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OpfHOM U3 KNoYeBbIX 3a4a4 COBpeMeHHOM
¢oTOHUKM ABNSeTCH paspaboTka MeTo40B
3KOHOMMUYECcKN 3pPEeKTUBHOro CUHTE3a
HAHOCTPYKTYP C 3aaHHbIM XUMUYECKUM
coctaBoMm U Mmopdonoruen. Hapaay

C TpPagULUMNOHHbIMU MeToaamMmun CVD,
3NUTaKCUu, nntTorpadumn, nasepHom

neyaTtu n abnaumm, KONJNOULHOro

N 3/1eKTPOXMMUYECKOro CUMHTEe3a, B nocaegHune
rogbl CTpeMuTesibHO HabupaeT NONyNAPHOCTb
meTtoa AHK-opuramu. B cTaTbe onucaHbl
NpUHUUNDbI, Nexalime B ocHose metopa AHK-
opuramu, a Takxe npuBepeHbl HeKoTopble
npumMepbl ero NpuMeHeHus.
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BBEAEHUE

B SMOHCKOM Ky/IbType LieHTPa/IbHOe MeCTO 3aHH-
MaeT 6OrHHS-COMHIIe AMATIpacy, KOTOpasi, COIJIAaCHO
OpeBHUM IIpe/ICTAaB/JIeHUSIM, IIPUHOCHUT JIOASM He
TOJIBKO CBET U KH3Hb, HO U 06ydyaeT UX MHOTHM yMe-
HUSIM, B TOM YHC/Ie YMEHHUIO U3rOTOBIeHHS OyMaru.
9TO0 yMeHHe uepe3 OJMUH ILIar AacT Ha4daJIo «OpPHU-
raMH» - HCKYCCTBY CK/IaIbIBaTh Oymary, He HapymIas
ee 11eJIbHOCTH. IIpH 3TOM He CJIy4alHO, YTO HMEHHO
6OrMHS-COMHIIe MPEeNoJHOCUT 3TOT Aap: 3THM CHM-
BOJIM3UPYeTCs CIOCOOHOCTh CBeTa K TpaHcdopma-
LMK, - TeIUIO M CBeT JAIOT JKU3Hb JIepeBy, HepeBo
CTaHOBHUTCA OymMaron (MMeHHO II03TOMY B TpPajHu-
LIMOHHOM OpHIaMH ee Hesb3s paspes3aTs), Oymary
K€ MOKHO IIPeBPaTHUTb 0OpaTHO B TeIUIO U CBeT
IIPA IIOMOIIM OTHSI. FIHTepecHO, 4TO COBpeMeHHBbIe
HCCIeIOBAaHUS MOTYT H CIIyCTS BeKa IIpHUepPKH-
BaThCS ITOXOXKEro CIOKeTa, TOJIBKO Terepb MbI IOBO-
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One of the key issues of modern photonics is the
development of methods for the cost-efficient
nanostructure synthesis with a given chemical
composition and morphology. In recent years, the
DNA origami method has been rapidly gaining
popularity along with the conventional methods
of CVD, epitaxy, lithography, laser printing

and ablation, colloidal and electrochemical
synthesis. The article describes the principles of
DNA origami and provides some examples of its
applications.
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INTRODUCTION
In Japanese culture, a central place is occupied by the
sun goddess Amaterasu who, according to the ancient
beliefs, provides people not only with the light and
life, but also teaches them many skills, including the
ability to make paper. In one step, this skill will give
rise to origami, the art of folding paper without com-
promising its integrity. It is no coincidence that the
sun goddess gives this gift: it symbolizes the ability of
light to transform. The heat and light give life to a tree,
the tree is transformed into paper (that is why it cannot
be cut in traditional origami), the paper can be turned
back into heat and light using the fire. It is interesting
that even centuries later the modern research can fol-
low a similar procedure. However, now we are talking
about molecular origami, where a DNA molecule is
folded instead of paper, while creating nanostructures
of arbitrary shape, capable of transforming light fields
on a controlled basis, thereby offering possibilities for
its application in photonics.

During the period of time devoted to the study of
nanosized materials, a wide variety of practices for
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PUM O MOJIEKY/ISIPHOM OPHUTaMHU, Ilie BMeCTo bymaru
CKIaAbIBaeTcs Mojiekyna JHK, co3maBass HAaHOCTPYK-
TYpbl IIPOM3BOTIBHON GOPMBI, CIIOCOOHBIE KOHTPOIH-
pyemo npeobpa3oBbIBaTh CBeTOBBIE I107ISI, OTKpPhIBas
3TUM 6oraTsle BO3MOSKHOCTH [/ISl HCIIOTB30BAHMUS
B GOTOHUKeE.

3a BpeMsi, IOCBSIIeHHOE HCC/IeJOBAaHUIO HaHO-
pa3sMepHBIX MaTepHaJIoB, CPOPMHpOBalach camas
pasHoobpasHas MpaKTHKa HUX co3faHus (1, 2], OTKpHI-
Basi HOBble QU3MYeCKHEe 3aKOHOMEPHOCTH U IIpU-
noxkeHus: (cM., HaIp., HalpaBleHHe (QOTOHUKH
I10JIyIIPOBOJHUKOBBIX KBAHTOBBIX Touek [3, 4]). Tak,
HeKOTOpble Hauboslee HHTepecHble MeTOHBl CO37a-
HHUS HAHOCTPYKTYP BK/IIOYAIOT: OCaKIeHHe Belle-
CTBa M3 rasoBod ¢assl [5], MoIeKyJIsIpHO-Ty4deBYIO
3MMUTAKCUIO [6], 3IeKTPOHHO-Jy4eBYI JIMTOIpPa-
¢uto [7], KOMOMHALIMIO 3TIUTAKCUU U 3JIeKTPOHHOH
nurtorpaduu [8, 9], doroHaHOMUTOrpaduio [10],
mpsiMoe J1azepHoe ImHcbMo [11], yasepHyro abms-
uuio [12], obparHsii STED [13, 14], doromonume-
pusanuo [15, 16], aTomHyr0 Kamepy Ob6ckypa [17],
ONTHYEeCKHUH NOHUHIET [18, 19], TeMIUJIATHBIM CHH-
Te3 [20], 3/1eKTPOXMMHUYECKUI CHHTe3 B IIOPHUCTHIX
CTPYKTypax (Imopax TpeKoBbIX MeM6paH) [21-23], ko~
JIOUAHBINA CUHTe3 [24], KOJJIOUIHBIE CUHTE3 B SKUIKO-
KPUCTA/UINYecKol Me3odase [25], camocbopky [26, 27],
7a3epHO-CTUMY/JIHPOBAHHBIM POCT B CBEPXTeKydeM
renuu [28].

