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AR FES, NS E4S TR EE 2 E
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WA B8 v FC B I AN [R] 531 JI E A AL R (deox-
yribonucleic acid, DNA) FIZM R (ribonucleic
acid, RNA) PiZ&. L DNA R, & & i DU 48
B RA L ERRR G, B RS — 1
PR AT, — A8 SE R R — B 3, i ] LA
SRS (A), SIS (G). MEMERE (C) T M i s
WE (T). W7 Zi4g A9/, DNA K8 1) 5T 1R 5 Rk
RIE T B RS TP, S0 Watson-Crick
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XF, FEAE BRSNS 22 8] ) - MERRAE FH S i i i 42
M EAKAEH, A28 A BURTESS 4 1 DNA
g1 F. XEERUE DNA 701 E ARG K R 142
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SR v B R D RN A 2 B AT B A 07 R
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TE SRz A PR 2 rh T L) B SR 5 4 %) DU i 4T S 45 1
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AT LA SR ] S0k A RZ TR AE R 45 R %o 9 K UKL | £
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A0SR, IR RURE 53 SOR IS I BRLBE XL A
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B8 25 AR, FH RNA YR c2 5 AT 1Y
HAEt R, WD S8 RNA GPKRZ5H) B, T RNA
AT B Z A PO 45 (R, R FLH W 2 ke i
P rh A 2 Ak AR I 2 2 A 2T b, AR
i, R AR H A S AR, S AN &
At A2 BR .

2006 4F- Rothemund® JF % DNA 474X (ori-
gami) FORIRAFHITRAD T PLHAHRER AN AL, 7T AR

S A AR BT L B TR

KM AR IE S (B 1(d)). F4F, F ERAT
FEATBN BT F TR AR LI T H IR
A O EEL s, W TS
YRR = AR ITARES A, BlAngk g B s

G b B ZRAE S50 102 (] 1(e)). 44K AR 140
(1 1()) 5. ZAKIBAETF & T Tiamat!, caDN-
Anol® Fl DAEDALUSH S5 3% i #fF, HEHE £
WX AR S 5. B0 DNA Jr4Ras b i K/ Nz |
B AR B YRR, PRI AN Ui — SRR T A
AN UR AR L 25 0y B 25 =501 ol A 3T 3]
1Y) —3 T AEHr, Tikhomirov %5 PO DIZEIPF KR IE
b 64 T DNA Praeie s 4%, Mgt
3TN/ SR N & S SR S ES
(K 1(g))-

bR T RSN H A2 HERRES 1, AR N A58 A
A G AR AR T T 1 ok SR AE SR R AR HILAR B 7
1. ARG KA () TR O T HAD R A2 4k, 3K )
ML AL FEAZ TR 238 | JEC TR R0 B35 i 1, o) 38 55
A AR LS HE T DNA 85 B # v oR3h,
TR EE TS DNA B 22 6] T AN EC X () 45
HRe 1A, IR INREE 1) DNA SR Ak
5, W5 DNA /- LI 5 A8 {0 P F—2u
SERLTRIT AN ES T /N TR 0 R Rk PO E
H, A FT DI BAT R E AL TR M L5 2,

B 1 LRI SRR 45 H . DNA TUHHl DNA 48454 (a) DNA TUH 4 28 il i — 4k S 4% 28, (b) DNA PO i {4 20 () 2 & 4
4544 25 (d) DNA 4R B K LR Z4E - T 484544 22 (e) BRIE 101, 76 5 (K] 48 12 Fn 4 7 U 2B HE DNA Jr484544; (f) DNA 44k

AEHEATH U3, (g) 16 A ARAR B 20 B H) 552 8 T 5% ] 5 001

Fig. 1. Typical FNAs: DNA tile and DNA origami: (a) DNA four-way junction®; (b) DNA tetrahedron”; (¢) DNA buckyball self-
assembled by three-point-star DNA tilesi?!); (d) 2D DNA origami structures??; (e) spherel*’l, flower-and-bird pattern*? and bunny-

shapel*!l wireframe DNA origami structures; (f) nanoflask DNA origami structure with complex curvatures!*’; (g) a Mona Lisa pat-

tern self-assembled by 16 DNA origami tiles!?.
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5] A A i 3 T A4 st 2 — 2 AT TR e IS e A A
SIS LR R, A, FEeAL IR 7 518 HAT 3
B o P AN E S C 3k %) — L8 3 W A R
P T IE B DU 8% i-motif 254, T B M ER B
Il 57 3 B 25 4, DR e T 0t pH SR 3l 1 A% R
L3868,

BE# DNA Jr4tas 52 ZHEAR S5 M iyt B, 4%
FRHLAR IS EA TR B, Praies LA 2
ABHEE DAL TG A SR AR Ak T #da 1 L R 4
JERE I RE T, RIS TR Al asty it Ll e %
IRk R I EE L 5Y. Andersen 45 BT T —A~
AIH-& 1) DNA 990K &1, WHEAAZIR 1Y W] #5648
INRETT & 448 T 5 B % . Lund %5 598 — 4k DNA
PN, WEE T ATFERE 1642 EA7TER) DNA
{5 gk L A . Turberfield Pf&H 55 %11 T —Fp
Al LAYE DNA 483 mAg S e Ml bk f7i%
S5 HAEVER) DNA 20153k,

