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B coBpeMeHHOW $OTOHUKe cyliecTByeT

3anpoc Ha TeXHOJIOrMU BOCNpoOU3BOANMOro

M KOHTPOJIUPYEMOro rnosiy4eHust HAHOCTPYKTYP,
MOCKOJIbKY MHOIMe UHTepeCcHbIe U BaXKHble
onTuyeckue rnpouecchl pasbirpbiBaloTCcs

Ha XapaKTepHOM A1l TaKUX CTPYKTYp
cy6audppakumoHHoM macwtabe. OgHako

Ans paboTbl CO CBETOM HAa HAHOMETPOBbIX
paccTossHuax TpebyeTcs HaHOMeTpoBas
TOYHOCTb B NO3NLLMOHUPOBAHMUU O06HEKTOB,
AO06MTbCS KOTOPOW CTaHAAPTHBIMU MeTOAaAMM
OKa3blBaeTcsa nogyac KpaHe Henpocto. OgHUM
M3 HOBbIX NOAXOA0B, CMNOCO6HbIX CTaTb OTBETOM
Ha 3TOT BbI3OB, ABAsIeTCS ucnonb3osaHume AHK-
OpuUramu: ctpoeHue NoJIMMepPHON MOJIEKYbI
AHK no3BonseT, Cc 04HOW CTOPOHbI, XMMUYECKHN
«HacTpamBaTb» ee reoMeTpuio AN NnpupaHus
el Npou3Bo/IbHOM GOpPMbl HA eCTeCTBEHHOM AN
Hee HAHOMeTpPOBOM MacluTabe, a c gpyrom, —
aJpecHo pa3smMellaTb HAHOO6beKTbl B 10601
nosuuum BAO/b ee Lenun. B HacTosawem o63ope
paccMoTpeHbl HeKOTOopble NpakTnyeckue
acnekTbl nony4vyeHusa AHK-opuramu.

KntoyeBble cnoBa: IHK-HaHOTEXHO/IOM UK,
OHK-opuramu, yncneHHoe mMogennpoBaHume,
HaHOCTPYKTYPbI
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BBEAEHWE
OpuraMu - JApeBHee SIIIOHCKOe HCKYCCTBO CKJIAJbl-
BaTh bymary 6e3 paspe3oB, IIpuUIaBas ed IIPOU3BONIb-
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Modern photonics requires technologies for
the reproducible and controllable production
of nanostructures, since many interesting

and important optical processes occur on

the subdiffractional scale characteristic for
such structures. However, working with light
at nanometer distances requires nanometer
precision in object positioning, which is
extremely difficult to achieve using standard
methods. One of the new approaches that can
become a response to this challenge is the use
of DNA origami: structure of the polymer DNA
molecule allows, on the one hand, chemically
“tuning” of its geometry to obtain arbitrary
shape on a nanometer scale, and on the
other, addressability of DNA molecule allows
nanoobjects to be placed at any position along
its chain. This review considers some practical
issues related to DNA origami preparation.
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INTRODUCTION

Origami is an ancient Japanese art of folding paper
without cuts, giving it an arbitrary shape (the word ori-
gami literally means “folding” (ori, #7b) “paper” (gami,
#)). Inspired by this art, the scientific community
gradually came up with the idea of creating nanostruc-
tures by sequentially folding (self-assembly) a long DNA
molecule (so-called scaffold) using short DNA fragments
that act as staples. It turned out that the self-assembly
process can be chemically “programmed” in advance
due to the unique structure of the DNA molecule [1] (see
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Hylo ¢opmy (cnoBo origami OyKBaJbHO O3HadaeT
«ckIagpiBaTh? (ori, #ih) «bymary» (gami, #)). Brox-
HOBHBIIKCh 3TUM HCKYCCTBOM, Hay4yHOe COODIeCcTBO
IIOCTeIIeHHO MPHUIIIO K HJee CO3TaHHSI HaHOCTPYK-
TYp IyTeM I10C/e[0BAaTe/lbHOI0 CBOPAYHMBaHHUS (Camo-
cbopku) muaHOM Monekynsl JHK (t.H. ckadpdonma)
C IIOMOILBIO KOPOTKUX PparMeHTOB JJHK, HUrparomiux
po/b CKpeIloK. OKa3asloch, YTO IIPOLIeCC CAMOCOOPKH
MOXKHO XMMHYECKH «3alPOrpaMMHPOBATH? 3apa-
Hee, 6raromapss 0cO6eHHOCTSIM CTPOEHHUSI MOJIEKYJIBI
JHK [1] (cM. moseKynsipHble OCHOBBI MeToma JHK-
OpPHUIaMH B II€PBOM YacTH Halrero ob3opa «IIponmBas
cBer Ha [JHK-opuramu» [2]), 4TobBl IpHUIaTh MoJe-
KyJie IIPOM3BOJIbHYIO GOpPMY.

