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Development and application of photonic DNA processor
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WFZER I OB (F230) : This study was aimed at developing a photonic DNA processor,
which is a nanoscale processor with sensing and actuating functionalities. We built a
prototype equipped with a molecular sensor that can be activated/inactivated via external
light signals, and demonstrated the fundamental functions. DNA scaffold logic was
proposed to extend the processor's function. We constructed a method for logic operations
by optical manipulation of liquid-based microreactors. A potential applicability to

molecular image memory was shown.

AT R ERA
(AL - 1)
A [RIHE 2L & &t

201 0% 7,100, 000 2, 130, 000 9, 230, 000
201 14 4, 100, 000 1, 230, 000 5, 330, 000
201 24 3,000, 000 900, 000 3,900, 000

FEE

FEE
&t 14, 200, 000 4, 260, 000 18, 460, 000

WFE 8 ER 7+ h=2 &

Frotg 053 F - #iE 5w - AREafFwes

F—U—F:74b=v”7 DNAFuty¥ DNA=arta—& 41ty EEEMER
FL T/ wvul RV AT A #, v al—var

1. WFEBIAE 4RI DT 5

F ) A — VRS B D BRI
Lo TALDEZZEENICERET 2 1EHR
VAT LT, B, BT, WERSR L,
SESERSFICBNT, KE2R%EE %2 57
THLOEHMFEEIND. BE/NOYEY A X%
ENLT, DT OSRERNKIER E, 1tk

OFETIHEEBR CTE o)/ R
WZAD, ZTOWE, ZTOHBTROY LY INHE
TN MO R I B E & BT 5.
CDOEIRTFT YA ROTa kDR
B2, £y vn=JA0F YA
Dol TR O A — T T D D
DT Fa—FNEZLND. BETLY b

N

&

H



=7 2ADBEIL 8 — & [T E e
2%, DNA 5y %&FH L=/ BERET S
F X F AL IN TV [Rothemund,
Nature Vol.440, 297 (2006)ft1]. Zi 51,

DNA 2V a—T7 4 V7 ORER L HIE
D0, T EEOAERICELBIE S TEY

BWMAAFL ORI EI IR > TS, K
fJtobor 7Tty ehinl, Fus7
LZdH72% DNA #ZE LT, FTLOEEE
SHDEREDFEN T at v OISR
h T % [Levskaya, Nature Vol.438, 441
(2005)]. 72721, Bl #EEZES -, &
BRERBEILHIBR <4, fBFEICITRIHcE 220,
AR EE HIL, DNA 2> Ea—7 o
> 7 & DNA GHIEEMRIC L2 7+ b=y 2
F ) R — A — b= b BB L REH,
S R 2 TR T 23, 4a-ZF-8 (2008)].

SRy A2 E A L7Z~T ¥ DNA 71
kv, 2 AN 2 IA— b~ b E2RERAL
2. I=72L, A — b~ b AXERIZHT 25
B 7oty FE2THICBE v, S
A — VR BT 2 EN T a kv v v
TOERBIZIE, BT 7 Fac—HLD
MAADERLETHY, FipER AT
LADOBRENPVLELEEZEZ LND.

2. WHEDBW

T 7T Ao CEE I ERNHEEE
TTas~a47urakvy i, F—FUBED
BB, AR AT LELTA VT IY
= ¥ NRHEEREI A2 BT S, ZhuE, T
Wkt A T ety o o ST TR
<, BUBRT I Fam—XEN LR
a7 OEANLY P THEEIIS
A AHFZETIE, kD DNA 2 B a—
T4 THEYL L, 7 R VHEET
#;METH TH) R T3 240U ho
Tty —74 b=y DNA 7Frt ¥
— BT L. FLT, A AFHFREH~D
WHIZX Y, ZOFMELE EZR~OES
ST 5.