2.2 ERZBEHRIEEINEE
FTHESR AL RRAS A I SR TAR R, EAT D RESE
JLIPRETEE DL, BB TC /- R BIME QA IR A D RE R4
Ji LS. HESZ IR T DI RE A i T X —
AW — 2l i IR R B AN DO
S AL SRR EE AT AT AR 1S
JWIT A AL S I B I B R b | — =

WA B AT I A3, SEETCHLGN AR | 88
DIRERZIR S KA FAENELAZ IR L AEHELH AL, WFh
Jr kLR S T D RE R T A HE AL IR A M B
ERCE S [ E AL, HAESRAX IR i S5 P e PR A%
1R 73— W e S PR 2 s A5 o i B e AR 31 T AR
IR B . Tinnefeld E4 PO 7E DNA Pr4CH 48 &
LTSS bRIC, WE KR RO MR
SR PRREE. Li 55 07 & T —FP L DNA Y i {4
YENRIET S A4 E DNA HEZL, F#EE TR B4 .
Z YRt SO O, T RS ke
2. Lu 55 59 72 DNA DU A7 % 10 R 1
(BRI FP 0 N S Bk 00, SRR DU A HE SR 23
(i) %) FL e 3 AL T B B A 2R 2 45
TE DNA HEZRAIAR T A ZH 3, PTRAEE i s BE B ik
4 100 nm P (Y SRR 57 3 iy 9.

44 Kk F (gold nanoparticles, AuNPs) 55
T ROREAR ) 00 ] SR A% FR HE R 25 44 I oK
HEHEAG, T A P SRR . — 2 2 — 4 Ak 4. i
#], Seeman HIL 0 A DNA FLHA4E T AuNP
YRS (K 2(a)), ZJ5 Sharma 55 01 784
AuNPs 21255 — 4k DNA LS & B AuNPs
[B] (el R S 25155 DNA 9URERIERL, 7oL
FERAR S IEHEIR A AuNP F551. Lo %562 428 T —
P R NSRS = A TE DNA 4K, AuNPs
Bl R e R 1 b 22 3 K s i (18] 2(b)). DNA

G3(G2G1), |

G3(G2GY)s|

G3(G2GY), "‘-,‘_; -..:Ir.':.: izl [ A

K2 HERBRANSPHKRBREL (o) DNA LA 5 AuNPs 455 5 4EF: 51 60 (b) = #1JE% DNA 99K 55 54 19 AuNP £ 62,
(c) DNA HFAEHIY A 5 AuNPs TP FES 99; (d) DNA $E625 T AuNPs 415 i R K5 74 09

Fig. 2. FNAs-directed nanoparticles assembly: (a) 2D AuNP arrays self-assembled by DNA tiles [°; (b) AuNP lines size-selective
encapsulated within triangular DNA nanotubes!®; (¢) 2D AuNP arrays directed by DNA origami tiles%; (d) branched molecule-like

structures self-assembled by single-stranded DNA encoded AuNPs!03,
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PrACHE L) 30 R b B A2 2 AT )P 1 AuNP 4%
RFEBH T 1] Gang B84 6308 AuNPs G ik
ASFTH DNA $r4UHESR R b ] DNA $r 40t
Yoz e ek dis, st 7 R HES 4 A W02l
KALF L5 (B 2(c)). ATk ik F = FpA R 1 £
Il {& DNA 7 4RHESE ¥ AuNPs, &+ &S FlE
JEAE R AR F BB e P 4CHESE ) Sl 3T DNA
PrACHEZLASTE 2 [] [ 2125 (] H2e AL e A KR A
K& 28540 4 Bt 22 Ah, Yao 26 6] 75 ] ] Bk DNA
¥ AuNPs 4 i BB AT 1E 38 i A4 28 I F 90 Kok
T, ik DNA BB 92238 )R AuNPs [ 2 %
B ALK KN IR AR ELA 25 T 4544
(F 2(d)).

