7RO DNBEHALICHER SN ZDNAZEHD
BOELRHAET B F 7 R F R EVER O R eI

axUEs, FESE, FHR, AT EGR

HRBF - ATHNA A T8

AW DOBARTERIEATHD DNA L, 7T =2 (A), F(T), 7 7=(G), %J:U/%//(C)@ 4
FEHOEBRIEEDONT DA LT A VR —REV BN AS BAERE LT @y B, R

T=A L ThD. AL T, GL COBRIEIEDO A O ITHHN, T LIMIIEHEAN (:7«\7\/7“) k
FHLSN, M7 RSO DNA $41% Watson-Crick #5555 (A-T, G-C) kAL CTHJEMIC
AT D, 2o\ TERPESRE LRIERIZ, KHFIZE1T5 DNA O ZELHAMIEIL, DNA 80
a7 Iy EER DNA HEHENEAMRAT DK LD R e it o B PHiEEN (7)) —
N LS THIICEES N TS, Z0L57 DNA —“ELEAEEDOTELE Y, BIRIHFHROERE-0HE
R EDEMT I ERAEZ AL =R TSEAEE R BREEZ LN TWA[L]. AR/ MIBNT
ez lx, BRIV AT DO THD L0 RN R NZEHL, ZORFETHL MEDORHE”
S RE TS BL - N REmAOICE ATz, B -V AT LOMEEE HFEL T4,

INETICF 2 DI V—T7 T, LAYV (> 50 bp) DNA —HEETT I kc@mEbn-F ki1
(LLF, DNA - 7Kif) WZE<HH BEAE S, 28 O G 2 e L TR 375282 R
LCW2[2]. BilzIE, 0.4 M % 1[0l % @ i B O KB IS I W C, AR S 2 R g 1A 2
DNA F /K RBINIE5 | e BAE I MBY &, BREE - IR 2. — 0, MR TR L7 I A~
ST BRAND KB IAFAET 2 DNA F 2RI T, FRABIZM BEAEH S BRI L7220, RS Tz
TDNA F RIS 9 5. Zhid, DNA T R F-F BB DI~y F RSN, K&/eFE
HEOREOE A AL, DNA T R MITE< I T (IS, SERFRI)) AHEIES L 28R FRL T
%. DFED, DNA F ki 1K@ OIS AR T OREERROE D, KRB <H AERZRE (R
J1fg or Bl IHY) L CWADTHDH. ZOBG A FHNIZ, 731 AT LGKEIO T IEfwEMREIL TD.

WEAEEE I, Al (B B4 ) OHIINZ LD UV light
DNA /KL 7B ORISR X Hili 24 %7 [3]. A @ e
FEEIE, RPICBITDIWE O AVZ DT i @ r
IZ”DNA F R R EIEEZ 52 5222 BIEEL, ?
74Ny LA O K B ORI Z A LT o i i gt o
T RE AL, BENEEIZST TR trans-cis ‘“Oﬁ ” Vis light “0‘/—( .
SRR R AT A nt ey st
HDH. ZTIVETIZ, Az 2=y} (Fig.1) ZEEE A LT A4
U= DNA CAEMSHRT 31T 2  EHEH Rk B Y
HilAE 23 Asanuma HIZ XD EXILTUH[4]. DNA T KL O RBITHIC Az 2=y ME AT HZEICL
v, Fig2 \Z" T Az 2=y b BV A RN H—E9 2% DNA 772 S 355 O Y H 5t D Rl Y72 )
— R, 37005 DNA F R0 73R8 OREIEPHLE ORI L AHIE DS B S D.

cis-form

Fig.l Az === v b OffiE & ot B L 2 E)



BEIE[B] R —AIZ, Az =y e KigT 235
DNA 753 Clbh =47 /ki ¥ (Az-DNA-GNP) D
#AFTo72. DNA 77V O EIE 16 bp, 27 #id 47
JRIA1E 15 BEDY 40 nm DY AXDEDIZHOVWTHR
MEIToT. KBHERICEBWNTIE, Xe 707
(MAX-302, 81 43 35) 2R BRELTHRAL, SuRsx Cod - 00m)
T4V E—Z AL TEESN G (350 + 10 nm, 20 mW/cm?),
BILOFHRIE (450 + 10 nm, 10 mW/em?) ZE0 L, ~2
NFTFEAT 20 °C I[ZIREZRFFLRDBDIH 21T -
7-.

it a T 7= Az-DNA-GNP O —fil% Fig.3 (/-7
ZORLA I, Az 2=y trans (RCHDY &, IBAAY igo oz 2= LR BEE(KICHE S DNA
BREVAIR P CII L IS BURIRITRAE R LN, 1 T/ RFEREOMER D E DXL,

HAAOLDNA Z BRI
(IEDBLEANELY)

’ SRATYFHODNAZ B K
(BEDELENKE)

