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BBEAEHWE

I[lepexon Ha HaHOpa3MepHble OOBEKTBI ITPOH3BEN PEeBO-
JIIOLIMIO, BEPOSTHO, BO BCEX eCTeCTBeHHO-HayUHBIX U Tex-
HUYeCKHX HCCIeI0BAaHMAX U Pa3paboTkax 3a MociefHHe
mornBeKa. IIpH 3TOM CBOMM YCIIeEXOM HaHOYACTHILIBL 0651
3aHBI TOMYy $aKTy, YTO MMEHHO B HaHOMETPOBOM [Ha-
[Ia30He pa3MepoB JaKe IIPU KOMHATHBIX TeMIlepaTypax
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Photonics and DNA nanotechnologies complement
each other well in a way that DNA nanostructures
can be used to build intricate nano-optical systems.
The DNA origami method has been particularly
successful in creating the building blocks for
photonics. Precise positioning of elements at the
nanoscale is crucial for manipulating light fields,
and this can be achieved by attaching specific nano-
objects to a folded DNA molecule in a controlled
manner. This review will highlight successful
examples of how DNA origami and photonics can
collaborate effectively.
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INTRODUCTION

Working with nanoobjects has greatly impacted scien-
tific and technological research over the past half of the
century. Nanoparticles have become successful because
their unique properties reveal themself at nanoscale (even
at room temperatures) due to the influence of quantum
laws and increasing contribution of surface effects. In
addition, the nanoscale is significant as it aligns with
the sizes of many natural objects, such as cells (~10
pm) or their components (protein globule, DNA ~10 nm)
and wavelengths of the visible light (~0.5 pm), making
nanoparticles valuable in fields like biomedicine and
optics. However, the individual behavior of nanoobjects
is only the beginning, with a fascinating world waiting
to be explored when they interact with each other. Just
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Ha4YMHAIOT IIPOSB/IATBCS YHHKA/IbHBIE CBOKCTBA Bellle-
CTBA: BCTYIAIOT B CH/Iy KBAHTOBbIe 3aKOHBI, a OIIpelesis-
IOIIYIO POJIb B YC/IOBHSIX YMEHBIIAIOIIErocs: 06beMa Hau -
HaeT WIPaTh IIOBEPXHOCTb. Kpome TOro, HaHOMAcIITab
COOTBETCTBYeT eCTeCTBEHHOMY pa3sMepy MHOTHX OKpy’Ka-
IOIIKX Hac IIPUPOIHBIX 0OBEKTOB U SIBIEHUH, HauHMHas
C SKUBOH KIeTKU (~10 MKM) M BXOOAIIUX B €€ COCTaB KOM-
IIOHEHT (CBepHYThIe B IT0OYIBl MONeKyJbl Oenkos, JHK
~10 HM), 3aKaHYMBas UIMHAMH BOJIH CBeTa BHAKMMOIO
nuarnasoHa (~500 HM), YTO OenaeT HAaHOYACTHUIIBL IIPH-
BJ/IeKaTeJIBHBIMHU /151 GIOMEeTUIIUHBI U OIITUKU. OJHAKO
3TO TOJBKO HA4a/l0 MCTOPUM:. YHHKAJIbHOE IIOBeJeHHUe
WH/IMBU/Iya/IbHBIX HAHOOOBEKTOB, SIB/ISSChH JTUIIb BEPIIH-
HOI arcbepra, CKpbIBaeT 107 CO60X OrPOMHBIN MHP, BO3-
HUKAOIMK [P PAaCCMOTPEeHHH B3aMMOJEHCTBHS HAaHO-
06BEKTOB JIPYT C JpyroM. IIpy 3ToM BO MHOTOM I10[06HO
TOMY, KaK BBICOKasd TeMIlepaTypa MAaCKHPyeT CBEpXIIpo-
BOJHMMOCTb META/UIOB, HEOIITUMaJIbHAs TeOMETPHS CKPbI-
BaeT U YCpelHseT BO3MOKHOCTH, JIeKalllke BO B3aHM-
HOM BJIMSIHMM HaHOYACTHI] pPYr Ha Apyra. B JaHHOM
o630pe, SBJSIONMIEMCS IIPORODKeHHeM pabot [1, 2], Mel
norrpobyeM IIPOCTIEANTh Ha HECKOIBKUX IIPHMepax, Kak
coBpeMeHHBIN MeTof, JHK-oprraMu, 3aKkIrO4aroIIHAMCS
B KOHTPOIHMpYyeMOM caMocbopke Monekyn JHK mpous-
BOJIPHOM IeOMETPHH, IOAPOOHO PacCMOTpPeHHBIH B [1,
2], TI03BOJISIET afipecHO pa3MellaTh HAaHOYACTHLIBL BIOMb
Morekynsl JHK, mobrBasich YHHUKAIBHBIX ONTHYECKUX
CBOMCTB aHCaMbJ1ell HAHOYACTHI] B Pa3IMYHBIX 00IACTSIX
POTOHUKHU.