BT A AR, 38 T LU i e

P (52 A g AR5 22 07 S A B AT AH AR A,
P AITEIE 9L SRV Ive: & SESPRW > 34 8 NN X ive-3
BRI A TZ — 2RI Refe 7%, AT
2R DNABE A RIE S SR B T EC T,
| PR AT 4 R TP A SR R 1YY 2 i AT A A 1906,
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EEE_ e
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WIS 2 e i INUREAE Ay i, T LA T 42 e i A
KRR, H T PRI 08, F LI A 5 4
BF R, SR &R e K.
B0, Pal % 69 7 F] H Tollens [ 7E DNA #74%
FAAE 1 AR T KR SOCRAPR A (B 3(a)).
L, Jia 85 0 FF & T —Fh TR AY E v 42 B AL
NEFEA, AR DNA PAXGERE 48 B FAEE T
BERAE I, Bt T 225 & Ia bR, I
DA TACH 5 nm ZTE &R EZEAER (E 3(h)).
EAFE R, X ORBEGE SC I 4 R 5 I B 56
< ER7 ) BIFE DNA HE AR (4 A [R) 47 B A
WANFEFR 2 4 08 . JoHLAE 4 8 ARk R BE n] 7EHE
WRR E AT R A K. Liu &5 7 F) FHHEZR A% R
W5 S ik bt AT UK iR 9 7 1, 15 L REFEAE
LRRZIRIEAR W R B AR DR T2, 4 T
i ] 2 1) DNA-— S Lt 2 5 4K (B 3(c)). i
i, Shang 45 M HF m Al B 0EE, NIFR T —
Fl7E DNA T4t b s &l A A 9K 25
FIE i (B 3(d)).

(b) }——100 nm—— pcDNA

0 40 60 80100
nm

< <:]

K3 HERBMAFEAARK  (a) =M DNA JTACEE 58w TE MR 41K % 0 (b) DNA $r4C b etk & m (il gt 8 58
Pl ™ (c) DNA-ZSUAGEES S ARGl 5 7; (d) DNA P48 B2 rE T T8 SR RE G K i ly 72

Fig. 3. FNAs-directed in-situ growth of nanomaterials: (a) Silver nanoclusters synthesized on DNA origamil®; (b) selective DNA

condensation and metallization on DNA origami for fabricating a digit 8 pattern/™; (¢) DNA origami silicification diatom-mimick-

ing structures!; (d) site-specific synthesis of “i-pattern” silica nanostructure on DNA origamil™.
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3 ETHERMLE W E A
3.1 HBEHoTRMNES

HEAAZ R IR TS e E R i, /D B 4y
TR AERG AR L T T RE, FEUL SR L, ERATRE
gt — A AE B0y T R B A2 Je A=Ak Sy 3R 47
5% 3], Gothelf P8IZH ™ 1 Jefm T 44K I
() BTk 22 SO, AT FE ST 4R R T e B T 12 4
AR A, RS A BB — N I A, Yk
R PEE SR AW A, 522 % B A
AT RS ALK DI, DI SEEE T % B2 1)
FENLTYIR N (K 4(a)); 75— 51, AT FRERY
A BTT T AT RN, FDRE AN TR
AR ENLE. AL, AT RS T 6 R T
TCRWIIE I, B AR 7% H: 3] DNA 9
CRTAIE AR B ZE, P A SRAREIR A 20 LA ]
HMBA, 45 T HEERBEN RS TREAE
% 01 K2R B, Weil IRBUZH AT Wu B
AT FE DNA Yr4CR AL G PUBEIARTS, 15
Pk Ak 0 T 1 305 A A 22 B e ) 3R B B N 7O
o fE G DOEERZE R T i AOGEGR, sl A S £
EL R A 7, BRI = R TR A T 4 (4 SR &2
ELRZEI % (E 4(b)).

DNA origami

) Swithch 1
(Gb‘;]‘z,;'ifc‘?g ““)] l(GGpDU—MDU on)
= ;

1,
s % I
o dod g

el T

LI " '
(Az50 um decrease) 1 Blocker:

FAR S A fr A e G )2 B BRSO, %
FAMGN B REL. —HPRA A B #ES T
A O A R At VR4 S SRR S e ek, IF
iE— 2D iR SV R HESRAZ R RS T e v B 54
ATERAEVERR L0 A2 T HEAER. Gothelf PS4 BY
MIJLETF DNA A9 Holliday Z5Fkaa T IARYA 1024 L
A PRS2 0 . B 22 1 TAE DG TR SRR s 1 A
PROI A BR Sk 4, 40, Willner AF 534 52 15 5644
AT A P E LB (glucose oxidase, GO,) SHAR
ALY (horseradish peroxidase, HRP) J&
PERESN A, IF R BT BRI HETr. Yan B8
2 1831 35 VPR e ) B 52 I i P A T Pl T B
2Tt ) BE AR 3 ) TR P S 2540, AHER RS 20 nm
FISF T P D) ) . R 2R R R T 1)
FEANXT 2208 HACRAR, Yan (R8T 78] 76 w1 iY 3%
fith b SCiE A PR DNA 47 4% F 5 IK 9738 18 R Pk
A AKCHb R T 2R B, A TP AR D
(i) B A7 — 58 S, AT 3 P A ST A g
BE DNA N A2 Sl o A () P (55 104 A8 X 3% 12
(F 4(c)). Fu % M 3 — A T DNA 4tk
A, it Y RIEE R, 94 GO, A1 HRP il
GRS ) = E [l iz , B Ak 3 2
T+ (I 4(d)). Ak, Xin 0 01 71207 DNA
Hl#s, #id W GO, fil HRP Z A R B, R4 n]
AT R RN (141 4(e)).