M NaCl /7 T TI3E=0 Iz EEEL, 580 nm T~
Ij‘_‘F\fcfi%ﬁ7oix\%:/to‘_‘7%ﬁ#é?ﬁ%@@{g‘{rﬁL: °S—C5-TACGCCACCAGCTCT—A—3’
AL LT- (Fig.4(a) 72). ZOREHIT, 16k DNA F kK d=1snm A

TR BT 5[2,3]. 1 M NaCl 77 F T
EEHEIR B2 AZ-DNA-GNP |2, Az ==~ trans-cis
HRMEALEFHRL TS 350 nm ONEFPLIZEZA, K @

Fig.3 Az-DNA-GNP D[],

UV light Vis light
WD DR 2 TR~ AbL (Fig.4(a) %), 600 £ (350nm) (s0nm
#ITIE 520 nm ICE— 2 b T EE T AL — TR TT l l '

600s 600's 3

REE =P RER I (Figd(b) HRER) . ZDZEI, = =
SRR L5 T AZ-DNA-GNP 2N EEEEARRE D75 ®)

WAL IZZEEZEW®RT 5. I, SHRED 08 1
Az-DNA-GNP (Z 450 nm O A[EEEREL Az 2=vh 06 |
O cis-trans SHELEFRLLIZEDS, e (RO G i,
Jisk e ~ZE(EL (Fig.4(a) £7), 600 B#4IIZ#RE 7T A )

ELE—21 580 nm FE~T L — 7 R (Fig.4(b) 2
FHHY. ZOZEi%, Az-DNA-GNP 3 FFOEEEEIRAE ~ R 0

300 400 500 600 700 800

ST I EEW®RT S, OB ICIAR ME Wavelength (nm)

Az-DNA-GNP D45 B—UFE 28 1T, 3 A7V Ll i Fig.4 (a) Az-DNA-GNP 43 #iti D e Bs I &

N — Ly LD, (b) Az-DNA-GNP 43 il &
FE T HILNARETH Tz,

RLFHES DL ATRETH T UV 2 FL G - SEAM S BIS, # - T

AR %) .

(51 HI=CiR]

[1] Ambjornsson, T.; Banik, S. K.; Krichevsky, O.; Metzler, R. Biophysical J. 2007, 92, 2674. [2] () 4 ILI[ELAs -+ Hif
HEGF, SAF~TUT v, 4 A5, 2014 4. (b) Kanayama, N.; Takarada, T.; Maeda, M. Chem. Commun. 2011, 47,
2077. [3] Kanayama, N.; Takarada, T.; Fujita, M.; Maeda, M. Chem. Eur. J. 2013, 9, 10794. [4] Asanuma H.; Liang
X.; Nishioka H.; Matsunaga D.; Liu M.; Komiyama, M. Nat. Protoc. 2007, 2, 203.



DNAESi& 7/ B+ DEAELFRIEZ A LB FR2BE DB

FENREA "2, ARG |, A, AlH SRR

BROF - BT SA AT, BOREE - B 2

IO DHIENPIOWEIEICER L TAE L 5 —HIEZA (SNP) 1T, HEEZEGMIRE & B
BT 285 A08H 5, 25D SNP SMLOMEIEOTEFN DT, BIEH O 72 EEE ORI
R[ROFIED A7 OTHINATREIC2 D[], THETICY T/LZ A L PCRIER~YA 70T LAERE
ORI SNP FAINENBRFE ST E D, SAli7Z2 R E R R R EATIE N LB CTh D72, &
B COFEMAMICHREE 7 LT 5 [2], U= TIXI N ETIZ, —AH DNA CTiEffi S -4
F / Kif (sSDNA-AUNP) DEHEZRENZF]H L7= SNP LS HTEA IR L CE72[34], T7/hbb,
sSDNA-AUNP O 73 80k (2 58 AR 72 ssDNA Z Uil L Chz 731l © —EH (ds) DNA 2 St
DL EHRE T CHIBMRRL FEEENTEE 4L, AUNP OFKHE 77 XE R T MLV IEKR
DENIHRD S FLEALT 5, —J7. dsSDNA-AUNP DR —Hi Ik 2 2~ o F Ok EE
R, WRITIROAERT S, ZHuck by, —BEOEEOEWE B THERIIT N TE D,
UL, Kl X A~y TN LB 22 E 72 B St (72 & 21E G-A) ZIRT 5613k 703
BELTLEI O, B2 (G-C) & L TEZ2TH2BENERMINTW[B]l, AFFETIE, =
DA OEEMEE B 572012, EIEOFE TIER < EOEWIZESW =2 BEZ B LT,

BERIZ L7223 o T, 3R T A — 3% § b2 EHA) ssDNA (16 #i5E) % AuNP (Rifk 15 nm)
DFEMEIZ AU-S FEA THETE(L L.AUNP 1 25720 %9 90 AD ssDNA 237 7 IRICHEF S ki %
LU 72[3], %5472 sSDNA-AUNP O3, AbFA R L= MMisH (16 48 F 7213 AT
R (W73 2L T, RirFm L CoEHA BRI E72, 1 M NaCl 3577 FCik, FaffigH%
Nz T A R 7o TR EE 3 42 U T B0y TIRIR O s
MO HFLIZEN LT (®1,X=none) , FAITkL T,