3. WMo Hk

74+ h=v 27 DNA 7Yt v¥rFEitEd 3
Teolzix, By 1rREDA BT a v
WCHASL DT HEHROLOVIY REETHD.
FITC, T, kEFHLE vy YOE
VI OV TIRETT S, TYRUEB U E
WA LZDNAZFAML, BryoLs L=
ILZ2HTHIET DK ET 5. KIZ, HEE
WL VBAE+T 2 DNA Yy MISFEV
TS L I AN L7 e R &
A TEAEMT D, FOEMERMEE LT 5 2
LIk 74 b=y 7 DNA 7t o4 Dh
Karv7 MaEFEIET 5. 7aty ok
JRIED 72, DNAJSHEICE S o1t
I BEAE & a R O m g RE L A HE D

. HHEOEWVIRBEHEEOFEITICMZ T
AEVHMEOEREZRALD. 0k 7n
Yo VORBEEFEITLT, Ty BT
OLGFT CHREMCEES 5720, RIk~ A
a7 ZONREEEEY T 7 ZHTO
SISHEIEOEEZITH. £, 7+ b=y
27 DNA 7' vt v ¥ 25 bE& Sy A€
NSHTATEHOT LT Y X AREEFE
HRRET 5.

4. WFTERRR

74 h=v 7 DNA 7 ut v RS0
BFMERET A0 o FEREEZ REF L
7=, FFEDOEH % Ho— AR DNA 1L, Z DR
FNCHIGT DN 2R L TRHATS. o
FEAICX VAT D DNASES R 2 L
ThH ey HERENMEOND. TV
REDLE) EZIED A A » FOEBIZIE, —A&K
$5 DNA & XI55 1 DfE A & Tl % HiliEH 9 2 24
ERHD. FODITIE, —A$DNA DT
PR B T2 B B A O i H GEEBh) & ARl
BeANC K 5 T (B 1k) 2 fl - L.
Fex 1L, DNA — 53 DB DER IR L 5,
eV K LRI ATRE 72 43 7 & o B RE 0 Al
IFEERE LT (K1), DNA AT B
@ open JRHEE L closed WEEZR, TV R E
Z AN L72 DNA 2 L COHE+ 2 Z &1
XY, HFEro RO & EIEE G S
WL TAL v FT5. LA ERET S &
AT EUREE NI L Th R ERNL 0N R
ML, RO 1TEfETDH. T~ E
RS2 L, ~T B2 DNA OB CHES J1)3HY
ML, TO~NTEUHBEC) Yy hEhb.
Z OB TRESFIE, ~T E L DNA ST
9%, JEEEIC kD ON/OFF & A v
R o T, XG5 T ORI - i & fess L7z
ek, TOFEIIIEZFICLL YV EY R

1S 1R 8 EEIRE
HEHF S
EaxEet
SERGHEO) tonm
— -

...........................  EENEs
{7yRvEyy  (440nm)
(ORSYRE
Wy 24k '

X 1 Sed@Eh o+t 3



Y8 5
TiEEy
o<
DT N DT RH
_

K2 7m h&ZA7

MO LAAZARICT2b0E LT, &F
IFERSFRUVV U TOFRITGHTE 5.

BA%E L7z Yeml iy v o 2FHL, 7
+ h=vZ7DNA 7utvHoOFa N2 7F
v rEFRELE (K2). Bty MRRO
B2 _N— 2 L L, WAy & o
TEEEH LTS BANERE TS AT
EURSENBIRE~ BB L, RO TLO
FEANAREL D, ZOWREE T /D
HERAE L 375, HEMRETEY 'y MEE
ZAbZFH LR ER LI L v L4
5. IRERF IS Gy T ETUE, T/~
VUL RBNEREAELTCE Y MEE
7% OPEN HRAEZ & CLOSED JREE~ZA L+ 5. xf
RO TREELRWEES, Brty MEER
OPEN JREEZ#ER 5. Vot MEEICHE
g 2L X —#E) (FRET) RAEEAL, Ik
REEALIZHE > TEAERENE/LLT DL O
WETDHZ ET, MGy EmEEitEET L
LCH AT AT 7 Faxz—FEEREE2 0L
To. ZORER, MBS TERAMLAEETE L
THRYHTZENAREE 2%, —JF, Al
RG2S L, ~NT UG ITEIRREIC Y,
F e IRIEREEE 2D oL X,
BHOENLRG Sy 7Ty D
SAREE L, JTOIRHE, OPENJREE~Y v k&
o, HIEYEAE BRox Ry T Oa D&%
B2 AT T2 ERER NS, Zo7m b A
TF = FHE AR F IS U T, 5y
TEBERL, ARy OEEEHIM LT, *F
G T OEMEINRERE~H 1T 52 &0
AETHLIZ LERL.

