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WTHOIENDH D, T7hbbD, BEMEERIL, HREEKDDDS L7020 55 Z EnlifFEh
Do
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PRI K> TEEORSI AL FRETH v . AR 2R ORS 2 AW T2 58 10— 014
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¥F—E CpG DNA OREMEADOIEMLZT)/N)—FBHEL
7- DNA BHF D

LA OO B SRS & A 7 A% Toll-like receptor (TLR) 7RI X 0 iEM L&
o1, FEATFNY b — 7T =S % G T DNA (CpG DNA) [THIEESC 7 A /L A H3k
@ DNA MO [EE S 4L, SfEHI o TLRY IZH5A L TNF-a X IL-6 D RIEMEY A 1A
DFEAZGIE R 2T 2, TEMAL S U7z B ARG & AT STk 2 BmAa E T, Jke
FARRIZ KT D B BOGR T L L X —MERIE DI 27583 5, > T, CpGDNA X2 b
DOFEBIRFICHATE D LB DD 34,

Rolling circle amplification (RCA) VEITHE A& HATENE 4 A9 %5 DNA polymerase % TR
PH{— A8 DNA (Iss-DNA) % FEAET D HIETH D, Iss-DNA TR OFHH DNA OFEAHELS
DA LTl % &0 56, §5H DNA ZALEIZEEHT 5 2 £ 12X - T, 1ss-DNA {2 CpG F %
78 DNAaptamer®!?, HIEREEERCS 1 OBEREMERIS 2 725 Z ENARETH D, ZD X
IIEFEN S RCAIEIX R T v 7T U ANY =0 VN7 BRSO 4 RIS H Sh
TWn5g 12

CpG BlF A& Te 1ss-DNA 1%, B F A4 U MNEE OFHSCHUKER A CpG DNA 1T 5
D72 IE L i U TSR A 2R L ERSEL 2 el EsnTng 7,
UL, CpG EdFl % &t 1ss-DNA 28 CpG DNA OZhRI T U ANY —F ¢ U 7 & L THRE
T HAREMEAZ RS 5, LA L7225, Iss-DNA |Z DNase I %° FBS T & » T4 51504
< Bl ZAIRIEIERA~DISHEZBRE LIZ GG mRT 2 0ERDH D,

BAKMARBAERIZT ) A= FAinb~A 7 0 A— hLOR A ZERTE 288 ) TH 5,
ZXUE TIT Iss-DNA & Cholesterol f&£fi DNA (Chol-DNA) % MgCl 774 FC/NA 7' U XA
PT—va &85 2 LI2L0 K& EH200nm QR FBMERTE 5 2 EARIESHTWD 15,
LML 5, 1ss-DNA & Mg A AL OB NSRRI 2R T& 5 Z & N RRICHE S
LTI 160 Iss-DNA & Chol-DNA ZfHAG O TIER S 4172 200nm ORL-1X Mg> T K 5
WD THDZ ENRBEND, Liz235 T, Iss-DNA & Chol-DNA O BUKMAH A AEH %I
L 72DV TUHERE RO 130,

ARETIE, CgGDNA ORI 727 U /N Y —% HIIZ 1ss-DNA & Chol-DNA # 7 DNA
By DIVERL 2372 7=, RCA ORI CpG DNA OFAECH &2kl iATe Z L2 Xk - T, CpG
BiA A4 S L CELe Iss-DNA 23MEfE S 415, £72, Chol-DNA & Iss-DNA /A 7Y X A &
—va S5 LI L o T Cholesterol FFIENBR/AKMEFE AAERIC L 0 NANZEL A L7261
WO FAER S (Figure 1), RFE Tl /ER L 72 DNA #5rD Y JAZ %)% DNase
V2 2 22 E M M OV g i RE L DV CRfAl L 72,
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Figure 1. Schematic representation of the synthesis of DNA supramolecules.

Circular single-stranded DNA (template) was annealed with a primer. Rolling circle amplification was performed
by adding phi29 DNA polymerase. The synthesized 1ss-DNA contained one CpG motif (red) and two chol-DNA
binding motifs (green) per repeating unit. Chol-DNA was attached to 1ss"DNA by DNA hybridization. The
amphiphilic polymers consisting of 1ss-DNA and chol-DNA can form spherical structures (DNA supramolecules)

via the hydrophobic interactions involving cholesterol.

1.1 DNA #45F DO VERL K& O 2

Table 1 (24 [A7% 5 L 7= DNA B4 1DO i8I L 7-4 DNA OEH 27~

ODN names Sequences

chol2_template 5'-phosphate-

GTCAGCCAAACATTACAGCTTGCT
ACAGTCTGGAAACATTACAGCTTG
CTACAGGAGGTCAGCATCAGGAAC

GTCATGGA -3'

chol2_primer 5'-TGGCTGAC TCCATGAC-3'

chol-DNA 5'-AAACATTACAGCTTGCTACA-TEG-

cholesterol-3'

nonchol-DNA 5'-AAACATTACAGCTTGCTACA-3'

CpG1668 5’-TCCATGACGTTCCTGATGCT-3’

Table 1. Sequences of oligodeoxynucleotides
The complementary sequence to the CpG
motif (AACGTC) in chol2_template and the
murine CpG motif (GACGTT) in CpG1668
are underlined. Bold faces in chol2_template
indicate the same sequences as chol-
DNA/nonchol-DNA. Repeated sequences
complementary to the chol2 template were
synthesized by rolling circle amplification.
TEG: triethylene glycol.

chol2 template ODN & chol2 primer D7 =—V > 7 %RV T 27 VN7 I R7/VERUKE)
(PAGE) 12X 0 #e® L7z (Figure 2A), 7 =—VU 7 L5 7- DNA #H\ T RCA %
ITWF BTz RCA EEWMZE TN U T e —A 7 )VESVKENC L DR L7z, 10 kb Zi# %
AN RN Z E735 RCA 12XV Iss-DNA MER S 72 2 & Vg Stz

(Figure 2B) ,
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Figure 2. Electrophoretic analysis of RCA products.
20 (A) Annealing of circular template and primer for RCA was
1k confirmed by 12% PAGE analysis. T: circular template, P:

primer, T+P: circular template + primer. (B) DNA amplified
through RCA was analyzed by 0.6% alkaline agarose gel
electrophoresis.
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I3 Z H7ed o7 (Figure 3B), F£7-, RmElEHEATHL 7 r7 U VEREET R Y o A (SDS)
ERWCT e — A7 VERIKEN 21T 572 & 2 A Figure 3A [Z A bz B~y Ky
F2SER L7 (Figure 3C),  ZAUTSETEMEANC L Y Chol-DNA DB/ AAEH S ER L
el llitkbeBEBZ26N5, % DNA OFZEMEEMEE (TEM) Bl52H% % Figure 3D (T
KT, Iss-DNA IZHU Tl H IR ORISR B S 7= D3 L, 1ss-DNA & Chol-DNA %R
B IHLGEITITIRE & 1-10um OREREEENBE IR, ZOEAKEZ DNA B+
EIES, Chol-DNA KON Iss-DNA HlClx = 0 & 5 A RITEE S ) > 7=, DNA #
DOV A XG5 ERE LT LT A, KE X 300nm & 1000-7000 nm OALEIZ B — 27 355
iz (Figure 3E), Bf/KMEERBE F CHETREN LRI 5% ThH D DIO % I1ss-DNA, Chol-
DNA KO DNA H5r1EiRA L, #BEL I L& 2 A, 1ss-DNA & i LT Chol-
DNA &% OF DNA H55 TIEa AR E OB R 7 b7z (Figure 3F), Z4U1E Chol-DNA 738
IRPEFE L 2 PN S BV A TR 5 & 912, DNA B4y 7 & B 7S HE 2 AN L ) L 7- B
N = fz%ﬁi‘zﬁ‘é ZEETRET D,
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Figure 3. Characterization of DNA supramolecules.

(A,B) Electrophoretic analysis of DNA supramolecules. Lss-DNAs hybridized with different molar amounts of
chol-DNA (A) or nonchol-DNA (B) were analyzed by 0.6% agarose gel electrophoresis. Lss-DNA : chol-DNA = 1:0
means lss-DNA in dH20 containing some ions heated to 95°C and cooled gradually. (C) Electrophoretic analysis
of DNA supramolecules containing detergent (0.1% SDS). Detergent was mixed in both agarose gel and
electrophoresis buffer. (D) TEM images of chol-DNA, 1ss-DNA and DNA supramolecules. DNA supramolecule
(Iss"DNA : chol-DNA = 1:2) consisting of 1lss"DNA 0.5 uM and chol-DNA 1.0 uM was observed by TEM.
Corresponding concentration of 1ss-DNA or chol-DNA was observed by TEM individually. Scale bar = 10 um (up
panels) or 100 nm (bottom panels). Red squares shown in up panels are expanded as bottom panels. (E) Size
distribution of DNA Sup (Iss-DNA : chol-DNA = 1:2) measured by DLS. (F) Fluorescence shift of DiO mixed with
Iss"DNA, chol-DNA or DNA Sup (Iss-DNA : chol-DNA = 1:2).
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Iss-DNA (¥ CpG DNA HifR L gL CT~v 27 a7 7 — V0O L 9 Rl i Y A E 07
<. TLRO [ZFEF SN0\ 2 E VA SN TS 7, DNA #5511 Iss-DNA 2> HAERK S 1
TNDH 78, [ARRICHRERMIICER D IAENCT W LRI SN D, Z OIRGE A MREET 572
OIZ, v~ Aw a7y — Uil (RAW264.7) % T Cy5 £5#% L 7= 1ss-DNA & DNA #
73 DELY iAH % fluorescence-activated cell sorting  (FACS) IZ XV FHME L7z, 7 Ha—R %
JVEESRPKENZ K0 Cy5 k7Y 1ss-DNA } O DNA B T OMMEIC K& e Ba 5. 2 7 2
& ZHERE L7= (Figure 4A), Cy5 127 1ss-DNA 2 O DNA 4y 1% BV JA W 7= a0 )
FOGTREE (MFD) KOO IXN#EH CRE 221X o 72 (Figure4B), F7z. Iss-DNA K&
U DNA #53 OFAER V JAF 2 S BAMETIZ L 0 B2 L, MIlNIZI U T lss-DNA KT
DNA 5 F-Hkow e »#lgz iz (Figure 4C),
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Figure 4. The cellular uptake of 1ss"-DNA and DNA Sup by RAW264.7 cells.

(A) Electrophoretic analysis of non-labeled DNA and Cy5-labeled DNA. (B) The mean fluorescence intensity

(MFI) derived from RAW264.7 cells incubated with Opti-MEM containing Cy5-labeled lss-DNA or DNA Sup at

the final concentration of 0.025 pM (gray bar) or 0.5 uM (black bar) for 4 h. n=4. The comparison of histograms

indicating the fluorescence at the final concentration of 0.05 uM (up picture) or 0.025 uM (bottom picture). MFI

and histogram of the fluorescence were measured by FACS. (C) Confocal microscopic images of RAW264.7 cells

incubated with Opti-MEM containing 0.1 uM of Cy5-labeled Iss!DNA or DNA Sup (Iss-DNA : chol-DNA = 1:2)

for 4 h. Scale bar = 20 pm. All concentrations of 1ss-DNA or DNA Sup were noted as molars per lap of 1ss-DNA.
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W) ZEEME 2 Rl T 5 72912, Fi4 O DNase & & 07 U HRIEIMIE (FBS) (Zxt7 54

DL EMEZ R L7, 1ss-DNA 7% 2 FFFIEINICIZ & A B3 iR S 7= D%t L, DNA #
T 24 BRI T H 80%FRFE AT L T /- (Figure 5A, B), Z ®iE\NE DNA #51%
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Figure 5. The structural stability against FBS.

