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BH(NaBH,, 408 98%) . /K& XL () ik fpE 7R 3% ) R IE B — £k ( BSPP, 4 97%) P 4 1R (4 &
99. 9% ) ¥4 F| Sigma-Aldrich 23 F) ; 40% P BERE W F JE 3 Solarbio iR Al 3 TEAGBEA H Biowest 2
Ay Z(2-ROHL) WEERRER (TCEP, 4l 98% ) W 1 TCI A7) 5 ArBEmR el (461 99% ) W [ R A 5
SRR FEEH BE(Tris, AR, WH L M (B.R.ZL) | 10% i BifRE: (APS, A.R.ZL) | BhIR
B U B R A A 1 25 42 Ak 20 A BR S R SE 58 T R 4K R B Milli-Q Dirvect 8 47K
Z455( £ Millipore 22 7)) il £

FRILBHAK DNA14~16 W [ Takara 23], il it 5% 5 N HBEICEEIR B3k ( PAGE) 4lifk. H4y DNA
¥ H IDT A%, DNAL~4 ffi il HPLC 4lifk, HAYERH OPC 4lifk 7. DNA FAI L 1(“ = " F£mn
BRACHAERR ) , ELAAHE Y225 5 FH UL Scheme 1.

Table 1 DNA sequences

Name DNA sequence(5'-3")
DNAT TCGCTGAGTAATCGTAACTCGCCTACTGGTCAGCAAGTGTGGGCACGCACACAGTAGTAATACCAGAT-
GGAGTACACAAATCTG
DNA2 CTATCGGTAGAGCAGCTATCGATCCGACGTTATACTCAGCGACAGATTTGTCAGATGACCTCTGATTA-
CGCGTACAACTAGCGG
DNA3 CACTGGTCAGATACAGAATCACTGGAACAGTACTACCGATAGCCGCTAGTTGAGATGCCTAAGTA-GCGC-
CATGAGGTTTGCTGA
DNA4 CCACACTTGCAAGTCCTAGACGGTAGCTCGAACTGACCAGTCTCAGCAAACCAGACTA-TCGATGGCATA-
ATCCAGTGTGCGTGC
DNAS GTACGCGTCTAGGATCAAAAAGTTCCAGTGATTCTGTA
DNA6 TCGAGCTACCGTCTAGGACT
DNA7 GACCAGTAGGCGAGTTACGA
DNAS AACGTCGGATCCATAGCTGC
DNA9 GGATTATGCCATCGATAGTC
DNA10 CATGGCGCTACTTAGGCATC
DNA11 ACGCGTAATCAGAGGTCATC
DNAI12 ACTCCATCTGGTATTACTACAAAAAAAAAAAA
DNA13( ps-po DNA) GATCCTAGACGCGTACAAAAAG " G*G*"G*"G*G*G"G*G* G* TTTTTTTTTTTT
DNA14( thiolated ) CATTGATCCGAGCCTAAAAAAAAAA
DNA15( thiolated ) TGATTCCAGGTAGCAAAAAAAAAAA
DNA16( thiolated ) CGTGCTAAGTGCGATAAAAAAAAAA
DNA6' TGCTACCTGGAATCATCGAGCTACCGTCTAGGACT
DNA7' AGGCTCGGATCAATGGACCAGTAGGCGAGTTACGA
DNAI1' ATCGCACTTAGCACGACGCGTAATCAGAGGTCATC
DNAI12'(Cy-5) ACTCCATCTGGTATTACTACAAAAAAAAAAAA-CyS
(A) DNA3 DNAS (B)
DNA4 | DNA6 u
\ DNAG6
E)\ \y;‘ gy
DNA7 1P 4 Q i
P - 7,<DNA11’
DNA2
DNAI1 ( )

Scheme 1 Design of DNA cube(A), DNA cube-QDs and QDs-GNPs(B)

Agilent 8453 %148 Hh-A] WL G EE 1 Agilent 1260 Infinity %9 %R HE (4354 ( 55 [H Agilent 24 ) ;
AvaSpec-ULS2048-USB2 HZ OGN (bt Z T HE M BHE A BR A F]) 5 Tecnai G2 F20 S-Twin B3 1 H1
T W (25 E FEL A F]) ; Multimode 8. 0 %5777 i {4045 ( 25 [ Bruker A ).