YacTp M3 IepedHCIeHHBIX MEeTOJO0B HCIIONb3YIOT
IIOJXO/, 3aKIOYAIIIUNICI B H3MeIb4eHHH 60Jb-
IIMX 3arOTOBOK (IIOAXOJ, CBepXy-BHH3), YaCTb — POCT
HAaHOCTPYKTYp H3 aTOMOB M KJIacTepoB (IIOAXO[,
CHHU3y-BBepx). Meron [JHK-opuUraMu OTHOCHUTCH
K Ioc/lefHeld KaTeropud. OH OCHOBBIBaeTCS Ha
MCIOab30BaHUK JHK-MoJIeKy1 [Jis KOHTPOJIUPY-
eMol COOpPKH HAHOCTPYKTYp IIPaKTHYeCKH 000U
GOpMBI C BBICOKOM IIOBTOPSIEMOCTBIO KM TOUHOCTBIO
M IpeAronaraeT BO3MOXKHOCTb aJpecHOro obpaiie-
HUS K n11060My 3nemeHTy [JHK-HAaHOCTPYKTYPHI IJIst
nocaenyouer MogepHU3aluu [29-31].

I[ToceHMe rofbl 03HAMEeHOBAIKCh OyPHBIM POCTOM
HHTepeca K TexHUKe [JHK-opuramu (puc. 1) B cBs3U
C BBICOYAHMIIMM IIOTEHIHAJIOM OAaHHOM TeXHHKH
B Pa3JIMUHBIX IIPUIOKEHUSX, B T.4. UHCTPyMeHTax
1 MeToax POTOHHKH. [JaHHBIN 0030p MpeicTaBIsieT
coboll BBemeHHe B OCHOBBI MeETOIa JHK-opuraMu:
B HeM KODOTKO PacCMaTpHBaeTCs MPHUPOJA K CTpoe-
Hue [JHK ¢ MOIeKy/IsIpHON TOUKH 3peHHUsi, obcyskaa-
I0TCS NPHUHIIUIIBI, JIekalllde B OCHOBe MCIIOIb30Ba-
HHS CBOMCTB Mosiekynl JHK [ KOHTPOIHPyeMOro
[NPUIAHUS UM reoMeTpU4eckor GOpMBI Ha HaHOY-
POBHe, a Takoke IPHUBOJITCSI HEKOTOpble IIPHMepPH
IIpUMeHeHHs TeXHomoruu JJHK-opuramu.
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their development have emerged [1, 2], while open-
ing up new physical principles and applications (see,
for example, photonics of semiconductor quantum
dots [3, 4]). Thus, some of the most interesting nano-
structure establishment methods include the fol-
lowing: vapor-phase deposition [5], molecular beam
epitaxy [6], electron beam lithography [7], a combina-
tion of epitaxy and electron lithography [8, 9], photo-
nanolithography [10], direct laser writing [11], laser
ablation [12], reverse STED [13, 14], photopolymer-
ization [15, 16], atomic camera-obscura [17], optical
tweezers [18, 19], template synthesis [20], electrochem-
ical synthesis in the porous structures (pores of track-
etched membranes) [21-23], colloidal synthesis [24],
colloidal synthesis in the liquid crystal mesophase [25],
self-assembly [26, 27], laser-enhanced growth in super-
fluid helium [28].

Some of the listed methods apply the approach of
grinding large workpieces (top-down approach), while
others use the growth of nanostructures from atoms
and clusters (bottom-up approach). The DNA origami
method falls into the latter category. It is based on the
use of DNA molecules for the controlled nanostructure
assembly with almost any shape with high repeat-
ability and accuracy, and assumes the possible target-
ing of any DNA nanostructure element for subsequent
modernization [29-31].

Recent years have been marked by a rapid growth of
interest in the DNA origami method (Fig. 1) due to the
highest potential of this technique in various applica-
tions including the photonics tools and methods. This
review provides an introduction to the fundamentals of
DNA origami. The article briefly considers a nature of
DNA and its structure from a molecular point of view;
it also discusses principles underlying the use of the
DNA molecule properties to control its geometric shape
at the nanoscale; and it provides some examples of the
DNA origami applications.

1. MOLECULAR STRUCTURE OF DNA:
COMPLEMENTARITY PRINCIPLE

The DNA molecule (Fig. 1a) is a natural biopolymer,

each link of which (nucleotide) consists of a nitrog-

enous base and a phosphoric acid residue (phosphate

group), connected by the deoxyribose sugar.

Individual nucleotides are able to combine into the
longer molecules due to the fact that deoxyribose can
place two phosphate groups on different sides (on the
side of 3’ and 5’ carbon in Figure 1), so that the neigh-
boring nucleotides can be located on top of each other
providing a basis for the chains. If the chains consist of
only a few nucleotides, then the compounds are called
oligonucleotides; if the chains consist of many nucleo-
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1. MOJIEKYJIAPHOE
CTPOEHMUE AHK:MPUHLUWAI
KOMIMJIEMEHTAPHOCTU

Monekyna JHK (puc. 1a) mpezacTasiseT cobor IIPUPOA-
HBIM OHOIONHMep, KaKmoe 3BEeHO KOTOporo (HyKie-
OTHJ) COCTOMT K3 a30THCTOTO OCHOBAHHUS KM OCTATKa
docdopHor KHCIOTH (HoCPaTHOM TPYIIIEI), COENH-
HEeHHBIX C [IOMOIIIBIO Caxapa [e30KCHPUOO3EI.