2. MNPUMEHEHNA B POTOHUKE
MHOrOYHC/IeHHbIe HCCIeNOBaHMS II0Ka3bIBAIOT, UTO
3JIeKTPOMarHUTHBIE IIOJSI MOTYT B3aHMMOZEHCTBOBAThH
C MeTa/ulaMH 0CObeHHBIM 00pa3oM, BO30Oykmas B HHX
KOJUIEKTHUBHBIe KOMeOaHUsI CBOOOTHBIX 3JEKTPOHOB -
IUTa3MOHHI [3]. B cTy4ae, KOrja IpOCTPAHCTBO VIS IBEKe-
HUS 7IeKTPOHOB OTPAaHHYEHO pasMepaMy HAHOYACTHII,
sIBJIeHHe IPUHUMAeT OTUET/IMBO Pe30HAHCHBIH XapaKTep,
3aBUCSLIME OT GOPMBI M pa3Mepa YacTHI], ¥ Ha3bIBAETCS
JIOKQJTM30BAHHBIM ITOBEPXHOCTHBIM IUIA3MOHHBIM Pe30-
HaHcoM (localized surface plasmon resonance, LSPR).

9 deKT MOKHO YCHIIUTD, C/IH IIPUHSATh BO BHUMAHUe,
UYTO IIIa3MOHBI, SIB/ISIACH HaBeleHHBIMU KoJIeDaHUSIMH
3apsia HAaHOYACTHII, CO3A0T COBCTBEHHBbIE 10715 BOIH3H
MX IOBEPXHOCTH - 3BaHECLIEHTHbIE BOTHBI. JTHU BOJIHBI
SKCIIOHEHLIMAIIBHO 3aTyXaloT Ha PACCTOSHUSX B IECSTKH
HAaHOMETpPOB (3aBHUCUT OT IJIMHBI BOJHBI I13AIOIIETO
CBETA), HO, €C/IU BTOPAsl YACTUIIA OKKETCS B 3BAHECLIEHT-
HOM I10JIe IIePBO¥, B3aUMOJIEMCTBHE MEKIY HUMH MOSKET
IIPUBOUTh K 3HAYUTENBHOM KOHIIEHTPALIMH SHEpPruu
IT0JIS1 B 3230pe MEK/Y YaCTHI[AMH - BOSHUKHOBEHHIO TaK
Ha3bIBaeMbIX ropsyux Touek (hot spots). Pe3oHaHCHBII
XapaKTep SIBJIEHMS IIPU 3TOM COXPAHSeTCs, a ero mapa-

as high temperatures can conceal the superconductivity
of metals, non-optimal geometries can hide and average
out the potential advantages of the interactions between
nanoparticles. Through this review, based on our previ-
ous work [1, 2], we will explore how the advanced DNA-
origami technique allows precise placement of nanopar-
ticles along DNA strands, leading to exceptional optical
properties for application in photonics.

2. PHOTONICS APPLICATIONS

Numerous studies show that electromagnetic fields can
interact with metals in a special way by exciting collec-
tive oscillations of free electrons known as plasmons [3].
In cases where the space for electron movement is limited
by the size of the nanoparticles, the phenomenon takes
on a distinctively resonant character depending on the
shape and size of the particles, and is called localized sur-
face plasmon resonance (LSPR).

This effect can be enhanced by considering that plas-
mons, being induced charge oscillations of nanoparticles,
create their own fields near their surface - evanescent
waves. These waves attenuate exponentially on the scale
of tens of nanometers (depend on wavelength), but if
a second particle is placed in the evanescent field of the
first, interaction between them can lead to a significant
concentration of field energy in the gap between the
particles - the emergence of so-called hot spots. Here the
resonant nature of the phenomenon is preserved, but its
parameters begin to depend on the geometry of the next
level, namely the mutual arrangement of nanoparticles.
Plasmonic nanoparticle systems are sometimes referred
to as nanoantennae [4].

Significant modification of its optical response (show-
ing a strong dependence on the position) can be achieved
if an emitter (organic dye, quantum dot, color center,
etc.) is placed at a hot spot location due to increase of
local density of optical states (Purcell effect). Thus, the
ability to controllably and precisely place nanoobjects
often has paramount importance for applications in pho-
tonics. In the case of random placement, the behavior
of ensembles is averaged over all possible arrangements,
masking interesting effects. The DNA origami method
allows reproducible achievement of precise and address-
able placement of virtually any nano objects, providing
the opportunity to observe a range of beautiful optical
effects. Below, we will consider several specific examples
illustrating possibilities of this method.

An important challenge in photonics is finding effi-
cient ways to transmit light energy on a sub-diffraction
scale. In study [5], the use of DNA origami for creating
a plasmonic nanowaveguide that transmits energy with
low losses over nanometer distances was demonstrated
(fig. 1a). Two 40-nanometer spherical gold nanoparticles
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MeTpBl HAaUMHAIOT 3aBHCeTh OT T€OMETPUH CJIefyIOIIero
YPOBHS, a MMEHHO — OT B3aHMHOI'0 PaCIIOIOKeHH s HaHO-
yacTul,. CHUCTeMbl IUIA3MOHHBIX HaHOYACTHI, MHOIJA
Ha3bIBaIOT HAHOAHTeHHAMH [4].