1.2 KIEHTE

1.2.1 DAL DNAI3 HHERBEF A AR SHOCHR[22] 51k, Jehil€ Te B FIURTIRIAR. FRE0.02 ¢
A B AT 0. 0125 g MTEALAN A B4 T, F 500 WL B 4K 7R, BT 60 ChnHiE rp i iz
NgE4r. FEfl A Cd BRI, ROk A MEH BR(GSH) , BLi CACL,-GSH IR-EWL, fif CdCL, ¥ JE N
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1.25 mmol/L, GSH ¥4 1 mmol/L, J 10 mol/L NaOH 75 pH & 9. %F 500 wL Cd> Fif SR A4 1A W
120 nmol FEIEELH DNA | 7ETCEIVE R MA 1 wL Te BIORIARIAEW , IRAISI)E T 100 CHE RS &
KN 603 nm Y DNA-CATe fF 5778, Il Hyk gE>) | & H.

1.2.2 DNA cube t#| % BUE B E N DNAL~DNA12 JRA T IXTAMg[ 45 mmol/L Tris+7. 8 mmol/L
Mg(OAc),, pH=8. 0] i, {5 5% DNA BYEm A WREE R 0. 1 pmol/L. K HESLTE 95 C T m#k
5 min, SRR S h £ 4 C.

1.2.3 DNA cube-QD B %% ¥ DNA1~5 F1 DNA12 5 FiR#HI4 09 DNA 8 B 7 SIE S T 1xTAMg
LAWY, i DNAL ~5 Fl 12 AW E 8 0.1 pumol/L, DNA AL 7 it T 1 e &9k &
0.3 pmol/L. KAEFATE 95 C AN 5 min, RFZAEFEIR 3 h 2 55 °C, FFIARNY DNA #E 6~ 11 MAF
RAWT, IRAWE), BRAHEYIN 0.1 umol/L, FRZEEIE 2 h 24 °C. 4 PAGE /3 # 5, M4
WA, FIH Image J 3R G F aS A 2880%. ARAERIIG A 17 A5 B2, f%30HH DNA cube-
QD My LU .

1.2.4  FRERF4A 4Kk F & R & GNPs-DNA £ & 416y 4 & SISk [27] F 4 W 8 nm 444

KT, BT YH 0.22 pm £k i AR I Table 2 Reactant volumes of gold nanoparticles
&, T 4 CIRAE. NSF0h 15 5 20 nm BI490 with different sizes
Kobi PR AT I ES B, BE YA (W 2)  Size/nm V(H,0)/mL V(HAuCL,)/pL V(Citrate acid)/ml.
190.01% HAuCl, 7EREFE T A =8 s, A 15 25 250 1.25

20 30 300 1.05

V9 T IERRAEN , €0 3 B (0 A8 T £ 0, 4k
SR 30 min, EIEMPGEAEEGIRE, ARRHEEE. H0.22 pm §3kd UL g, T 4 CHRAT.
4 BSPP AR LR gk G, M EZREN 1 mg/mL. HPEER)E, B#IMA NaCl &4
1 5 VR €0, Hh T 20,788 LR I 0. BHIR S Y L) 8000 r/min 53 B0 5 min, {31 0. 5XTBN 2% mifk (45
mmol/L Tris+45 mmol/L H,BO,+50 mmol/L NaCl, pH=8. 0) FH /1L, 2.0 2 LM, AR
A AN Y e RE TR I E 520 nm b AW TS B [ £4,0(8 nm) = 9.3x10° L + mol ™' -
em™, £53(15 nm) = 8. IX10" L » mol™" « em™ £550(20 nm) = 2. 7x10° L » mol™ « em™ ]2,
1.2.5 429K+ F45 DNA cube-QD 4% H4G A GNPs-DNA 7E 12000 r/min #%# T 2.0 5 min fR
RGP, i IXTAMg S iAW B il K 4lifb )5 1 GNPs-DNA 5 DNA cube-QD #JEMKEEE 1:2
BAT IXTAMg ZZ 0w, i GNPs B2 B0 20 nmol/L. #4 DL FIRAWRAE 39 CKUEHINA3 h,
SR EER.