OTxenbHbIe HYKIEOTHIBI CIIOCOOHBI 06beIUHATHCS
Opyr ¢ OpyroMm B 6ojee MIMHHBIE MOJIEKY/IBI 3a CUET
TOTO, YTO He30KCHpH603a MOKeT Pa3MeCTUTh C pa3-
HBIX CTOPOH OT cebst (co cTopoHBI 3’ 1 5’ yrieposa Ha
pucyHKe 1) nBe docPaTHBIX TPYIIIbI, TaK YTO COCEJ-
HHe HYKJIEeOTHJbl MOTYT PacCIONIOXKUTBCS APYr Hal
nopyrom, obpasys Lemouykd. ECIH I1eIOYKH COCTOSIT
BCEro M3 HeCKOJIbKUX HYKIEOTHIOB, TO COeHMHEeHMUSs
Ha3bIBAIOTCSI OJMIOHYKJIEOTHAAMH; €eCIH U3 MHO-
TUX - IOJTHHYK/IEOTHIAMH HJIH HYKI€HMHOBBIMHU
KHUCTIOTaMH.

[JisT manbpHeHNIIero BaKHO OTMETHUTb, UTO BCS
LIe[I0YKa B BOJHOM pacTBOpe NpPHUHHMaeT BUJ, CIIH-

tides, such compounds are called polynucleotides or
nucleic acids.

For further purposes, it is important to note that the
entire chain in an aqueous solution takes the form of
a helix, in which the nitrogenous bases are closer to
the helix axis and are located above each other with
a slight twiststabilizing the molecule along the chain
by the so-called n-mt interaction. The phosphate groups
remain at the helix periphery. Under physiological
conditions (pH~7.4) they lose hydrogen cation becom-
ing negatively charged which stabilizes the DNA helix
in the direction perpendicular to the chain.

Each human cell capable of cell division contains
about 2 meters of DNA, tightly packed into a nucleus
with the dimensions of ~10 pm. DNA is present in most
living cells for a certain reason: this molecule acts as
an instruction for protein assembly from amino acids,
encoding this information in the form of a sequence of
nitrogenous bases that are included in the DNA nucleo-
tides. The specific interaction of bases allows the cell
to copy its DNA strand for transmission to a daughter
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Fig. 1. Dynamics of publication activities in the field of DNA origami (number of publications by year, in accordance with the
Google Scholar open database). Insert: (a) Molecular structure of a double-stranded DNA region consisting of two nucleotide
pairs; (b) various interaction options of 4-base-long oligonucleotides; (c) DNA double-stranded helix geometry
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pasiv, B KOTOPOH a30THCThIe OCHOBAHMS OKa3bIBAIOTCS
O/1MKe K OCH CIIMPAaTd W PACIIONATaloTcsl APYr Hap
OpyromM C HebONBHIMM I10BOPOTOM, CTabHIH3UPYs
MOJIeKY/1y BHOJb LIeIM TaK Ha3blBA€MBIM TI-Tl B3au-
MopeHcTBHeM. Ha meprdepHu CIHUPaIM OCTAOTCS
dochaTHbBIe TPYHIIBI, KOTOPEE B QHU3MOIOIMYECKUX
ycrnoBusx (pH=~7,4) TepsitoT Bogopoz B opMme KaTHOHaA,
3apsDKasCh IIPU 9TOM OTPHLIATENIbHO, YTO CTAOHIHU3H-
pyet crupans JHK B HallpaB/ieHUH, [IePIIeHIUKY/ISAP-
HOM LIeIIH.

Kakmast criocobHast K [IeIeHHUI0 KIeTKa deloBeKa
COIEPSKUT B OOIIEH CIOKHOCTU OKOIO 2 MeTpoB JHK,
IIJIOTHO yIIaKOBAaHHOM B s1po pa3mepoM ~10 Mxkm. JTHK
IIPUCYTCTBYeT B OOJBLIEN YacTH SKUBBIX KJIETOK He
CIy4arHO: 3Ta MOJIeKy/Ia BBIIIOJNHSIET POIb MHCTPYK-
LIUH 110 cbopKke 6€KOB M3 aMHUHOKHUCIOT, KOAUPYS 3Ty
MHPOPMALIMIO B BHE II0CIeH0BATEIIbHOCTU a30TH-
CTBIX OCHOBAaHHM, BXOASIIMX B COCTaB HYK/IEOTHAOB
IOHK. Crenuduyeckoe B3aMMOIEKCTBHE OCHOBAHUH
IPYyr C APYrOM II03BOJIsSeT KJIeTKe KOIIMPOBATh CBOIO
ternouky JHK mis mepemayu modepHer KiaeTke. ITO
K€ B3aHMMOJEHCTBUE JIeKUT B OCHOBe Meroma JHK-
OpUTaMH U II03TOMY 3aC/TykKuBaeT 6osee rmogpobHOro
OIIMCaHUS.

Kaxkaplsi HYKIeoTHUA (CTPYKTypHOe 3BEeHO Lelu
JHK) comepsKUT OIHO K3 4eTblpeX a30TUCTBIX OCHO-
BaHUM: AneHUH (A), Tumun (T), T'yanulH (C) unu
Luto3uH (C). BBuAy 0coboro CTpoeHHUsI 3THX MoJjle-
Kya1 (puc. 1a), a30THCTble OCHOBAaHHS 3PPeKTHBHO
B3aMMOJEUCTBYIOT APYr C APYroM TOJIBKO IIOIAapHO:
napa G-C obpasyeT TPOKHYIO BOLOPOAHYIO CBSI3b, IIapa
A-T - pBomHywo (puc. 1b). M3-3a sToro crmenuduue-
CKOTO B3aMMOJEMNCTBUS, TaK Ha3bIBAeMOI'O «IIPHUH-
LIMIIa KOMIIEMEHTAapPHOCTH”, ABa y4acTKa JHK moryT
py CONMDKEeHUU COeTHUHUTLCS APYT C IPYyrom U obpa-
30BaTh CBA3aHHYIO [IBYLIEIIOUEYHYIO CTPYKTYPY TOJIBKO
TOTa, KOTZA B Y4aCTKe HAIIPOTUB OKa’KYTCs IIOAXO/s-
mre OYKBEI.