17 HH50> sSDNA 235 A L CIRSMEA & —Hi 22 L7 i
dsDNA-AUNP I, [FIZ&f TR EITHH L TIIRITR 2 R
L. Lb ZO0BEEIZEH LI BROFEEIC L b
Mmootz (KM1,X=AG,C T . Zhid., h{DEESH
ZARIEZT D &L SBHITIN A2 72— A8 DNA O
VW (HEOEW) BT TE L Z L 2ERT 5, — 1. I & 5 dsSDNA-AUNP
WHRBEHEL O 7 a7 F v ENC L - T, kifMice OOHEEt.

Y bE—KENFEINZTZDEZEZOND,

ZOR R an A FESZFRIH LT SNP kBl 21772 > 72[6], A2Wriki, —HEMERIGIC X
LHRERE L o s FEET vEA 20705 (K2), Wiz, EAORIERICEEST %> b
7 1 2 P450 2C19 (CYP) BIE 1. BILODANHIEDIIE Y A 7 |2 5 N E— I {LEE ARk
% (NOS) BT ZiBATE, KB T SNP SNz & tefElk (56 HEEExf) ZIERA L —HEHEA
BRI CENZIULFER L, BIETFET VL E L, WIT, SNP EL 3 IRk & B3 24
IX 7 LAF R (16HHE) 2{L¥FAak L., ZhEBWi7 74 ~—L Lz, Fito@EEETLE
PWH T 74 ~—, OTAFI X LA R=ZU U (dANTP:N = A, G, C. T). BLU'DNA
RY AT —VEHW- M ENIGZ, dINTP O D L IR D 4 ROKET 2 — 7 CTRIFFHC
1Tl oize ZOBMAT T A ~— LT 5 ssDNA (16 kL) THEZER L2 AuNP % _Eikod

X=none A G C T



FHETHE L, MRS IIC 2 0D coneModo T, Pebymerass

3

sSDNA-AUNP & NaCl % ¥l LC, i 705t ot o,
Lo R DA L & LT ARG LT,

7o & ZITBIZFET LD SNP FLA A DA H H H H
1. ddATP. ddGTP. ddCTP Z¥hIL7= 350

) ddATP ddGTP ddCTP ddTTP
FIST 2 =7 TEBMMAT 74 ~—i3fmESh

WO TR FRIIZEHE ORI~ 7= “HHE 72D | St Eng I;ﬁ' + Nacl
B BHEIC K> THRIRITF SR D (K2 /)., '—,.m

. . i [ |_|_|_|_|_|.\'I: -
—J7. ddTTP MR T2 RIGT 2 =7 CIIRZ KT ¥ Unextanded Ii ?‘ ? i , Extended "/
TIA = YR HEEE (T) 20 ME

289 25 ddATP ddGTP ddCTP ddTTP 534 ¢
ST LTI & 720 ORI —HE 22 Mi % ﬁ

Dangling End

I8 TE 2 DT, RIFIXLEICHW L THRE  Asoresstion  Dispersion
R R chs (K2 A, 2. HMRIEL 30 NEET v A RS
SNP eIk,

FEERAE NI Z OIEENGR & —F L7z, CYP&E
a1 SNP EFBfri%, EFMA G, ZHAN A @)
Thb, £, EFHOELTT IV EZWH
754 ~—. BLEO dATP. ddGTP, 71X \ 0 O R
ddTTP (WFRHIEHFMDO G LIA~Y Y F) % 1 t Tt 1t
> T RIS EIT /o To, S INRIZ  (b)
sSDNA-AUNP & NaCl #3565 &, Wi
EHITHL 703 B L CIIRIE B SRl e o7 BRR

(M 3afi), —Ji, ddCTP M L7=H&1E— ¢ 1 t 1t
AN BSOS DNEFICHETT L, ISR E R
L7z, £, BRMOBRFETNVEFERTD
L, ddTTP (ZERMD A LA 2572358 OB OANRIZR D . ZRESNIHFEIC -7

(M 3arhd), &oic, EFMEERMOBLETET VOFERREGY (~T aEGKET L) 2
W2 EE, ddCTP 7213 ddTTP & ffio 7z & X TRIRITREAIZR D . 2 b UIMIFERAICR -
7= (M3af), LAEOFERIT, NEICL > TEFREOFREEAKR, ZRAOFREHEAK, EFiL
R DO~T a5 R E BRI TE 52 L 2R L TW5DH, E5HIZ, NOS #EIs1 D SNP #AL (IE
WARIT, ARAC) IZOWTHRERICHEN X (KI3b), 2 20FEfF%HbEs L (CYP B
TG & A NOSHEIEFDT & C). SNPEMEA 4TI EDBRRETH > T B TE 22 &
272 %,

