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Multiplex molecular imaging by use of fluorescence nano-multiplexer
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We constructed nanoscale optical logic circuits as a core structure of a
fluorescence nano-multiplexer. Some circuits by connecting Forster resonance energy transfer (FRET)
gates were designed, and they were fabricated by self-assembly of DNA with fluorescence molecules.
The behavior was demonstrated by measuring responses to static and time series inputs.

We also investigated a method for synthesizing diverse fluorescence spectra based on arrangements of
multiple fluorescence molecules. Experimental results on 24 arrangements demonstrated applicability
of the method for multiplex molecular imaging.

DNA



B X C—19, F—19—1, Z2—19 (@)

1. WFEBRAE 4O 5

AR F- DS REIR T A MEERE OFRIAIX, QOL Dt Eo# LW ERE, AN ORI 7 LICE - D
LB TCHEERBETHD. TOFT, BFEEELIILOETHIESE A A=V THIR
NRERZEZ R L&, B2, A A=Y JiEfE»Oma s T A MRS5S+
ZAULT D2 ENAEETH D, Lo LIREFHROHIRZ S12 X v, R oL TE D445y
FIIBFEEREICE EEo T A, — 5T, Milazy & OB GIIIE TR b O LKy 1037
L, INLOFEHREE LD THET 2 FENRRD LN TND. A A= 71280V, [H
FERR L RTRE 72 20 T OFA Z T 72018, 7 v — T OMA G LRI L A SLIENIRE X
NTnaIl. 2o k5 ARG ERFEIL, HOREFEOEKRIZEDTH DN, HHTS
W OREABIC I IE B BHIR S 5.

WFFERFRE O IXHFZERI AR S E T, EERD FICET 215 WA 0 T 0MFE(ET 5 % O THULEL
THFEELT, 74 =7 A& DNAEFZ@MAE L7+ b=y 7 DNA a2 Ea—7 1
VT O EED TE 2. FlZiE, DNA A% v vAL R (B fmilik, DNA BAIGIZESD
< DNA B8 E~DO®HNSTFORBERE L, 7o/ AZ —HEx X)L X —BH) (FRET) %%|H
LT, DNA # AJj, a2 ET5mEER 23T T2 ATH D2l ZnbDBE X HR
HEZERE L, 70 —T OBEEEZFED D52 L T, WRAEEDOS DA A= 0 7 & AlREIC
TAHERORBIC >N D LEZ T

2. WEoOHB

ARFIETIE, HIBEYEEBIC L VAt O E B ST @8 T ) ~ T T Lo S EFI
LT=BES A A= THINEZBTRT 2. ZORERMRER R L& & b2, FEiREE 2
23 5%.

WNT )~ TF T L7 BARIKIT DNA F /7 fid L OEn 7 ok s s . $lieE 542 %
15 RIR L, ZHUC L > USEKE L EE 572012, FRET % V727 JEinFREg AL A 0A £
NTNDZENRMTHL. BIEOEEEZ@SICT 5720, FEFO FRET 1Z—E0AH L L,
FRET O#0 K LIZ L D= vX—H8Kz2Mlld%. FRET 7 — Ma#ulciiiatbes Z &
TAND, OR, NOT{#EA#FEITL, —BMED FRET AT S FRHMERKAFEETE S 2
L ERT ET RIS T AN T D) KFR BRI O HSE 2 RJIE L, £ OMEREE Tl 5.
I, HWATHEMESORMBELRKEE L0, BEO¥IES T2 R ARE TS5 2 &
IZE Y FRET ORERKEEZ, SHER2ENEFEERT 2 FIEEMET D, ERICK 2EE
MEEA@m L C, W —7 L L CoOMies 77,

3. WD

AWFFEONFIE, (1) T/ HimBiElEE oS &5 Hi, XY, Q) ZEREREFOAEKRTIE
DORRFIZKAIESNS.