Tak, OJIMTCOHYK/IEOTHH, cocTaBa AAAA COeOUHHTCS
¢ onuroHykneotusoMm TTTT, IIOCKOJIBKY B TaKOM CIIy-
Jae KaK[I0e OCHOBAaHMeE CBSKET CBOI KOMIIJIeMeHTap-
HyIO Iapy, obpasysl y4aCTOK ABYIIIOYeYHOM CIIH-
panu u3 4 3BeHpeB. Onuronywieorun TTITG 6ymer
CBSI3aH OJIMTOHYKJIeOTHAOM AAAA Ha 3/4, IOCKOJIBKY
ONHOMN IIapbl He BO3HUKHeT. IIpH 3TOM HeIlapHEBIe
3BeHbsI A U G OCTaHYTCSl B YaCTUYHO CBOOOHOM COCTO-
SIHUH B PacTBOpe, B3aHMOJEHCTBYsI ¢ Bogoi (pHc. 1b).
B cnyuae TTGGC obpasyercs Tombko 2/4 cBsized. s
TGGG - 1/4. Ecu ke BTOPOU OJIMTOHYKJIEOTH/[] COBCEM
He HMMeeT KOMIIJIeMeHTAapHBIX OCHOBAaHHM (HaIlpH-
Mep, AAAA wmnu CCCC) - B3aHMMOZEHCTBHS, CII0COD-
HOT'0 KOHKYPHUPOBATb I10 3HEPrHH CBI3U C BOIOU, He
OyzeT - Llero4uKa He obpasyeTcs.
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cell. The same interaction underlies the DNA ori-
gami method and therefore deserves a more detailed
description.

Each nucleotide (building block of the DNA chain)
contains one of four nitrogenous bases: Adenine (A),
Thymine (T), Guanine (C) or Cytosine (C). Due to the
special structure of these molecules (Fig. 1a), the
nitrogenous bases efficiently interact with each other
only in pairs: the G-C pair generates a triple hydrogen
bond, the A-T pair generates a double one (Fig. 1b).
Due to this specific interaction, the so-called “com-
plementarity principle”, two DNA sections can con-
nect when approaching each other and form a linked
double-stranded structure only when the suitable let-
ters appear in the opposite section.

Thus an AAAA oligonucleotide will combine with
a TTTT oligonucleotide, since in this case each base
will bind its complementary pair, generating a double-
stranded helix section consisting of 4 links. The TTTG
oligonucleotide will be 3/4 bound by the AAAA oligonu-
cleotide since one pair will not be formed. In this case
the unpaired links A and G will remain in a partially
free state in the solution (“sticky ends”), while inter-
acting with water (Fig. 1b). In the case of TTGG, only
2/4 of the bonds are formed, in the case of TGGG -1/4
bonds. If the second oligonucleotide does not have any
complementary bases (for example, AAAA or CCCC),
there will be no interaction that can compete in bond
energy with water, therefore, the chain will not be
formed.

In practice two more circumstances need to be
considered: 1) the hydrogen bonds have a cooperative
effect: each subsequent one is formed easier than the
previous (the bond energy depends on the number of
links in a nonlinear way); 2) the environmental ther-
mal influence tends to break the bonds: with a gradual
increase in temperature, the weakest double-stranded
pair AAAA - TGGG will be separated (“melted”) first,
and the AAAA - TTTT pair will be the last one. Thus,
a properly chosen thermal treatment provides the basis
of the DNA origami self-assembly process.

It is necessary to pay attention to one more feature
of the DNA molecular structure: if one observes the
bond order inside the complementary DNA chains, he
could notice that they alternate in different ways, as if
one of them was ascending (from the 3’ sugar atom to
the 5), and the second was descending (from 5’ to 3’).
This is due to deoxyribose asymmetry: the detached 5’
carbon is located only on one side. The biological pro-
cesses in cells involving DNA have a certain direction
(for example, the enzymatic DNA synthesis in a cell
proceeds from 5’ to 3’). The DNA origami simulation
and assembly processes must also consider the direc-
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Ha mpakTHKe HY>KHO YUYHTBIBATh ellle ABa 00CTO-
ATeNbCTBAa: 1) y BOLOPOAHBIX CBSI3€l eCThb KOOIlepa-
TUBHBIN 3QdeKT - Kaxknas ciefymomas obpasyercs
jerde npeaplayner (3Heprus CBSI3M 3aBUCUT OT KOJIH-
YyeCTBa 3BEHBbEB HEIHHENHO); 2) TeIIOBOe BIHSIHME
Cpelbl CTPEMMTCS Pa3opBaTh CBA3H: IPU IIJIABHOM
[IOBBIIIEHU M TeMIIePaTyphl IIePBOM pa3onpercs («pac-
IIaBUTCS») Haubosee c1abo CBSI3aHHBIN JABYyLieIIodey-
HBIN PparmMeHT AAAA-TGGG, nociegHUM — GparMeHT
AAAA-TTTT. IlpaBuIbHO T0f06PaHHOE TEIJIOBOE BO3-
IeHCTBHe COCTAaBIISeT OCHOBY ITpoliecca CaMoCOOpKH
IOHK-opuramu.

CiremyeT 06paTHUTh BHUMaHUe ellle Ha OHY ocobeH-
HOCTb CTpOeHH st MoJieKybl JHK: ecniu npoHabnonaTh
32 MOPSAKOM CBSI3eM B KOMIIJIEMEeHTapHBIX ILe[od-
kax IOHK, MOXHO 3aMeTHTb, YTO OHH YepemyrTcs
I10-Pa3HOMY, Kak ec/u 6bI 0ffHa M3 HUX ObLIa BOCXOIS-
et (oT 3’ aToMa caxapa K 5’), a BTOpasi HUCXOASIIEH
(or 5 K 3). Tak I10JIy4aeTcs HM3-3a TOro, YTO Je30K-
cupubo3a He CHMMeTpPHYHA — OTCTOSIIUI yriepon, 5
ecTh TOJIBKO C OLHOM CTOPOHBI. BHONIOrHMYecKkHe Ipo-
LIeCChI B KJIeTKaX C y4yactueM JHK MMeIT onipeneieH-
HYI0 HaIlpaB/AeHHOCTb (HanipuMep, GepMeHTaTHBHBIN
cunte3 IHK B ki1eTke unet ot 5’ K 3’). [Iporeccel Moze-
nupoBaHUs U cbopku JHK-opHUraMHU TaK ke TOJIKHBI
YUUTBIBATh HaIlPaB/II€HHOCTb, [/Is1 9TOT0 KOHeLl 3’ IIpH-
HATO 0603Ha4YaTh Ha CXeMax CTPEe/IKOH.