(A,0) Electrophoretic analysis of the stabilities of lss-DNA (left gel) and DNA Sup (right gel) in 20% heat-
inactivated FBS at indicated time points. (B,D) Degradation rate of 1ssTDNA and DNA Sup. Red squares shown
in bule-dotted squares picked up under the gels indicate the areas quantified for (B,D). The data are shown as
mean = S.D. quantified from three gels. (B) In this degradation graph, dotted line and white circles indicate lss-
DNA, whereas solid line and black circles indicate DNA Sup; *: significant difference between 1lss-DNA and DNA
Sup at each time point. (E) Electrophoretic analysis of the stability of DNA Sup at the molar ratio of 1ss-DNA :
chol-DNA =1:1 (right gel) and 1:0.5 (left gel) in 20% FBS at indicated time points. (F) Electrophoretic analysis
of DNA Sup (Iss"DNA : chol-DNA = 1:2) and DNA Sup + FBS.
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72o RAW264.7 #lldiZ CpG1668, Chol-DNA. Iss-DNA, DNA #8577 L, 8 K1 > %
2 _— k L7214 553 B35 O TNF- o 8% ELISA (12 X 0 JIlE L 72, Iss-DNA Tl CpG1668
L LT 20 {5 D TNF-a FEABEOHMNZ R L7-—5 T, DNA #4r1 (Iss-DNA : chol-
DNA=1:0.5, 1:1, 1:2) Ti& Iss-DNA & i U THEIZ VY TNF- o A& Z 7R L 72 (Figure
6A), FFIT Iss-DNA : chol-DNA=1 : 2 TEL L 7= DNA #4>13 Iss-DNA D) 3 {% TNF-
aPEABEER LI, £7-, DNABSY T LR 7L w7 A2 (CpGl668+PEL, Iss-DNA+PEI) K
WRNY AT w7 2 (CpGl668+lipofectamine, lss-DNA-+lipofectamine) D5 ME(LRE 2 LLik
L& ZAh, WTFiLE i LTH DNA B FIIA RIS E VW TNF- o FEAEEZ 7~ L7 (Figure
6B), ZiuiX, PEI X lipofectamine 7% DNA Z M E ~D7 U N U —% HAJZERFFS LT
L DIZk L, DNA #453F1% CpG DNA OFERI T D TLRY FEH T H = Y — ATk L
TR TIN) =% U T ThDHZEETRBRTDH, ZNEMIET 5 AT Lysotracker
green & Cy5 1%k DNA OILFIEZBIZL L=, Iss-DNA+lipofectamine #ETILT7 A VYV — A L
FEAEWFEEZ RIS 2D T2DIZ% L, 1ss-DNA K TONDNA B 1374 Y YV —n LDk
JRENEE S 72 (Figure 6C), & 512, DNA #4510 RAW264.7 MR 519~ 2 Hifa #EE %
LDH 7 v B A I X VFHME L7 & Z A, 0.005-0.2 pM O THRIFMEITERD STz

(Figure 6D), LA L&V | DNA B I3l s siitb 2 5.2 5 2 L 72 < ZhRIICiEEAL
THZENRBINT,
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Figure 6. TNF-a release from RAW264.7 cells.

(A) TNF-a released from RAW264.7 cells incubated with Opti-MEM containing DNA Sup/lss-DNA/chol-
DNA/CpG-DNA for 8 h was investigated by ELISA. (B) TNF-a released from RAW264.7 cells incubated with
Opti-MEM containing DNA Sup (Iss"DNA : chol-DNA = 1:2)/1ss-DNA-PEI polyplex/CpG1668-PEI polyplex/lss-
DNA-lipofectamine liposome/CpG1668-lipofectamine liposome for 8 h was investigated by ELISA. Data are
shown as mean + S.D; n=4. The concentration of chol-DNA was the same as that of 1ss-DNA : chol-DNA = 1:2; *:
significant difference compared with 1ss-DNA at the same concentration. (C) Confocal images of Cy5-labeled
DNAs (red) and lysotracker (green) in RAW264.7 cells after 4 h incubation. (D) Cytotoxicity of DNA Sup (ss-
DNA : chol-DNA = 1:2) evaluated by LDH assay. N.D.: not detected. All concentrations of 1ss"DNA or DNA Sup
were noted as molars per lap of Iss-DNA.

1.5 &%

KT, Watson-Crick D FERHE % & Cholesterol (2 2 2 Bi/KMEAR AA/EH 25 H L T DNA
o E2E L, CpGDNA OFT U NRNY —% ¥ U7 & LCOIHERRT, TV T 8T v
A KO TEM BIEOFE R L 0 1ss-DNA & chol-DNA ZflAafbEd 2 tickV~A 71 A
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(Figure 3B), F7=. TEM BlZ2DOFER TIL, 1ss-DNA KON chol-DNA Ul Cix DNA #4+
TROLNZ L) REERIBE SN o7, L7z -> T, DNA @5 DK
Cholesterol 512 X 2 BKMF AAERBZEET 5 - E 2 65,

DNA 53T TERIZIE, B 1ss-DNA (2 K 5 70N AAEF K OMEEL D 1ss-DNA 12 X 5

SR EAER O 3B 5-9 5 L HEEZ X415, DNA nanoflower & RCA O i DERIT Iss-
DNA & MgPPi O & L TAER I DHKE S 100-300 nm ORLFTHh 5 715, DNA
polymerase X7 HMEEES 5 Z & 72 < 1ss-DNA 2 ERKT 572, 1 571D 1ss-DNA 2> 5 1%
100-300 nm ORIFRAE U5 & Bbhsd, —H T, DNABEOFIE~A 7 A — A —4—
DIEERTH D720, FORRIZITHEELD 1ss-DNA 7% Cholesterol (2 & 5 B/KPEAHAERIC

KOS FHRHEERTLHZ L THRSIND EEX LD, LIPLRRL, ZOBKROBIZS)
TN EVER B S-3 5 ATREME 2 S ETE Wiz, S FWHEAEER & MR AEERO
W 77% DNA #8501+ OIRICE G35 &5 2%, 72, DNA @B F1d~7T a LM TH 5
EHEERE N D (Figure 3E), Z OfRIIKR L LT, [RAAAIBOH A XPEr7 a~ 777 ¢ —
REDY A X LIS 2 FIEIC L o T, LV HEZ DNA B Fa T 52 3T
xnHLEZOND,

DNA #5113 / ~—® CpGDNA & Ll L Tl RAW264.7 il 5 D TNF- o PEAE &
Zox L7z (Figure 6A), 100-1000 nm DV R Y —AR~vr7 a7 7 =L >THRVAENSL
TN EDRHREINTND72D Y, CpG DNA LD ¥4 XA KX\ Iss-DNA X° DNA #4551
t RAW264.7 AIREIZEL D IAE NS0T < L EOFERE WG LREA R LTz L HER SN D,
S 6T, BV ABRIZITRERBDNDR 2> 721 b 57 (Figure 4B) . DNA #5378 Iss-
DNA & g U T i bRE 27~ L7 Al & LT, DNase (Zx19 2 e MDA b L7z
ZENEZLND (Figure5), 4725, Iss-DNA AT R Y — A THSCHIZORES -0
\Zx%f L. DNA 85 3o S dicmy K Y — AT E 0 il £tz TLRY ZHliE L
B bhd,

DNA #5773 DNase [Z%f 9 2 ZEMEN EA L7 RE & U CTEERERm OB ED LA &
W7 74 Ay MZXDHERED ERICE D E#& 2 Hivd, Spherical nucleic acids (SNPs)IZ 35
WT, ERBOAI=ALCLY X7 LT —VBICHTH2RENEN ERTH 2 ENMESNT
WD 1820 G ) R DL D IREBA A& a7 L35 SNPs 7217 T/ <. DNA micelle ®
KO RBOKYE= T H#FT 5 SNP s IZ20 T b \WAEW PRI EMENB]E STV 5 2 DNA
#1571 DY, Cholesterol 2% PNNZEL M S B 7-Mfitia & 5 Z LR S TH Y (Figure

3F) . FEIEREE L chol-DNA &g 7 U XA B—3 3 L TW7R0 Iss-DNA FEISEEH L
TV EHEE S D, L2 > T, DNA B4 1% SNPs & mV VEiEL LT\ 5728, SNPs
ERIBRD A T =X A2 XK DNase IZxtT DL EMEN ER L7I-EB 25,

A [ElIE, Iss-DNA & chol-DNA @ Repeating unit fb% 1 : 2 23 EfRE 722 K 9 (T 1ss-DNA D
Bl 5% 1 L 7223, 1ss-DNA H1 D chol-DNA #& & Ik A H§°9 2 & 12 K - T, & 51T Repeating
wnit tb % EIF A Z ENFRETH D, T K - T, S SICHBUKMMEERZmED, LAY
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FHIN L TE CHRIETEMAVIEZ 7R 9 DNA B0+ 2 /ERCX 2 AR & 5,
PL b, AFETIX, I1ss-DNA & Cholesterol {&£ifi DNA # #lAAH 25 Z & T, DNA il &
WX B L EMED E <L R A 2 L < IEME(LT % DNA B0 2 5B L=,
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¥ _"E DNA nanotube OFREER Y AAEIRMEIZET 5

IERRREIE (RS & DT DM H Y IAF T WD EIE, IS %2 Hv 7z DDS
DRAFIZBWTEERHMR TH L, IWERIHFHRETFDH T, ZNETICRADO R AR
AT )L DNA 572 5% @ DNA 7 #51E{K (polypod-like nanostructured DNA : polypodna)
23, AN DM OMIE &t LT, v 27 v 7 7 — URBRRHIIIZ SRR IRV A E N D
e AaHE L TG 2122

DNA nanotube [FHlR WERIRORERTH Y . 5 DOBEWDNA 27 =— U 7§52 & T
Bond —fAfiilla=y & Iss-DNA ZNA TV XA B =2 a v SELTHA VR S
NTWND B, ZOTHA BT, Iss-DNA DRI AZZEZ 5 ZLICEVIE 10 nm, BE 1
pum LA E DNA nanotube % Ef{4 % Z & 73CX %, DNA nanotube (X polypodna & 4=< 73
LI A © 278, polypodna & #7322 MIAFEIZNRANCE D IAEN D ATREMEDN B H, Lo
L6, ZOMIIZ X HHY IAARIZOWTIEe M HESEMIE (HeLa Mifd) ~DHLY A
HPHE I TNDOHRT, HIRRREIC L2 BPEIZ OV TIFAR G TV o 7o 24

ARFETIL, DNA nanotube DOAIUFEIC K 2 IV AL OEIRVEZFHM L, Z OMifamIE, B
VIABEZ T, o, 7 Rk & Zm N EFBEMEE (TEM) Bl 4 A8 b8
% Z & T, DNA nanotube ™ H Y IAZERE D EHHY v A 2 532 72,

2.1 DNA nanotube DK ez

DNA nanotube @5 ¥4 IX Graham D. Hamblin & D#RE %2522 L7= 2, DNA nanotube
DIYERA ¥ — A% Figure 1A 12777, ZOTHA U TiE, 5 2DV DNA (Al, Cl, C2, R,
R2) #HEWINA TV H A E—var S8, =A==y b (U) 2/ L7, Ul OF
ERY T 7 VAT 2 RFVESKIKE (PAGE) (2K Y EHfi L7~ (Figure 1B), RCA @ i
REFR RS2 D1EE, ESD Iss-DNA DRI B R RDL T EDWESNTND B, £ 5
£ &% 1> DNAnanotube Z1ERL 3 257212, RCA OB A2ZE 2 5 2 LItk - THRR D
F & D Iss-DNA Z{ERL L7, Iss-DNA DRI Z TV U 7 5 e — R 7 VEKIKENC L - TR
fli L7z & 2 A, RCA OFSRFRMEIFAIIC Iss-DNA DOF AR L 30 43 LA E T 10000 base
PLEE725 2 £ hoT- (Figure 1C), RCA OIGKERZ 2.5 47, 104y, 1 KEfif, 16 B
TE%7E L DNA nanotube % {EfL L 72, DNA nanotube D% PAGE IZ X VML= & Z 5

(Figure 1D), Ul & 1ss-DNA % Repeating unit fb=1:1 TIERATH T LI2X D, Ul & Iss-
DNA O/ RIMER L, Uz Anblide A EBENLARWLEIZH 723 RGO,
X |Z DNA nanotube % TEM #1232 L - CHERR L7 (Figure 1E), Z DfE5E, 1ss-DNA 2348 H
RoREERE LTI IN-DIZ% L, DNA nanotube Z Tk S5 Z & Thg 10 nm LL R
BRIk OFREEIR D BIZR S 172, 1ss-DNA O£ X2 X - T DNA nanotube D i, 2 FITE W H -
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72 B AE XD DNAnanotube I CE/-EEZHNA,

(B) Vil C1 C2 R1 R2 U1
A 2
(bp) -
R2 Lss-DNA 500 W
(105) 42) lL u
st
100 '
=~ -
) - [ )
Annealing Annealmg
C1
(63) A (42 mer) ut DNA nanotube 20
Lss-DNA DNA nanotube
©) RCA reaction time D) = RCA reacti:n time
£ = £ =
E E = E E =
w2 25w s 52
‘Ul AN o e e A e e
— ) it
i 111
(bp) (bp)
10k 1000
500

3k

€ (oam

(E)
Lss-DNA (2.5 min) DNA nanotube (2.5 min)

Figure 1. Formation and
characterization of DNA
nanotube

(A) Schematic image of
formation of DNA nanotube.
(B) Electrophoretic analysis
of Ul or its componential
DNAs. Annealing of all
strands was confirmed by
12% PAGE analysis.