(1) YT/ ~AF7F L7 H%1%, AND, OR, NOT #— h ZtIC il L7 dimlg & &M T dh
L. w7 o—7L LT, ZOWmBEEEIE m A X THLILERH S, T, DNA H Ak
k&, nm A —F —DOREEFZEL T 0L X —RBE RN IERIERNC L LT 5 FRET 2 AW ClEIK %
FEEF B, FRET % —BORITHIFRE L7z L CinBlnl i 2 HBlT 572012, BIRO#RER L LT
LAB L HADFRET 7' — b2 HET 5. BEAERMIZIXVES = ENOT 7 — D 2FEETH S,
2 WEDAIPHIZHKHET D FRET 7' — N 22N ENFEET 5. EW AT ERERIIAICKTT DI
B D, FRET 77— N OEMEZ R T 5.

£72, F/ EHELRIEIE FRET &7 — N 2@ Ui T 5 2 & TR T 5. INTEERERIZ S <
EEDOHPMEA Z — B D FRET OA TEIETEX 5 5L 95, ToOMEEZX 1125379, AND HEA
X FRET @ K —% @b L CHE D FRET 7' — M 2835 2 & TEOLD. OR [BIEKIE, Hiq
HATIFE%E B D FRET 77— <0 AND [BIBE &#FANICECE 5 Z &Ik » TEIESND. EBRTIL,
WL DD F ) MERBREIR A ERL L, B ASICBIT D H R0, BERFIANES x5 o
BALERIET D Z & T, BIKOMEREEFHET 5

"My ) S Y ; ¢!

AP Mt i A AR ;
FRET#—F  FRET#—F  FRET4—Fk  FRET#—k
(YES7—F)  (NOTZ7—H) (YES7— )  (NOT7—Hh)

L|=|1/\|_2 L2=|3/\T4
0= L]VLZ

1 F 2 tEeEEE oEEE. A 7787 %, D NF—, C: 77T 4 X—4.



(2) SR ERAE B EERT D720, DT ORBEOENEFIAT 5. EHosty 1%
Inm A —% —Hl@ECRET D &, B0 FOMBEDE ENIEIC L7z - T FRET 23341 5.
FRET #3134 0 RO FEREIC K » T 572, H4064 7 DOBCE IHAF L T FRET D344
AWML L, SRR EREEDERSND. B0 TOREZ T 5722 DNA 2R3 %.
F9, WD FEEICE > TEEREEENER SN D Z L 2 EBRINCHRIET 5. Z0OE,
RCELDHy T E2RHT2HGORRLT, H—FO®Y S 2 EEFHT 25581 o0
THRET A, F7-, BEOEILES TR D FRET I LD AT MBS OBPET LV AERLL,
VIial—va ko TEOREERT E LB, ERE KRG D. S5Ig, ZELSN
Tl AT MV EEBMINCOBET DRI OWTIRE L, ZEY A A=V 7 ~DHkE
VAR 2 A

4. WF7ER S
(1) F 7 HEmPREIEE OFEEE L S

FRET #*— kN OMREEEER A 1770 > 77, FEERCIZ YES #— k & NOT 7 — k% 2 flfE T > I L 7.
IHBIT T EANTHEOONREENR:>TRY, BAREIZIZIE 532 O L — P — & 589nm
DL —HF—%HW=, T _XTOHFRET ¥ — F TAlexad88 % RF—& LTHWTEY, HAOIXFR
FT—mboHEt e LTHES.