Ecnu pa3sMecTUTh B TOPsTYEH TOUKe KAKOH-THUO0 K31y-
YaloUUKA LeHTP (OpraHuYecKUH KpacHTelb, KBaHTO-
BYIO TOUKY, LIeHTp OKPAacKHU U [IIp.), 3a CUET yBe/IMYeHHs
JIOKQJIBHOM IIIOTHOCTH ONTHYEeCKHUX COCTOSHHUH, MOKHO
Ho6UTbCS 3HAYMTENbHOM MOAMQHUKAILMU ero ONTHdYe-
ckoro orBeTa (3¢pdekT Ilapcesia), IIpUyueM OTBET yHac/Ie-
AyeT CHJIBHYIO 3aBUCHMMOCTb OT PACIIONOKeHHs. Takum
obpa3oM, yMeHHe KOHTPOIHPYyeMO U TOYHO pa3MellaTb
HaHOOOBEKTBI YacTO MMeeT IIepBOCTeIIeHHOe 3HaueHHe
IJ1s1 IPUMeHeHUH B pOTOHHKe, ITOCKOJIBKY B C/Iydae CIIy-
YaMHOIO0 pa3sMelleHMs IOBefleHHe aHCaMbrel ycpemHs-
€TCs 10 BCeM BO3MOXKHBIM PacCIIO/IOKeHMSIM, MACKHUPYS
vHTepecHble 3¢pdexTrl. MeTton JHK-opUramMu I1o3BojseT
BOCIIPOM3BOJKMMO [JOCTHUIATh TOYHOIO aPpeCHOrO0 pasme-
IeHHUs [TPaKTHYeCKU JII0ObIX HAaHOOOBEKTOB, YeM obe-
CrieuyrBaeT BO3MOKHOCTb HaO/IOZIeHMs 11e/I0r0 psiia Kpa-
CHMBBIX OITHYeCKHX 3QPexToB. HHuske MBI PacCMOTPHUM
HECKOJIbKO OT[E/IbHBIX IIPUMEpOB, HJUIIOCTPUPYIOLINX
boratsle BO3MOSKHOCTH METOJIa.

ITorck 3¢pPeKTUBHEIX [TyTeH Iepefavy SHepruu CBeTa
Ha cy6n1dpaKkIIMOHHOM MacIITabe sSIB/ISeTCS aKTyaIbHOK
3agavert poTOHUKU. B pabore [5] 6pu1a MMpomeMOHCTPHU-
poBaHa BO3MOMKHOCTH HCIIO/Ib30BaHHSA [HK-opuramu
IUIs. U3TOTOBJIEHMS IIJIa3MOHHOIO HaHOBOJIHOBOZA, IIepe-
JAIOIIEro SHEePrUi0 C MajJbIMH IIOTepsMH Ha HaHOMe-
TPOBBIX PacCTOSIHUAX (pHC. la). [l 3TOoro Ha IPSIMOM
pasMmelanuch ABe 40-HaHOMeTPOBhle CdeprHUecKHe
30/10Tble HAaHOYACTHIBI (Au-AU) Ha PaccTOSHUH 38 HM,
CIMIIKOM OONMBIIOM AJISl MX CBSI3U uepe3 B3aMMOJeH-
CTBHe 3BaHeCLIEHTHBIX IIOJIeM, TaK YTO YacTHUIBl pac-
CeMBA/IM BHEIIHHUI CBET He3aBUCUMO. IIpu nobaBieHUU
B 3a30p MeXAY 30JI0TBIMH YacTHLAMHU 30-HaHOMETPOBOH
cepebpsSIHOM YacTHLEI (B TpEMepax Au-Ag-Au) Bo3HHKaI
obMeH >Hepruer C Ma/IbIMHM IIOTepPSIMH, PerucTpupye-
MBIF II0 M3MeHEeHHUSIM B CIIeKTpe paccesiHUs. B pabore
OBUT IIpeIokeH MeXaHH3M IIepeflady SHEePrUy - depes
Hepe3oHaHCHOe HaBe[ieHHe CYIIePIIO3ULIMHU [I/Ia3MOHHbIX
MO, B ITPOMEXYTOYHOM YaCTHLe, CIyKUBLIEH, TaKUM
o6pa3oM, 3PpPeKTUBHBIM IIIa3MOHHBIM I1€peaTUHKOM
B3aHMOJIEHCTBHSI.

He MeHee BaKHOM 3afiadyeli GOTOHUKH SIBJISIETCS. M3I0-
TOBJIEHHE YCH/IMTelel CHUTHaJIOB pacCessHUS MOJIeKYIl
(rMraHTCKOe KOMOWHAIIMOHHOE paccesuue, T'KP, unu
surface-enhanced Raman scattering, SERS), IOCKO/IBKY 5TO
JaeT BO3MOMKHOCTb IIOJyYeHMs UyBCTBHUTE/IBHBIX HAHO-
CeHCOPOB IS Pa3/IMYHbIX ITpHMeHeHuUH [13]. B pabote [6]
3Ta 3aJaya pellaeTcsd C MCII0b30BaHHeM Meroma JHK-
opuramu (puc. 1b): dacturpl B popme rancryka-6abouxu
¢ pebpom mpu3M 80 HM K BBICOTOM 15 HM afipeCHO pa3mMe-
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(Au-Au) were placed in a straight line at a distance of
38 nm, too large for their coupling through evanescent
field interactions, causing the particles to scatter exter-
nal light independently. When a 30-nanometer silver
nanoparticle (in Au-Ag-Au trimers) was added to the gap
between the gold particles, energy exchange with low
losses occurred, detected by changes in the scattering
spectrum. A mechanism of energy transfer was proposed
through non-resonant induction of a superposition of
plasmon modes in the intermediate particle, thus serving
as an effective plasmonic interaction transmitter.

