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BRERMER S FREKRELS GREFNHERIES 2 P&

BMEA K HE BEREFE NKER AR F =
VTR, T 315211) (SRR A RHERF B, INSE T 010018)
F(BEVEIRE A PRt 5 05 B R4 B, TE%E 710062)

SO ERME RN L ST T A oY | b R G SO0 S T 4 PR N S ST, I 201800)

B O T RMEBEOR (AFM) B 90K 2 B AR BE T, R WS A W R T A R RE Y B2 TR
Z— o A AR AR AR EGR 2 B AR ) BB R . ARBITTEAE 5 DNA PR B HT o T2 1 F DNA
Prae b T IIE R, PO TSP TR RS S R U H DNA ST 4CHIT ST 7 PR 1 i 40
KEEH , FIH DNA JrdRTE 25 B2 10 b AW AR A5, AT 7 B P W BRTE Ao SIS T L, Py B RAS T
PRIRSZE P Y Bl o U S e BREE 1 G (1gG) 70 TR Y B ES ML S . ATk o D568, Dy AFM 75 5
Or TR BRI FNRAR A= ) 737 S5 A AT RESR ALY Bl

KEBIE  ETFHEMOR; BT SOPERE; EEREH G; DNA T4t AR
1 5|

JEF 1 B R (Atomic force microscopy, AFM) EA 91K HiK -, H EHA 768 A= B0 i Ak
U UR e S, B BTSRRI 5 B A W o T AR T B b B T R —
BEARAT R BT 1 A K 5 GRS |, 45 B e SR B R AR R OGP IR SR, R T A 1Y
ZREERE e BB AT Ik, B B AT T | AT AE A AR S 8 T X FEAR R R B L BRI T 9Kk
X R Sy T AR AT RE RIS, 29 T AFM A o3 AT 5 A AR AR W K oy s rh i s k. B,
A A—A ) 50 F U0 DNA, PR 58 LB, ARM X HAT B4 AR I BE g, T Sk HL&8 44 Fn o e
FERMNEZ TSGR M TE R 4 BT 2273 B AR W) K43 F A48 5 43 F 1Y LS RN R AE
SRART RIME T, 55 A A 8 R e TS HE = B T %) B SR BT, 3 o ok To vk AR e
AT FAERT R R L B SR EE R 42100 ) 53 Ah— o B 2 2R 1 T HE S X, il 45 A
ARGEH , o R ARBOH 5 7 HE G 43 MR (R A S8 3R R e A IS 2R 1A TG Tk 412 iR 4544
SRR SRR 2 X T ARAT AR 1 5 o0 B R . X T BN 8 1 B, LR R IR A B
T BURE PRI M RTE T IO A AR B O AR A T b A A R AR R 2 B BB e L R K B 7 T
FETCIE AR SRR o A, RIS ok 1 RGO A e i) — L6 52 Z% (R, A 5T A F DNA Hr4%
FARM KT A i S ATRIRI T AFM B9 FUREIRE T, R DNA $r 4R AR e Ak g A

R A B SR RS R T ) 2 RS A BERIR S PR bR R B AT DD BRSNS R A 2.

YRR R EENEA R, EEVUAR %% R GRS o0 HEMEH, A E BTN AR
55, BUKRRTI328 TgA, 1gM, LG, IgD Fil IgE TRl Hort 75% J& 1gG , SRR oy 1 28 v & 45 5 9% ) e
B FBEWRIENT o 1gG 43 T2 Y7 BIZEH) 7] 53 Ry WA Fab A B —A> Fe B> Fab H Bt EA
S5hiRRE S AR, Fe i BEEA BOGAMAE 25 5 S S5 £ e s . F7E 20 tE4 90 AR4% 2R
FHE TR AFM (775, ATTSEARAS T 54 1gG 1 @ 3 HEEMR, B OW 31 T 40 B B A 1gG du ik sy
FHOBT D E T RAER R AFM AR A B R NS PR 1 e R A, B S A2 AR R, Paulo
VORI AFM W51 S X S AG A 2, 15 8] T 28 A T B e = B3R 1 0 < Y TE P g i B A%
Shinichiro %57 ZEYRR IR T, WA E T 412578 Lt B 1eG R, N 1eG L5 FIRFFE 2488 T3 ik,