HakoHer, o6bmue reoMeTpu4yecKHe Iapame-
Tphl Lernouku JHK mpexcraBaeHbl Ha puc. lc. OHU
BaJKHBI HaM, IIOCKOJIBKY 3aJal0T GyHOAAMeHTaIbHbIe
OrPaHHUYEHHs Ha TOYHOCTh COOPKH IIPU HCIIONB30-
BaHuMU MeToma HHK-opuramu. PaccTossHHe MeEXKAY
COCEIHUMM a30THCTBIMM OCHOBAHHSAMM B LEIIOYKe
~0.34 HM, TIOJIHBIM XOJ CIIMPJIK COOTBETCTBYeT ~10,67
I1apaM OCHOBaHHH, ee THAMETP COCTaBIISIEeT ~2 HM.

2. MNPUHUWUNMWUAJIbHbIE MOAXOAbI
K CBOPKE AHK-OPUT'AMWA

B mepBeix paborax 1o wucmonp3oBaHHi0 JHK-
HAHOTEXHONOTHUH [32] OBLIO IPEAJIOSKEHO UCIIONb-
30BaTh TaK Ha3blBaeMble CTPYKTYphl XoJUIHIes,
IIpefCTaBisione cobol KOPOTKHE YaCTHYHO KOM-
IIJIeMeHTapHble OJIMTOHYK/IEOTH[bl, CIIOCOOHEBIe
3a c4eT CBOOOJHBIX KOHIIOB 0OPa30BBIBaTh PeIIEeTKY
(puc. 2a, b). HecmoTpst Ha pa3Hoobpasve peIleToK,
KOTOpbIe MOKHO II0JIy4aTh TaKUM CII0COOOM, MeETO[
oKasajcs He 3QPeKTHBHBIM M BCKOpe YCTYIM/I OKa-
3aBLIEMYCS PeBOIOLMOHHBIM IIOAXOAY, IIPeIJIOsKeH-
HOMY Rothemund [33], B KOTOPOM JIMHHAsSI OJHOLe-
noueunas JHK (ckabdosng wim KapKacHasi MOJIeKysIa)
CBOpPauYMBaJICA B PacTBOpe IPH IOMOIIHU CIIeLHaTbHO
110106paHHBIX KOPOTKHUX OJTUTOHYK/IEOTH/IOB, BBIIIO-
HSIOMUX QYHKIHIO CKpenoK (puc. 2c). CeromHs
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tional properties; for this purpose, the 3’ end is usually
designated in the layouts by an arrow.

Finally, the general geometric parameters of the
DNA chain are given in Fig. 1lc. They are important
to us since they set fundamental restrictions on the
assembly accuracy when using the DNA origami
method. The distance between neighboring nitrog-
enous bases in the chain is ~0.34 nm, the full helix
pitch distance corresponds to ~10.67 base pairs, and its
diameter is ~2 nm.

Puc. 2. [lea nodxoda k cbopke JHK-opuzamu. Vicnonb3osaHue
cmpykmyp Xoaaudes das nocmpoeHus 2D: a) npsimoy20AbHOL
u b) comosoli pewemok; c) dpyzoli N0dx0d — UCNoAb308aHUe
dAUHHO20 ckagdoada (cuHul, NOKA3aH MOAbKO HeboAbLLOL
Y4acmok) U CKpenAsioU4UX e20 8 HyXkKHbIX Mecmax 0AU2OHYKAeo-
mudos (3eaeHblll, KpacHbil)

Fig. 2. Two approaches to the DNA origami assembly. Applica-
tion of the Holliday structures to prepare 2D DNA origami:

(a) rectangular and (b) honeycomb lattices; as well as another
approach (c) using a long scaffold (blue, only a small part is
shown) with oligonucleotide staples (green, red) fastening it in
the required positions
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bonpliasi 4acTb paboT OCHOBBIBAeTCS Ha IpHMeHe-
HHH 5TOTO METOAa, a B KayecTBe cKadpdonma dvaiie
BCero BhIOHparT onHoLemnodeuHyo [JHK 6akTepu-
opara m8mhi3, cocTosmyIo U3 ~7250 HYK/IEOTHIOB.
B KayecTBe CKpPEIIOK HCIIOIb3YIOTCS CHHTeTHYEeCKHe
OJIMTOHYK/IEOTHbl [IJHHOK B HECKOJIbKO IeCSTKOB
HYKJIEOTHU/IOB.

OcHoBHas upes 2D-opuraMu camocbopKkU B IIOA-
xome Rothemund (pumc. 3a) 3aknod4anace B ClIeny-
IOIeM: IIOCKOJBKY CKaddoss mpencraBisieT cobom
omHoLeIoveuyHyo crupans JHK ¢ xomom B 10,67 ocHO-
BaHMH, KakJoe a30THCTOe OCHOBaHHE II0BEPHYTO
OTHOCHUTE/ILHO IMpefbiaymero Ha 360/10,67~33,73°.
3HaYMT, Kakzoe 16-e OCHOBaHHE IIO IIOPALKY
OyZeT depeoBaTh HaIlpaBlIeHHUS BBEPX» KU “BHH3?,
IIOCKOJIBKY 16 3BeHBEB COOTBETCTBYET IIOJMyTOpa 060-
potam crupanu (16-33,73~540°). Takum obpasoM,
eC/TH CIeLiMalTbHO I107006paTh CKPeNnKH TaK, YTOOBI
KX CBOOOIHBIE KOHIIBI IPHUXOJUINCh Ha KKIBIK 16-1
HYK/IeoTH[ cKapdoiga, MMH MOXKHO CBS3aTh Boe-
JOUHO pasHble ero y4acTKH, CBepHYyB cKaddon «3Men-
KOMN» U YIIOKHUB B BUe 2D-c1os1. HeKkoTophle IpUMephl
[I0JIyYAIOIIMXCSA ABYMEPHBIX HAHOCTPYKTYP MOSKHO
YBHUETh Ha pPHC. 4a.