Equally important in photonics is the fabrication of
surface-enhanced Raman scattering (SERS) signal ampli-
fiers, as it allows for sensitive nanosensors for various
applications [13]. In study [6], this task is addressed using
the DNA origami method (Fig. 1b): bow tie - shaped
particles with prism edges of 80 nm and height 15 nm
are precisely placed on a DNA origami substrate after
modifying their surface with complementary anchor oli-
gonucleotides. Additionally, the authors placed a single
Cy-5 dye molecule in a 5 nm gap between the prisms. The
assembled configuration showed a stable 2x10°-fold sig-
nal amplification of the light scattering with single dye
molecules.

Fluorescence enhancement (SEF) using plasmonic
methods is another promising task for nanosensing. In
study [7], fluorescence-enhancing dipole nanoantennae
were assembled using DNA origami (Fig. 1c), consist-
ing of two 100-nanometer gold spherical nanoparticles
separated by a 12-17 nm gap. It was shown that this con-
figuration could increase the fluorescence signal of the
ATTOG647N dye molecule fixed in the gap by ~5000 times
compared to the same dye without the plasmonic nano-
antenna and more than 160000 times compared to the
fluorescence signal obtained from measurements in solu-
tion. It was demonstrated that the signal from a single
emitter could be distinguished even in a 25 pM dye solu-
tion if the rest of the fluorescence was quenched using
NiCl,, as the antenna-enhanced luminescence is not sen-
sitive to the molecules’ own quantum yield.

DNA origami provides a vast field of opportunities for
testing ideas of theoretical optics on the nanoscale. In the
elegant work [8] by Chikkaraddy and colleagues, DNA ori-
gami was used to precisely position a Cy-5 dye molecule
in a narrow (5 nm) gap between a spherical gold nanopar-
ticle (80 nm diameter) and its reflection on a gold mirror
(nanoparticle-on-mirror geometry, Fig. 1d). By moving
the molecule further away from the symmetry axis in
successive experiments, the authors “measured” the local
density of optical states and found a monotonic depen-
dence with a maximum on the symmetry axis. This
approach has advantages over probe methods, as it intro-
duces only minor perturbations to the measured effect.
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Puc. Mpumepbl ucnoabzosanus JHK-opuzamu 8 omoHuKe: a) HAHOB0AH0800 0As MaAoduccUNamugHoll nepedayu 3Hepauu Yepe3
83aumodelicmaue nAazmMoHos (adanmuposaHo ¢ uameHeHusmu u3 [5]); b) uszomoeneHue SERS-HaHocmpykmyp e 8ude dumepos

8 popme zancmyka-6a6ouxu (adanmuposaro ¢ usmeHeHusmu u3 [6]); c) uszomoeneHue cepuyeckux dumepos das ycuaeHus Gay-
opecueHuuu (adanmuposao ¢ umeHeHusmu u3 [7]); d) zeomempus Yacmuua-Ha-3epkane dAs U3y4eHUs) AOKAAbHOU nnomHocmu
onmuyeckux cocmosiHuli 8 zopsayeli mouke (adanmupo8aHo ¢ U3meHeHUSMU U3 [8]); e) MUupaXK edUHUYHBIX MOAeKYA, HabAdde-
Mblli 86AU3U NAA3MOHHbIX HAHOCMPYKMyp (adanmuposdHo ¢ usmeHeHusmu u3 [9]); f) uszomoeneHue onmuyecku aKMUBHbIX AHU-
30MPpOoNHbIX NAA3MOHHbIX HaHocmpykmyp (adanmuposaHo ¢ usmeHeHusimu u3 [10]); g) npumep duHamuveckozo JHK-opuzamu
U3MeHSIHoLLEe20 KOHGU2YpALLK0 8 0M8em Ha U3MeHeHUe Cocmasa pacmeopd (adanmuposaHo ¢ usmeHeHusmu u3 [11]); h) npumep
usmeHeHUs KoHGuzypauuu IHK-opuzamu 8 omeem Ha caemogoe 8o3delicmeue (pUcyHOK adanmupoeaH ¢ U3MeHeHUsMU U3
pa6omoi [12])