PLED X 512, ssDNA-AUNP OHIEEGRAIEEAFIHT 2 Z Lic kv | BEFICBIT L —HEE0E
WERRO AL L CHBMRHTE 200E%2 s Lz, fifficaflszy SNP @Bk s LT,
EROL L TRESCAN A ESEIEROHF CHEAEIND Z XM TE 5,

CYP(G) CYP(A) CYP(G) + CYP(A)

ddA ddG ddC ddT ddA ddG ddC ddT ddA ddG ddC ddT

NOS(T) NOS(C) NOS(T) + NOS(C)

ddA ddG ddC ddT ddA ddG ddC ddT ddA ddG ddC ddT

3. () CYP #ZE T~ & (b) NOS J5 -0 SNP #51,

(2% 3]
[1] McCarthy, J. J.; Hilfiker, R. Nat. Biotechnol. 2000, 18, 505.
[2] Syvénen, A. C. Nat. Rev. Genet. 2001, 2, 930.
[3] Sato, K.; Hosokawa, K.; Maeda, M. J. Am. Chem. Soc. 2003, 125, 8102.
[4] Sato, K.; Hosokawa, K.; Maeda, M. Nucleic Acids Res. 2005, 33, e4.
[5] Sato, Y.; Hosokawa, K.; Maeda, M. Colloids Surf. B 2008, 62, 71.
[6] Shikagawa, H.; Akiyama, Y.; Kanayama, N.; Takarada, T.; Maeda, M., in preparation.



—ESDNAERi& T /R F ORH R IEREELE | RIGEE & D

FRILAAR, BRIV FH, AR, A G

PR - AT NA AT

— AEHDNAZ B IZ[E E AL L 7-DNAEAfi4 )/ b (DNA-GNP) 13X, & 720y 1-iRikaE
BT HDNAL & T R OfECH IR AR A AL LT HREME T MBI CTh 5, 2 oWtEix%
Ko =—r T, TO—fFlL LT, DNA-GNPIZHE; S 7= —EHFHDNAD Kt 5t & 1K AF
L 72 RGO 2R B EE B 0 381 B VA1), 24, DNA-GNPIZHHEF S 7= —EEHDNAD 52 240
DL &, @A T URESRMICBWTHRERNZ GEEBILR) BENFEIN., &/ hifokR
77 XAe gy 7 MO D PR bR BlE I L VWIHI b O TH D, BBENZ &2,
KmNoT H—EEE TR I A~y T

G2 TN L 7= 558l LT IR0 1 A~

WHE 25T 5, ZO—EEoEV DAL @

BHEZH LV HERGT. ChETIC SSDNAGNP

HEZAL (SNP) Sl 21X+ 8 F8F COWWDNA(Z&V Crossinker (32-n)
@aﬁ@m&ﬁmmmﬁémrgk¢%%f e et

N XX, Z ODNA-GNP D FEZEAER DL MY ) ( ) ;q (

SR C AT BN S AR RIS B B L
Complementary

—J7 T, Mirkin & [XDNA-GNPD}; -l TD — DNA
HEHPE RTIA BT T —A L L4 \
RERLEEE (C > W T aliE Ry e it ge 2 JR B L T
ETWD[3], Ll ZThF TICHRRMERLE
L RRE L & [ — 4 CHLle L g Nomerossinidng aggregation Crosslinking aggregation
RN, F T, AWFZE T3l O DNA-GNP Scheme 1. Schematic illustration of non-crosslinking and
B L C. SRR b AR SR crosslinking aggregation of DNA-GNP.
& A2 LB 22 L7z (Scheme 1),

ARERTHA L7-DNA-GNPIZ, BEHRIZHEV 3 R ZSHIEAVE A S 417-ssDNA (164i3%) % GNP
(K215 nm) ([ZREET 5 2 & TR L72[1], &IZ. ZDODNA-GNPIZNaCl (&R : 1 M)
ZNIN L T2 A8 (16HEEDSSDNA) & DT 7 v A Y v — (2R 5 70 2 IR
(tail-to-taili) ) AN 5 2 & T, FRARMGEEE &L G EHE 2 T T B S 7z, Ml L 7

B A I —DORAAREIX, 0.5 uMIZHE— L7z,

5'-CAG CTC CAACTA CCA C-3'-§
Terminal-mismatch 3-CTC GAG GTT GAT GGTG
Full-match 3'-GTC GAG GTT GAT GGT G
Crosslinker 5-GTG GTA GTT GGA GCT G-3'-3'-G TCG AGG TTG ATG GTG-5'

Figure 1. The DNA sequence attached to GNP. The terminal-mismatch and full-match sequences for non-crosslinking
aggregation and the crosslinker sequence are also given.