2 HR5iTiE

2.1 DNA13-QD 5 DNA cube BB RAE
9T F% DNA cube FIHEZE , T T 4 2K 58E DNA(DNAL~4) , AE4KBEE DNA ¥4 2 Bl
5B AMY 2 K B8 DNA HAb(a S a', b 5b', c S, d5d), MW THIE 4 500 8 BUE K77 1A
HEZE (L Scheme 1) . 33X A7 7 (AHEZR (1% S 1 A1 T50 1 2 3 4 5 6
Y 8 45324} ik DNA, JEZeFmA 8 SLH AN 1
M %545 DNA(DNAS~12) , 2 DNA 771K
HEZZ(DNA cube). 55K 4% DNA(DNAT~4) & L1 |
A1 84 KL, HIFIEA) DNA cube 5454720 3 |
AL, BRI T 1A A, T DNA
SERAYAS . AR AU DNA cube B 4530 Y BE 751 —l!‘ AP
SN 6.6 nm. V) 1) = |
K HH PAGE B4IE T DNA cube FY A4 EH 155 . 4 5 6
wmE 1 iR, B 4 5K 58 DNA BIMA, $522 8]  Fig.l1 5% Native PAGE characterization of DNA cube
MIZAE PR TR R R (45717 1~4) , 24/ The expected hybridization product of each sample is illustrated above.
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AHEREAMNE RS B2 R AN (55407 5 f6) , Rl B AiRg: , RUIFTA DNA F BUkik
FACAF BN L GOREE AR, 72 PAGE B P i] LUR BT Jo 248k 1 45, =W iaeh, B=se. @i
BOGK EE AL TTA5 5] DNA cube [F-2KARi42 4 (7. 78+0.2) nm.

R T HAFHIINZE DNA cube (9555, (0 B 0004 ( AFM) X H 04T RAE (FREH 524 Bruker
ScanAsyst-Air, #0A ScanAsyst-Air) . H AFM BB (2018 2) G458 H S EE N 2. 24 nm. AFM it
FEAH LE PR AR, 84 5 SR 15 ] 25 R tha, HEMR A 2 op sl b & Mg, VR4 W 5 2
Kbk, FEGIHEE R Z.

SHNG:)

Percentage(%)

Height/nm

Fig.2 AFM image(A) and height statistics(B) of DNA cube
7350 5E B R DNA f B 1 B SR AN S O & F e, AnlEl 3(A) B, Al L, DNA £
R BRI Fie R & B 43 31 R 560 nm 5 603 nm. 7ES ALY DNAT3-QD ¥ i A &b
DNAS5 Z&3853 %, it PAGE[ 8] 3(B) ] AR A S i £ il {1 s SR H LT 0GZE £2 1 1 4% DNA. X
DNA {8 5 5 i BB ST TR M PE5 m ar R S 7 AR SRIE [ K 3(C) FI(D) ], &adGEiti5 i
MRS KT & A RS 3. 81 nm.
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Fig.3 Absorption(a) and photoluminescence(b) spectra of DNA13-QD(A), native PAGE
characterization of hybridization between DNA13-QD(lane 1) and DNAS5(lane 2) (B)
and low( C) and high-resolution(D) TEM images of DNA13-QD
2.2 DNA cube 5EF R Y43 (DNA cube-QD) & RIE
it DNA cube BB 6.6 nm, WHEBRGEEN AR Z0 5 nm BE T4 O T RESH i
T HEAFAE DNA cube WHB, BIFE A G H 725 9 DNA SEA M (g 5 h) 2, ATEIS DNA
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cube XML LARH ) 2 2% DNA B (o' fil h') 2438, AT 9 [ %€ #E DNA cube PI#F. 41 Scheme 2 7R,
A A Rl T LUK T S B TE DNA cube PR
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Scheme 2 Schematic illustration of the assembly route of the DNA-caged QD

The complementary ssDNA domains are highlighted in same colors.
it PAGE RAE[ E 4(A) TR, HTIARETF S8R AEXT73F B in, DNA cube-QD 1Y
Zkaty B2 HE 4l Y DNA cube 257 (18 GelRed $2 TS () S [n] b, JIE B = F 55 (56% ) B % H47F
DNA cube |=. ¥ DNA cube-QD F 2% (MBS MR YL (5 )5, A or HEis 5 vl i U R 1E. Y42 )5 1) DNA
cube MDA T A BEXTH, ATLLE WL E 4(B) ]. i3 TEM RAEZE RS, DNA cube-QD [
YIRiAE R 6.9 nm, SESEAST. th AFM B[ B 4(C) ] AT W, &8 DNA cube-QD A 1R 1Y 5538
P HRSHE—. it AFM 483145 DNA cube-QD B8 A 6. 3 nm, [AlFE S BSEARST. #id DLS Pk
731 DNA cube-QD 7K G442 K (7. 9420. 3) nm.
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Fig.4 Native PAGE characterization of heterobivalent QD (lane 1), DNA cube-QD (lane 2), and DNA
cube(lane 3), low magnification (B, ) and high-resolution (B,) TEM images of DNA cube-QD