2016-02-09 Yi#H;2016-05-12 #5232
AR FBHLHR 973 T H ( Nos. 2013CB932800,2012CB932600) , EIZK H #A R 2= 54 (Nos. 11375253, 11474173, U1532260 ) , T E B} B
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ER A SRAF AR T B 1eG 23 B 0 BERUR AR 2 — Bk

“DNA Hr48" 2 —FlBsi QR g5 48, i KRS ZE TR T DNA A9 5F- B R Fo vt 3, Sl T
it DNA (AR ALY B 2GR R & 90K S5 . F M 2006 4F DNA r40HiR &K BILICE , e izt it —
di ot RS ZFORE R DNA S0k a5, [RIRT, B2 3 —H R A9 3, B DNA 37 4045k )2 0y
CEGTHTECRIEE GRS S DIk RO B2 | DL AR WA AR LA T AR KA
JRUE -2 FET, BT DNA 9KE5H IR FE MR L AFM Sy 38 B A8 R AE T B il 1 46 1 DNA 474€
YRG5 L HTESARE , X2 R IAE DNA 40T & AE ARk, SERR b s Fioks 20 i T8 55 22 Al R i 5
AW oA RIS K T ARRR PR3, P A ) K o3 F- I S5 A R AE B AL — B G KA BRI 3T 7

AWFFEFIFH DNA rARAKE548 , i D A X DA AR AR A BT b R i k8L, DNA $r4U th— 2k
HE M13mpl8 viral DNA £ 3,200 222 1T T 8 53 315 HECOWU T B0 AR TR DNA 2548, A Y
VIRETEE , U] SRAF A RIGOKR SRR . FRATPHS b = B MR R L 2 T AT RE RO & S B R e IR
PR F N, 345 H DNA 40T R -HUR A B —Fh“ R APUOREE” , e A — BB Tk
Gt A Z X Fl DNA QK E5 AT I 2 i T ey, 38 5 i f /R DNA 7 407E 2= BRI SR 7 AR 4
SRR . PR S DNA PraUe e —iem f5ie, brk @ e T o tRim L, Xk, BRI
TRIABE T, BURMRIR B I BFHAE 2~ BT, SRR o BT AR o T USRI T T B

2 SEIGERSY

2.1 (LR F

JEF-2E4%E M13mpl8 single-stranded DNA (NEB 28] ), 1T A5£T 5% Fth i =B 1 09 1T 56T 8808 45 T
AW TR ) B A FRA R, T HETE T8 5000 5 52 S0k 21,22 ] — 3k, Hob s =810 57
Ui LT TR ACAH N 7 BT 14T RE . Mo B0 — MBI 40T BET R 6L 45 A28, A31, A0S, A37,
A65, A63, B28, B 31, B0, B37, B65, B63, (28, C31, CO8, C37, C65 Fll C63, HumFBMinyK 5K
PrARIT BETHEAIHE 1, 132, 52, 76, 75, 99, 181, 205, 204 H1180, Hb 5 EHifAK (Sigma-Aldrich , Z[H ) |
100KD #B3E45 ( Millipore, 32 [ ) , Mastercycler Personal Machine PCR 1 ( Eppendorf, fi[E); F-4500 &4}
] WA 66 EE T (Hitachi, HAS) 3 NANOScope lla AFM £ 4t ( Digital Instrument, 3¢[E) ; i1 )1 B85
PRET RALRERRET (SNL, 380 257 0. 35 N/m, Bruke , f8[H ) ,

2.2 EWHE

2.2.1 DNA Hfigkfnh S E=MBEMARIZIT  FIH MI3mpl8DNA T 2855 ,200 £ & 1T IR HE K
TTRETSE, it AR g TAE TR, DNA 48kt wisp %, 023K 120 nm 1
SN =AM AHE FE 414 100 nm A1 70 nm B D5 I HLE TR A 07 B A LT DR B9 2 L
WE 1 PR, S0 =M e =40 Bt T =SB B0 a5, 1 5 X B J5 1a) B 2 4449 40 A, I L3
PP R A 8 ~ 18 nm, 554l DNA Pr4CAR R 1 RSP STH B K 5 B A HUssr 1)
VT PBETRER b JFOR P55 BT 04T % , AT 4T HERC B TSI . 5 = MIBEIEERL, K TP
K BB T A = XU TS, SAHN B SE & . RS UL, ARAIF ST R b s 2 S B
WHAR T T BB M = AR ICAE DNA A% A0 A S, 58 T 00 3 i3 2 A