F7, EWANCEIT D FRET 77— N OEEMER AT /2572, BOINDHEMEART MviE,
AT D2HEDFOREASNT MAVORRLERIE D, 2 2 CTalDEREERICK T 5 B REiE=E
DWERBS DR/ E R D L) RBEIEART MVOBEMEEEZFEE L, FF—atofRis
NrE Uiz, HIEDRES, ON/OFF HLiX YES A A »F THK 1.29, NOT AA v FT1.18 Th-o7
WIZ, ATPIREENZEAL L7346 @ FRET 77— s o a8 o2 b2 E Lz, A7 17 &7
0" ZAZHIZH 2 7. ATPIRBENEAT 5 7= NS FE A LI 2 RS L, H e s B 2 0E LT-.
fERZ R 2 12T, ERTOAJPREEIZ T 2 NaRE & DEZEE L TORLTWAD. £z
HTEEREE IS, FIoD” 07 AJ1ToEEiBEEIC X 0 Bk b L7z, &2 TO FRET 7' — Mz
TAMNREBITSE U TEL L TEY, FRET 7 — N OBEELERT A LN TX -,

FRET 7" — M &85 L, 7/ JimPlE 4 (ER L7z, AND, OR, NOT |3fT& imBihisa & 9244
HIODEAREFTHY, ZhoaxEte 2 DOMEE C=I,) AL, C=LVLAZEELL. HA
TIRBEIZHB T DRI O H I E e E 2K 3 (3. s s EIEL, (0,00 AJJOH
SREEAE CHIEAL LT 5. [\ C Tk (1, 0) ANFREO 105 & & <, [\l C, T¢I (0, 1), (1,0),

YES 77— b NOT 77— k
0.3

0.2

0.1

0.0

-0.11

-0.2
-0.3

AT AN
X 2 FRET %7 — b 0 v i LEIEDFE F.

HAhZE (au)
HAhZE (@u)

C1=|1 /\Tz C2=I1 Vv |2
1.6 1.6
1.4 1.4

1.2 1.2

b

HNEE (a.u)
H758E (a.u)

1.0 1.0

’—I—‘

0.8
©0 ©1n 00 1) ©o0 ©n 00 0N
A7 A7

X 8 FEH AN %7/ Gm BRI o H 7R




C=h AL, C=l V 1,
0,0) 0,1) (1,1) (1,0) ©0,0) (1,0) 11 01

14 14
—~ ~—~~ “
S =)
812 . CRPIE N -
i T i
%10%M £ 1.0 e
53 OM H

08— %5 0 15 30 086" 5 10 15 20

B (9) B (99)

X 4 R RIIATN T 27/ amBRIEES O H 7756 .

(1, DATEEOH N EL > TRV, FIEOEMEEZ L TNWD 2 ERbnd. [EIIEORFIGE %
PS5 72 D1Z, RERFIATGEZAZLE S s R E D2 b2 HIE L7z, ¢ D AJPIREEIE (0, 0),
0,1), (1,1), (1,0) DIE, C,DASIIKEEIZ(0,0), (1,0), (1,1), (0,1) DIETENENE
SH7- WERREEX 41RT. EHH0RKETYH, AJTOERSRIIZEIZEE > THINE N ELL
LTW5.

WS AT HiF RO T KimEREE O TER SN S, Fo@EfEE, —BiDH
D FRET Z W TEB L TWD Z ENARFEORETH Y, KERITRYIOFILEF L L CTEHEER
B AR,

(2) SAETRHAE B OERTIEDOR%

WIAE B DSR2 MR T D728, DNA
ETCOR By T ELE I T D
2T N VERIE LT AR LI so
I3 Alexa488, Alexab32, Alexab68, Cyb D
AT CTHD. 4 FMEORENGLND.
W OEN S TR B LT 3 ADHE
$HDNA (10 mer) % /235 & 72 % KH{DNA (30
mer) |CHEBRTAHI ETEIESTZEIE L
7=, O EIEEE R E Alexad88 % Jihid
T2 Z & & fE L, B Y2 R 450 nm ool :
DL —H—%EH L. B L7zt A~ '

7 MIVD AKX 5 2R, B LT A 500 55? 600 650 700
U ML, As RV Bk B (nm)

DT OEKE — 7 BEDOHIZHEWAL K5 HAS TEIEDENIZL HHE AT hL
LN Z EMD, AT ML OSEEE DI,

NHERTZ 5. )