stained with phosphotungstic acid and AFM image( C) and height statistics(D) of DNA cube-QD
The DNA cube was pre-stained with GelRed before loading on the gel.
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FIHDE IR e 7% % (FRET) LRI R T &+ £ AL T DNA cube (47 B 4G 0. FRATIRITHY
DNA12'J&7E DNA12 B3EaE [ F PolyA BYA NG IN L2650 F CyS, F PRS2 & F 50 DNA12 i
FRPEEE. MPOWEIE[ B S(A) JAT W, F A5 Cy5 Z A U 2k e i 7% 7% (FRET) 7
5, R TR T 55 PolyA HMEIT. A NXFEESZE, BAE T B4l DNAT3 A7 & 15
5 DNA12'(J FRET &0 [ Bl 5(B) ]. 1] DNA-QD Hii A DNA12', 7K 424 i 7% il e FLwé St & 51l
HE, 7£ 665 nm A 1 ANEIHY CyS AT, 54458 F S B2 7E DNA cube NAHLL, FRET BORELAR
%, ULHHAEZL%E 254 F DNA 12" 518 &1 509 DNAL3 M2 sc 8% $2 0 1. i TAE BT DNAS 5
DNA3 #43 HAME 5 ) BT, AR FIHE K48 DNA 5545 DNA J& 20 02k B A XS, %
JEF] DNA ff BEHEFE R, 3X 2 2585 A 17 DIREE E AN, (4056 17 5 19 DNAS 7E 17 /gL H b
Jo s B 7 18] 51 [5] DNA cube PIHBEY. I, DNAS B h'B 5 DNA13 B9 h 3 B AMNG 7E—E A - a]
PUdiHE T 5 AT DNA cube N, MM DNA13 PolyT ¥ 5 DNA12 PolyA ¥l Ze &2 &k Rt m. L 1
FRET ##is & SR i1+ ay.

_10F@®) 10
w3 =
S 08t S 08
- E
5 06 § 0.6
£ <
£ 04r £ 04
8 5
g 02 Z 02
= ol < =
1 1 1 1 O
500 600 700 800 500 600 700 800
A/nm A/mm

Fig.5 Fluorescence spectra of DNA cube-QD(a), DNA cube-QD with Cy5 labeling(b) and empty DNA
cube with Cy5 labeling(c) (A) and QD-Cy5(a), QD(b), QD-Cy5+cDNA(c) (B)
All samples were excited at 405 nm.
2.3 DNA cube-QD & & fi m AR 5 KU
FIFH DNA PRI m) G-k, 7 5 b 5 4E DNA cube N3, i3 % DNA cube A[RINE [ 1Y
JitE DNA Jy 91 S8, n] DLE AR il i1 o) BRI 2 5 (6 s O R0 5 s A a) DT S 3 A B D AR
A TIREAL. LU KEE I 41%E GNPs T DNA cube AN [R5 K AEB DNA cube-QD #7415 T X5 A1
S =R A, K 6 FR, i ZEfH DNA cube | A[AE ) DNA 5%, DNA cube-QD FXLZE S

“HnA

&)

©

:200 nm
[

Fig.6 Schematic illustration of DNA-caged QD with adjacent (1 and 2) and diagonal (2 and 3)
valencies( A ), low and high magnification TEM images of GNPs assembled to bivalent DNA-caged

QD with adjacent valencies(B) and diagonal valencies( C)
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SERAG A B AT L R (2,3) HABAE (1,2). i T B R PSS A5, A DNA ThREIL Ik 4
YRR T 584 DNA 25 A0 05 BAh, i S 2 A4 9 AR 18] B AR X7 8 % 4 40K 5 2 1 4
FIARXT AL EORSEBLIL B Y. B, ARSI 290K F (15 nm) X} 2 FIALE A2 AT 30 IE. SR
DN E 2iAL 7 AT TEM U3, 40k 6(B) 1 (C) Fran. A4S G 00 s T 2H 5 Y 4 9 KR T~ A AH
X B W G D). 7E TEM B8R HmT DA 51 20 256 5 1 o 1 A, TR 290K 5 DNA cube-QD
T A AR