2.2.2 DNARKMBAEEFMMAEL DNA Prak A A2 M4t 2 % Rothemund FIF 7] 58 /I 5L 56 19 5
P SRIAANR . K M13mpl8 DNA 59T H4THELAEE/R el 1:10 B L IR & )5 , 76 1 x TAE/Mg™
(40 mmol/L Tris-Z 8 .1 mmol/L EDTA .12.5 mmol/L MgCl,, pH 8.0)ZE ik &, & T PCR ¥ -
95°C iR k2 20°C B Al iR KR 0.1°C/10 s,

P AT DNA 48 ABIESS N, N 1 xTAE/Mg™ 28 w25 B K A5 400 pL, TR EHE O
HLH 15C, 3000 g B UE 15 min, H4 50 2R 5 IEREE , PR 8 A 1xTAE/ Mg™ 2% th i 45
PR ARLA400 WL KR g IR B A E— BT B0 7P, 15°C, 1000 g, 10 min #8 3§, Ke BT 22 A0 RE A 0 1
Ja F IXTAE/Mg™ & i B, 48 1 2, 75 81 DNA T4k 20 2 nmol/ L, 4°CLRAE# .

2.2.3 MiSFESMEFRERE  BEBUAR N FM. BUAEE A PBS 22 M1 (100 mmol/L NaCl,
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10 mmol/L Na,HPO, , 2 mmol/L. NaH,PO, , pH 7. 4) FiB& % 1000 {55 , K Pk 51614 Pl A DNA 3
LU L2 nmol/L) # RAAARFR L 1: 1 IRA 4T, 25°C IR T 30 min J5, ATl £ AFM F£ 5

2.2.4 AFM #H@REHIE K S pL BUIRHUI SR IR A B0 I H # 2 B =8 R L B 3 min J&, %
B b ORI E S, A 30 WL B TAE 28 WigUs , AFM 4%

2.2.5 AFM BGFADH  AFM SR S5 SRS 5 MEVEME . T . SR« 8k, U
TAPPING #% 05 PEAKING FORCE Ui ifg . PG G H, Al s R 5 HI7E 2 Hz IR, A
B SE, RACTAG S5, AR 73 WA PR ST F 1eG 1 AFM BUE AR 1 BHR A A AFM [ 375K
PRS- A B BEAT 40 H

- DNA Ji4%
DNA origami

HuimE

Digoxin \

BT DNA HT4REDE b3 1 ( Digoxin) A i/ i 8l . 2234 DNA 40BN = flE Wl MG B AT
6 UL VT BRI O — 4 = AL A RITE M e A 2R L = 4 M T
— DGR SRR PR 8 ~ 18nm L3 T,

Fig.1 Schematic presentation of positions of digoxin molecules modified on DNA origami nanostructures. There
were 6 digoxin molecules fixed on one side of DNA origami. Two digoxin molecules formed a couple binding site
within a distance of 8—18 nm. Left: positions of digoxin molecules on the triangular-shaped DNA origami; Right:

positions of digoxin molecules on the rectangular-shaped DNA origami

3 ZRMITE

3.1 1&ifithE 8 DNA T4HI AFM &

By TARBUAANBCIR R AFM R, 3 566t oAkl DNA H740RE 5 HEAT T A% , 598 DNA 74809 f
SN S5 (VR 2) Sors WA 25 R - 1 = AT AT J7 9 DNA $r 480 528 T i F . 1] 2 A1
V] 2b 43 591 230 = F ALK D7 SRR RO AFM A
1% =4I 0 24 120 nm, 7 (94 155 25
100 nm #1170 nm, 5&FHRREHAE HEE
I TREUN TEER E R, IR G T LR
b HLA P B = R T ALK O A 4R, LK JE
70 ~120 nmf¥) DNA 48 G5 HE 5T, 165 X 40 !
KBRS TR BT 5 = o
3.2 HEFE IgG B9 AFM 54 ¥ R&