(C) Lss'DNAs amplified by
RCA depending on different
reaction time were analyzed
by 0.6% alkaline agarose gel
electrophoresis.

(D) Electrophoretic analysis
of DNA nanotube. Lss-DNA
amplified by each reaction

100 nm
—

Lss-DNA (1 hr) W DNA nanotube (1 hr)

100nm [ 500 nm i time hybridized with Ul
p was analyzed by 6% PAGE
DNA nanotube (16 hr) analysis. The time shown in

lanes of DNA nanotube
means RCA reaction time
for amplification of Iss-
DNA. (E) TEM images of
1ss-DNA or DNA nanotube.
Scale bar = 100 nm. Right
pictures are magnification
images of red square shown
500 nm ‘ in the center pictures.




2.2 DNA nanotube OFMEFEIZ & 5 HL Y JA Z R D FEA

RCA1 T & 0 F%L L7z 1ss-DNA 7> & /F%L L 72 DNA nanotube O fiJdfifilZ 1 5 HL Y A
U A7 a7y — UM (RAW264.7) . ~ U 2B (DC2.4) . ~ ¥ Z A FE#HE 1
il (NIH3T3). ~ U Af#Fflld (C2C12), =7 A AT/ —<ifflild (B16BL6) MU AREE
HifE (HEK293) % H\CHEffi L7-, DNAnanotube Z# JERK X ¥ 2 Z & T, fthoofifa & bl L
C NIH3T3 KN C2CI2 IZE D IAENCT < 725 Z & &2 L L7 (Figure 2A), DNA nanotube
DFe ST K DI H Y AT BRI O FEB 2 Bl L 72, MY JAZ RN NIH3T3 i, fEER
DIABFED H RAW264.7 Ml 2388 T, RCA2.5 43, 10 43, 1 K¢, 16 FEEIC L 0 FH8E L 72 Iss-
DNA 75 /E#L L 72 DNA nanotube DHL Y IAZNH AW E L7 & Z A, DNA nanotube D S
(2 & o T ~DE Y IABNRIZK & 72 254ki% 72 > > 7= (Figure 2B).,

(A) 10 -
9 4
OssDNA
8 oul
DDNA nanotube

Mean Fluorescence Intensity
(relative to ssDNA)
n

iﬂﬂnﬂnﬂ il

RAW264.7 DC2.4 NIH3T3 C2C12 B16BL6 HEK293

(B) RAW264.7 NIH3T3
10 4 10 1
0.2 uM DNA 0.2 uM DNA %
M 0.02 uM DNA M 0.02 uM DNA
g 8 - L I I
z 97 * E 61
= =
4 I I 1 4
I I
24 1 b 2
0 _-_._I_Li_._ o L
NT ssDNA Ul (2.5min)(10 min) (1 hr) (16hr) NT ssDNA Ul (2.5min)(10 min) (1 hr) (16 hr)
DNA nanotube DNA nanotube
(RCA reaction time) (RCA reaction time)

Figure 2. Comparison of cellular uptake of DNA nanotube by different types of cells.

(A) Mean fluorescence intensity (MFI) of indicated cells incubated with Opti-MEM containing 0.2 uM of FAM-
labeled ssDNA, U1, DNA nanotube (1 h) for 4 h was investigated by flow-cytometry. Data were shown as mean
+ S.D relative to ssDNA. n=3-4. (B) MFI of RA264.7 cells or NIH3T3 cells incubated with Opti-MEM containing
0.2 or 0.02 uM of ssDNA, U1, DNA nanotube (prepared with 1ss-DNA synthesized by RCA for 2.5 min, 10 min, 1
h or 16 h) for 4 h were investigated by flow-cytometry. Data were shown as mean + S.D. n=3-4. * ; p value < 0.05.
All concentrations of DNA nanotube were noted as molars per lap of 1ss-DNA.
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2.3 DNA nanotube O#HEIFARIEIC K 2 B A R REHE DO FEAh

DNA nanotube DR ZFAMIE T O J{7E 2 LA SBAMEIIC L 0 8152 L7z (Figure 3A) . A
% PKH26, 7 A Y Y — A% Lysotrackerred |Z X ¥ 44t L, FAM f%:#% DNA nanotube & @ I /5
EEBE LI L 2 A flasRm & OSHERE N IZ 3V C DNA nanotube HI RO HEABIZE ST,
HEREZE 1 (2 JR{E 9% DNA nanotube HIR D EITIA < 434 L TW e Dokt L, HIRINIZ /TE
9% DNA nanotube H1KDH T AKIZHIZE S 72, DNAnanotube OHIFIAN ~DELY A I %
NU N Tv— (TB) T v BAIZ L > THERR L7z (Figure 3B), TB IR BRI
faZR R DFREC 2~ A% 74 D70, Miflakm oW E & RN OWNELE 5T 57
DI DD 262, BRI DRED TB DI TH, 45%REDFEPRF L Tl &
725, DNA nanotube Oflifle D WFEALANVRIR S 4172, ¥KIZ DNA nanotube D HL Y 1A Z DRI
{bA&FFM L7z (Figure3C), DS, FAM 55 DNA nanotube % Bt Y 1A A 724D MFI 1%
RERMRAFROIC B L7203, 2 ORFIC RS2 MFL O B3 0 GO X (3 4 RERILARE THES )
27857,

(A)
Bright field

Lysotracker Bright field

Bright field

Lysotracker Bright field
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(B) ©)

0.2 M DNA IL 4
——
W02 uMDNA + TB 125 pg/mL 0.1 M DNA nanotube
41 W02 uM DNA + TB 500 pg/mL 5
3 <
z =P
=
= * =
2 1 =N
1 N
1 o
0 - - - - 0
NT ssDNA U1 DNA nanotube 0 4 8 12 16 20 24

Time (h)

Figure 3. Internalization and uptake properties of DNA nanotube into NTH3T3 cells.

(A) Confocal microscopic images of NIH3T3 cells incubated with Opti-MEM containing 0.2 uM of FAM-labeled
DNA nanotube for 4 h. Cellular membranes and lysosomes were stained with PKH26 (up pictures) or lysotracker
(bottom pictures) respectively. (B) Trypan blue (TB) quenching assay. Fluorescence derived from cellular surface
was vanished by different concentrations of trypan blue. MFI of NIH3T3 cells incubated with Opti-MEM
containing FAM-labeled ssDNA, U1, DNA nanotube for 4 h was investigated by flow-cytometry. Trypan blue was
mixed into cell solution just before measurement. *p < 0.05. (C) Cellular uptake of DNA nanotube with different
time by NIH3T3 cells. Cells incubated with Opti-MEM containing 0.1 pM of FAM-labeled DNA nanotube for 0-
24 h was investigated by flow-cytometry. All concentrations of DNA nanotube were noted as molars per lap of
Iss-DNA.

2.4 DNA nanotube DR#EAEHHINEIT X 2 BV IAZEhRE O [ H2ABLER

KRS R 2 &) 7 ki (AuNP) THERR L. MRS L TEM BI52 217 95 2 & T
EROMBIER D AL B REZ AIEMEL TE 5 Z ERHE STV D 30 ZDOFiEE VT DNA
nanotube MHL YV AL BNREZ BIE23 572912, AuNP f%i#% DNA nanotube Z1ERL L7-, F4—
/v (SH) f&fifi R1 Z AW TIERLL 72 SH {2£i DNA nanotube & AuNP ZfUSS¥25Z & T
AuNP f&fifi DNA nanotube Z#ff L 7=, AuNP f%Zi#k DNA nanotube NTERKINTWNDH I &%
TEM B2 L V1T o7 (Figure4A), AuNP 1%i% DNA nanotube Z NIH3T3 AARIZARANL . 1
REfE R N 4 IREfE A 2 2 — b Lol O U R 2 /F8 L TEM BLE2 21T o 7o, & DFER.
DNA nanotube DFFMESFHIAIZ K DD IAFIZIZILLF D 4 DD 7 = — RN D T L PIRE S
7= (Figure4B), 972 b, MIEIZHIN S 4172 DNA nanotube (% LW AEIC L - CHllla g mic
O3 LHIIAER I IC W Ca "y M) el Enbrh b a0 5, 20k, IL7 7 A9 A
b= 2 LD D MO 2 & LT RRENC K » TRIFNICE Y sAE ., Tz R Y
— L E A LA NS 2 52T D, BB, IV, R eiicE S SR a2 64 24— b
77 AV —=LNIBITT D, TEM BRI L VORI ROEAMEZ D 0 572012, DNA
nanotube D HX Y JAZZ BAF TR O JAA L ERI OB A2 FH~7= (Figure 4C), % DFEH,
77 AV U R A b=V ZERTH L 7 n 7 a~ O AR TR, RO
FELH L THERIDALDIETIXRA OGN oTeDIZR L, 77 F o HEHAHER T
7 A h—= ZAZHETLHMTHNONL YA MU T2 B UBRHECIIORLEERE &
B L CAHERID IALDIKR TSR biu7c, F72. DNA nanotube Z ¥ L 7o/l Tl &N
LTV UlifE & bl U Cifcs S RS R 2 < Bl Shviz (FiguredD), A— h7 7 3V
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— A= —THDHLC3-BI 2V AKX Ty MZXo>THHE L7 E Z A DNA nanotube
WMz XV, LC3-BIL MMM Sz, T b5 HRIEL, MilusS DNA nanotube %2 BV IA A
FBICENZ DL LD LT H5MISENFEIN TS Z & ERBET 5,

(A)

500 nom 100 nm

(B) I. Adhesion

II1. Endosome IV. Autophagosome

8
7
6
5
3
2
1
0

DNA nanotube +CPZ

I1. Phagocytosis

MFI
None treatment
+DNA nanotube

LC3B-II s
10| Beta-actin - w—

Figure 4. Direct observation of AuNP-labeled DNA nanotube taken up by NIH3T3 cells.