»

oH

HO ~3+.-0,

HOST—T("TB“ OHOHO

LMo L~ Loy
ik

OHO!
Oz

%

B4 HERBMAM &N F RN (a) DNA J740 155 F 102 B 25 B 7 (b) DNA 9748 1635 2 U e 3 A [ g 77
(c) DNA Hr4%_L B3l B4 R 56 ™; (d) DNA 9K h GO, il HRP (¥ BRI K20 )5 (e) DNA HLER 1T 395 642 il 9 Bt 2 i 150

Fig. 4. FNAs used for single molecule reactors: (a) Single-molecule chemical cleavage reactions on DNA origamil™; (b) light-
triggered polydopamine formation on DNA origamil™; (c) enzyme pathway regulation system on a rectangular DNA origami plat-

form!™; (d) bienzyme cascade of GO, and HRP in a DNA origami nanotube™; (e) reversible regulation of enzyme cascade reaction
by a DNA machinel®,
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3.2 BioTiERsER

HEZRAZ R B ARG HE A 25 (8] ] F-hEE, )RR AT LA
VA28 ESI D <R s U [T RS R AV M v e e i
fw. LU DNA Hr 48], FEHATZERUE T B9 L4y
fiE, BT BETHERR AT LI 201U B4R ST 254 T
IEMFIIEAR, J5 F e ml ™ 200 23 HEA 2y
N 6 nm BIERET L L, PRIHeRT RIS B0 142 S
HAE5 . Ke 25 B FHIFEIE DNA Skt
DS R, DA G0 RS BE AR 48 1 S fif BB 4R 5,
H bR RNA AJ 55 Bk PR 2 5298 Al e [ Y “ V7 1B
DNA-RNA XUk, IR Z 15000 T /K B
445 (atomic force microscope, AFM) 1k i
o, DATI 52 B e A L BE PR 9635 1) RNA ARG I
(&l 5(a)). T IXMAZIR >N A BT IR B a]
Tl Az HRZ M (single nucleotide polymorphi-

(a) Index (
| # 90 nm |
¢ ’l o e = ) 1/"- I,_,\_{"‘\Probe
I — 2 :
X
:. = e = = : __’\Farget 3
= - ;60 nm @ PoVat
C : J
:“"""—_ ;_ : AFM canlilever
e e e e T e = o

Control Rag-1 C-myc p-actin

Stiffened probe with target

© ; 600
% Recognition 4 g
\ \ >
TSP
\ Target g 300 injection
c - .1' k] Injection of
E- —e é) ssDNA strand

5] == Control DNA
@) 0 - Tar$eh DNA

Ty
s L, il
ducer 0 60 120 180

Time/min

| I
L,
UI.]"!.'\J \ J.'qg"&' '1." ) W

500 1000 1500 2000
Stokes shift/cm—1!

K5 MERRL IR A oo T AR IR

sms, SNPs) 75 BUKG 4% J& 4%, Seeman P 14 7]
7E DNA 474k Ecit TR 4 M A, T, G, C
RS, AT AFM B8R, 78 AR R
FEAE T I 37 A2 a5 T 48 S A R 1) BRI 58
PERERR, FX SNP Y45 22 AFM 1] T
it s #5 2] (& 5(b)). Zhang % 56 F] Ff DNA 1 4%
BT T —41IEAR ID, BeAe S ) SE R AL 75, 9F
2 AFM BURHEA TR F /K- SNP ELOAS.
BT DNA #7148, DNA JU i i K H: HoAA TR
() 25 PR I AN A e k%, FLSE ) | i) B AT 45
FesE e, AE RIS G N T F B IR Pei 45 7
P T TS SE R 5T DNA B DNA DU i {4544
AT JECHB 3 AN TH A B P 300 i o A A I, R
bt DNA 2252454 H AR DNA J5, 2806 Wi i 2%
AR S AR A S, 45 RRIIRAG A
X RS LA B e (B 5(c)). Ait—2

(b)

Invaded image Subtracted image

Full image

'

&

AN\
- £
Lan ) 4
EEdN

>
b=
22 3000 .
g'g o
E2 2000 A& A
£% 1000| (27
220y
o OF . .
1 3 5 7 9 11
5
008 4". #1504 cm !
X 3r&m
b 2-"“‘""."\*\-.4‘__
s e

1 3 5 7 9 11
Number of ROX-DNA

(a) DNA #7748 Bty VIEREH I H AR RNARY; (b) “F8E# %2 19 DNA #7480 T SNP £

W% (c) DNA DU R B EE R H A5 DNART; (d) AuNP — MK I 4L 6 53-F 19 SERS 55 595 (e) AuNP DU (KX} SERS {55 19

BT AR E AR )