OnHaKO 3/eraHTHOCTh 3TOM HJEH B PealbHOCTH
CTAJIKUBAETCH C OIIpele/leHHBIMH IIPaKTUYeCKUMHU
CJIOKHOCTSIMHM, 3aTPySHSAIOIIMMH €e MCIIOIbh30Ba-
HHe. B JaHHOM CTaTbe PaCcCMATPHBAIOTCSI HEKOTO-
pble aCIeKThl BO3HUKAIONIUX Ha 3TOM IIyTH IIpobeM:
BOIIPOC PAlLlMOHAJIPHOIO I0A00pa MOJIEKY/I-CKPEIOoK,
HaITPaB/ISIIOIIUX caMocbopKy mosnekyisl [IHK, ocobeH-
HOCTH IIPOLIeAYPhl CaMOCOOPKHM U XapaKTepHU3aLHH
rony4yeHHbIX JHK-opuraMu HaHOCTPYKTYP.

CymecTByeT 60/IbIlIOe KOTMYECTBO APYIHUX MHTepec-
HBIX METOJ0B CO3JaHHUSI HaHOCTPYKTYP [3-23], ogHako
JHK-opuraMu BBIJEISeTCS CpelH HUX CTeIleHbI0 KOH-
TPOJIst M TOYHOCTH pe3y/ibraTa. MCI0/Ib3ys 3TOT MeTOf,
MOKHO BOCIIPOM3BOIHMO CO3[aBaTh MOJIEKY/ISPHBIE
HaHOKOHCTPYKUMH Ha ocHOBe JJHK ¢ BO3MOKHOCTBHIO
afipecHOro obpaleHus IIPakKTUYECKU K TI060My 3BeHY
(HykyieoTHZy) B CTPYKType ee MOJIEKY/ISIPHOM LleNH
IUI pasMelleHHs] HAHOOOBeKTOB B 3apaHee BbIOpaH-
HOM IO3UIIUU, YTO JelaeT MeTo[, JHK-opuraMu yHH-
KaJIbHBIM MHCTPYMEHTOM IIO YIIPaB/IIeMOMY CO31a-
HUIO HAHOKOMIIJIEKCOB [24].

1. MOAEIMNPOBAHUE AHK-OPUTAMU

IMpunuun noctpoeHus JHK-opuramMu 3aKkiaH4aeTcs
B IIPUAAHUM AJIMHHOMN KOJIbLIEBON OLHOLIEIIOYeYHOM
monekyne JHK (ckaddonny) Hy>KHOHM TIeoMeTpHU
IIyTeM CKpeIlyieHHus ee GparMeHTOB MOJIeKYIIPHBIMU
CKpelnKaMH - OJIUTOHYKIeOTHAAMH (KOPOTKHUMHU
¢parmenTaMu [JHK), - KOMIUIEMeHTAapHO CBS3BIBa-
IOIMMH HYy’KHBIE y4acTKu ckaddonga [2]. IIpobrema
3aKJII0YAETCI B TOM, 4YTO Aaxke mmpocTtas JHK-opuramu
KOHCTPYKLIMSI MOXKET BKJIIOYATh COTHH THIIOB TaKHX
MOJIEKY/IIPHBIX CKPEIOK HHIHUBUAYAJIBHOIO COCTaBa.
OmubK1 B HUX BbIOOpe MOTYT IIPUBECTH K PE3KOMY
YXYAIIeHHUI0 KadecTBa camocbopku [IHK-opuramu,
YTO fesaeT UX PallMOHA/IbHBIN I0A60p KpakHe Bax-
HOMU 3a/ladyeri. OTBETOM Ha 3TOT BBI30B CTaJIO PAa3BUTHE
CIIelIMaTM3UPOBAHHOIO IIPOrPAMMHOr0 obecriedyeHus,
II03BOJISAIOIIErO YIIPOCTHUTh M aBTOMATHU3HPOBATh IIPO-
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the molecular basis of the DNA origami method in the
first part of our review “Shedding light on DNA origami”
[2]), in order to give the molecule an arbitrary shape.

However, the elegance of this idea faces certain prac-
tical difficulties. This article discusses in more detail
some of the problems that arise along this path, as
well as provides solutions. The first part of the article
discusses the rational selection of staple molecules that
guide the self-assembly of the DNA molecule, which
can be done through computer modeling. The proce-
dure of self-assembly and characterization of the result-
ing DNA origami nanostructures are presented in the
second and third parts of the article.

There are many other interesting methods for cre-
ating nanostructures [3-23], however, DNA origami
stands out among them due to the level of control and
precision of the results. Using this method, molecu-
lar nanostructures based on DNA can be created with
nanometer resolution allowing at the same time precise
addressing of nanoobjects at preselected positions of
the DNA molecule with good reproducibly. This makes
DNA origami a unique tool for the controlled creation of
nanocomplexes [24].