Bckope [34] ¢ ncrionp3oBaHHEeM TOIO Ke IIPHUHIIKIIA
ObUI HalJeH cIriocob BBIXOAA M3 IJIOCKOM 2D reome-
TPUU B TpeTbe H3MepeHHe. [[1s1 3TOro 6bUIO Mpesio-
>KeHO MCIIONb30BaTh KKABIM 7-M HYKJIEOTHJ B CKad-
domnme BMeCcTo Kakioro 16-ro (puc. 3b), uTo mo3BonseT
COeAUHSATE OTAe/IbHbIe YYACTKU CKapPoiia B COTOBYIO
3D-pemieTky ¢ yrinaMu B 120°. Ha ocHOBe COTOBOH
peleTKM MOXKHO [elaTh IIPOYHBIE MOJIeKYJISPHBIE
3D-IHK-opuraMu KOHCTPYKUHH. MeTond IIOJTYYHII
JanbHeHIlee pasBUTHe M CerofHs H3BeCTeH IIOf,
HasBaHHeM MHorocaonHoro JHK-opuramu [31].

Hy>KHO OTMETHTH, YTO pa3pabaThIBAIOTCS U Apyrue
IoAXoAbl K co3maHuio 3D JIHK-opuraMu, Hampumep,
OCHOBaHHbIE Ha MHKeHEPHOM IIPHUHIIUIIe TeHCeIPUTH
(tensional integrity - coemHMHeHHe IyTeM HATSKEHUS),
KOIJla KOHCTPYKIIHS YypaBHOBEIIMBAaeT caMa cebs
BBUJy IPaBH/IBHO IomobpaHHOro 6amaHca 3nemeH-
TOB, paboTAalOUNIMX Ha CKaTHe M PpacTsskeHHe. OKa-
3bIBAETCSI, 3TOT IIOAXOZ, HKCIIO/Nb3YIOIIHICS B apxu-
TekType (3TUM criocoboM ObUI BO3BeleH, HAIIpHMeD,
MocT Kypuima, BpucbeH, ABCTpanusi), MOXKeT OBITH
yCIIeIIHO IepeHeceH Ha JHK-opuraMu HaHOOOBEKTHI.
Hampumep, B pabore [35] mokasaHo, Kak C IIOMO-
B0 TEHCETPUTH KOHCTPYHPOBAHUS MOKHO CIeIaTh
JHK-HaHOIIPU3MEI.

Ceromusa JHK-opuramu - 3TO >KMBasg KU [OHUHa-
MMYHO pa3BHUBaloOLIasics 06/1acThb, Ipesiararonas Bce
HOBBIE IIOAXOOBI M CO3[aloIlasi BCe HOBBIE BO3MOXK-
HOCTH 151 3D-HaHOKOHCTpPyHpoBaHus [36]. Tak, Ha

il 4

16

—

D

o

)

120°

Puc. 3. ianlocmpauy,usi npuHUUNG MHO20CA0LH020
[HK-opuzamu: a) npu ucnonb3o8aHuu Kaxoozo 16-20 HyKAeo-
muda no nopsioky 045 8bixoda U3 ckagpdonda MoXKHO cobpamsp
2D-Aucm [IHK-opuzamu; b) npu UcnoAb308aHuU Kaxxao2o

7-20 HyKAeomuoda MOXKHO noAy4umb 2eomemputo 3D-comosoli
pelwemxku

Fig. 3. lllustration of a multilayer DNA origami principle:

a) a 2D sheet of DNA origami can be assembled using each 16t
nucleotide to exit the scaffold; b) it is possible to obtain the 3D
honeycomb lattice geometry when using each 7t nucleotide
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puc. 4b mpuBeneH mpumep MonekyssipHoro 3D THK-
OpHraMH KOHTeHHepa, KOTOPBIK MOyKeT KOHTPOJIHPY-
eMO OTKPBIBAaThbCSl B OTBET Ha Jl0b6aBleHHe B BOLHBIM
PacTBOp CIeLMaIbHBIX OJMIOHEKIeOTHT0B-KIYel.
Colep>KMMBIM KOHTeHHepa MOKeT OBITh UTO YTOAHO,
HaIlpuMep, GIyopeCLleHTHBIM KPacHTelb HIH JIeKap-
CTBeHHOe cpeficTBO. CaMU BHeIHHe CTeHKH KOHTel-
Hepa MOKHO MOAHUQHUIIMPOBATH, CKaskeM, [Jis TapreT-
HOM /IOCTaBKH, 4TOObI, TakMM 06pa3oM, JOCTABISATH
JIeKapCTBEHHOEe CPeJCTBO, YKPBIBAas €ro OT BO3JeH-
CTBUA cpenbl. Ha puc. 4c mpuBeeH IIPUMEP MOJIEKY-
JISPHOTO KOHCTPYHPOBAaHMS IIPOU3BOIBHOM (QOPMEI,
peas30BaHHBIN NIpU oMoy JHK opuraMu, WIIIO-
CTPUPYIOIIHK HeOrPaHHUYeHHble BO3MOKHOCTH 3TOrO
MeTofJa.

3AKJ/TKOHEHUNE

JHK-opUramMu - 3T0 MeToJ, KOHTPOJIHpYyeMOH MoJle-
KyJISpHOH COOPKU CHH3Y-BBEPX TIeOMEeTPHUYeCKHUX
HaHOKOHCTPYKLIMH, Ka’KABIM 3JIeMeHT B CTPYKType
KOTOPBIX MOKHO aJpeCHO HCII0JIb30BaTh A/ Kperuie-
HUS TPAKTHUYECKH JTI0ObIX XUMHUYEeCKUX areHTOB — OT
MajbpIX MOJIEKY1 KpacuTenel 10 0elKoB U MeTas-
JTUYeCKUX HaHOYaCTHIL[. HaHoMeTpoBass TOYHOCTH
B PacIIO/IOKeHHU HaHOOOBEKTOB M BBICOKAsl BOCIIPO-
M3BOAMMOCTh METOJa OTKPBIBAIOT ABEPH KO MHOMKe-
CTBY IIOTeHLIMAJIBHBIX IPUMEHEeHHH B CaMBIX Pas-
HBIX 00/1acTSIX 3HAHHS. MBI IUIAaHHpyeM pa3BUTb
3TOT Te3HC U PacCKa3aTb O IPaKTHKe paborsl ¢ JHK-
OpHUTaMHM, a TaKKe [I0Ka3aTh, KaK 3TOT METO, IOMO-
raeT B PeIIeHHWH PA3TUYHBIX IIPHUKIAAHBIX U TEOPETH-
YeCcKHX 3aZad B POTOHHKe BO BTOPOH YaCTH JaHHOU
CTaThH.