T4+ h=v 7 DNA Fut v L IER
SLER % 10 f{E DD ERITAT 9 728D, FRET %
FIH LT AN OB EZ2EITT D,
DNA AF% ¥ v/ RigElaB L L7 (X 3).
FRET % BB (G 5 BRI T 5 =

(@) AZ (A B. C)
AABVC)
F|U0r‘escence

i_ B signal
—1

. BHHT
0T #kATORE
AH B HAT
ABC
(b)
5
S
i
p
el
{E{ | 1
R 1 NSNS DX
H QY O AN QO A AT O AN

NSNS SN
AN

X 3 (a) DNA scaffold logic ™ J)its%
(b) B LR

T, EENORATICEAEEFEITTE .
DNA USRI LT, ANS 7O B
& 72 % DNA Tty 1 OB E If H~Z2 4L
T 5. ASMEHRICEE-S T FRET FRIEASHEEE
END. ZORER, HEIZHLTE RS E I
fEE#, FRETIC K AE BRI LY, HER
MOKRIEREMERAATREL 725, KFEITEY
NOT, AND, OR JH % & TegmPRalBE & Ak L,
FTOEMEEMIR L. £/-, LMD FRET
ERAUIETEE2FEIE L. &5I, %
TEMEAE ey T ORI U 724515 5 o — B
AEVHRER I LT-. TSI DNA =
V=T 4 TN BTDL T b= AR
WoBHEEZ R TERTHLRERERL D
.

T4+ h=v 7 DNA 7t vHERHICH
SR ORNEE L TRIE~A 71
VT 2ORABETHLEEZOND.
XY, BUNSOSIRFEIC X 2 B E O
] b S 8 W R & FRE L 72 1 B 00 SEAT
FREE D, Wik~ A o a )T XL LT,
WM & VR Y — B ONWTHE L. K
B~A 70 ) 77 ZNTOEAL, ANT151
EF oy oErnENnENEBT L~
A7) 772 EWSt~v==2l— 3



AND 8E

a. u.)
— o,

Fluorescence (

ON B O ®o N

m [ m
(1,1)(1,0) (0, 1)(0, 0)
Input

ORER

»56

5
4
£3
32
51
0

<
<
®

res

u

=
(1,1)(1,0)(0, 1) (0, 0)
Input

4 Y 2 FH T R PR R R

X5 pyFEICLDa—F 40

CEHWTEAT S Z L THRTSH. K4l
RN T, DNA Z A& Ltz &
3% AND JHE & OR BE 23T Lo R 2R
9. AND BB W TIIALR (A, D oOHE
DI, OREFNZBWTIZA L (0, 1), (1, 0),
(1, 1) OEAITHEIBRENEL oo TEY
YRR LEWVEORTIZEY ELWHERE
BENGEONDZ ERNbND. £z, T =
—7 (50p 1) Li&H (0.27pl) 12T AND Ji#
BORIGEEZ R LIz L 25, %BEN M
BESETCH-Z. —F, VRY—2%H0
G EICRBW TS, & RERICIE LW
HENFEITTEDL L 2R L. Z o
X, 2ERORISZER Z/NZERICK ST L,
TN TIANL W FN BB A 1T
ZLEAREIZL, PEBEOSTFTEWVWAL—T
v hNEBAT-DICAHTHD.

T b= DN Tty PICITEFEESE
RAAFRRCISHREZ bND. ZD—oLk
LT, 74+ h=v 7 DNA Fut v HEoOHH
MEZITHY> Takty U v REHWER
LIS 71 A F U ~OIHIZEI LT, NAND
HEN— 2L DM LT LT Y X A&tk
L, DNA FUSOME D K UM 2RI 4%

FEERFLEZ., BB RO, DNA
BHORKEFLELT HTrETa—T 147
I HIZ LT, BRUKEINC L HE S EATREIC
T AW S DR IFEEZTT 72 (X 5).