Fig. 1. Examples of using DNA origami in photonics: a) nanowavequide for low-dissipative energy transfer through plasmon
interaction (adapted with modifications from [5]); b) fabrication of SERS nanostructures in the form of bow-tie-shaped dimers
(adapted with modifications from [6]); ¢) production of spherical dimers to enhance fluorescence (adapted with modifications
from [71); d) particle-on-mirror geometry to study local density with temperature changes in a hot station (adapted with modi-
fications from [8]), e) in the world of single molecules, observed near plasmonic nanostructures (adapted with modifications

from [9]); f) creation of optically active anisotropic plasmonic nanostructures (adapted with modifications from [10]); g) an
example of dynamic DNA origami changing configuration in response to changes in solution composition (adapted with modifica-

tions from [11]); h) an example of a change in the configuration of DNA origami in response to light exposure (the figure is adapted
with modifications from [12]).
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LIAIOTCS Ha IoAJIoKKe 13 JHK-opuraMu rocie Mogudu-
KaLluK MX [TOBEPXHOCTH KOMIIJIEMEHTaPHBIMH ITOZJIOXKKE
OJIUTOHYK/IEOTUIAMU-IKOPAMHU. boiee TOro, aBTOPHI
PaboTsl pa3MecTHIM 5-HM B 3a30pe MeXAy IIpH3MaMH
eUHUYHYI0 MOJIeKy1y KpacuTess Cy-5. CobpaHHast KOH-
durypanus mokasana crabuabHoe 2-10%-KpaTHoOe ycHiie-
HUe CUTHajla KOMOMHAILIMOHHOIO PaccesiHUsI CBeTa efu-
HUYHBIMU MOJIEKY/IAMU KPaCHUTeIs.

YcuneHue GpryopecleHLMY C IIOMOIIBIO IIJIa3MOHHBIX
MmetozoB (surface enhanced fluorescence, SEF) - gpyras
IepCIIeKTUBHAS 33/Ja4¥a HAHOCEHCOPUKH. B pabore [7] ipu
nomonuty JHK-opuramu cobrpanuch yCUIHUBaomue Giy-
OpeCLIeHIIMIO IUIIONbHbIe HAaHOAHTEeHHBI (pHC. 1), cocTo-
smye U3 AByX 100-HaHOMETPOBBIX 30/I0ThIX CHepHUYECKHX
HaHOYaCTHI], pasfe/eHHbIX 12-17 HM 3a30poM. Bwlio
IT0Ka3aHO, YTO C TIOMOILBIO TaKOK KOHPUTYPALIMH MOKHO
YBEIUYUTh CHUTHAJ (IyopeclieHIIMH MOJIEKY/Ibl KPacH-
Tenst ATTO647N, 3adHKCHPOBaHHOM B 3a30pe, B ~5000 pa3
[I0 CPaBHEHMIO C TaKMM K€ KPaCHUTe/IeM B OTCYTCTBUHU
IUIa3MOHHOM HaHOAHTeHHBI U bosee yeM B 160 000 pas 110
CPaBHEHMIO C CUTHAJIOM (QJIyOPecLeHIIUH, IT0Ty4eHHBIM
IIpY M3MEPeHHAX B pPacTBope. BBIIO ITOKa3aHO, YTO CHUI-
HaJl OT eAMHUYHOI0 U3/1y4aTe/Isi MOKHO Pas3sIUuiMUTh JaKe
B 25 MKM pacTBOpe KpacHTessl, eC/Id IIOTaCUTh OCTaJlb-
HYI0 $yopecLieHIHIo ¢ rmomopio NiCl,, TOCKOIBKY ycH-
JIeHHas] HaHOAHTEeHHOM JIIOMHHECIeHIIUS OKa3bIBaeTCsl
He JyBCTBUTE/IbHA K COBCTBEHHOMY KBAaHTOBOMY BBIXOZY
MOJIEKYII.

JHK-opuramMu IpefocTaBiseT Ooibloe IIOe BO3-
MOXKHOCTeH [/151 IIPOBEPKU HJIell TeOPeTHUeCKOM OIITHKHU
Ha HaHoMacmTabe. B xpacusoi pabote [8] Chikkaraddy
KM COABTOPHI HCII0/Ib30BaIK JTHK-opuraMu njiss TOYHOTO
pasMellieHHsT MOjeKy/bl KpacuTesnst Cy-5 B y3koM (5 HM)
3a3ope MexXxny cdeprdecKOM 30/0TOM HaHOYaCTHIEH
(nraMeTp 80 HM) U ee OTPaKeHHEM B 30JI0TOM 3epKajle
(reomerpust nanoparticle-on-mirror, puc. 1d). Ilepeme-
IIass MOJIEKY/Y OT 3KCIIePUMEHTa K 3KCIIePHMEHTY BCe
JaJIblie OT OCH CHMMETPHH 33Ja4M, aBTOPhI “M3MEpHIH»
JIOKJIbHYIO IUIOTHOCTH OITHYECKHX COCTOSIHHUM IO ITyTH
K repudepru 1 06HAPYKUIH MOHOTOHHYIO 3aBHCHMOCTb
C MAaKCMMYMOM Ha OCK CUMMeTPHH. I1oax0/ MMeeT IIper-
MYILICTBA IIepe]] 30HA0BEIMH MeTOJAMHU, IIOCKO/IBKY BHO-
CHT JIMIIb MaJible BO3MYIIEHUS B HU3MepsieMblil 3PdeKT.
TaxoKe aBTOPBI ITPOAIEMOHCTPHPOBAJIH, YTO B JAHHOU reo-
METPHUM TYLIeHHs (IyopecleHIMH IIPH Pa3sMelleHHuH
u3TydaTens OMKe 5 HM OT LIEHTpa TOpsdel TOYKH He
IIPOMCXOOUT - HAIPOTHUB, HabMIOZAeTCs 3HAUHUTEIbHOe
(cBrimze x1000) ycuieHHe QnyopeclieHIIMHM KM3-32 BO3HH-
KaIOIIero CBA3bIBAHMS M3/IyUYeHMS CO ClIeUUPUUYeCKUMU
IUIa3MOHHBIMI MOJAMU TaKOH CHCTEMBI.