BJIATOLAAPHOCTHU

PaboTa BBHIIIOTHEHA B PaMKaX TeMbI I'OCyJapCTBEH-
HOro 3aflaHHs MOCKOBCKOTO I1e4AarorH4ecKkoro rocy-
OApCTBeHHOro yHHUBepcuTeTa (MIILY) «®dH3uKka
HAHOCTPYKTYPHPOBaHHBIX MaTePHaOB M BBHICOKOYYB-
CTBUTE/IbHAS CEHCOPHKA: CHHTEe3, QyHIAMeHTaIbHbIe
KCC/IeIOBAHMS U IIPUIOKEHUS B GOTOHHKE, HAyKax
0 SKM3HH, KBAHTOBBIX M HAHOTEXHOJIOTHUSAX? IIPHU IIOJ-
Jep>kke MUHMCTepCTBa IIpocBeleHus PO.
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2. PRINCIPAL APPROACHES TO THE DNA
ORIGAMI ASSEMBLY

In the first papers devoted to the use of DNA nanotech-
nology [32] has been proposed to apply the so-called Hol-
liday junctions representing the short partially comple-
mentary oligonucleotides capable of forming a lattice
due to their sticky ends (Fig. 2a, b). Despite the variety
of lattices that can be obtained in this way, the method
has turned out to be inefficient and soon has given
way to the revolutionary approach proposed by Rothe-
mund [33]. According to this method, the long single-
stranded DNA (“scaffold”) is folded in solution using

Puc. 4. lpumepbl uHmepecHbix JHK-opuzamu koHcmpykuul:
a) 2D-/IHK-opuzamu u3 opuzuHanbHol pabombi Rothemund,
adanmuposaHo ¢ usmMeHeHusmu u3 [33]; b) omkpbigatowiascs
3D-[AHK-opuzamu Kopobka — 00Ha U3 nepabix pabom no oUHa-
muyeckomy JHK-opuzamu, adanmuposaHo ¢ U3MeHeHUsIMuU
u3 [37]; ¢) AHK-opuzamu npou3eonbHoli popmbl, adanmupo-
8aHO U3 pabomol [38], macwmab - 50 Hm

Fig. 4. Examples of interesting DNA origami designs: a) 2D
DNA origami from the original Rothemund paper, adapted
with changes from [33]; b) opening 3D DNA origami box — one
of the first papers devoted to the dynamic DNA origami,
adapted with changes from [35]; c) free-form DNA origami,
adapted from the paper [36], scale bar - 50 nm




1.
12.

20.

21.

22.

23.

24.

25.

S OPTICAL MEASUREMENTS [EGMI

PHOTONICS Russia, 16 (2022) 96-112.

F. Porrati, S. Barth, G. C. Gazzadi, S. Frabboni, 0. M. Volkov, D. Makarov,

M. Huth Site-Selective Chemical Vapor Deposition on Direct-Write 3D
Nanoarchitectures, ACS Nano, 17 (2023) 4704-4715.

C.Tan, ). Chen, X.-J. Wu, H. Zhang Epitaxial growth of hybrid nanostructures,
Nature Reviews Materials, 3 (2018).

X.Wang, X. Dai, H. Wang, ). Wang, Q. Chen, F. Chen, Q.Yi, R. Tang, L. Gao,
L. Ma, C. Wang, X. Wang, G. He, Y. Fei, Y. Guan, B. Zhang, Y. Dai, X. Tu,

L. Zhang, L. Zhang, G. Zou All-Water Etching-Free Electron Beam Lithography
for On-Chip Nanomaterials, ACS Nano, 17 (2023) 4933-4941.

G.N.Gol'tsman, O. Okunev, G. Chulkova, A. Lipatov, A. Semenov,

K. Smirnov, B. Voronov, A. Dzardanov, C. Williams, R. Sobolewski Picosecond
superconducting single-photon optical detector, Applied Physics Letters, 79
(2001) 705-707.

E.L.Shangina, K.V.Smirnov, D.V. Morozov, V.V. Kovalyuk, G. N. Gol'tsman,
A.A.Verevkin, A. 1. Toropov Concentration dependence of the intermediate
frequency bandwidth of submillimeter heterodyne AlGaAs/GaAs nanostructures,
Bulletin of the Russian Academy of Sciences: Physics, 74 (2010) 100-102.

. J. Fan, L. Qian Quantum dot patterning by direct photolithography, Nat

Nanotechnol, 17 (2022) 906-907.

N. Anscombe Direct laser writing, Nature Photonics, 4 (2010) 22-23.

A. Balachandran, S. P. Sreenilayam, K. Madanan, S. Thomas, D. Brabazon
Nanoparticle production via laser ablation synthesis in solution method and
printed electronic application - A brief review, Results in Engineering, 16 (2022).

. R.Zvagelsky, D. Chubich, D. Kolymagin, A. Pisarenko, A. Vitukhnovsky

Fabrication of templates for metallic nanoantennas by STED-DLW
lithography, 2019.

. D.A.Chubich, D.A. Kolymagin, I.A. Kazakov, A. G.Vitukhnovsky Morphology

and Structural Parameters of Three-Dimensional Structures Created Using STED
Nanolithography, Bulletin of the Russian Academy of Sciences: Physics, 82 (2018)
1012-1017.

. Y.E.Begantsova, R. Zvagelsky, E.V. Baranov, D. A. Chubich, Y.V. Chechet,

D.A.Kolymagin, A.V. Pisarenko, A. G.Vitukhnovsky, S.A. Chesnokov
Imidazole-containing photoinitiators for fabrication of sub-micron structures by
3D two-photon polymerization, European Polymer Journal, 145 (2021).

. M.A. lemuna, K. B. Xainaykos, B. B. Pouesa, P.A.Akacos, A. H. lenepanosa,

E. B. XaiipyKkoB TexHonorus uHdpakpacHomn Gotononumepusawmuu, PHOTONICS
Russia, 16 (2022) 600-602.

N.A. lemuna, K. B. Xainaykos, B. B. PoueBa, P.A.Akacos, A. H. leHepanoBa,
E. B. XaipykoB TexHonorns uHdpakpacHon dporononumepusanuum, PHOTONICS
Russia, 16 (2022) 600-602.