5. EMRFEKMLE
(WFFEIRETE . W38 K ONEEENF 905 12
[T THR)
UdeREam ) (BH2 11F)
1. T. Nishimura, Y. Ogura, and J. Tanida,
“A nanoscale set-reset flip—flop in
fluorescence resonance energy
transfer—based circuits, ” Applied
Physics Express Vol. 6, 015201 (2013).
[DOI: 10.7567/APEX. 6.015201, #Hid

UN
2. T. Nishimura, Y. Ogura, and J. Tanida,
“ Fluorescence resonance energy
transfer—based molecular logic

circuit using a DNA scaffold, ”
Applied Physics Letters Vol. 101,
233703 (2012).
[DOI:10.1063/1.4769812, ##Fid v ].
3. T. Nishimura, Y. Ogura, and J. Tanida,
“Reusable molecular sensor based on
photonic activation control of DNA
probes,” Biomedical Optics Express
Vol. 3, pp. 920 - 926 (2012).
[DOI:10. 1364/BOE. 3. 000920, &FHt & 1 ]

4. JNERIT, WERTREZ, AE M, 77 4 b
=7 DNAF /<7, K, Vol. 4
1, pp. 90-92 (2012). [#&EFHi/ L]

5. T. Nishimura, Y. Ogura, J. Tanida,
“Optofluidic DNA computation based on
optically manipulated
microdroplets,” Microfluidics and
Nanofluidics, Vol. 13, pp. 1-7 (2012).
[DOI: 10.1007/s10404-012-0934-6, #

B2l

6. H. Sakai, Y. Ogura J. Tanida
“Photonic nanoscale automaton based
on photo—/heat-regulated DNA
displacement reactions, ”
International Journal of

Unconventional Computing, Vol. 8,
207-220 (2012). [&E#HH Y ]

7. Y. Ogura, Y. Kazayama, T. Nishimura,
J. Tanida, “Large-area
manipulation of microdroplets by
holographic optical tweezers based on
a hybrid diffractive system, ” Applied
Optics, Vol., 50, pp. H36-H41 (2011).
[DOI: 10.1364/A0.50. 000H36, 7 #t &
UN

8. Y. Ogura, T. Nishimura and J. Tanida,
"Spatially parallel control of DNA
reactions in optically manipulated



1

1

0.

(%

micro—droplets,” Journal of
Nanophotonics, Vol. 5, 061702 (2011).
[DOI: 10.1117/1.3574171, &HdH V]
AR, "HeaSpx v E e F$
TTF 4 AT VA", Wkdh, Vol. 14, pp.
255-262 (2010). [&HH Y ]

B M, TN T A AN, T — R T
b= 7R, b5 12, Vol. 61,
pp. 786-791 (2010). [&F7z L]

KRR GH7 34

Yusuke Ogura, Takahiro Nishimura,
Hirotsugu Yamamoto, Kenji Yamada, Jun
Tanida,
Using Fluorescence Resonance Energy
Transfer on a DNA Scaffold,” in The
Second  Japan—Korea Workshop on
Digital Holography and Information
Photonics 2012 (Nov. 19, 2012

Tokushima, Japan). [Invited]

Jun Tanida, “Computational multiplex
imaging,” 1in The Second Japan—Korea
Workshop on Digital Holography and
Information Photonics 2012 (Nov. 19,

“"Photonic Nanoscale Logic

2012, Tokushima, Japan). [Invited]
Hirotsugu Yamamoto, Syahmi Farhan
Kengo Sato, Shiro Suyama,

"Hand-waving steganography by use of
a high-speed LED display,” in The
Second  Japan—Korea Workshop on
Digital Holography and Information
Photonics (Nov. 19, 2012, Tokushima,
Japan). [Invited]

Yusuke Ogura, Takahiro Nishimura,
Hirotsugu Yamamoto, Kenji Yamada, Jun

Tanida, “Functional molecular
sensing using photonic DNA
nano—processor, ~ in 1st
International Workshop on

Information Physics and Computing in
Nano-scale Photonics and Materials
(Sep. 7, 2012, Orleans, France).
[Invited]

Jun Tanida, ”"Smart fold computing — A
distributed approach to overcome
diffraction limit of light,” in 1st
International Workshop on
Information Physics and Computing in
Nano-scale Photonics and Materials
(Sep. 7, 2012, Orleans, France).
[Invited]

T. Nishimura, Y. Ogura, H. Yamamoto,
K. Yamamda, and J. Tanida, “DNA logic
circuit using fluorescence resonance
energy transfer for signal cascade,”

in 18th International Conference on
DNA Computing and Molecular

10.

11.

12.

13.

14.

15.

programmig, (Aug. 14, 2012, Aarhus
Denmark) .