Fig. 5. FNAs used for single molecule sensing: (a) Detection of the target RNA by hybridization with V-shaped probe stretched

from a DNA origami®); (b) SNP detection with alphabetic patterned origami structures [*7; (c) recognition of the target DNA with
a DNA tetrahedral structured probe ¥7; (d) DNA origami-templated AuNP dimers for SERS®); (e) DNA origami-templated tetra-

meric Au nanoclusters for quantizing single-molecule SERS[.
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BB [F A= P 15 1 43 # DNA U AR
B, AR A W AT A A R A AT R T,
A T4 I 1% SR AR R S 100,

FFAMESRAZ RS AuNPs A4 90 K 45 55
pcry oI k= Snicey alll ) o NS > e o S B R e
LRI R R T A5 B MOTH &, SHRIR RO R
SR 2Z [P A s FL ), AL T AN AR ]
Bt b &5 BT <R b ST I OGRS B 2 HE
SF a8 B 195 91, Lohmiiller IRIZH B8 #y gt 17— A
S5 BT R, K WA~ 40 nm ) AuNPs [ 5E
TERITE DNA 40 pg P, -4~ AuNPs (8] 5
BT AR (6 nm), 2 J5 %HHALE DNA
Proau sl XY 4 1 HEAT T 3R TG R b 20
(surface enhanced raman spectroscopy, SERS) il
i, R FIhi 255 R 2g R (% 5(d)). 7ERE
JE AR, AT DS S e 1> AuNP
Z I BRI BE/NE] 1—2 nm, M HE— 253 5 [R] B
SRR, FE A 2 R ISR SRS 1 1Y SE-
RS {5558 B 13 5m b AaNP (8] B ) pR R 1k 92
Fang 45 B i — 5 I A i F T 5 RORLAE AuNPs
TENRAREEHITE, A PRE—2H 80 nm ) AuNPs
e e DNA Pr4tie2e Fiysie i, B izEiE

2 Fano JLIRFFHERY5R RLRES, AT PR E KOG
RN PRI E MR RUAL, BIRSEEE T3 SERS
F TR RE R E A (] 5(e)).

3.3 SFER#ZHEHIE

27 DNA B IRHESRAE R Heal, i8v] LAkt
LT BUBURL AT R SE LA , TGN KT
28, o A DL TE DNA 48 E 3RS vE T #5819
DNA F1ENLER, (AR SR R Bl Lk
FrE FN iz B2 . MK REBE B e S B B, G 45 7
AR B T —A ATH#EAT 4 AuNP %ijiz i) DNA
TENLEY (K 6(a)). T Qian B8] P4 35111 DNA
BLAEF AT AR BUST ), 38 AT AT = 5290 55
L 55. 7EHIRYEREN T, Kopperger 55 99 7 DNA
W6 Bt i DNA 20K P T8 ] 17k
HERE , IR IHE R PO I A& gk e (K 6(b)).
WE R RERT LGRSl DNA 43 T-HLEE, Lauback % 90
PR BRAE M B — AL S FLAT | B R il I
DNA a4t I, @b il e % 0%, K%+
AT AL 2 Hz W28 2L e

FIH DNA 37 404E hy o] #5 BE T 6 /2 i 52 1Y
T —IGN . JET pH ARk IE T S RO —Fh
W B TFBL, Tjas 55 0 IR gl 7 —Fhnl S A
1) DNA #4040 K i #, ] H Hoogsteen £ L X TE
AU DNA =825 F7E R H81, @it SRl g pH AR
AR 4 il o S 45 4 1) RT3 T /O, S B R 4 25 s A
TitesrFiz k. FAEAEL L. Burns 55 100 #4 #1
pH Wi R i o2 DNA 37485705 &, X Shfg s A
B4 R AT AR S — R TR
FIFHIE BRI R S R IVE , Li 6 PO R A
() 38 AR 7 B AR Sk ' T A, (£ 4R A 5 i i 1Y
DNA EARYTAREE A e A% B 11 1 2238 1 JMJeg I 7 PN
B AN T | AT IT I 8 B A, DT 38T
i 8 A7 P 258 I ) R 35K ek R A R B8 I 41 o) L
AR (] 6(c)). T MR L& A 38 % AT s JB i, HE
IARFRIA VT DNA XWEE F HIRES G490 n T, 7
VRPN S BT RORR L. Wiraja 45 199 AfF 5 J2 BR DU 1 14
DNA $T4UHEBAE R 8RR 7T IR E | A 8B i3 iE
FLRZ R IERE), {25 AR SR A P 1 25 SR
REEET (K 6(d)).