V.1.Balykin, P.A.Borisov, V. S. Letokhov, P. N. Melentiev, S. N. Rudnev,
A.P.Cherkun, A. P. Akimenko, P.Y.Apel, V. A. Skuratov Atom “pinhole camera”
with nanometer resolution, JETP Letters, 84 (2006) 466-469.

. 0.M. Marago, P.H.Jones, P.G. Gucciardi, G. Volpe, A. C. Ferrari Optical

trapping and manipulation of nanostructures, Nat Nanotechnol, 8 (2013) 807-
819.

. D.A.Shilkin, E.V. Lyubin, I.V.Soboleva, A. A. Fedyanin Trap position control

in the vicinity of reflecting surfaces in optical tweezers, JETP Letters, 98 (2014)
644-647.

A. Kaur, B. Bajaj, A. Kaushik, A. Saini, D. Sud A review on template assisted
synthesis of multi-functional metal oxide nanostructures: Status and prospects,
Materials Science and Engineering: B, 286 (2022).

P. Apel Track etching technique in membrane technology, Radiation
Measurements, 34 (2001) 559-566.

E.P.Kozhina, S.A.Bedin, N. L. Nechaeva, S. N. Podoynitsyn, V. P. Tarakanov,
S.N.Andreev, Y. V. Grigoriev, A.V. Naumov Ag-Nanowire Bundles with Gap
Hot Spots Synthesized in Track-Etched Membranes as Effective SERS-Substrates,
Applied Sciences, 11 (2021).

E.P.Kozhina, S. N. Andreev, V. P.Tarakanov, S. A. Bedin, I. M. Doludenko,
A.V.Naumov Study of Local Fields of Dendrite Nanostructures in Hot Spots
Formed on SERS-Active Substrates Produced via Template-Assisted Synthesis,
Bulletin of the Russian Academy of Sciences: Physics, 84 (2021) 1465-1468.

D. Huo, M.).Kim, Z. Lyu, Y. Shi, B. ). Wiley, Y. Xia One-Dimensional Metal
Nanostructures: From Colloidal Syntheses to Applications, Chem Rev, 119 (2019)
8972-9073.

K.A.Magaryan, M. A. Mikhailov, K. R. Karimullin, I.A. Vasilieva,

G.V. Klimusheva Temperature dependence of the luminescence spectra of liquid
crystal composites with CdSe quantum dots, Bulletin of the Russian Academy of
Sciences: Physics, 78 (2014) 1336-1340.

Syl 4

the specially selected short oligonucleotides that act as
the staples (Fig. 2c). Currently, most papers are based
on this method, the single-stranded DNA of the bacte-
riophage m8mh13 consisting of ~7250 nucleotides being
the most often scaffold choice. Synthetic oligonucle-
otides with the length of several tens of nucleotides are
used as the staples.

The main 2D-origami assembly concept in the Rothe-
mund’s approach (Fig. 3a) was as follows: since the
scaffold is a single-stranded DNA helix with a length
0f 10.67 bases, each nitrogenous base is rotated relative
to the previous one by 360/10.67 ~ 33.73°. This means
that every 16th base will alternate the “up” and “down”
directions, since 16 links correspond to one and a half
turns of the helix (16*33.73 ~ 540°). Thus, if the staples
are selected so that their free ends fall on every 16th
scaffold nucleotide, they can be used to tie its various
sections, folding the scaffold into a “snake” in a 2D
layer. Some examples of 2D nanostructures thus made
are shown in Fig. 4a.

Over time [34], the same principle was used to exit
from the planar 2D geometry into the third dimension.
To do this, it was proposed to use every 7" nucleotide in
the scaffold instead of every 16 (Fig. 3b) which made
it possible to connect individual scaffold sections into
a honeycomb lattice with the angles of 120°. Based on
the honeycomb lattice stable molecular 3D DNA ori-
gami structures can be made. The method was further
developed and today it is known as a multilayer DNA
origami [31].

It should be noted that other approaches to 3D
DNA origami are being developed. One example is
based on the tensional integrity engineering principle
(“tensegrity”), when the structure is self-stabilized
due to accurately adjusted balance of elements used for
compression and tension. This approach hitherto used
in architecture (see, for example, the Kurilpa Bridge,
Brisbane, Australia) can be successfully transferred to
the DNA origami nanoobjects. For example, in [37] it
is shown that DNA nanoprisms can be made using the
tensegrity design principle.

At present, DNA origami is a living and dynamically
developing area, offering new approaches and creat-
ing new opportunities for 3D nanodesign [38]. Fig 4b
shows an example of 3D DNA origami box which can be
readily opened by an addition of special key oligonucle-
otides. The box can contain whatever one would choose,
examples being fluorescent dyes or drugs. The outer
walls of the box can be modified for targeted delivery
to protect contents from environment. Fig 4c provides
an example of arbitrary-shape molecular design created
with the DNA origami, which can serve as an illustra-
tion of unlimited capabilities of the method.
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KOH®JIMKT MHTEPECOB

ABTOpBI 3aSIBJISIOT, YTO y HUX HeT KOHQIHUKTA UHTe-
pecoB. Bce aBTOpHI IpPUHSIM y4YacTHe B HaIlHca-
HUU CTaTbH U JOIOJHHU/IN PYKOIIMCh B YacCTH CBOEH
paboTsL.

BKJ1IAA YJ1IEHOB ABTOPCKOI'O
KOJINNEKTUBA

CTaThs IOATOTOBIEHA Ha OCHOBe PaboThl BCeX UIEHOB
ABTOPCKOTO KOJUIEKTHBA.
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CONCLUSION

DNA origami is a method of controlled bottom-up
molecular assembly of geometric nanostructures,
which provides an ability to target each element of
the nanostructure for attaching almost any chemical
agent: from small dye molecules to the proteins and
metal nanoparticles. The nanometer precision in the
arrangement of nano-objects and high reproducibil-
ity of this method open the door to many prospective
applications in various research fields. We are plan-
ning to develop this thesis some more and talk about
DNA origami practice as well as its importance for
a number of applied and theoretical problems in pho-
tonics in the second part of the article.
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