TEXMEHATHOSS T DNA 740 gy stah [, (92 RSP DNA GPARHD APM IR, (a) =
S BRI 0 = £ 4T 48K J7 T DNA ff*ﬁz ﬁﬂf\ APM :E”%f’ Fb”‘j’?“ﬁ’*ff:f@ APM E”?’
FUEE TR 183 8 = i dnae oy o Mo foree mieroscoie (AFM) dmages of ()
REJR B AFM G, [ 3a b 36H 5 BT, B
PPN AE T A~ DNA PR3 1 BIA 4
WLGESTEA ZFIG—i b, B AN — AR BIZ5 & T A RAE R B30 b (e . BRMORR
(I 3b) T LI A 1), S T IR B =B FR 5 Y JE200L, MU B 16G Hobk o TA5 M5

triangular-shaped DNA origami and (b ) rectangular-

shaped DNA origami in aqueous environment.
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Kl 4 FR BT A G PUIR NG AFM E{5, &l 4a B4 DNA S48 L EE 640 1 ~4 A5t
I HUR BT IR RS A AR, B 4b H ATRAVE A 2« Y7 IR (5 6) M2 MIE (206) . WPk
(A I o] LI PRI 25 AP0 IARER 2 h 3 R4 n, (b)) 8B R i Ze ) Fn ] Sy 1 &
HHUARREEZ R, A0 E 3 Rk R, 3 M EUSE SR T 3 A AR PR T,
A REAE 10 ~ 15 nm Z (8], 5 1gG /9 X-RAY Fr 315 BB o 1 RO B9 B0 (/N L, A4S Fab
F B AR AT IREZ) 15 nm "

50 nm

3 A IG PR, (a) B TE=MMIE DNA 4
AR TgG Y AFM %R (b) 9 (a) T HE
HHUARECR S, FJ7h ARM MR, T J5 R 8 A AE
T 1gG BIHE L,

Fig.3 TImages of individual IgG molecules. (a) AFM
image of single IgG molecule binding to the triangular-
shaped DNA origami; (b) enlarged AFM image in (a)
marked with white square. The top: AFM image of single
IgG molecule; the bottom, the project image of the IgG in
(b) marked in yellow.

50 nm

Va

=
200 nm i
N J

K4 B 1gG Pk TEIMR, (a) SSGTERITE
DNA 748 E R AN TG FfA> 719 AFM &, (b) A
(a) PEEITHER R BORER, LIk AFM E1{R, T
JrZe AR a4 (b) AN UAR R B R O A
M 3 (b) ML IA

Fig. 4 Images of individual IgG molecules. (a) AFM
image of single IgG molecule binding to the rectangular-
shaped DNA origami; (b) enlarged AFM image in (a)
marked with white square. The up: AFM image of single
IgG molecule; The bottom left and middle, the projected

images of IgG in (b) marked in red and blue; The bottom
right, the projected image (yellow) of IgG in (b) of Fig 3.

MIEL 3 FIE 4 rpal RIS MILEE ], i 3 AR B4 Ul ny S Pk o 1 AR Z O LRy Y 7 2 3R
DNA Hr4CHA G ST HES . Horp i 2 < V7 A1 FROEAR (B 4 a 43 50 B 58 60 R4 (0 55 3k i
/R) o Fab i Boilad R P45 5 0730 DNA JraiiE s n)  MiX T Fab FBORUE, Fe FrBES R IRAGIL
BFRE I RO 2% , A I SRR AR W CIR S, PRET I, il TE 36 AR UK TR 7 R ZS O v 5 8L, L2 Bl
Fe SR ARG . FTLL, BEi HUE Fab 5 BERITES, 94> Fab R BOE R 1 V7 BIZE K 17 7 RI45H
B ATRESE LA —> Fab i Bt4h 57 DNA $r4Ri 4 ERYSSR s REF A AT RER A Fab 19— Yy
JIE 7% R ok 5 o P RE S 1 = BRI B DNA Fr4R2H e g A4 ol e It I, 3 A b v = O S8 07 5 B IR
AU EEHUR ST YR A B Fab #4278 DNA 1400004 i, FAR WA Fr B vl g B 44t
(30 %k ARAAR ST IIC F T AT BT , i R B T s S 2 B AR RPRAS, “ 1" FIR W BE R R SR
Z5G 1 Fab F1 Fe i BeCBARIT , sROFPEAE—& | 1754 R A2 RS 38 20 22 o il ml o U — 1 BB
FEnBERIE b M TE o0 A 2 Fab B BOA R Fe BB, BUE R S gk

WOARPRIEE F AFM B 5 20 BB S PUR 7 1 RUHG R S 1y T 28 OB AR R I, 2 1 5701 M
KRS AE T 3 JCAY S0, DRI vl A LS LA 3 7 RS s Tl T AT 4R B R BBt iR o) T RERS 1L
PR E Hu T RE T = BRI, DA BRI 1 I BE P AP T BRI T A A TR AR R 5
I T S TR SE R (VAR RECE /IR s R X 7 N e i 9 e e KDL (A A ) g R )
117 S S ARV R R RPN QAT B 71 N7 e e ] R - A IR P e O € e | R RS B Ry 2 R T
FIFFHESE L
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4