(A) TEM images of AuNP-labeled DNA nanotube. Red square was expanded as right image. (B) TEM images of
thin-sliced NIH3T3 cells incubated with Opti-MEM containing 0.05 uM of AuNP-labeled DNA nanotube for 1-4
h. (C) Uptake inhibitor assay. NTH3T3 cells co-incubated with 0.2 uM of FAM-labeled DNA nanotube and 10 uM
of chlorpromazine (CPZ) or 5 ug/mL of cytochalasin B (Cyto) for 4 h were investigated by flow-cytometry. Data
were shown as mean + S.D. n=3-4. * ; p value < 0.05. (D) Accentuation of autophagy in NIH3T3 cells by DNA
nanotube. (Left)TEM images of thin-sliced NIH3T3 cells incubated with or without DNA nanotube. Yellow
arrows : autophagosome-like structures. (Right)Western-blot analysis of LC3B-II (autophagosome marker) or
beta-actin (control).
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25 BE

AETIL, Iss-DNA Z HWTIERI S 2 IR O R E R T d> 5 DNA nanotube O %
ANRRAEIC X 2 BV IAFZ D BARPEIZ DWW TR L 72, Z DOf55, DNA nanotube [IARHE Al
IR B O SRR C do 5 NIH3T3 Mlifi Je O C2C12 MIIIZE W A EN0F W & ) Rl AR
L7- (Figure2A), F70. & MIETH 25 RAW264.7 fiia<> DC2.4 AL TOI Y iAA I ERE
O L VK<, 24X DNAnanotube | Z AL E TITIHEE W F 0B ClE L TE vy
17y — VRBRRAE Y A E TV R DNA -  #5iE(R (polypodna) & 135702 %
A BGAARIMEAZF L CNWD Z LRI RETH S,

DNA nanotube 25#HELEHERE K OV ZEAMAICBHRANIC I D IAE N D A 1 =X A & LTl
RKMEITHBLT D collagen DG NE 2 HILD, ZHIZHOWTIL, 3 BETHMIIHmET 5, £
oo~ ru 7y — UMD E Y IABZDBMEN > T2 RKO—> & LT, b OMIaN
Pt E IR 2 BV IA T BRICRERR T 5 32 54 T & % macrophage scavenger receptor 1 (MSR1) O
OIS D 2T B AV D, Polypodna & & TS ARIL MSR1 271 L CHIRIZER D IAE NS
Z LA STV S 3, Polypodona D JE DN < 72 H1F ERIILIZER D IAE LT < &
PR O HL Y IAZAZIE DNA ORAFEMEEBEGTLWMENH 5 2, MEERORE P RED
DNA T % DNA nanotube | T polypodona & Hie U THEE AN EMETId 72 <. DNA OH M
FIX@m< RnEEZOLND, ZIUTL 5T MSRI IZ L 2@#MBEL . w77 7 — UM
PAABL DLV IAF DR > To vl REMEN B 5

DNA nanotube | ZAfa 2 & AN Ol 512 /{TE L7 (Figure 3A), LA SBAMEEIC L 0 8l
22U 7ol CII R E R OEOIEREITIA < 40 L7z, Ml Iy Tidskizaotns
Bleis /o, ZiuE. DNAnanotube 28EUV IAE N4, =2 K'Y —AITH7AT % Figure 4B
DR E —E7T %, MiRmoE s TB IZL V{EE L7256 T4, DNA nanotube DY
X AS%RREFRAE LT, E£o, WV IABEAIZ HWZERTIL, A4 M F7 0 BITED
DNA nanotube D HL Y IAZ 7S 66%F2E E TR L7225 (Figure 4C) . 7% 0 135 fld = i (2 W s
L 7= DNA nanotube |ZHIKT % & &2 bivd,

AHFFETlL DNA nanotube DR & %28 2 2 ER AT - 7275, MIEL Y IAZ OBIRVEIZ K &
727272 o 7 (Figure 2B), ZDJFK & LT, &R D RCA i TESE L 72 DNA nanotube
THHMILIZIVIAEND DI RRESEALTEY, ZOIY IAZIZIL DNA nanotube
ZWAMET D LERH D 2 LICL DB A 6N 5, FFR RCA2.5 4y T L7 Iss-DNA Of
I TH 6000 base & AHE 4L (Figure 1C) . Z AU L 0 /E#L L 72 DNA nanotube & &1 2 um
FiEECH o7z (Figure 1E), Z# LV £ %5\ DNAnanotube % {ERL L 7235512, BV IAZL A
(LT 2AEEMERH D, F72. KV EV DNA nanotube TIZHL Y AAIZEAL L L7z ino 7z
73, ZOPHH L LT, DNA nanotube 2SMildRHIZIWTH O m/loEnrhfbEng Z &7
Zz b5 (Figure 4B), Z OE[RIZI VT, 1L Phagocytosis THIZR S b4 /KL D%k
2 L Adhesion TEBIZ SN D &T /KT ORIV bV Rino72Z 6, ZOHIZ DNA
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nanotube 23 b S 7= & & 2 5415, DNA nanotube 732 D K 9 72 BV IAHENHEA R LT
JR[K & LT, DNA nanotube DIEEMNHIRHIZFR TH DL Z ENBEZ HND, KV ZED ss-
DNA 7 b /E8 & D &2 58 [E 7 DNA AU 7 2 Clk, MENRZNTZEEMVIAEND
B AEIZ ST 5 30, Al /ERL L 72 DNAnanotube |$ 1 AD X Z & 725 Iss-DNA _EiZ Ul
DS LICHEE TH D72, DNA AU I LB L THREN R TH D LRI, 2
DX EERFFEIC L 5T v A7/ R A= M A =X —DRIZ L OMETH-TH, M
M E D AL T VWK E S E TPV I BT b TE TR & %,

LIl b. AFTIE, DNAnanotube 73~ 7 1 7 7 — UMLK & Vo 7243k, DNA #is A
Z I IAZRLT W K 0 b T U A BRHEF AL K O IR R LTV Bt 2 A
THEWI MR E RHT LI, NN~ A 71 XA — M —F—DOEiE
Z BV A TeENRE D EHER 72 AT KT B LTz,
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=% DNA nanotube M#fifRER Y sAAEIRMEIZ*IF % collagen D
EE5

TEIZFUNT, DNA nanotube ASHRAME AR S 2RI EBIRAYICIR W IAE LD & D F1
a7z, RETIX, BHESFMIEIZHE S % 2% T DNA nanotube 23 WV AR Z IR LT A T
= AN OWVWTRE AT 7,

FRAEIEMA IR N~ R U > 7 ADFERST TH D collagen % 43isd 2 Fe 7% E %2 &>
ZERIBILTWND 3, 43U 472 collagen TS CRE Bk OTERUICEE 535 34, &
7o, B0~ 6 BB L7- collagen & DNA EIRE U726, HEKREZKT 5 Z EnHE S
THEY 3336 collagen & 77 A I K DNA Z#lAGoE 72 DDS OFAFE 1T TS 3,

Ll bk Z &725 . DNA nanotube D#HEFHIIEIERANICE VAT N DFEK & LT, #llfg
M OAWEND collagen 3BT 5 L WO RGA . Tle, —F Tl 2O Z RET D72
®IZ %7 DNA nanotube DIV iAA Z 7l L 7= AAIZ 35T % collagen DFEELE % FFAl L 7=,
F 72, DNA nanotube ZE%7° collagen & OBFINEIZ G- 2 A8 25N L=, I 6T, S
i L7z collagen & DNA nanotube O Ji7E 2 #1537 % & T collagenase (2 & 0 Al 2w
collagen % 73fi#9 % Z &£ 12 X 5 DNA nanotube D HX V) IAZ DAL & 3Ff L 7=,

3.1 B MRRREIZIT D 1 collagen DIEBLE DR

DNA nanotube D HX V) JAZ % 3Afh L 7 Mtk (RAW264.7, DC2.4, NIH3T3, C2C12, B16BL6
K OVHEK293) 128175 1 % collagen XN T 7 F o ORBlEE 72 AKX 7 ay MZXD
7 L7z (Figure 1), DNA nanotube DHX Y JAZ D B % 72> 7 NIH3T3 Hifid & & DI &
o7z C2C12 M T, @iV 1] Collagen BELEN R Oz, —J7, 2 hr—L e LTH
HUL7o, B7 7T ORILET 6 O TOMALM CHE /EWITRD bl ho Tz,

Collagen - Figure 1. Expressions of collagen type 1 and B-
t 1 — - actin. The expressions of collagen type 1 and B-
yYpe actin were confirmed by using whole cell lysates.
. Collagen type 1 was detected as double bands

B-actin P -‘ -— (upper: COL1A1, lower: COL1A2).
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3.2 DNA nanotube DFEKIZ L % collagen ~DBFIEIZ G 2 5 2O M

1 8 collagen &, XHT 47 ar ba— L TUVMET V7 I (BSA) %96 U=
N7 L— MZEE L, FAM #55#% ssDNA, Ul, DNA nanotube ZiRfN L 72#%, 7 U —® DNA
ERERA LAt ET D52 & THE RV E LiEA Lz DNA B45fi L7= (Figure
2), 1% collagen #EIZ 35V T, DNAnanotube Z/ZELT % Z &2 &L W S EIRE O RN L5 1
7o —7 T, BSA BETIHWTNOLELAERIBEN AL SN ToZ epb, 1R
collagen #ETH HLITZdLIRE DI RIT Y v N7 EOIEFFRAMBAEERICER L2 DT
72N T &SRR ST,

30000 - 20000 -
O Collagen 10 pg/mL * 0 BSA 10 ug/mL
25000
@ m Collagen 20 pg/mL o 15000 1 ®m BSA 20 pg/mL
S 20000 - 2
g g
g 15000 - & 10000 -
=
= * S
= 10000 - =
2 = 5000 1
5000 ’_.;‘,_I
ssDNA ul DNA ssDNA Ul DNA
nanotube nanotube

Figure 2. Affinity of FAM-labeled DNA samples to collagen type 1 and BSA.

FAM-labeled ssDNA (R1), U1, and DNA nanotube were added to the prepared protein-coated plates and
incubated at 37°C for 4 h. Then, the fluorescence intensity was measured by microplate reader. Results are
expressed as mean £ S.D. of four wells.

3.3 DNA nanotube & collagen DFIAIZ IS 1T B JRITE

FHMEIZEAN L 7= DNA nanotube & collagen DfF/EIRTEZBIZZT 572 DIZ, FITC #Ei#k 1 7Y
collagen # {FH U7z, fF# L 724Fak{k% SDS-PAGE I L VFHEL, Z/~v—7 UV VT v b7
Jb— (CBB) ¥t X ONFITC HRE ORI X 0 | FITC £2:#% 1 2 collagen 2MERCX 7=
Z LR S 7z (Figure 3A), Collagen (394 pH IZEB W TEREIREZTER T H 2 L3 E1 5
LTV D 38, HIBRERINREIC collagen 23EESET 5 2 & AT 572 91T FITC £5i#% 1 %Y collagen
ZWEMED glycine-HCI buffer |[ZAfE L, ERAITH 2 & & Uiz, fx OREICHIT HMiaE
7% MTT 7 v B A KD RHEL72 & 24, 2.5mM LUF OREE T 60 53 % TILiila A7
RICEEIIRO LN ho 7 (Figure3B), F 72, collagen DEHED A A TEM #2312 LY
P L7z & 2 A, RS TIIE R AR BRI BILE SILTZDITx L, BetE Tl mIx
Bl sz o7z (Figure 3C), LA EOFERIZESE | 2.5 mM @ glycine-HCI buffer [Z¥fi#
L 7= FITC £2£3#% 1 % collagen 7 2R NTH3T3 AHARIC RN L, MfEZREIC Collagen % A& S
72, 7 U —00 collagen R\ 7=1%. Cy5 ik DNA nanotube % ¥SII L ILHE sUBAMSEEIZ K
#BlZ2 L7= (Figure3D), & DO#E%, DNAnanotube H3E DY & 1 5 collagen HI DD 4
JRTEDBERNICB W T Sz, 2 OfE5IE. DNA nanotube 7% 1 ! collagen & &A%
TR L TRV IAEND Z & Z2RBRT 5,
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Figure 3. Colocalization of DNA nanotube and collagen in the NTH3T3 cells.

(A) Confirmation of produced FITC-labeled collagen by SDS-PAGE. Lane 1 : nonlabelled type I collagen. Lane
2 : FITC-labeled type I collagen. Left image : CBB staining. Right image : FITC detection. (B) Cell viability
of NIH3T3 cells incubated with different concentrations of glycine-HCI buffer. (C) Inhibition of aggregation
formation of collagen in glycine-HCI1 buffer. Left image : collagen in neutral pH. Right image : collagen in 2.5
mM glycine-HCl buffer. (D) Observation of colocalization of DNA nanotube and collagen by confocal
microscopy. NIH3T3 cells were treated by FITC-labeled collagen for 0.5 h, washed by Opti-MEM twice, then
incubated with Cy5-labeled DNA nanotube at a concentration of 0.2 uM diluted with Opti-MEM for 4 h. The
scale bar indicates 20 pm.