3.4 HARNXFENHA

M FAE 2R AL RN 0 R A1 48 s 9 R SORE | 1 4
MO CHAISFEDIRERR 1T, XTI HA & DGR
TR RE R R RAAKOLF R G B R EE, HaNoE
JEHUR OGBS AT R G4, Chen 55 101 3
1 W DNA PO [ A HE SR T i b 5 Y by 12
[F] 1) B g AT RS O SR P A T — i A
WOt RS, WERS THOCRER (8 7(a)). [FFE
BT TRy, NEALIRAE DO UG Iy
A7 AR I I, IF b & € T —Ff DNA-PAT-
NT(DNA point accumulation for imaging in nanos-
cale topography) #/-HEL AR, ZeEhRic I E
DNA ZERZHIR (f545E) 15 DNA 4R 45 L3t
MIREEAMEE (N4 ) SIS S5 & AR, 7 A B L
PCINIE, Z )5 AT e L, nI S DNA 44
KEEH R 3PS 102(18] 7(b)). iX A DNA-PAI-
NT EARBA ARG 20 3 B, TR &
J& T Exchange-PAINT Jyik, % H 2 45 A5 65 X
AR R, P RAE Z R AR FR Y 25 TR] 454 .

HSCA 41 1 3 THEZR AR A A 9 K 5 B OT
SEF I T B3 AR IR, 3K LB A4 [RAE AT 10 T4
K T IR EE. A4 SR AR5 T 2P [ 1Y
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(%) c2g® o3l ) CL8 c2g® 3@
/- IX, IXg /g X Xz o/
®/c1 ! ;

(b) 2

IXg= =

1 /
! ' 1 i i i i
/ b UED e / 2 / P S !
(%) c2g® s (i) c2g® o3y
= J i,
!/ 2 /
¥
/ 7

Thrombin-loaded
origami sheet

Rectangular
origami sheet

S g

Open state of nanorobot

Tubular nanorobot

100 —0— TH-DOX
~—0— Free DOX
wn
g g ]0 —0O— Blank
5 2
R
RG]
3 ~
=z
>< 12
o)
R E

Depth from periphery/pm

6 MERBIRMN T 0 TR EMEMIE  (a) DNA 748 E A TR AECL P () MUK S DNA 0 K AU e 5% I 4 49 K B is
B9 (c) Bk B2 AR ALY DNA GRHLAS A 07 (d) 3 70 FH T4 5 4525 19 DNA PU T AR 25 4 198
Fig. 6. FNAs used for cargos loading and transporting: (a) Molecular assembly line on DNA origamil®l; (b) electrically actuated ro-

tation of a nanorobotic arm, moving a gold nanorod”; (¢) DNA origami nanocapsule actuated by changing pH"; (d) 3DNA tetra-

hedrons for transdermal drug deliveryl*sl.

] B /N TR -2 AR, RSB AR T 1Y 25 8 ot
PR R B R, I G S 9K A
AR R AT BRI L 5T AR IS T AT A R ok,
RIYGiE 5. FFIHEAR A B AuNPs &2 ] [ 2128 %
LRVERES , 38 3k AR AR 1 25 ) HE A FIAR 48 A ]
PR T 2 o HE AR R A AR 007 3 — 5 A g
AuNP 07 B, ST T U A5 8 15, ITTE
3550 nm fLREEHINFEAERE TR 108 (8] 7(c)).
H X FhiE I S A4 4% 50 nm #2774 1020 dB
[ RELADTRE, M MEAEHFE, Gir 45198 44 AuNPs
A TATEE /N B 2 nm, PTTZE 62 nm GRIE 5 4 A B
il T AL R R E] 0.8 dB (5 50 nm). X Fh
FEFHE AR 1) 21 25 55 B8 TR D T i B AR A B S
PO K AL IR B, (LR B AR | R IR
FIHE T 6 AT H — K

TR P REE SR A R A AR 4 i A K 8 1 1) 2 [ A
A DASEEF oA B . Foh, BR0E AuNPs
1T B A5 1] () 1 A58 1 TG 1) o L T )32 i
FH. Kuzyk 25 004 I F] 24 AMZUiEft) DNA 48451
P T A2 F R4 TR HEHES 19 AuNP 9K, A2
e A4S e 4B s AH R B F A5 5 (K] 7(d)). Ding
iz oy NS B G2 e Y N2 2 T
FEHAS BB DB 9 AuNPs PO SRR M i, H B
A EWRE A, —Lo B B T T
DA 5 ¥ AT 3 3k A% ) SR Y A N oK B IR AT 2 2
Lan & 10 /¢ — 4 DNA 480 i it i1 <X 1B
HES) DNA Hligfesie FH DAE 7 b, Ifafk— 2020 26 1
S PRIBE, ZAE M T DL A SR T RS
SR N T =4t F-PEZ5 4, Man 55 00 {3 4
K DNA $r4CHM L 2 9K, sihid T 11 Fh
ANTR)ZS [l R Y F) T 5 B TR A1 (K 7(e)). 7E
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(a) - xcitation

Spectrometer

(C) A =490 nm ~ 48 nm

~2 nm 10 nm | Atto 532

iis

DNA origami structure

- F —_—
+ l [ Self-assembly .’ \\ =
6 . — |

Ry Ry(2) Ry(wazi)  Ro(waes)  R(wiwams)  Ra(enaaes)
\ \ \ \ \
\ | | &1\ || & I\ Y 2\ \!
~ — P s |q£ﬂ): ==
S / 4
S -
VRa(x ) Rs(aag) R(21-w)
\ q Wi A
\ \ I| \_..‘ § '\ J \ 1 y % | b
G | | e | | | | s | - L