To4YHOCTP B MO3HMLIMOHHUPOBAHHM IIPH HKCII0/Ib30Ba-
Hud JHK-opUTraMM MOKHO HMCIIO/Ib30BATh /I KaJIK-
OpOBKM M IIPOBEPKH METOHOB CBETOBOM MHKPOCKOIIHK
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The authors also demonstrated that in this geometry, flu-
orescence quenching does not occur when the emitter is
placed closer than 5 nm to the center of the hot spot - on
the contrary, a significant (over 1000-fold) enhancement
of fluorescence is observed due to the coupling of emis-
sion to specific plasmonic modes of such a system.

The precision in positioning using DNA origami can be
utilized for calibration and validation of super-resolution
optical microscopy methods (nanoscopy). For example, in
the work [14], a DNA scaffold sized 100x70 nm was selec-
tively labeled with two ATTOG655 dye molecules at a prede-
termined distance of 89.5 nm, deliberately smaller than
the diffraction limit. The positions of the molecules were
further determined using fluorescence nanoscopy meth-
ods, showing that the position of individual molecules
could be established with an accuracy of +5.9 nm. But is
such precision always achievable in practice?

This question was investigated in the study [9], where
the use of DNA origami revealed that the task of deter-
mining the position of an object by optical methods is
complicated if they are in close proximity to plasmonic
nanoparticles, due to the emergence of the single emit-
ter mirages effect. In this study, the image offset effect
was quantitatively measured as follows: Atto532 dye mol-
ecules were selectively placed in a line with an estimated
accuracy of +3 nm. When gold nanoparticles were added,
a deviation of the measured position of the dye molecules
from the straight line was demonstrated. At the same
time, the position of the nanoparticle that was next to
the gold nanoparticle was shifted (Fig. le). In addition,
as shown in the same study, the apparent position of the
glowing object depends on the size of the nanoparticle
and its position relative to the emitter and can shift by
tens of nanometers from its true position. When conduct-
ing super-resolution microscopy of such systems, where
plasmonic effects play a noticeable role (e.g., when
obtaining images near nanoantennae), the possibility of
such phenomena must be considered.

Another challenge in photonics is design of anisotro-
pic optical systems active in the visible range, as chiral
molecules are optically active mainly in the UV and IR. In
work [10], the possibility of creating optically active plas-
monic systems in the visible range was investigated using
the DNA-origami method (Fig. 1f). For this purpose, sev-
eral 10-nanometer gold nanoparticles were placed close
together (2 nm apart) along right-handed or left-handed
DNA-origami spirals with a spiral pitch of 57 nm. Circular
dichroism was then measured in a bulk sample contain-
ing such spiral complexes. It was shown that light with
right circular polarization is significantly more absorbed
by right-handed plasmonic nanostructures, and vice
versa, due to the plasmonic nanoparticles arranged along
the spiral being interconnected by the interaction of their
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CBePXBBICOKOTO paspellleHHs (HaHOCKONHMH). Hampu-
Mep, B pabore [14] JIHK-oioskKa pasmepom 100x70 HM
aZipecHo pasmedasiach OByMs MOJIeKyJaMH KpacHTess
ATTOG55 Ha 3afaHHOM PacCTOSHUU B 89,5 HM, 3aBeOMO
MeHBIIIeM IUGPaKIHOHHOrO mpezena. IlonoxkeHue Mose-
KyJ1 Jlajiee OIpelesisioch C IIOMOIIBI0 METOOB (iiyopec-
LIeHTHOM HAaHOCKOIIKH, U 6bIIO [TOKa3aHO, UTO [O3KLIHS
eIUMHUYHBIX MOJIEKY/I MOXKeT ObITh YCTaHOB/IEHA C TOUHO-
CTBIO £5,9 HM. Ho Bcerza jiv Ha IpakTHUKe JOCTYITHA TaKas
TOYHOCTB?