FELMEARER L, & DICEHERIOEARY MRS T 5120, [[—0Hes 7 2 850 i
T HEEICOWNT HIRGE L7z, FHtn OB — 7 HRICB T 2MEDLEZRDI- L 25,
R B ENANE LT-EHERZE) 28E L CHLEEIT o7, ZoZ L, H—o®Eea+ne
FNBBRETYH, FHBEICLD AT M EBITAHZEBAHETHH I EE2RBLTNS,

ZEGTA AV TIIBOTUL, ZELLEEEEZ DML, A A=V TOG LD
BT O ZH T A Z RO OND. T2 THEHEOS NS FECEZ S OREHIR L T
WHART MILVERIEL, TINOEARYFORRLERO DTNV X0 EER L. 25
HOHNS FRE 2SR B O ERERICEMA L& 25, K DA THARLLL 2155 Z &0
T&7-.

ZOFEE, AVDEESTORE LY L% < OFEO S5 2 E R FIETHERT D 2
EREMTHY, ZEHSTA A=V L ZITBWTEA A —2 v 7 alRE72 5y T-H 2 AT 1)
ETBzlicons EMEEIND.

B (a.u.)

275 3CHk
[1] E. Lubeck et al., Nature Methods 9, 743 (2012).
[2] T. Nishimura et al., Appl. Phys. Lett. 101, 233703 (2012).



2 2 0 2

Jinya Inoue, Takahiro Nishimura, Yusuke Ogura, Jun Tanida 12

Nanoscale Optical Logic Circuits by Single-Step FRET 2020

IEEE Photonics Journal 6500112
DOI

10.1109/JPHOT.2020.2976489

Suguru Shimomura, Takahiro Nishimura, Yusuke Ogura, Jun Tanida 5

Photothermal Fabrication of Microscale Patterned DNA Hydrogels 2018

Royal Society Open Science 171779
DOI

10.1098/rs0s.171779

11 3 8

Yusuke Ogura, Jinya Inoue, Suguru Shimomura, Takahiro Nishimura, Jun Tanida

Integration of DNA and Photonics for Computing, Sensing, and Fabrication

15th International Conference on Polymers and Advanced Materials (ICFPAM2019)

2019

FRET

67

2020




Jun Tanida, Karin Tsuchida

Digital computational imaging based on digital encoding and an application to real-space sensing for internet of things

Information Photonics 2019

2019

Jun Tanida

Application of optical digital computing to functional extension of computational imaging

0SK-0SA-0SJ Joint Symposia

2019

Jinya Inoue, Takahiro Nishimura, Yusuke Ogura, and Jun Tanida

Nanoscale optical logic circuits based on FRET switches

The 8th Japan-Korea Workshop on Digital Holography and Information Photonics (DHIP2018)

2018

FRET

Optics & Photonics Japan 2018

2018




FRET

19

2018

Takahiro Nishimura, Suguru Shimomura, Yusuke Ogura, Jun Tanida

Optical fabrication of patterned DNA hydrogel

2017 Collaborative Conference on Materials Research

2017

Takaniro Nishimura, Yusuke Ogura, Jun Tanida

A photonic DNA processor using excitation energy transfer-based signaling

The 23rd International Conference on DNA Computing and Molecular Programming

2017

Takahiro Nishimura, Karin Tsuchida, Yusuke Ogura, Jun Tanida

A molecular-sized optical logic circuit for digital modulation of a fluorescence signal

The 3rd International Conference on Photonics Solutions (ICPS)

2017




Yusuke Ogura, Takahiro Nishimura, Kenji Yamada, and Jun Tanida

Photonically driven DNA nanomachine with hybrid functions towards cell measurement

SPIE Photonics West 2018 BIOS

2018

(Tanida Jun)

(00183070) (14401)

(Nishimura Takahiro)

(10722829) (14401)

(Yamada Kenji)

(70364114) (14401)