3.4  DNA nanotube D HL Y IAZIZ KIF T collagenase JLER D FE

Collagenase ZLEEIZ L U Mz O collagen & 734 % Z & 12 L % DNA nanotube D HL Y A
F DB w AN L 7=, Collagenase (Z X ¥, NIH3T3 Mifan> 5 3 &5 17 collagen 2373 f#
SINHZEE Yz AZ Ty MZEVER LT (Figure 4A), F 72 collagenase JLERFED 1
T collagen D /3 RIFALEE L TWARWEEE G L T L A ERH SN2 2 &0 b 1
& A ED collagen N3 fiE S L2 & B 2 HAL5, Collagenase ALER K OMLER L TV 720y NIH3T3
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AR IZ FAM £555% DNA nanotube & 2 WM IXkHY 7L & LT collagen /T S JICHUD JAE
N5 ZENMBILTUV D FITC-dextran Z#I1 L. FACS #(C & 0 SEAHOGTRE (MFD 4
7E L7 (Figure 4B), DNA nanotube #f CI¥ collagenase ZLERIZ L 0 ALEE L CTU N WEE & bRl L
T MFI A RIS LTz, —F T, dextran # Tl collagenase ZLBRIZ KV MFI 28 F BT
MU7, ZOfEFI%, DNA nanotube  NIH3T3 HEfEIZ &L 2 BV A A DA D3, collagenase L
BIZ L% collagen 5345 Z & CHIBAEROKENMETT56Z LIk b0 TIERNE
L ETRET D,

(A) (B)
16 -
& * m Collagenase(-)
= 14 1
~ - § 12 Collagenase(+)
T 3 EE
%] -5} -
= & 87104
= = = & *
& S Se g4
s 3 $ = I
o — -
S $ 53 97
Collagen[ == I
type 1 | == S
YP § 2 .
0 - -
NT FAM-DNA  FITC-Dextran
nanotube

Figure 4. (A) Confirmation of collagen degradation and (B) cellular uptake of DNA nanotube by

collagenase treated NIH3T3 cells. NITH3T3 cells were incubated with FAM-labeled DNA nanotube or FITC-
dextran at a concentration of 0.2 uM, 300 ng/mL, respectively, diluted with Opti-MEM. The fluorescence
intensity of the cells was determined by flow cytometry. NT is non-treated group. Results are expressed as
mean * S.D. of four wells. *p < 0.05 vs collagenase (-) group.

35 BE

AE T, DNA nanotube DFRHEIFHIIEIC K 2 IBIRAYELY IAIZ 1T % collagen DEF 512
DWTHRF 21T > 72,

% 7", DNA nanotube DHL V) JAZ 27l L 72 AR IC 35T 5 1 Y collagen D FEEL & 2 7l
L7=& Z 4, NIH3T3 il KON C2C12 HIEICHB VT, @iy 17 collagen ZEHEIVR ST

(Figure 1), Z OfEFIE, 1 collagen A3 HRHEZFAMAR-ORHE LR ER DTERE A © DHIIIZ /&
FHT D LW HE & —ET D ¥4,

DNA nanotube #3252 L1287 L— MIFEA S 1 A collagen FEIZHT AERR
DNA Z RNtk OE e E O RN R 57 (Figure2), Z4Lid. DNA nanotube %K & &
%2 LT, 1 collagen ~DOBIFIMEDS EH L2 L2 LD L& X 5415, DNAnanotube % T
S5 2 & T 18 collagen ~DOFFIPED EF L7 JK & LT, DNA nanotube ® IR D
ENEG 5 AREMEDNH D, DNA & collagen DEARER & L CliE 23 A TIALm LA
TERT 27 APEE STV 5 4, DNAnanotube (I 3 A7 D DNA 2 HIRICHE S L7 H%
WEIRTHY | collagen EAHAFEHLLT VWA 74 A—va (47500 EHEIND,
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I S BAIREEEIZ2C LV . DNA nanotube & collagen D3 /HTEMENICE W THEIZ S L
7= (Figure 3D), #MH2>H N2 72 collagen 23 NIH3T3 AAAICEL D iAE D Z L BHiE ST
U 2, DNAnanotube 23 collagen (ZELFIE: % & D728 collagen (A L, £ DEAERD E E
BYiAEn=Z LRI D5, £7-. DNA nanotube 7% collagen & 3/E7EH T I/
JET DR BB STz, ZHUT-DWTiE, DNA nanotube 28NFEMED collagen (ZW A5 L
BV AENT-FREMEDR B 2 HIvD, F 721X, DNA nanotube 23I@NIZ T collagen & fi#
HELT-WREME S B 5,

DNA nanotube D H V) JAZx I collagenase ZLERIZ X U collagen & 395 Z LIZ X VL
7= (Figure 4B), Z UL, collagenase ZUHEIZ X 521 @ collagen D43 fi#7HY DNA nanotube
@ collagen {KAFHIEL Y iAF Z | LT2 WD R ENWEEZ X B D, Dextran [T~ 27 v &/
A R—PRZESTHRVIAEND Z ENG> T 5D, £, collagen D3 fRIZ L - THRK
SND collagen 777 A MI~vrmb ) A h—T AL TV IAEND Z &S
SINTEY 2 collagenase LLPRIZ K > THRL S 7z collagen 77 7 A 3w 27 v e ) YA
M= 2R L ., ZORESR dextran DEL Y IAZ N EF/ L= A[REMENRH 5,

Collagen [T C 28 FRFEFIET 2 Z EDME SN TWH N B, AT IEEIC EE 27
£9°% (& collagen ® 70%LL E) 1 collagen 1275 H L7z, DNA nanotube @ in vitro }x (N in
vivo D28 % IV FERINCAENT I 2 72 D113, LOFEFHD collagen DB 52OV T HIgFTT 5
VENRH DN, OB EICFET D 18 collagen DFG N RKEIWEHELE I NS,

LAk, AE Tl¥ DNA nanotube 25 HELFHIFEIZEL Y IAENTWRE & LT, 1 collagen
DG T5ZEEWLNI LT, ZHOFEFIE, DNA nanotube DHLY IAAFFEIZ A S 72
HRZRAET 55X 5,
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ibp M

EFITI =IO, RCATEICL Y R SIS Iss-DNA Z#FH Lo BB ERO KT v
TTFVNY =V AT A~DISRICBET 258 21TV UL ROk a2 57,

Hi—%  CpG DNA O Mla~DhHEA 77T U Y —% HiEJ & L7z DNA H5 1 ORI

CpG BoF % S AEELS & LT H D Iss-DNA & cholesterol (& £ffi DNA % #lA &bt 5 Z LI &
DI E D DNA B2 FHICET Lz, DNA B8O ORRIEZS V7 b7 veA Kk
DG B E BB BI 2 L FsB L 72, DNA B4y 113 DNA iR ot 5 2k
BILDZ EE R L7, DNA B FidfEilas g LM kT2 2 s 2 /AL, £
72, DNA B T3 biE 2 R TR EICB W Gl Bt 2 R S o e, Bl D
DNA 85 FIIFMEDREN D 72  EOWRIEIENRREA RO R T v 77 U RN —F v U T &7
HEEZBRND,

% 7%  DNA nanotube OFMAEEL V) A AR BE 9 2 WF2E

Iss-DNA & =2 = F s LIERIES N 5 R ORISR Téd 5 DNA nanotube Dl
D IAZBEIRVEZF-I L 72 & Z A, DNA nanotube %K S5 2 &1 L o THREEZFHIIASOM
R AT LTV IAENRT < e T e 2 R L, £72, &7/ R+ (AuNP) 155 DNA
nanotube % VERL L, #kifE2EAIIL T & 5 NIH3T3 Ml oM%Y+ TEM B2 %175 2 &
C DNA nanotube DY) JAZEIRED AIFALIZ R ) L7z, DNA nanotube | L#AN 1 RFfH 1 O Huig
AR DIRER] CITMa R mIc oA LT 72 Enlrhifb s, BEHIC L s TRV IAEND
Z L AVRIE S HL72, DNA nanotube @ NIH3T3 flifRiZ K HHL W AL A ST R b
—VARFAIZHONCIEM L2 2 A, 77 FVEAMEFEAITHL YA MU T T B AL
#TlX DNAnanotube D HL Y IAHL A EIZI L7z, F£72, DNAnanotube ¥R 25 Z &1Z
£ U autophagosome 73% < BlZE I 417, LLE. DNA nanotube [JARHEZEHENE K O ZEARIEIZ
KLTHRVIAENRRTNEWN S | THETITHRE STV ZRWED IALFEZ SR L, £ D
Y SABEIREIZ DWW T ST LTz,

% — %  DNA nanotube ORI D IAZEIRPEIZ X 5 collagen DR 5-
DNA nanotube 23#HELFHERELE mVOGHERRER 0 IAZRINMEZ R LT A D =R L E LT, #RHE
TERAE M ORI & beig U T < 38875 collagen IZE H L7z, 35 B TV IAAZFHE L

ToARBIRRIZ I 1T D 1 collagen DOFEBLEZ MR L 72 & Z A, DNA nanotube DIV iAZ L 1
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T collagen O EIZIEIZFIRS L7z, F72. DNA nanotube (% collagen (2@ W EIFIEZ A L
Tz, WIT, @6, L7 collagen & DNA nanotube Z WS LBIZ L7-L Z A, MlEANIC
BOWTHE O F[ENBILZ S NTZ, S BIT collagenase ALERIZ L D HIl@Z 1 D collagen % [&
% L7 NIH3T3 Mg Tid, RABEOMIE & Hi L T DNA nanotube Ol lGA 2 5 A BT
T3 Z RSz, BLE L Y DNA nanotube Dff#HEZEHIIE~DHEL Y IAZIZIZ collagen 73
BET5Z RN ERoT,

VL b, 2313 1ss-DNA Z BUKMYEFE BAERIC RS E B S D DNA By & 352 & T
DLREMEOUE L | SR OIGIEREORIRA e TH D Z L EH BT LTz, £72, DNA
nanotube [IAMMEZR D Collagen Z 4T L CHIFICEL D IAFN D72 OIT, FRHEFII~DiEIR
7R BUAAREZ 9 2 & & FUH U, ARBFZE TR L2 AL, RCA JEIC L VA S
% lIss-DNA ZFIf LIt &R = Wiz K7 v 77 VRN — U 27 AOIGRIZE W TEH
WIREREERTHEDEZZ D,
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HiEE

VIR, ARFTEICTER LT, MAAEIARIE 0 2558, HHiRE2 15 Y £ LRk
FREEAAZER @A EEERICEL I VIRERSHEELR L ET,
o, KIATEERE R 2B LR 2 150 £ L st R R SiEA

HEBIRIEA TIREHHOT LR LET,
S b, Hx OEELMHE 2BV £ LR EREGCE A TERE R W30 B

B —[F] RIS SR O — RIS /IR T AT SR A ERPERG, 2 N RIS L £
B, MPRICHETEDRELZ A TS o712 11T, BB TR B L £,
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KERDER

F—F XRROH

(1] e
Roswell Park Memorial Institute (RPMI) 1640 554113 H /K B S4E L W lEA L7z, Opti-
modified Eagle’s medium (Opti-MEM) . FBS . SYBR Gold nucleic acid gel stain |& Thermo Fisher
Scientific tE X Y i A L7z, 20 base pair (bp) 2 ¥ 100 bp DNA ladder X% 71 7 /S A AR+
L VEEAL7Z, 1kbpDNAladder 1T/ 3—F o ~—RRAESH L VA LT, ZOfthoik3R
(X R O Rl it & VT

(2] HmRak

~ U A7 w77 — UHlilakk RAW264.7 #ifilE American Type Culture Collection (ATCC)
K VEEA L7, RAW264.7 AHBEIE 10%FEM@1k FBS, 0.2% KEE/KFET ~ U w7 A 100 IU/mL
N= U 100pugmL ARV A2 2mML-ZVH I &N L 72 RPMI1640 1
1T, 37°C. 5% CO>. NNBSAE T CThEZE Lo, MR 24 FEFEATIC 5x10% cells/well T
96well 7L — MMZHERE L 37°C, 5% CO,, NmAME T CHEZE L7=,

(3] AV ITX7 LAF R

CpG1668 17 7 A~ v 7 RSt L VA LTz, fthoA U I X7 LA F Rid Integrated
DNA Technologies #R= Ut L W iEA L7z, AFE THU /2 DNA B35 — % Table 1 (ZFCHE
T 5