UV-VisA~X7 ML & HAWT, &F 2K Do)
BoRRE 2 v 77 XN B (L =525 nm)
DN E DRI A BB L 7= 4% F % Figure 2
R, BUEEREIL. 105312 T HKI10% D Y
EOWRNCEEY | Pkl b b Bl s
Molo, —F T Rl TIT o 7o IEAR G REdE
DA, FFISEH OUSIE D> B 2ROt B
DS L 105312 12 13#930% 0 L7z, S 51T,
TR TIEIRO AN L FERICE{L L
722 L5 (Figure 2, HH) ., FEZERER 7K1
BEEEDVRIR STz, BRI, FEZEMET I ZRAE T X
Db RERYIEEEEE AR LTz, T, 42
BEREN1IADIZ v RY v h—L 2050 —K

- 11
£ .
o N 7S Crosslink
g 1e° *
‘%’ ——
2 09
E [ ]
S 08 ®
2 ®
< 07 ]
5] -
N Non-crosslink
T 0.6 et
E
2
0.5 . : :
0 25 5 75 10

Time (min.)

Figure 2. Time courses of extinction at 525 nm of DNA-GNP
aggregation in a crosslinking and non-crosslinking fashion.
Final conc.; ssDNA = 0.5 uM, NaCl = 1 M, DNA-GNP = 2.5
nM. A photograph of each sample at 10 min was also shown.

FHDNA-GNPI & 5 Jaj T2 N FFE D 5 CTHAF L THIO THE SN D DITxF LT, FEZREEHE
X, 250 “HHEDNA-GNPLE DM & CHEETIVEFZEIND VD, WEDA =X LD

EWEARKBL TV, EEZ LD,

WA, ZRFEHLEEEE R & IFARIETEEEE (R 2 B X - THH S &, BEEROEZ @I 2 51 L

7= (Figure 3), F£ 7. M & ssDNA% & T»
DNA-GNPIAK % =81 CT605y#iE ST, 2848
A FEBRRE AL O 5 % it < ¥ 7= (Figure 3,
e f ), WIT, ENENOERKAZ50C T
10BN L 72 & 2 A ZRGEEHE CTIReaDZ
fBITfER SN TR FIZHE o] Lo Tz
(Figure 3, 72 F), BLBRZEANZ L1, FELEHE
T OFAHEE A TN L 72 % TIRIBIR OB RHFER
MO IR~ EREIZZE{E LT (Figure 3, A F),
ki1 TR S A5 163 FE skt o — HEH{DNA
DOEFFEFE X, 1 M NaCIHE/E FT60 “CLLET
bHZ b, RIGEEIT _EHEDNADET)
FHILZEMEZ Ko TR T S hi-ol

Crosslink Non-crosslink
= )
i i
IncubationatR.T. : :
for 60 min. ~ : >
1
- 1 » 1
! i
1 1
Incubation at 50°C : :
for 10 min 1 ]
(after incubation at Kot : ~—t :
R.T.for 60 min.) I :

Figure 3. Examination of the reversibility against thermal
changes for non-crosslinking (a) and crosslinking aggregation
(b). [ssSDNA] = 0.5 uM, [NaCl] = 1 M, [DNA-GNP] = 2.5
nM.

xF U CL FELAEIL R IR Y ESHDNAD S 70 Bt 2 Lo T ICHIRFIC T 0L CE 5 Z LR S
7o Lo T. ZHHDNABMIST /K OHERINC X 2 FZAEEEN . —AREHDNAER 4T/
KD R o h—ICLAEERE LY bWETH Y, L EERNMEUETHSH T2 Z &

D BN IR o7,

(25 3Cik]

1) K. Sato, K. Hosokawa, and M. Maeda, J. Am. Chem. Soc. 125, 8102-8103 (2003).
2) For example, N. Kanayama, T. Takarada, and M. Maeda, Chem. Commun. 47, 2077-2079 (2011).
3) For example, N. L. Rosi and C. A. Mirkin, Chem. Rev. 105, 1547-1562 (2005).



Double-Stranded DNA-Functionalized Gold Nanoparticle Oligomers with a
Beads-on-a-String-Like Structure: Dependence of Interparticle Distance on
lonic Strength
Yoshitsugu Akiyama, Hiroto Shikagawa, Tohru Takarada, and Mizuo Maeda

Bioengineering Laboratory, RIKEN

Linear arrays formed with gold nanoparticle (GNP) are gaining considerable interest because of their
unique properties that cannot be obtained from the solitary and amorphous states [1]. To construct the linear
GNP arrays, DNA-templated assembling approaches [2] are often straightforward; however, further
methodologies towards the achievement of their effective and reversible structural changes responding to
external stimuli have insufficiently been established. Here, we describe preparation of double-stranded (ds)
DNA-GNP oligomers with a beads-on-a-string-like structure and their interparticle distance changes induced
by increasing ionic strength [1].