H. Yamamoto, Shiro Suyama, ”“Secure
Display by Use of Multiple Decoding
Masks Based on Visual Cryptography, ”
in 2011 IEEE Industry Applications
Society Annual Meeting (Oct. 10, 2011,
Orlando, USA). [Invited]

T. Nishimura, Y. Ogura, K. Yamada, H.

Yamamoto, J. Tanida, ”A photonic DNA

processor: concept and
implementation,” SPIE Optics &
Photonics 2011 (Aug. 23, 2011, San

Diego, USA). [Invited]

T. Nishimura, Y. Ogura, K. Yamda, H.

Yamamoto, J. Tanida, “Prototype
demonstration of a photonic DNA
processor: a photonically—controlled
DNA nanomachine of sensing, computing,
and actuating,” in 7th Annual
Conference on Foundations of
Nanoscience (Apr. 14, 2011, Snowbird,

USA).

Y. Ogura, T. Nishimura, and J. Tanida,

"Nanoscale logic operation in
optically manipulated
micro—droplets,” in SPIE Optics &
Photonics 2010 (Aug. 3, 2010, San
Diego, USA). [Invited]

J. Tanida, “Photonic techniques for
DNA manipulation toward nanoscale
information processing,” in Workshop

on DNA Nanotechnology toward
Molecular Robotics (June 21, 2010
Tokyo, Japan) [Invited]

T. Nishimura, Y. Ogura, J. Tanida,

“"Operation of DNA Logic Gates by

Optical Manipulation of DNA
Microdroplets, ” in The 7th
International Conference on
Optics—photonics Design and

Fabrication (Apr. 19, 2010, Yokohama,
Japan).

VaRT Rz, NERAT, L HEE, (LA
WAE, M, OLEER RS T A2 H
WA T Y T 7 a w77, 560
[E1S P B TR s (R
TRKZ, 2013.3.29).

VaRT Rz, /NERAT, L HEEm, (LA
WHE, A HEf, “DNA scaffold logic:
logic operation on molecular inputs
using FRET cascades,” 5 50 [A] A A4
BT aEs (45 E K7,

2012.9.22).

VaRT Rz, /NERIT, L HEE, (LA
wWia, wHM, Taotiig s 2L X —%
#EFIH Lo+ AT SE T im e el



16.

17.

18.

19.

20.

21.

6
(

(2

(

DFEE”, 55 59 [BlSH BRI A
e (RAGHEKRY, 2012.3.16).

T —B8, "RV T RIREEZ O
St - B G ALER A TR AR N AR BE S A T A
Y, BANTFSER PGS Optics
& Photonics Japan 2011 (KPR K%,

2011.11.30). [#453#7E]

PR REZ:, /NERIT, &R, LA
R, AH M, Taot g kL —8
BAFIH LI A¥ v 7+ —/L K DNA #
R, HARPRERFINGEES
Optics & Photonics Japan 2011 (KFix
K%, 2011.11.29).

INBRRAY, PWERTPRZE, EHEA, IR
WE, IWHEEm, AH M, "t DNA
DWW L B F /7 THFHRLE”, H AN T
SRR ATEEE 2 Optics & Photonics
Japan 2011 CKFRK:, 2011.11.29).

FaRTREZZ, /NERIT, ILARRE, (LH
Emi, A H#, “Bio-molecular sensing
by use of DNA that can be activated and
reset via photonic signals”, & 49
B H AR 7 aFes (R
%2, 2011.9.21).

PR Bz, ANE e, [l &R,
AR, AH M, "7+ h=>7 DNA
Taty¥Ta XA TORR”, 58
B0 P B BAR i Ak i = (A1
THRKZ, 2011.3.27).

PR Bz, ANE g, [l &R,
K WHE, AH MM, "7

BT DA DNA >~ BA
o2 IR FE A G B 2% Optics &
Photonics Japan 2010 (3% K %2,

2010. 11. 10).

. FFFEAARR

DA ERE

&AM i (TANIDA JUN)

KIRKF: « REFEFEERBE R - 2%
e 25 1 00183070

) WFSE o 3

/INB A (OGURA YUSUKE)

KKK « REZEBEAE WA LR - HEH T2
e 35« 20346191

(L ZfA (YAMADA KENJI)
KRR « REFEPEE S RTER - FRT20%
Fged&5 1 70364114

3) EWHENF T E

(A 47 (YAMAMOTO HIROTSUGU)
TR - ToRE - EEAD

Fges 25 1 00284315

FHIN  E—HB (KAGAWA KEIICHIRO)
Rl K% - B TEHFGERT - R RN
e 35« 30335484

(H22-H23 |ZMfFZE i & L CSH)