§rheha

(d) Left-handed helix

Right-handed helix

' _}10 nm
60
; )
g el
| 57om| M@ S
. g i =)
: o ©
{ 1 |
i .
‘ool |
_ el | : :
1 i . 400 500 600 700
: E34 nm’ I Wavelength /nm
Station I Station II
B - 2.4
S & "

Removal strand ¢
WA
SN
Blocking strand a

TTCTCTAGCTTACT

Ko7 HESRIRAROC NI (a) 2T DNA PUTENA AL A HOL 48 92 5025 B 100; (b) DNA-PAINT!Z; (c) DNA 4748 F £k 1%
HEFI B9 AuNPs 77 A2 03 5 1031, (d) AuNPs 7E DNA $74% 1 19 72 e Fil A e e 51 104 (e) PUTRIA DNA 37 2% 42 1) <8 44 K 4 T 1 4

T 00, (1) AR HEAE DNA 748 -y ghs 38 00

Fig. 7. FNAs used for nanophotonics: (a) Optofluidic lasers based on a DNA tetrahedron!'’!; (b) DNA-PAINT ['%; (c) waveguide on
the line of AuNPs arranged by a DNA origamil'®l; (d) AuNP helices on DNA origamil!®; (e) tetrahedral DNA origami-templated

106]

plasmonic metamolecules'l; (f) Au nanorod walking on DNA origamil'0.

AT IR¥E 7 H, Zhou 55 109 14 4K R E
DNA 4% L SEAT 08 e o (0 € 1[0 4758, R = A=
HBRDEAMARE S (18] 7(6)).

3.5 HHEFIRHE

AN TR ) — D E R AT ), HESRA
PRI 5T AT L AR 5 TR RAT FEAC A IO P g (1),
14, HEZRAZ R A4 4544 T LIAE N iR 20 L (R
ARG A A s A BARHE RO, 5 A KO 2R S
A7 B PRGN LT AR AR A 3 RO XL H5 DNA 5
TSR e il S D E N 9 R TR A - 2
FROSI S5 97 30, Al i A5 A K 2 73 B3 i LU 14
LRV . I DNA P40 R E] Si0,
JR I A% 25648, Diagne 45 1 F ] DNA 34K

1Y Si0, FI HF “URH 20 1 i) S B 46, 45 42
il s A5, PR —A~/NT 10 nm AL DNA
Pt RE 3 Si0, FEIE (K] 8(a)).
QLR AT E S A R LKA . &
J& . k41K (carbon nanotube, CNT) %5 HiL F#1
B A 1 40 H T 85 14F. Gothelf R84 191 & R T
— M EA WA F PR RIR DNA HH0R G4,
P HE A DNAPraR L, e T U &% 2
P %S, 1207 JE L mT DLl 4ok ROBAT =R IR
L F OS2k (8 8(b)). I DNA FLH MR
Y HR | Tapio 45 16 B ks =~ AuNPs 2H 28 sl 5
HL iR, 7E 4.2 K 35 IR F N AR RE R I 2
ST R (K 8(c)). CNT fERTERE . FE AR
rn AR U AT IR K B B T 7, Sun 45 17 FF A&
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(a) pna
200 nm SiO; -+ )
si -@ —

1. Imaging in liquid 2. Imaging in air 3. HF vapor etching 4. SiO, pattern 5. Phase image
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8 8 8 g
6 6 6 6
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Thiols
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(d)

DNA bricks
! |
e

DNA antihandle

L1 L2
CN;_',. Mgl
o — iy
& Two—btepl\.,-,;\.l
surface
wrapping

Bl 8 HEZRBMMENEF I (a) DNA PT4UE] SiO, R M1 HH: K R 119 (b) R A& WL AE DNA Yrat 1B s «U” JE &
Z15); (c) DNA FLBtZH %% AuNP #4850 1 Fi AR s 119 (d) DNA P40 i 2 5 B2 208 19 ONT ~F47 R 41 1)

Fig. 8. FNAs used for nanoelectronics: (a) Pattern transferring from DNA origami into SiO,["4; (b) polymer binding to the DNA

origami with a “U” shaped pattern!'3; (c) DNA tile-templated single electron nanoelectronics!'9; (d) CNT alignment based on

trench-like DNA templates!''7.