To prepare ssDNA-GNP trimers, GNPs modified with two kinds of single-stranded (ss) DNA were
assembled with a DNA template (Scheme 1). Briefly, GNPs (5 nm in diameter) covalently functionalized
with one strand of 35-nucleotide (nt) sSDNA and five strands of 16-nt sSDNA were mixed with a 200-nt
sSDNA template having three binding sites. The feed number of GNP per binding site of the template was 4.
The mixture was incubated in 0.5X TBE buffer containing 75 mM NaCl for 10 min at 60 °C, followed by
further incubation for overnight at room temperature. The trimer was purified by electrophoresis on a 3%
agarose gel, and was characterized by dynamic light scattering (DLS) measurements (Zetasizer Nano ZS,
Malvern) and transmission electron microscope (TEM) observations (JEM 1230, JEOL).

For DNA template Nen-crosslinking shrinkage induced by 10 mM MgCl.
(1strand of 35-nt DNA) GN F.:‘ nding sites(16-nt)
\/zl 5*3 (16-nt)
/ g-nt T-spacer(51-nt) Full-match
1. 200-nt-DNA template
,’\ 2. Agarose gel |50Fat|on -~
L > J ~J

Terminal

For non-crosslinking shrinkage s<DNA-GNF trimer mismatch

(5 strands of 16-nt DNA)
GNP:5 nm diameter dsDNA-GNP trimer

Scheme 1. Preparation of DNA-GNP trimers and their structural changes.

The ssDNA-GNP trimer purified with agarose gel electrophoresis was characterized by DLS
measurements. The sSDNA-GNP monomer without the DNA template and the trimer were 18.1 nm and 32.8
nm in averaged hydrodynamic diameter, respectively (Figure 1). This obvious increase in size indicates the
formation of the GNP assemblies. In addition, the formation of the trimer was directly confirmed by TEM

observations (Figure 2).



Next, to evaluate an interparticle distance change induced by

[
[

Single ssDNA-GNP

]
=]

non-crosslinking shrinkage of the trimers, we performed TEM

Trimer

-
@

observation and its statistical analysis. The sSDNA-GNP trimer was

Frequency (%)
=
o

treated with  complementary ssDNA  (full-match) or its

«

terminal-base-substituted ssDNA  (terminal-mismatch) to form

]

dsDNA-GNP trimers. The mixture thus prepared was incubated in the 1

10 100 1000
Diameter (NmM)

presence of 10 mM MgCl,. Typical TEM images are shown in Figure Figure 1. Size distribution of single
2a and 2b for dsDNA-GNP trimers having full-match and  SSDNA-GNP “without the DNA
template and its trimer measured

terminal-mismatch sequence, respectively. Each image showed that a  With dynamic light scattering (GNP
q P y g conc.; 75 nM, temperature; 25 °C).

significant portion of GNPs can be identified as trimers. We evaluated
the interparticle distance between GNPs within the trimer using an in-house software. For triangle structure
in the images, the observed interparticle distance

longer than the contour length of 51-nt T-spacer a’f

in the DNA template (ca. ~25 nm) was excluded
to avoid bias in a statistical analysis. From these =
coordinates, average interparticle distance was |
then calculated. As shown in Figure 2 ¢ and 2d,

histograms revealed that an effective shrinkage

of the trimer having the full-match sequence

took place by adding 10 mM MgCl, (the g

average interparticle distance: 9.6 £ 2.7 nm). Zoa 504 (s) R

Interestingly, this shrinkage was strongly ;‘Em gos

inhibited when a terminal-mismatch was located > e

at the outermost surface of dsDNA-AUNP (14.0 0’; - 0’; ] HH]—U
0 25 5 75 1012515175 20 0 25 5 75 1012515 17.5 20

+ 3.9 nm). This is probably due to an increase in Interparticle distance (nm)

Interparticle distance (nm)

entropic  repulsion between the particles Figure 2. Non-crosslinking shrinkage of dsDNA-GNP trimers
induced by 10 mM MgCl,. A TEM image and a histogram of
induced by micro Brownian motion of the interparticle distance for the full-matched trimer (a and c) and
the terminal-mismatched trimer (b and d). Scale bars are 100
unpaired mononucleotides. nm.

In conclusion, we have demonstrated the efficient construction of sSDNA-GNP trimers with a
beads-on-a-string-like structure based on DNA-templated methodology, as well as the effective shrinkage of
the trimers induced by increasing ionic strength. The present approach will allow for creation of
stimuli-responsive materials with controlled morphological features.
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FEMHESL, 45 A, Pan Pengju, Rij ik

HRBF - ATHNA A T8

RYN-A Y777 VA7 R) (PNIPAAM) (XiREISEMEE S - & LTHmbiv, £0K
RURIE32 OCAFIT I T RER AR (LCST) %4 L, LCSTLL L T/KRIERIZAE T 5, PNIPAAM
IZ—AREHDNA (ssDNA) 7377 7 k- EEGA (PNIPAAmM-g-DNA) HLCSTZ <3, DNA
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Biostructure Interaction Analysis using strong Metal-based Nanomagnets
Tamotsu Zako®, Aline Rotzetter*?, Christoph Schumacher'?, Wendelin Stark?, Mizuo Maeda’

Bioengineering Laboratory, RIKEN®, Institute for Chemical and Bioengineering, ETH Zurich?