% it

AT DNA Pr4RER S AFM SR EARMES G, A T —FhiRT L D7 68 (4 S AL MR 231 ) IR

T HAE T R PR B DR 1gG ANE o> T A5 A0 BRSO S 3 1 45 F R REBIE S 4R 13 108 5
o BRI E/N T UFOL T AV R  ZIREE ALE T B AT HEE A B i fE DNA 4841
b ARTTE AL B SR G B A S AR AT G A M R D RE SR B S - TR Bl el A S 00 R R A 8
B ARIEA RN E R T R XE T 45 A ) LR R 23T B AR s o3 e SR B4 A
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High-Resolution Imaging of Single-Molecule Immunoglobulin G
Antibodies with Atomic Force Microscopy in Liquid

ZHAO Zhi-Jie' , ZHANG Ping®, YANG Jia-Xiang’ , HAO Chang-Chun®, ZHOU Xing-Fei', LI Bin**
"( Ningbo University’s Faculty of Science, Ningbo University, Ningbo 315211, China)
*(School of Life Science, Inner Mongolia Agricultural University, Hohhot 010018, China)
*(School of Physics and Information Technology, Shaanxi Normal University, Xi'an 710062, China)
*( Division of Physical Biology & Bioimaging Center, Shanghai Synchrotron Radiation Facility
Chinese Academy of Sciences, Key Laboratory of Interfacial Physics and Technology, Shanghai Institute of Applied Physics,
Chinese Academy of Sciences, Shanghai 201800, China)

Abstract Atomic force microscopy ( AFM) is one of important tools for studying the structure and function of
biomolecules due to its nanoscale capability. A well prepared sample was the primary key issue for high-
resolution imaging macromolecules. Here, by using self-assembly technology of DNA origami, antigens were
modified on DNA origami. Afterward, antibodies reacted specifically with antigens by a molecular recognition
way. Then, a nanostructure formed from DNA origami and antigen-antibody complexes. By the aid of
adsorption character of DNA origami, individual antibodies could selectively adsorb on mica surface. As a
result, the ultrastructural morphology image of a single IgG molecule, the characteristic “Y-shaped” domains,
was resolved in liquid. The way for adsorbing biomolecules on the mica surface in a liquid environment was
simple and convenient, and it may be useful to detect and measure biomoleculers at the singe-molecule level
with AFM.

Keywords Atomic force microscopy; Single-molecule; High-resolution imaging; Immunoglobulin G; DNA
origami
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VER6 & U T AU 3 AT BRI A T, (R 820 ) I RIS B 2 ) RIG 4 40 Brill il T AR 5 45 2 R AT
o (&) th b E AT R R AT BR 2 ) A eh [ 4 R 2 2 00, [ PR Bk Tolk 23 7 & 51 22 (1CASI) 3%, H
1981 AEBITILIAR , QR 44T ) LA BE A BIUHORS MR ™ B2 28 B2, B 28 S R 4 U o I aCRr e AR i gy 12 Sk
28 FITERCR K RGRTCE PN A ENING ST shAS . GG TR e 0 Al AT PUR BT R R R
KA BT TR AR N VMR L B I AE 2 2% (16 44307 ) 2 E RHEO8 SCae BT 1) | o B2 5 | SCOR 2 i A% 0 P 9
Tl A FE R SOZ DI T G CA” TR b (R4 T2RA%.0 0 1), 9 S fir 22 SCOPUS i 4 | 56 [  SUMR B2 3CH ) 1]
CREA A2 2R E IR (CNK) 507 Bl IR R e | rb SCREH I PIRC 122 45 [ P9 0 4% B P il st

ZAERR AT HT) WL IR A 145 E B2 RPN F8 PR 7E 1R 8 TARE AR ZE K o0 M il AR S 1) v — B TG4
i 2015 AR P ERM ARG HER ) (0 R) 41 2014 45 B2 Rk 1,033, 7616 4 TR H R B 1) b 2 51
55 1;7E 1998 A FARHE O Tl AR PIZEG PR B 44 5 218,

GRASHTY R AR, K 16 JF, BT 80 BT, 5E M 15.00 JT, 24F 12 #1,180.00 JT, 4> [E 45 MK )= & AT, 4 U
VIR BRI RN & T L S TR R
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