ITOT BOIIpoC u3y4ascs B pabote [9], rme mprMeHeHUe
JHK-opuraMu BBISIBHJIO, YTO 33Ja4a OIIpefe/IeHHs 100"
>KeHUST 06beKTa ONTHYeCKHMH MeTOAAMU YC/IOKHSeTCS,
€CTM OHM OKa3bIBalOTCA BOJIM3M IIIa3MOHHBIX HaHOYa-
CTHLI, H3-3a BOSHHUKHOBEeHHS 3QPeKTa MHUPasKeH ONHHOY-
HBIX U3/TyqaTened. B 310k pabote 3¢ deKT cMeleHUs H30-
OpaskeHHsl OBUI M3MepeH KOMHYeCTBEHHO CIIEyIONIHM
obpa3oM: MoOJIeKy/Ibl KpacHTens Atto532 apecHO pasme-
IIaJINCh B JIMHUIO C TOYHOCTBIO, OLIEHEHHOM B +3 HM.
IIpu nobaBeHUH 30/10ThIX HAHOYACTHI] JeMOHCTPHPO-
BaJIOCh OTK/IOHEHHE H3MEPEHHOIO IT0JIOKEHMS MOJIEKYI
KpaCHTe/lIsl OT IIPIMOM JTHHHH. IIpU 3TOM OTKIOHSUIOCH
n300paskeHHre TOHM U3 HHX, 4TO ObUIA PSAOM C 30/10TOH
HaHo4acTULel (pUcC. le). Boree Toro, Kak oKa3aHO B TOH
ke paboTe, Kaskylleecs IIOJIOKEHHE CBETSILErocsi 06b-
€KTa 3aBMCHUT OT pa3Mepa HaHOYACTHLIBI M ee IIOJIoXKe-
HMS OTHOCHTEIBHO M3/Iy4YaTe/Is U MOXKET CMeIIaThCd Ha
JeCATKY HAaHOMETPOB OTHOCUTEIBHO €€ UCTHHHOIO I10J10-
>KeHHUs. TIpy ITpoBeIeHHH MHUKPOCKOIIMH CBEPXBBICOKOIO
paspelleHus TAKUX CUCTEM, IZe 3aMeTHYIO POJIb UTPAIOT
IUIa3MOHHBIe 3deKTrl (HallprMep IIpH MOTy4eHHH H30-
OpaskeHHI BOMM3M HAaHOAHTEHH), HYKHO 00s3aTeslbHO
YUYHUTBIBATh BO3MOKHOCTb ITOJIOOHBIX SIBJIEHHH.

Jpyroy axkTyaJbHOM 3aJader (QOTOHHUKH SIBJISETCS
HCCIefloBaHKMe AHU30TPOIIHBIX OITHUYEeCKHMX CHUCTeM
B BUJUMOM J[Halla3oHe (XUpPa/JbHble MOJIEKY/bl OINTH-
YeCKU aKTUBHBI B OCHOBHOM B Y® u UK). B pa60Te [10]
IIpy ImomMoIny Metona JHK-opuraMu McciegoBaiach BO3-
MOKHOCTb CO3[IaHMS OITHYECKU aKTHBHEBIX B BUIMMOM
OMaIa3oHe IIa3MOHHBIX cucTeM (puc. 1f). [iis 3toro
HECKOJIbKO 10-HaHOMETPOBBIX 30JI0THIX HAHOYACTHI] pas-
MeILa/IMCh [TOYTH BIIOTHYIO (Ha PaCCTOSHUU 2 HM) BIO/Ib
IIPaBOBUHTOBOM W/IH JIeBOBUHTOBOM JHK-opyUramu criu-
PIM C LIaroM CIHpaJd B 57 HM, IIOC/Ie 4ero KpyroBor
OMXPOH3M H3MepsUIcsi B 00beMHOM obpaslie, comepsKa-
IeM TaKkye CIIHpPaJIbHbIe KOMIUIEKCH. BBIJIO IIOKa3aHo,
YTO CBeT C [IPABOK KPYrOBOK MO/IIPU3aLlKel 3HAUUTeIbHO
CUJIbHEE II0IVIONIAeTCs IIPABOBMHTOBBIMM I1/1a3MOHHBIMH
HaHOCTPYKTypaMHU M, HaobOpOT, ITOCKOJIBKY ILIA3MOH-
Hble HaHOYACTHLBI, PACIIOIOKEHHBIE I10 CIIMPaIM, OKa-
3BIBAIOTCSL CBSI3aHBI B3aMMOMEMCTBHEM HMX OMMKHHX
IoJIed, B pe3y/bTaTe 4ero MX ONTHYeCKHI OTBeT IIPHU-
obpeTaer crelUUHOCTb, MTapaMeTpPbl KOTOPOH MOYKHO

near fields. This results in their optical response acquir-
ing specificity, the parameters of which can be regulated
by changing the geometry of the particles, allowing such
environments to be used as levo- or dextro-rotatory.

Furthermore, rational engineering of DNA-origami
opens up the possibility of controlled changes in the
geometric configuration of the assembly over time in
response to external stimuli (dynamic DNA-origami [15]).
In the context of plasmonics, this dynamic effect can
be used to change the optical properties of plasmonic
nanoparticles attached to DNA-origami. In practice, cir-
cular dichroism measurement, sensitive to small devia-
tions from symmetry in the arrangement of even small
nanoparticles, is commonly used [16]. For example, in
work [11] (Fig. 1g), a configuration of two crossed nanow-
ires (length 35 nm, diameter 10 nm) is implemented, one
of which can take fixed steps (every 7 nm) along the axis
of the other in response to the addition of specific control
oligonucleotides to the solution. In work [12], the geom-
etry of nanoobjects changed in response to light exposure
(Fig. 7h), leading to reversible cis-trans isomerization of
photoactive azobenzene molecules linking two parts of
DNA origami, thereby changing the angle between the
gold nanowires attached to the origami.

CONCLUSION

DNA origami structures have revolutionized photon-
ics with their versatile applications. By leveraging the
unique properties of DNA for precise control, this cut-
ting-edge method enables the creation of nanostructures
with predetermined shapes and sizes [17-28]. Meeting the
growing demand for innovative solutions in plasmonics
and photonics, this technology paves the way for develop-
ing nanoscale devices capable of manipulating light fields
on a minuscule level. From advanced receivers and light
signal enhancers to nanoantennae and optically active
media, the possibilities are vast [20-28]. Despite its intri-
cate design process, this technology holds the promise of
being easy-scalable as it relies on adaptable “wet” chemi-
cal synthesis methods [2].
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perynupoBath, MeHsSs IeOMETPHIO YaCTHI, TaK YTO
TaKHe Cpefbl MOXKHO KCIIOIb30BaTh B KayecTBe JIEBO- U
IIPaBOBPALIAIOIIKX.