T—Fxt2 Sk ONT 2510 Z BRAE & B 1413
Jii, UL DNA $r40hE e g iidR , @t % DNA {1
B CNT #EA7HED, STt T RIFES 10.4 nm
(R5F-47 CNT [0 (& 8(d)). FI) I Fib 4 285 s s
AT T 813 223 2 SR CNT 3000 i
A, CEL MR bR it = T 10 £ LA 1 (18
AN, FEAHEE CNT g8 FIF, CNT 4 7 2 5] 4-
BT L AR, AR B IR, N TRGECNT,
Zhang 55 " | BKOE 82 /5 CNT 7EDNA 4t
YR BN, TS CNT A A 0 v FISE-A T HEA

3.6 {SEAIEZSEMH

A AR5 B g 5 AR IR N A
KA F AR, IR T3 i HESE A% R
HEATE B AL PR, A2 AR B 5. FAE 1994 4F
R A Adleman20 T G114 i FH — 4k 26 P
DNA F 2RI 7 A0S A [ W 25 W A
[0, IEW] DNA 4rF B AR KNIHERE ). 24
K, DNA (= BEIFATIH . M % (G Bt . i85
P REAEMR SIS AE DNA IR 20 (5 877
fits N G GUSAR B T 780 KA 20 FE G fr
(R, DNA Pr4CnT LLVE by 32 4 v 5 i AE JER AR
Az DNA 43 F oAb s TR HES ). Lin 46022
F- % T —4 DNA 2T it B, R AR5
DNA ¥4 53 iR — B v A 1T eikis A,
g HH R TG E SCIY, R AR ARE S5 VA B A
W PETR AT, BT 465E 2 — 2 LA A S B I

T R RE () = ) 4, B i A B (A4
RAE DNA 748 DR 0B s ok (E 9(a)).

¥ DNA A BRMEERLA DNA 49 KER1F 1%
T, A BT A RUE IR B 6E DNA 431
Hlas. Wickham %5 1201 1% i1 A9 DNA 5k o] £ 4
B 4 FhoaT BE AL 0 BIE 9 45 AR AR I8 I ik A1 3
A5 A B A BRI B B AT . TEE N E R
#) DNA SIS ML, Chao 45123 JF& H) DNA
F IR HL RS A R RN AE et bk ey
B RE T IEM . R E RS E— AT E—
H O UGS U, IR R R R 3L
A NG I 2 2 RN AT AT IR BE AR S & A
i) TR T AT BB, A I O 0 A A I A
12, I IR 1R 53 HEE 0 S e X SR AR A T
BT AR (K 9(b)).

— M, MAERATGE T X R B 4
] I T . RIS A A DNA [1)551)
{5 B & DNA RE AR, ¥ 4ifi% >k DNA 551915 8
e rE K REHL DNA 1 027 B 458 DNA 42k
AR B, I IGRIZH DNA 0K 5 7E(E B
s Y 1 AT ). Zhang & 124 JF & T —Fh
DNA Pr4fines KRG8, Ak WAL 5 BomEs i
FANE SRR, B A 2 A TAEM R
B A Y A K ik S (R 2 i — 25 . il
AT SR B () B B S LM T T RE, B kit
Pr& B IER T ARNEI R, IFERF ) iR TR
S, B B SOAR BI85 1t B A
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers

Recent progress of frame nucleic acids studies
towards atomic fabrications®
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Abstract

In recent years, the technology of traditional integrated circuit fabrication is facing a huge challenge. As
the top-down lithography gradually approaches to its size limit, the development of atomic-scale precise
fabrication for functional devices has already become a major scientific issue at present and might become a
breakthrough in the development of information technology in the future. With the reference of the bottom-up
self-assembly, which is the basic principle of constructing various advanced structures in living systems, the
integrated assembly of atoms can be gradually constructed through a series of operations such as capturing,
positioning, and moving atoms. The advent of framework nucleic acids (FNAs) happens to provide a new
platform for manipulating single atom or integrating multiple atoms. As is well known, the nucleic acids are not
only the carriers of genetic information, but also biological building blocks for constructing novel microscopic
and macroscopic materials. The FNAs represent a new type of framework with special properties and features,
constructed by nucleic acids’ bottom-up self-assembly. With the improvement of chemical synthesis and
modification method of nucleic acids, various molecules and materials, such as fluorophores, nanoparticles,
proteins, and lipids, can be spatially organized on FNAs with atomic precision, and these functionalized FNAs
have been widely explored in the fields of biosensing, biocomputing, nano-imaging, information storage,
nanodevices, etc. Based on the features of precise addressability, superior programmability and tailorable
functionality, FNAs can be used for implementing the artificial self-assembly of objects with atomic precision to
realize the precise arrangement in spatial and functional integration of basic assembly units, and even prompt
the development of device fabrication from atomic scale to macroscopic scale. This review focuses on the
intersection of FNAs and atomic fabrication, giving a systematically description of the feasibility and
advantages of precisely atomic fabrication with FNAs from three aspects. First, the DNA/RNA
nanoarchitectures from static state to dynamic state and general strategies for programmable functionalization
of FNAs are briefly introduced. Then the applications of FNAs in device fabrication are highlighted, including
single molecule reactors, single molecule sensors, nanodevices for cargo loading and transporting, nanophotonics,
nanoelectronics and information processing devices. Finally, an outlook of the future development of atomic

fabrication with FNAs is given as well.

Keywords: framework nucleic acids, atomic fabrications, self-assembly, functional devices
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