Magnetic nanomaterials offer high specific surface areas, ease of separation and the opportunity of
application-tailored surface modifications. They have been proposed for use in catalysis, drug-delivery or as
contrast agents. Beside high chemical stability and advantageous properties of ferromagnetic cores,
carbon-coated cobalt nanomagnets offer a simple platform for chemical functionalization and rapid physical
movement. Previously, the selective removal of large biomolecules (e.g. inflammatory mediators) using
non-oxidic nanomagnets in protein-rich media such as human whole blood by immobilized FAB-fragments
has been shown [1]. This highlights the importance of specific surface-structure interactions under
competitive adsorption conditions. However, the complex binding characteristics of a specific antibody
usually restricts its use to broader target ranges. Beside structural selectivity, affinities of large biomolecules
can also arise from basic physical surface properties including hydrophobicity, topology or electric charge.
This concept is successfully applied in phosphopeptide enrichment.

Amyloid fibrils are complex strain-shaped protein structures which are formed from smaller peptide
monomer units. Their physiological presence and tissue deposition is associated with neurodegenerative
diseases such as Alzheimer’s disease (AD) and different types of amyloidosis. Thioflavin T (ThT) or Congo
Red can access the beta-sheet structure of a large variety of amyloid fibrils and are therefore widely used in
their analytics. The binding of amyloid fibrils to ultra-strong metal-based nanomagnets offers a convenient
base to examine the interaction of a family of complex biological structures with different basic physical
surface characteristics (i.e. electrostatic properties, hydrophobic interactions). Here, we systematically
investigate surface adsorption of AP fibrillar aggregates on carbon-coated cobalt nanomagnets which were
functionalized with various polymers revealing different physical characteristics (charge, hydrophobicity). To
afford a better understanding on biologically more relevant competitive adsorption, the surface affinities
were also examined in solutions containing an excess in bovine serum albumin (BSA) (100-fold excess in
weight regarding fibrillar aggregates). This simulates an environment similar to blood plasma.

Carbon coated nanoparticles were functionalized with amyloid B 42 catching
polyethyleneimine (PEI), polyacrylic acid or with nanomagnets
poly(diallyldimethylammonium chloride) (polyDADMAC). o0

@

Irreversible attachment of polymer coatings was confirmed with

|
elemental microanalysis and diffuse reflectance Fourier transform
infrared spectra (DRIFTS). Adsorption of AP fibrillar aggregates on % - (L’R -
functionalized nanomagnets was determined by the amount of ’Y D

addition of collection

aggregates remaining in the supernatant after collection of nanomagnets with a magnet

nanomagnets (Fig.1). Concentrations of AP fibrillar aggregates were

determined by staining the fibrils with amyloid specific dye ThT. Fig.1 Amyloid catching procedure

using nanomagnets



Figure 2 shows adsorption isotherms of @ Co/C nanoparticles B poyethyienimine
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AP fibrillar aggregates on blank as well as

.
o
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similar adsorption behavior in solutions with
PBS only. At the highest tested particle

extracted amyloid fibrils (%)
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concentrations we found almost complete
o . . C polyacrylic acid d polydiallyldimethylammonium
fibril extraction (>95%). All adsorption chloride
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isotherms reveal a curved shape, which is
75

B

likely to be a dilution effect of the fibrillar
50
concentration in the extracted medium.
25

v
[52]

extracted amyloid fibrils (%)
extracted amyloid fibrils (%)
3

Adsorption isotherms on charged polymer

surfaces  (negative charge at neutral

nanoparticles (mg ml) nanoparticles (mg ml”)
conditions: polyacrylic acid; positive charge:

poly diallyl(dimethylammonium chloride): Fig.2 Adsorption isotherms of AB amyloid without

polyDADMAC) show a significantly lower (squares) and with BSA (circles) on a) blank

carbon-coated nanomagnets b) PEI functionalized c)

polyacrylic acid functionalized d) polyDADMAC

binding affinity.
The presence of large concentrations of

BSA compared to the target species functionalized nanomagnets (broken lines, 60%

establishes a  strongly ~ competitive extraction)
environment for selective extractions. Such situations are frequent in natural systems such as blood. As
expected, all particles adsorbed amyloid fibrils in a lower extent when BSA was present (Fig. 2a-d). Despite
from this, the PEl-coated nanomagnets still revealed a considerable ability to bind amyloid fibrillar
aggregates (75% extraction extent at highest particle concentration). As found earlier, BSA is not able to
rapidly bind onto PEI functionalized particles. This enables a favorable adsorption environment to fibrils
within the conducted extraction time frame, despite much higher BSA concentration compared to fibrils
(100-fold). These findings highlight the possibility of selective extractions from complex media when
advantageous basic physical surface properties are chosen [2].
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Microscopic Detection of Single—nucleotide Polymorphism
Using Nucleic Acid-conjugated Gold Nanoparticles
Tong Bu, Tamotsu Zako, Masahiro Fujita, Mizuo Maeda

Bioengineering Laboratory, RIKEN

Metal nanoparticles (NP) have attracted much attention due to their special optical, electronic and catalytic
properties. Among various metal particles, gold nanoparticles (AuNP) have been extensively investigated.
Particularly, the AuNPs assemblies give rise to high-order structures with potential applications in sensors for
bio diagnosis, heavy metal and protein sensing.