Haxkoner, paiyvioHanabHast HHKeHepusa JHK-opuramu
OTKPBIBAET BO3MOXKHOCTb KOHTPOJIMPYEMOI0 M3MeHEeHUs
reoMeTpHU4eckor KOHQUIypaluu c6OpKU BO BpeMeHHU
B OTBeT Ha BHeIlIHee BO3JeHCTBUe (IuHaMuyeckoe JTHK-
opuramu [15]). EcTecTBeHHO, 4TO B MHTepecax ILIa3MO-
HUKH 3TOT JMHAMHUUYeCKUH 3PGeKT MOKHO HCIIONB30-
BaTb [/151 H3MeHeHH s OITHYeCKHX CBOCTB IIa3MOHHBIX
HAHOYACTHUI[, IIpUKpeIvieHHbX K JHK-opuramu. Ha
IIPaKTUKe [ eMOHCTPALIUK I10H00HBIX 3GdeKTOB Hau-
bolee 4acToO HCIIONB3YeTCs M3MepeHHe KPYroBOIo AMX-
por3Ma, YYBCTBUTE/IBHOIO K MaJIbIM OTKIOHEHHSM OT
CHMMeTPUH B PACIIONOXKEHHH [Jake HeOOIBbIIMX HaHO-
vacrur (16]. Hampumep, B pabote [11] (puc. 1g) peanwso-
BaHa KOHQUIypaLvs ABYX CKPeIIeHHBIX HaHOIIPOBOJIOK
(mnuHa 35 HM, AxameTp 10 HM), offHa U3 KOTOPBIX MOKeT
nenath QUKCUPOBAHHbIE MIary (110 7 HM) BAOIb OCH [Ipy-
roil B OTBeT Ha JlobaB/ieHHe B PacTBOP OIpefe/leHHbIX
YIPaBISIONIMX ONUTOHYKIeOTHI0B. B pabote [12] reo-
MeTpHsI HaHOOOBEKTOB MEHSUIACh B OTBET Ha CBETOBOE
Bo3gericTBre (puc. 1h), KoTopoe mpuBommiIO K obpaTh-
MOM LHC-TPaHC H30MepHU3allid (OTOAKTHUBHBIX MoOJle-
KyJI a300eH3071a, CKpeIUISBIIKX ABe yacTu [JHK-opuramu,
B pesynabTaTe Yero M3MEHSJICA Yrol MEXKAY 30/I0TBIMHU
HaHOITPOBOJIOKAMH, 3aKPeIIeHHBIMH Ha OPUIaMHU.

3AK/TIIOYEHUE

Camocobuparonyecs CTpyKTypbl Ha ocHoBe [JHK opuramu
HaxoJAT IIMPOKOe IIpUMeHeHHe B OTOHHKe. biarogaps
CBOEH YIIPaB/IsIeMOCTH, OCHOBAaHHOM Ha HCIIOIb30BaHUU
cBorcTB JHK, 5TOT MeTox, CHHTe3a HAaHOCTPYKTYP Hapsiay
C TPaAULIMOHHBIMHU [17-28] MOXKeT MpemIoKUTh CO3[a-
HHe HAHOCTPYKTyp C IIPOTHO3HpyeMOM Mopdooruemn
Y pa3sMepoM, 4TO KpalkiHe BOCTpebOOBAaHO ISl pelleHHs
aKTyaJIbHOM 3a/lauM II0 Pa3paboTKe 37eMeHTHOM 6a3sbl
IIJIA3MOHMKYA M QOTOHHKM: CO3AAHUS HaHOPa3MePHBIX
YCTPOKCTB M/IM KOMIIOHEHTOB (MM Aaxke IIaTGopM Ha
UX OCHOBe), CIIOCOOHBIX MAaHMIIYJIHPOBaTh CBETOBBIM
IoJIeM Ha HaHOMACIITabax, TAKKUX KaK IIPUEMHHUKH, YCH-
JIMTeIM CBETOBOIO CHMIHa/la, HaHOAHTEHHHI, (oToped-
PakTHUBHBIE 3/IEMEHTHI, ONTHYECKH aKTHBHBIE HaHOpa3-
MepHbIe Cpefibl, HAHOCBETOBO/bI, MaCIITabHbIe THHENKHU
IJIs. HAaHOCKOIIMHM KM MHOTHe Jpyrue, Hampumep, [20-
28]. BaKHO OTMeETHUTbH, YTO PACCMOTPEHHASI TEXHOJIO-
IHsl, JOCTaTOYHO TPyZOeMKasi Ha 3Talle MPOeKTHPOBKU,
B [IOC/IE[yIOIeM JIErKO MacIITabrpyema, IIOCKOIBKY OITH-
paeTcs Ha «MOKPBIF» XMMHUYECKUI CUHTe3 [2].
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