DNAzymes have similar thermal stability to D-DNAzymes, they also have better
biostability and are ideal materials for constructing biosensors for complex system detection. Furthermore, based on the
property of cleaving RNAs at specific sites, the DNAzymes can not only be used to detection, but also can be used to
inactivate target cellular mRNA, which can be further applied in the treatment of multiple clinical disease. However, in
fact, the gene therapy of DNAzymes in tumor and pathogenic microorganisms is only active in the scientific research
stage, there is still a long way to realize the real clinical applications. The most prominent problem is the delivery prob-
lems, that is, how to choose a safe, efficient and specific guiding carrier to deliver DNAzyme to the target gene. In recent
years, the rise of nanomedicine has brought new opportunities for gene therapy. The use of nano-sized materials to con-
struct the drug delivery system can effectively deliver genetic drugs to tumor tissues. Nano drug carrier is an effective
means to improve drug bioavailability, enhance drug stability and improve drug targeted therapy. In this review, we
summarized the researches on DNAzyme-based metal ion sensors and gene treatment, and in the basis, we also outlook
the possibility that whether the DNAzymes can be efficiently used to specifically detect the targets in vivo, as well as
their applications of diseases therapy.

DNAzymes, RNA-cleaving activity, detection, gene therapy
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