X TEM &R A1 351 2 SS90k RO 8] A BE B E AT T 48T, e 7 B, SR074h &0 5 14 1
(9 2 A4 gk TR0 BB FE B8 (18.9+1.0) nm, X 25 4 5 3% 35 10 4 40 K BE 7 BR 0 6] BE 25
(33.5+2. 1) nm, 2 FPgl 27770 I S 22 S, DL B SRER, mT LAE 3 2028 DNA cube-QD _EAN[A] 751
AN ) DNA TG it 508 Bl A 25 6 6 A A AT R

50

(A)

40 +
5 S
T 30 + T
g g
= = L
% 20 % 15
fow o 10 |

10 |-

5 -
1 1 1 1 1 1
0 10 20 30 40 30 0 10 20 30 40 30
Distance/nm Distance/nm

Fig.7 Statistics of the separation distance ( center to center, inset) of GNPs conjugated to
bivalent QDs with adjacent(A) and diagonal valencies(B)
50 complex structures were examined in each case.

N T PR ANZ I AT DA B G A | DREAL S A i S A A, ORI R RS Y
ST (RSF50 8 8, 15 F1 20 nm) 74035, 125G, ¥ 8 F1 20 nm A9 GNPs 4547 DNA cube-QD
WAL A0 . N TEM BE5 (18 8) AT LU MY, A AL % B — R RAT 5 /8 ROT 9 4 9 Kok
T, ZEABERTE R, AR5, R L/ 3 BRSS9 KL 3 45 B AEAR AL S X AL 3 A7 i

Fig.8 Assembly of different sized GNPs with DNA-caged QDs
(A) Low and high magnification TEM images of small and large GNPs assembled to bivalent DNA-caged QD with adjacent position;

(B) low and high magnification TEM images of small, medium and large GNPs assembled to trivalent DNA-caged QD with adjacent

and diagonal position.
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I, WE 8(B) N, &YKL T — 4R R FEBIR 1 Mt LA #4 45—
A I UEA R R SE ) GNP 5 DNA cube-QD Xt R AR 25 A0 5 DNA 92438, 0] LA 4ZE B AR
SCH IR T S 45 G 6 A B 5 2 ) B ) #8248 Y.

3 & i

SN T — 7l R L[] IR 42 ] BN B AR S O AR | RS R A [ I T 0k, R i ARk
# DNA cube BT AT, M FHEMEE ST RUR B 0 85 G000, MR AR G4k, Jrgr
VIR s AT 22 R AN [R) G AR 1] T A LA AL TR 0 2 | D A 5 B 1 R 208 T LA
FRER. XA G RURET AT T 20007 — IRk, AR THESh P2 Wi & J.

2 % X M
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Programming Single Quantum Dot Valencies via DNA Caging’

WANG Li, LI Zhi, SHEN Xiaoqin, MA Nan”
(College of Chemistry, Chemical Engineering and Materials Science ,
Soochow University, Suzhou 215123, China)

Abstract A fundamental unsolved problem for quantum dot( QD) chemistry is to simultaneously control the
type, number and spatial orientation of QD valencies (i.e., the binding sites on each QD). Herein, we
demonstrate a strategy to generate structurally predicable multivalent QD with uniform valency type, number
and spatial orientation by caging the QD in a DNA cube by DNA nanotechnology. The results show that diffe-
rent DNA valencies could be anchored to specific positions of the cube to form homogeneous DNA-functiona-
lized QD with adjacent or diagonal valencies. As a proof-of-concept study, different sizes of gold nanoparticles
(GNPs) were conjugated to each QD valency through DNA hybridization. The resulting bivalent and trivalent
QD conjugates not only possess the same GNP number but also uniform assembly geometry by low magnifica-
tion and high-resolution TEM. This approach holds great potential for generating multivalent and multifunc-
tional QD probes for advanced biological applications.

Keywords DNA; Quantum dot; Functionalization; Gold nanoparticles
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