Early and accurate detection of DNA mutation is crucial for identification and diagnosis of various
diseases Aggregation of probe DNA-modified AuNPs and its application to DNA detection has been
attracting considerable interests. It was discovered that formation of fully complementary duplexes on AuNP
surfaces induces the aggregation, while the single-base mismatches at the distal ends greatly stabilize the
colloidal dispersion; the color difference between which can be distinguished by naked eyes and
UV-spectroscopy, which enables easy detection of single nucleotide polymorphisms (SNPs) [1]. One of the
drawbacks of the current measurements is low detection sensitivity (DNA detection limit = 60-500 nM
range). In this study, in an aim to achieve highly sensitive detection of SNPs, we employed dark field
microscopy (DFM), which can detect scattered light from individual single metal nanostructures to examine
AUNP aggregations at single particle level.

The 15-mer single strand DNA (ssDNA) was immobilized as probe on surface of 40 nm AuNPs as
previously described. Solution of complementary DNA (target DNA) was mixed with AuNP-DNA probe
solution. Aggregation of AuNPs was induced by addition of 1.0 M NaCl. Olympus microscopy BX53 with
oil immersed dark-field condenser (U-DCW) was used to examine the dispersed or aggregated AuNPs
immobilized on silane coated slide glass. Scattered lights from AuNP-DNA were captured by high sensitive
camera (Olympus DP73). The aggregation can be estimated by the brightness of each spot, which informs
the degree of aggregation caused by DNA hybridization. Figure 1a showed images of dispersed (left) and
aggregated AuNPs (right) taken by DFM. It is clearly seen that the dispersed AuNPs scatters less light than
aggregates because bigger size results in higher scattering efficiency, which showed the size difference
between dispersed and aggregated AuNPs.

The intensity of particles/clusters on the image was determined for drawing intensity histogram. The
change of the intensity histograms was used to determine the detection limit. To determine the detection limit
of DFM, increasing concentrations of complementary DNA ranging from 0 to 500 nM were added to AuNP
colloids. As shown in the Fig. 1b, the peak of the histogram shift from left to right gradually, indicating that
the intensity of scattered light from each particle/cluster increased due to the enlargement of each clusters
with increased complementary DNA concentration. The percentage of aggregates, which showed brighter
intensities than the monomer, at each target DNA concentration was estimated and plotted (Fig. 1c). As
shown in the figure, the percentage of aggregate increased at higher target DNA concentration. The LOD was
evaluated to be 100 fM by the 3¢ criterion method.



Taking advantage of single particle analysis by DFM measurement, the AuNP aggregation model was
investigated by studying the assembly dynamics using DFM. Two growth models of NP aggregates have
been proposed based on theoretical studies: the particle-cluster aggregation model in which aggregates grow
via the addition of individual particles, and the cluster-cluster aggregation model in which aggregates grow
by the combination of aggregates of any size (Fig.2a). The aggregation time scale was roughly estimated by
DLS (Fig.2b, open triangle). The aggregation process is still in progress after 2 hours of incubation. In
contrast, the change of the ratio of monomer AuNPs over time after the addition of 50 nM of target SSDNA
estimated with DFM showed that the ratio of monomers decreased relatively quickly to 20% at the first
15min, and to 2% of all particles after 60 min. Therefore, the monomer-cluster aggregation model is unlikely
to account for our results, indirectly suggesting that cluster-cluster aggregation is the dominant model for
dsDNA-AuUNP aggregation at the early stage [2].

In conclusion, the presented results indicated that measurement of scattering intensity from dark-field
imaging allowed us to visualize and quantify the AuNPs aggregation with respect to the amount of target
DNA with high sensitivity, which can be applied as the base for highly sensitive bio analytical tool
development.
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Fig. 1. Microscopy images of HeLa cells conjugated to FITC-labeled disialoglycopeptide using the amino-glue
molecule 1; bars indicate 100 um. (a, b) Cells treated with FITC-labeled disialoglycopeptide (green) in the
absence (a) or presence (b) of 1. From left to right: phase contrast, DAPI (blue), and FITC.
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Fig. 1. Fluorescence “switched on” labeling of target protein.
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Fig. 2. Fluorescence “switched on” labeling of cell surface protein. Microscopy images of RAW264.7 and
Hep3B cells treated with the probes 4. The bars indicate 20 um. (a) RAW?264.7 cells treated with the probes 4.
(b) Hep3B cells treated with 4.
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