[4] RCA IZJHW %85 DNA DO fEH

Chol2_template ODN & chol2 primer ODN %7 =—1U > 7 /N> 7 7 —(10 mM Tris-HCI [pH
8]. 1 mM ethylenediaminetetraacetic acid [EDTA] X OF 200 mM NaCDIZZ #1241 100 uM & 72 %
IOl L, WiRE Y —~Ah A 277 —"7T, 95CT 5 pMEL, £D%, 75 50T T
20CF THR AR Z /BP9 Z & T, i ODN 27 =— U 7 &¥7-, IR 10 U/uL T4
DNA ligase (# 71 7 /3A F%1#), 66 mM Tris-HCI (pH 7.6), 6.6 mM MgCl,, 10 mM dithiothreitol
(DT 0.1 mMATP &725 £ 912z 16°C, 4 FEfjG S5 Z £I2 L Y Chol2_template
ODN @ 5V vk L 3KBEEZ T A —va vy SRRk sE, Bikic 25 UmL
exonuclease I (¥ 71 7 /N4 A4E#) } Y 1000 U/mL exonuclease 111 (¥ 77 7 /3 A A 418 & 725 K
INTIMA 37°C, 2HFRIPUS SHD Z &2 &0 BB L TV DNA 20 S8/, BRIk
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{LLTZEDNA R 7= /) —)b 7 aafR/ LA R R & 2 — b L v fESRL L . RCA Ok
L LU CTHWA,

[5] 1ss-DNA O

BRIRAE chol2_template & chol2_primer ODN &7 =— VU > 7/ 7 7 —HIZZ L4 10 uM
LD X OTHEME L, 95°C, 5 IMENL 7=, 75 73 70F T 20C £ THRT 2 & Tifi DNA %
T=—U 7 EET, WK, KIBEE LT uM BRIRE chol2_template }2 OF chol2_primer
ODN, 0.4 U/uL Phi29 DNA polymerase (Lucigen #1:4%), 50 mM Tris-HCI (pH 7.5), 10 mM MgCls,
10 mM (NH4)2SO4, 4 mM DTT, 200 ug/mLBSA. 2 mM of each NTP (Invitrogen #1:%%) & T} 0.002
U/uL pyrophosphatase, inorganic (yeast) (New England BioLabs #L:#) & 72 % 1 52z, 30°C,
16 IfH] RCA [UGEAT o7, @i 80°C, 10 INET 2 Z LI KV R A RIE ST, &
EOKHNEE T D 72D 2K T 5 HICAIR L, 15 mM EDTA % 08 20 mM NaOH & 72 %
Xz, 95°C, 2543 M# L 7=, NucleoSpin® Gel and PCR Clean-up (MACHEREY-NAGEL
HAIZ LD 1ss-DNA & fEH L7,

[6] DNA 857D 1ER
KLU 72 Iss-DNA OPEE % NanoDrop2000 (Z XV HIE L, 1 T v 74720 OFREEIHE L
720 Bl 21X, 100 ng/ul @ Iss-DNA 1% 4.06 uM & L CTHAE L 7= (=100/24617x1000, 24617 %
1 7 v 7 D5F),Iss-DNA & chol-DNA 27 =—1 > 7 /3y 7 7 —H|Z Iss-DNA 7% 0.5 uM
ERDE DAL, 95C, SHMMEL 721, 75 5373 F T 20CE THRT Z & T DNA #45y
FAEER LT,

(7] 7 VERVKE)

ARV T 7 IUNT I RTNVERIKENT 6% ARV T 27 U7 I K7 /LT200V, 20 5 EX0kE
L7z, 7Hu—AZ)VEKIKE:L 0.6% 7 Ha—AZ /LT 100V, 30 EXKE Lz, 7V
71V T I e — AT VERIUKENT 0.5% 7 e — A 712 50 mM NaOH & T8 | mM EDTA & 72
B EDNTMA T4 VT30V, 4 K[ EEXUKkE) L 72, DNA % SYBR Gold % 7= I X ethidium bromide
T30 404t L, LAS3000 (B+7 (/L attfld) Ik it L,

(8] & e 1B (TEM) #I%
DNA % #l/K{LALEE L 7= carbon/formvar film-coated TEM grid (Alliance Biosystems f1:#)(Z ¥
L. ST 10 7piE Lz, > 7 V% 1% uranylacetate T 1 5344t L, TEM (H S241-5Y)
WX VBELL,

(9] WPEEFAM
WA X3ARIE, 0.5 uM @D DNA %, Zetasizer (Malvern Instruments #1:%) % F v CEIAYSEHL
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BLIEIZ L0 HIE U e, TIRN OBUKMEEREE 2 5l 2 72 912, 3,3 -dioctadecyloxacarbocyanine
perchlorate (DiO) (Cayman Chemical #1:#) % dimethyl sulfoxide (DMSO)HH IZ¥&fi# L 7= ¥ & 0.5
uM @ DNA % 10 mM DiO & TN 1% DMSO & 725 X 9 IZiRA L, dOtE 249t A2 ~<7
7 A kU —(Horiba scientific f:%)2 L 0 #lE L7=,

[10] RAW264.7 HEfEIZ X 2 BV 5AF O FFAM

RCA St~ DBRIZ Cy5 15 dCTP(Integrated DNA Technologies #1:84)% 0.02 mM & 725 X 9
\ZINZ % Z & T CyS FZi#% 1ss-DNA Z{ERL L 7=, Cy5 #Zi#k 1ss-DNA % VT Cy5 1% DNA
By 2 ERL LT=, 96well 7 L — 2 RAW264.7 i Z #FE L . Cy5 1&5#% DNA % Opti-MEM
THRIR LT E 37°C, 4 BEfEA ¥ 2_X— K L7z, ZO#%, PBS (X Vi 2 (AP
L. #ZE 7o —9 A b A b Y —(Gallios #1841 X 0 JHIE Uiz, SLE SBMEEEI 2BV T,
RAW264.7 #Hiid Z 8well chamber slide (Watson 15| Z#:5E L, Cy5 1%k DNA % Opti-MEM |Z
0.1uM L7225 X 5 MR U728 300 ul & 37°C, 44 v F 2 _X— kKL, 74V Y —A4
Yt | 2BV TIE, Opti-MEM T 3 [E[{E#%, 0.5 uM LysoTracker™ Green DND-26 (Invitrogen
EYIZ LY 30 pYta L=, £0%, fMiidE PBS 2LV 2 [BI%EF L, 4% paraformaldehyde
WCEVEE(EL, FOPBSIZLY 2 [EIPES L7, MIaO% 1.2 mM DAPI T L, &
SRS SE(Nikon #EEOIC K W BlZ2 LT,

[11] RAW264.7 il & fikH 4125 TNF-a OHIE

RAW264.7 #lf % 96well 7" L— NZHERE L, DNA % Opti-MEM [Z¥Af# L 727K 100 uL &
37C. 8 HFfElA v FaX—h L7, AU T L v 7 ZOMERIZE VT, 1ss-DNA F721%
CpG1668 % polyethlenimine (PEI) max (Polysciences fE#) L1BEAT A5 Z LT L ERI L=, &
J, 0.5 pg ® Iss-DNA F721% CpG1668 & 4 uL @ PEI AL (0.323 mg/mL) % ZZ4 150
mM NaCl &% 100 pL (277K L, DNA K & PEI R ZIRA L. SR T 15 FfE Sz,
VAR Y —LOERIZEHB T, Iss-DNA & CpG1668 % lipofectamine™ 2000 Reagent (Invitrogen
MY LIRAETHZ EICLVER L7, £7°. 0.5 pug @ Iss-DNA F721% CpG1668 & 1 uL
lipofectamine % Z #1241 25 uL @ Opti-MEM (2478 L, DNA {&# & lipofectamine V&% % i
AL, IR TI5 oFpE Sz, MIEE#EIRE Opti-MEM (ZEH#2 L, DNA #0237z
Ba EFEEODNABEBORY 7Ly 7 AFEITY KR Y — L% RAW264.7 flBIZ RN L 37°C,
IR A F aX— b L7z, 2Ok, RFZBEULL, —80°CTHRAFE LTz, LIEH O TNF-a &
% OptEIA™ mouse TNF (Mono/Mono) ELISA set (Biosciences f1:54)% F\»C ELISA 152Xk Y
HE Lz,

[12] #edto#r
HFHHTIX Student’s t-test 2 VT 2 DOREZE L L72, PAED 0.05 LD /NS WA EHE

RIEFIICAERE L R LTz,
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[1] B
Dulbecco’s Modified Eagle medium (DMEM)&5H11 H K BB A S L VEEA L=, ZOfih
DORIEFF —FLFERO SO, b L AXHTIROFER S &2 Wz,

(2] Hmfakk

RAW264.7 ffAI 355 — I FeH 2 FIETEE Lz, ~ v ABKMIarkk (DC2.4 #ifd) 13
vV Fa—t v VERRKFREFEE  Kenneth Rock it L0 fit5 L CHEW=, ~ 7 AEE
PRMESF M IORE (NIH3T3 M) . ~ v AR 3Fflakk (C2CI12 #Hifl) . ~ v 2 A T/ —~flllakk

(B16BL6 #ffd), t MigEE Mgk (HEK293 #fifd) (X, American Type Culture Collection

(ATCC) X VHEAL7z, DC2.4 MifalE 10%FEE{t FBS. 0.2% pEEAKFET ~U 7 AL 100
[UmL ~<=>VY>r 100pgmL A LML rvAT 2 2mML-Z7VZ I 0.5mM £/
FA—=A TV Er—/ 05 mM FENET I BERMLT. RPMII640 ErHI TR L7,
NIH3T3 A, C2C12 #ffia K O HEK293 AHfiaiE 10%FE@ L FBS.0.2% KEA/KFET R U w7 A
100 IU/mML <=3V >, 100pugmL ARLT h~vAT 2 2mML-Z V¥ I ZRMLTE
DMEM #4511 TH;#% L7z, B16BL6 Al 10% Ik FBS, 0.2% REEKFET VU 7.4 100
[UmL *=3U>, 100pgmL A rLFh<A >, 2mML-ZL% 2, 05gLD-7 /L
I — R &Y L7= DMEM £5HICHE L7z, 2 TOMIa%E 37°C. 5% CO.. MmSfE T Crs
L7,

(3] AV ax7 vAF R
3 KU T A —VEAG L 7= SH-R1 (X Integrated DNA Technologies ML W EEA L 7=,
ZOMDOAY IR 7 VAT NET7 7 A= v ZRAE L WA L7z, DNA Bl % Table2 (2
Y,

Table 2. Sequences of oligodeoxynucleotides
3ThioMC3-D : 3’ Thiol Modifier C3 S-S (Disulfide)

ODN names Sequences

RCA_template 5'-phosphate-
TCCTAAAGCATGACCTTCCGTAGTTTCAAGCGCAGCCAGATT-3'
padlock 5'- TGCTTTAGGAAATCTGGCTG -3'

Haiprpin primer | 5'- GGACCTCAGTAGCTGACTGAGGTCCAATCTGGCTGCGCTTGAA-3'
V1 5'-
TCCTAAAGCATGACCTTCCGAACATTCGAGGCACGTTGTACGTCCA
CACTTGGAACCTCATCGCACATCCGCCTGCCACGCTCTTGTTTCAA
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GCGCAGCCAGATT-3'

Cl 5'-
TGTTATCTCCGACGGTACTTCGTACAACGTGCCTCGAATGTAGAGCG
TGGCAGGCGGATGTGAAGCAGTTGCACCGGCATTGTC -3

C2 5'-
GTCACTACTAATACACCTGTCGATGAGGTTCCAAGTGTGGATAGCTA
GGTAAGACCGCATCTC-3'

R1 5'-AATGCCGGTGCAACTGCTACCAGGTGTATTAGTAGTGACGAC-3'

FAM-R1 5'-AATGCCGGTGCAACTGCTACCAGGTGTATTAGTAGTGACGAC-6-
FAM-3'

SH-R1 5'-AATGCCGGTGCAACTGCTACCAGGTGTATTAGTAGTGACGAC-
3ThioMC-D-3'

R2 5'-ATGCGGTCTTACCTAGCTCCAGTACCGTCGGAGATAACAGAG-3'

Cy5-R2 5'-5-Cy5-

ATGCGGTCTTACCTAGCTCCAGTACCGTCGGAGATAACAGAG-3'

[4] RCA 2\ % 475 DNA O fER
RCA_template ODN & padlock ODN % N TH# DNA Z{ER L7, (ERFIAIZE & &
[FIER D 1L TR L 72,

[5] 1ss-DNA D%
BIR{L X472 RCA_template ODN & Hairpin primer ODN % FU ) C RCA XJ&Z & ¥ 1ss-DNA
ZiHE LTz, RCA OO A 0.75 77, 25497, 10 43, 3043, 1 I¢fE], 16 Fpf TRUS Z21T
STz, FOMOFNAILE—F & RO 1L TR LT,

[6] DNA nanotube o {E#!

550 ODN (V1, Cl, C2. Rl, R2) % TAMg /Xy 7 7 — (45mM Tris, 7.6 mM MgCl,,
pHS8.0) HIZZIZEILD DNA RN 3uM L7225 X O L, 95C, 5 0 MENL 7=, 75
T T20CETHRT Z & TUL Z/ERL7=, Iss-DNA & Ul ZZNE 1 pM E72 5 &
IZIRA L, 30°C, 16 KEfi]EHE L DNA nanotube % 2K S H7-, FAM 4Z3% DNA nanotube /X,
FAM-R1 % R1 OO VICHNWD Z LIC XV ERI L 7=,

[7] AuNP #£3% DNA nanotube D 1EHL
AuNP 1258 DNA nanotube D {ERLIZ DU TlX Pengfei Wang & DOR&E BB LIz “ £7°,
AlINP (OD=1, ¥ 27 ~7 Vv KU v F8) 776 pL & 25 mM Bis(p-
sulfonatophenyl)phenylphosphine (BSPP, * 7~ 7 /L KU » F#1#l) 224 uL Z R4 L 16 K]
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FIR TG S B 72, NaCl Z RO )RR HERICE D D £ TINZ ., #iK % Millipore® 50kDa
centrifugal filterunit (377 /L KU v F48) Z AT 14000 X g, =R CELOBEET 2
ZLICK VIR AE LT, AEEBRE L, 100 ul @ 2.5mMBSPP L N300 ul D A % /) —)L
TN Z B OB L7z, AIZBRZE L, 400 L @ 2.5 mM BSPP % /il 2 F RS w4y B L 7=
AR D AuNP J2E % Nanodrop2000 (2 XY 520 nm OFEOWIEEN SR L7z, SH-RI
& tris(2-carboxyethyl)phosphine (TCEP, 7'~ 7 /L KU v F##) #ZNE 50uM & 5M
LD I OIWTRA L, 30 0L IR TG S® 5 Z & T SH-RI #iE S 72, SH-R1 %/
W SH-Ul Z1ERL L7z, Ul & SH-Ul LV 1ss-DNA OJRFELR S5 :1:6 L7eb X ) ICRE
L . SH-DNA nanotube % {£# L 7=, BSPP & SH-DNA nanotube 73 #1241 0.2 X 10" particles/L .
02 uM &7 5 X OICIRG L, IR T 16 RS &5 Z & T AuNP %% DNA nanotube %
ERLL 72,

[8] FEXkE
F—ELFUPIRTEREZI T2,

[9] TEM iz L A%
FH—ELFE U PIRTEREZI T2,

[10] FACS

B2 96well 7" L— k£ 721% 48well 7 L— MZ 2 X104 cells/well THERE L, 37°C. 5%
COy. 24 WIS T ChRE#E Lo, 1588 RIEZPRE . FAM AT DNA % 02 uM & 725 &
912 Opti-MEM THifR L7z A & 37°C, 4 BFfA > F a_X— L7z, RiEFRE, PBSIZ X
D 2 FIPEE Lk, ®E 7 e —H A F A b U —(Gallios t:8)IZ L W RIE L=, TB (T4 7
A T A7 AR XA RE T D ERNCIRS Uiz, B0 ARERNC X 25285 5 L 7= %
BRClZ, 7arFa<wP 0 KO A AT B OBREIIEITIIRASE I L 99, Lk
SO THRME L NII3TI M, zaerrua~wy (<7 AR vFai) $£7-13
YA b AT B (R R) NERE 10uM, 5Spg/mL & 785 X 512 Opti-MEM T
TR UTRIR E 30 554 F a— b Liztk, BiEZBRE HLY IAZBAE & O FAM 235 DNA
nanotube 7% 0.2 uM & 725 X 912 Opti-MEM THR L7-IERK E A > F 2— kL7,

(11] A SBAMEEc L 2812

NIH3T3 Hifz 5X10% cells/well T 8well v >/ X—ZA T A4 R (U kY 408 (HEREL .
37°C. 5%CO0s., 24 FEFIIMEEIE T O Lz, RIEZFRE . FAM 23 DNA nanotube 73 0.2
uM & 7225 K 9 1Z Opti-MEM IZIAfiE L2 TRIR & 4 FERA > F o _X— K Liz, 74 Y Y — ALY
BTV TIE, LysoTracker™ Red DND-99 (Invitrogen #1:5%) & FAM #%3# DNA nanotube 2%
ZALEN 0.1 pM & 725 K 91T Opti-MEM (2 LT IRIR & 4 FEff A o F aX— L7z, £
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D%, FiEZFRE ., fnad PBS T2 [HWEE L. 4% PFA T 20 4y[EE L7z, HOPBS Ik
0 2 [AIEEE LT, MIIAEE PKH26 (7'~ 7L RU v FHED) 2L fau
e > CHta LTz, MO Z 1.2 mMDAPL THeta L, L S B ESE(Nikon L8 1 0 8]
21T,

[12] TEM I &L Bl 0 A A B REDB%2

NIH3T3 #lifld a2 5X10* cells/well T 8well F > /3—ZF A4 | (Thermo Scientific f+#4) |Z
A L, 37°C. 5% COy, 24 RFRINNE SR T CThEaE Lo, B % FR & . AuNP f%3% DNA nanotube
23 0.05 uM & 72 % X 51T Opti-MEM [ZVEfR L7V & 1 KON 4 BB A > 2 _— k L7z,
ZO%, EEZBRE PBSIZ XY 2 [EIWEHF L, EERK (2% PFA, 1% glutaraldehyde) T 4°C,
F—3—7F A K~ L. 1% osmium tetroxide T 90 77 [EE L7, WKIZ. Mfaz By /) —
A (50-100%) THAK L, =RFUHERICEM L, B2V 778 h—AT
UIwr L, BifitY 7 = b7 m UEREATCY L, TEM (HSZARRD) [k v Bis LT,

[13] V=A% Tm v b

#Mi@ % RIPA 7N 7 7 — (50 mM Tris (pH 7.6), 150 mM NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 0.1% TritonX-100, 1% NP-40, 100x Protease inhibitor cocktail (F 717 A 7 A 7tk
) TEMiET 5 Z & T whole lysate Z1E#L L 7=, Whole lysate 1 % /X7 B2 JE % Quick
Start Bradford 1x Dye Reagent (Biorad laboratories 1:%4) % i\ "C Bradford assay |2 X D HH L
Too Z UV E R E LT 4ug @ whole lysate % 10% SDS-PAGE T/y#fi L, PVDF A 7 L
Millipore #1#) |Z#AB L7z, A7 L > % Blockingone (T4 7 A74M) TT7avF
Y7 LTz, £0%%, 1 RHUAK (rabbit anti-LC3 IgG (7 7 4 L41HL) K O rabbit anti-beta actin
IgG (Biolegend #H#)) ZZIZ4L 1:2000 LN 1: 500 IZHRLIZFH TA L T LU %R
L., 4CTA——F A FEHT, AT L% TBS-t (137mMNaCl, 2.68 mMKCI, 25mM
Tris, pH7.4. 0.1w/v% Tween20) T 3 [EI¥ei L, 2 kHLiK (horseradish peroxidase-conjugated
anti-rabbit antibody (Santa Cruz #1#%)) % 1:2000 (ZAR L7-¥K & =R T 1 FEEIR L.
Immobilon Western Chemiluminescent HRP Substrate (Millipore #1:#) &S St7=, A7 L
VIE LAS3000 (& -+ 7 ¢ L attbfl) 2 RnT@lgE L,

[14] #EatoH

FEHTIX Student” s t-test Z HWT 2 DOREZ #E L7=, P{E2Y 0.05 LD /hEWEE %
HMEtFICER & R Lz,
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[1] 53
FHoELEREOB DO, b L <IIHROFRLSE VT,

[2] Fmpakk
HoELFEBEOLOE H W,

[3] AV aXZ7 LAF R
FOELFERRO L OE AW,

[4] DNA nanotube D {Ef
Cy5-R2 # R2 DOV IZHWD Z L1Z XV Cy 5% DNA nanotube Z{F# L7, ZDfhiZ
EoELFEROLDOE AW,

(5] vexz o 7uy
5 L AR O FIECERBR AT 5 72, 1 8 collagen DR HIZDUWNTIX, 1 LA (goat anti-
type 1 collagen (Southern Biotechnology #E:#4, 1 : 1000)) & 2 ¥k$1{K (horseradish peroxidase-
conjugated anti-goat antibody (SantaCruz #1884, 1 :5000)) %M 7=,

[6] DNA nanotube & 1% collagen D FLFPEDFEAM

96-well plates type H for ELISA (Sumitomo Bakelite £E:%%) (Z 10 &2 O 20 ug/mL @ 1 % collagen
(Corning #1:8Y) F7-IXBSA #iRML, 4CTAH——F 4 hL7z, 7L — % PBS T2 A
L7V —DF 7 EERELE, FAMAE#EDNA %2 02 uM & 725 X9 ICmIR LA
WERML, 37CT 4 KA »F 2X— L7z, PBS T2 HIEHFT L2 LTk 7Y —D
DNA ZfrE L, 40tz ~A 7 a7 b— kU —4%— (PerkinElmer tEH) (2 &0 JIE L7,

[7] FITC #=3% 1 % Collagen D 1EHL

1 7 collagen % 0.5 M fkf&/N 7 7 — (pH9.5) IZ 2 mg/mL & 72 5 L 9 1247 L 7=, Fluorescein
isothiocyanate (FITC, > 7 ~7 /L RV v F##) % Dimethyl sulfoxide (DMSO) |Z 2 mg/mL
LB X HIZFIR L, 1% collagen ¥4k & FITC ¥iiZ 10 : 1 TIRA L, 4°CT 3 B pUs &
72, 5 M HCI 2N LA Z2 YL L 12-14 kDa OBHTEIC LW 7 YV —d FITC & FR#EL
720 BHTTIRBEO AN AT 72 D F TRV IR LTz, IR A BRI L. PBS ISV L 72 IRTR
% FITC #2381 % collagen & L C 8% SDS-PAGE (Z L ¥ 5 L 7=,
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[8] glycine-HCl /3> 7 7 —{Z & 5 1 collagen D#ELE O [nl5hE

MTT assay (2331 C, NIH3T3 flifid % 5X 10* cells/well T 96well 7" L — MR L, 37°C,
5% COa. 24 RFHIINEEE T CTHE2E LTz, BERIR & FRE L. 100 uL @ Glycine-HCl /X v 7 7
— (0.1 M glycine 2 T} 0.02MHCI) 0-40mM DL & 72 %5 K 912 Opti-MEM THArIR L 72187
ZINZ., 0-60 53 37°CTA »F 2_X— [ L7z, EIFIT thiazolyl blue tetrazolium bromide (MTT,
FTHTAT A7) K (50mLPBS 1 250 mg MTT) 20 uL Z %, 37°CC 3.5 B§fA >
FaX— kL7, REERE, 150uL © MTTIEHIR (Y 7 a3 —)LHf 4mMHCI, 0.1%
NP40) #MNz 303> =4 7 Liztk, #E 590 nm OWtfEs~4 /a7 L — K —4%—T
ME L7, FITC &% 1 & collagen % 0 }2 TN 2.5 mM glycine-HCl T 5 pg/mL & 725 X 9
(IR U 7 1A 2 TEM CHEIZ L 7=,

(9] LA SEAMEEC L D842

NIH3T3 flaZ 5X 104 cells/well T 6well 7L — MMZFERE L. 37°C. 5% CO,. 24 BEEEINNE
FMHE T TR Lo, BIEABRE (FITC #2i#% 1 2 collagen M O® glycine-HCI 23 Z L2 41 5 png/mL
KOR25mM & 725 & 912 Opti-MEM TR L7288 T 30 0 A > F =~— h Lz, Mgz
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T 37°C, 4 KA ¥ 2_X— L7z, BIEABRE. Mifldz PBS T2 [EIEH L. 4% PFA
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T CRE L7-, Mlla% collagenase (7~ 7 /L KU »F41#) % 0.03 mg/mL &725 &
IIZ PBS THMR L7z L 37C, 10534 > Fax— |k Lz, RIEZERE. FAM 1Zi#% DNA
nanotube }2 O) FITC #£3#% dextran (FD40, > 7 ~7 /L KU »F4:8) RNZZ24 02 uM KO
300 pg/mL & 725 X 512 Opti-MEM (ZVEfR L7 ¥k & 37°C, 4 BFffA > FaX— L1z, &
D% Mz PBS T2 mIFEH Ldt a7 2 —4 A b A & U —(Gallios #:-84)i X 0 JHlE L7z,

(11] #FE+HoHT

AT IT Student” s t-test ZFHWNT 2 DOFEEA IR LUT-, PAED 0.05 LW/ NS WEE%
HEHFRICHEE E R LT,

36



10.

11.

12.

51 FSCHR

Gay NJ, Symmons MF, Gangloff M, Bryant CE. Assembly and localization of Toll-
like receptor signalling complexes. Nat Rev Immunol. 2014;14(8):546-558.
doi:10.1038/nri3713

Krieg AM. CpG motifs in bacterial DNA and their immune effects. Annu Rev
Immunol 2002;20:709-760. doi:10.1146/annurev.immunol.20.100301.064842

Krieg AM. Therapeutic potential of toll-like receptor 9 activation. Nat Kev Drug
Discov. 2006;5(6):471-484. doi:10.1038/nrd2059

Klinman DM. Immunotherapeutic uses of CpG oligodeoxynucleotides. Nat Rev
Immunol. 2004;4(4):249-258. doi:10.1038/nri1329

Fire Andrew, Si-Qun Xu. Rolling replication of short DNA circles. PNAS.
1995;92(Biochemistry):4641-4645.

Liu D, Daubendiek SL, Zillman MA, Ryan K, Kool ET. Rolling circle DNA synthesis:
Small circular oligonucleotides as efficient templates for DNA polymerases. J Am
Chem Soc. 1996;118(7):1587-1594. doi:10.1021/j2952786k

Zhang L, Zhu G, Mei L, et al. Self-Assembled DNA Immunonanoflowers as
Multivalent CpG Nanoagents. ACS Appl Mater Interfaces. 2015;7(43):24069-24074.
doi:10.1021/acsami.5b06987

Jung H, Kim D, Kang YY, Kim H, Lee JB, Mok H. CpG incorporated DNA
microparticles for elevated immune stimulation for antigen presenting cells. ESC
Adv. 2018;8(12):6608-6615. doi:10.1039/cTra13293]

Zhou L, Ou LdJ, Chu X, Shen GL, Yu RQ. Aptamer-based rolling circle amplification:
A platform for electrochemical detection of protein. Anal Chem. 2007;79(19):7492-
7500. doi:10.1021/ac071059s

Al-Ogaili AS, Liyanage R, Lay JO, et al. DNA aptamer-based rolling circle
amplification product as a novel immunological adjuvant. Sei Rep. 2020;10(1):1-12.
doi:10.1038/s41598-020-79420-w

Yata T, Takahashi Y, Tan M, Hidaka K, Sugiyama H. Efficient amplification of self-
gelling polypod-like structured DNA by rolling circle amplification and enzymatic
digestion. Nat Publ Gr. 2015;(September):1-9. doi:10.1038/srep14979

Ouyang X, Li J, Liu H, et al. Rolling circle amplification-based DNA origami

37



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

nanostructrures for intracellular delivery of immunostimulatory drugs. Small.
2013;9(18):3082-3087. doi:10.1002/sml1.201300458

Kim KR, Rothlisberger P, Kang Sd, et al. Shaping rolling circle amplification
products into DNA nanoparticles by incorporation of modified nucleotides and their
application to in vitro and in vivo delivery of a photosensitizer. Molecules.
2018;23(7). doi:10.3390/molecules23071833

Hollenstein M, Damha MdJ. Rolling circle amplification with chemically modified
nucleoside triphosphates. Curr Protoc Nucleic Acid Chem.
2016;67(December):7.26.1-7.26.15. doi:10.1002/cpnc.17

Kim JH, Jang M, Kim YJ, Ahn HJ. Design and Application of Rolling Circle
Amplification for a Tumor-Specific Drug Carrier. J Med Chem. 2015;58(19):7863-
7873. d01:10.1021/acs.jmedchem.5b01126

Zhao H, Yuan X, Yu J, et al. Magnesium-Stabilized Multifunctional DNA
Nanoparticles for Tumor-Targeted and pH-Responsive Drug Delivery. ACS Appl
Mater Interfaces. 2018;10(18):15418-15427. doi:10.1021/acsami.8b01932
Amberlyn M. Peterson, Zhesen Tan, Evelyn M. Kimbrough, Jennifer M. Heemstra.
3,3"-Dioctadecyloxacarbocyanine perchlorate (DiO) as a fluorogenic probe for
measurement of critical micelle concentration. Anal Methods. 2015;7(16).
doi:10.1039/cbay01444a

Dwight S. Seferos, Andrew E. Prigodich, David A. Giljohann, Pinal C. Patel CAM.
Polyvalent DNA Nanoparticle Conjugates Stabilize Nucleic Acids. Nano Lett.
2009;9(1):308-311. doi:10.1021/n1802958f.Polyvalent

Li H, Zhang B, Lu X, et al. Molecular spherical nucleic acids. Proc Natl Acad Sci U S
A. 2018;115(17):4340-4344. doi:10.1073/pnas.1801836115

Wang Y, Wu C, Chen T, et al. DNA micelle flares: A study of the basic properties
that contribute to enhanced stability and binding affinity in complex biological
systems. Chem Sci. 2016;7(9):6041-6049. doi:10.1039/c6sc00066e

Mohri K, Nishikawa M, Takahashi N, et al. Design and development of nanosized
DNA assemblies in polypod-like structures as efficient vehicles for
immunostimulatory cpg motifs to immune cells. ACS Nano. 2012;6(7):5931-5940.
do0i:10.1021/mn300727;

Mohri K, Nagata K, Ohtsuki S, et al. Elucidation of the Mechanism of Increased
Activity of Immunostimulatory DNA by the Formation of Polypod-like Structure.
Pharm Res. 2017;34(11):2362-2370. doi:10.1007/s11095-017-2243-y

Hamblin GD, Hariri AA, Carneiro KMM, Lau KL, Cosa G, Sleiman HF. Simple

design for DNA nanotubes from a minimal set of unmodified strands: Rapid, room-

38



24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

temperature assembly and readily tunable structure. ACS Nano. 2013;7(4):3022-
3028. doi:10.1021/nn4006329

Hamblin GD, Carneiro KMM, Fakhoury JF, Bujold KE, Sleiman HF. Rolling circle
amplification-templated DNA nanotubes show increased stability and cell
penetration ability. J Am Chem Soc. 2012;134(6):2888-2891. doi:10.1021/ja2107492
Lizardi PM, Huang X, Zhu Z, Bray-Ward P, Thomas DC, Ward DC. Mutation
detection and single-molecule counting using isothermal rolling-circle amplification.
Nat Genet. 1998;19(3):225-232. doi:10.1038/898

Van Amersfoort ES, Van Strijp JAG. Evaluation of a flow cytometric fluorescence
quenching assay of phagocytosis of sensitized sheep erythrocytes by
polymorphonuclear leukocytes. Cytometry. 1994;17(4):294-301.
doi:10.1002/cyt0.990170404

Busetto S, Trevisan E, Patriarca P, Menegazzi R. A Single-Step, Sensitive Flow
Cytofluorometric Assay for the Simultaneous Assessment of Membrane-Bound and
Ingested Candida albicans in Phagocytosing Neutrophils. Cytom Part A.
2004;58(2):201-206. doi:10.1002/cyto.a.20014

Nuutila J, Lilius EM. Flow cytometric quantitative determination of ingestion by
phagocytes needs the distinguishing of overlapping populations of binding and
ingesting cells. Cytom Part A. 2005;65(2):93-102. doi:10.1002/cyto.a.20139

Illien F, Rodriguez N, Amoura M, et al. Quantitative fluorescence spectroscopy and
flow cytometry analyses of cell-penetrating peptides internalization pathways:
Optimization, pitfalls, comparison with mass spectrometry quantification. Sci Rep.
2016;6(April):1-13. doi:10.1038/srep36938

Wang P, Rahman MA, Zhao Z, et al. Visualization of the Cellular Uptake and
Trafficking of DNA Origami Nanostructures in Cancer Cells. J Am Chem Soc.
2018;140(7):2478-2484. doi:10.1021/jacs.7b09024

Umemura K, Ohtsuki S, Nagaoka M, et al. Critical contribution of macrophage
scavenger receptor 1 to the uptake of nanostructured DNA by immune cells.
Nanomedicine Nanotechnology, Biol Med. 2021;34:102386.
doi:10.1016/j.nano.2021.102386

Maezawa T, Ohtsuki S, Hidaka K, et al. DNA density-dependent uptake of DNA
origami-based two-or three-dimensional nanostructures by immune cells. Nanoscale.
2020;12(27):14818-14824. doi:10.1039/d0nr02361b

Karsdal MA, Nielsen SH, Leeming DJ, et al. The good and the bad collagens of
fibrosis — Their role in signaling and organ function. Adv Drug Deliv Eev.

2017;121:43-56. doi:10.1016/j.addr.2017.07.014

39



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Myllyharju J, Kivirikko KI. Collagens and collagen-related diseases. Ann Med.
2001;33(1):7-21. doi:10.3109/07853890109002055

Mrevlishvili GM, Svintradze D V. Complex between triple helix of collagen and
double helix of DNA in aqueous solution. Int J Biol Macromol. 2005;35(5):243-245.
doi:10.1016/j.ijbiomac.2005.02.004

Kaya M, Toyama Y, Kubota K, et al. Effect of DNA structure on the formation of
collagen-DNA complex. Int J Biol Macromol. 2005;35(1-2):39-46.
doi:10.1016/j.ijbiomac.2004.11.005

Ochiya T, Takahama Y, Nagahara S, et al. New delivery system for plasmid DNA in
vivo using atelocollagen as a carrier material: The Minipellet. Nat Med.
1999:5(6):707-710. doi:10.1038/9560

Harris JR, Reiber A. Influence of saline and pH on collagen type I fibrillogenesis in
vitro: Fibril polymorphism and colloidal gold labelling. Micron. 2007;38(5):513-521.
do0i:10.1016/j.micron.2006.07.026

McAlinden A, Havlioglu N, Liang L, Davies SR, Sandell LJ. Alternative splicing of
type II procollagen exon 2 is regulated by the combination of a weak 5’ splice site
and an adjacent intronic stem-loop cis element. o/ Biol/ Chem. 2005;280(38):32700-
32711. doi:10.1074/jbc.M505940200

Alexakis C, Partridge T, Bou-Gharios G. Implication of the satellite cell in
dystrophic muscle fibrosis: A self-perpetuating mechanism of collagen
overproduction. Am J Physiol - Cell Physiol. 2007;293(2).
doi:10.1152/ajpcell.00061.2007

Svintradze D V, Mrevlishvili GM, Metreveli N, et al. Collagen — DNA Complex.
Biomacromolecules. 2008;9:21-28.

Sprangers S, Everts V. Molecular pathways of cell-mediated degradation of fibrillar
collagen. Matrix Biol. 2019;75-76:190-200. doi:10.1016/j.matbi0.2017.11.008

Varma S, Orgel JPRO, Schieber JD. Nanomechanics of Type I Collagen. Biophys /.
2016;111(1):50-56. doi:10.1016/j.bpj.2016.05.038

Wang P, Gaitanaros S, Lee S, Bathe M, Shih WM, Ke Y. Programming Self-
Assembly of DNA Origami Honeycomb Two-Dimensional Lattices and Plasmonic
Metamaterials. J Am Chem Soc. 2016;138(24):7733-7740. doi:10.1021/jacs.6b03966
Sun W, J1 W, Hall JM, et al. Self-Assembled DNA Nanoclews for the Efficient
Delivery of CRISPR-Cas9 for Genome Editing. Angew Chemie. 2015;127(41):12197-
12201. doi:10.1002/ange.201506030

Mo R, Jiang T, Disanto R, Tai W, Gu Z. ATP-triggered anticancer drug delivery. Nat
Commun. 2014;5:1-10. doi:10.1038/ncomms4364

40



47. Everts V, Beertsen W. The Role of Microtubules in the Phagocytosis of Collagen by
Fibroblasts. Top Catal. 1987;7(1):1-15. doi:10.1016/S0174-173X(87)80017-1

41