1. DNA ORIGAMI MODELING

The principle behind constructing DNA origami is to
provide a long circular single-stranded DNA molecule
(scaffold) with desired geometry by fastening its frag-
ments with molecular staples (oligonucleotides, short
DNA fragments) complementarily connecting required
sections of the scaffold [2]. The problem lies in the fact
that even a simple DNA origami design can include
hundreds of molecular staples of individual composi-
tion. Errors in their choice can lead to a sharp dete-
rioration in the quality of DNA origami self-assembly,
making their rational selection an extremely impor-
tant task. The answer to this challenge has been the
development of specialized software that simplifies
and automates the process of selecting a specific set of
staples that can facilitate the folding of the chosen scaf-
fold into a specific geometric shape (DNA origami).

Given the recent emergence of DNA nanotechnology
practice for using CAD tools (Computer Aided Design)
for its design is still not yet fully established, so the
actual design process may be extremely non-intuitive.
In the work [1], it was proposed to divide all DNA
origami design environments into three generations
according to their functional capabilities.

CaDNAno is a first-generation DNA-design program
that allows the development of custom DNA nanostruc-
tures for a wide range of applications. The program
has a user-friendly interface that enables users to
design 2D DNA models (Fig. 1a). Due to the lack of a 3D
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1ecc BbIOOpa KOHKpeTHOro Habopa CKpeIok, KOTO-
pble MOryT obecrieurBaTh CBOpaYHBaHMe BEIOPAHHOIO
cKkadpdonma B openeeHHYI0 FeOMeTPUYECKYI0 Gopmy
(DHK-opurammu).

YYUTBEIBas HemgaBHee MosBIeHHe obnactu THK-
HaHOTeXHOJIOTMH, I[PaKTHKa MCIoab30BaHuUs CAD
(Computer Aided Design) mis ero mpoeKTHPOBaHUS
C/IOKHIACh ellle He 0 KOHIIA, M II03TOMY peaIbHbIM
IIPOLIeCC ITPOeKTHPOBAHUS MOXKeT OBITh KpaliHe HeHH-
TYUTHUBHBIM. B pabote [1] 61710 IIpeAIoskeHO MOApa3-
JelIUTh BCe Cpeldbl MPOeKTHpoBaHuA JHK-opuramu
Ha TpU IIOKOJIEHHS COIVIACHO BO3MOKHOCTSIM HX
dyHKUMOHAA.

K 1mmepBOoMYy IIOKOJIEHHIO MOXKHO
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interface, there is difficulty in designing 3D structures,
however, CaDNAno supports model export to various
file formats for more complex modeling and future
use. The second-generation programs are considered
as more user-friendly and less demanding in terms of
the technical assembly. For example, TALOS (Three-
dimensional Algorithmically-generated Library of DNA
Origami Shapes) automatically selects staples to obtain
3D DNA origami of one of 20 different geometric frames
(Fig. 1b).

The third-generation design software further
expands the available functionality. For instance, it

oTHecTH Iporpammy CaDNAno,
II03BOJIAIONIYIO CO3/[4aBaTh HMHM-

BHyaJbHbIE HAHOCTPYKTYPHI JJHK e 0 § 3
11 LIIMPOKOIO CIIeKTpa IpHUMeHe- Ve g . t 1Ll ’
Hui. IIporpamma obnazmaer ymob- 4 e . @ ¢ L —
HBIM HUHTEPYErcoM, C MTOMOIIbIO P ATy = \ |

KOTOPOTO IIO/Ib30BATENIH MOTYT H:_ﬂa\ = : i ; .
npoexkTupoBath JHK-momenu, % ' 1
pucys ux B 2D (puc. 1la). H3-3a L ¥ ]
OTCYTCTBUS 3D-uHTepderica BO3- a)

HUKaeT CJIOKHOCTb B IIPOEKTH-
POBaHMH TpPexXMepHEBIX CTPYKTYD,
opgHako Cadnano mopgepKHBaeT
3KCIIOPT MOZe/Ier B Pa3IH4YHEIe
dopmatel dparinos mist 6omee CIOXK-
HOI'O MOZ,eIMPOBAHHS.
[IporpaMMBl  BTOPOIO IIOKO-
JIeHUsS PAaCCMaTpPHUBAIOTCA KakK
bonee ymobHBIe B HKCIIOIbB30BA-
HUHM U MeHee TpeboBaTe/lbHbIe
K 00BeMy TeXHHYEeCKHX [eTased
camocbopku. B KauecTBe Impen-
CTaBUTeNsI PacCMOTPUM  IIPO-
rpammy TALOS (Three-dimen-
sional Algorithmically-generated
Library of DNA Origami Shapes).
[TporpaMMa aBTOMAaTHYeCKH IIOJ-
OrpaeT MOJIEKYJISIPHBIE CKPeIIKU
s rnonydeHus 3D-IHK-opuramu
ofHOM u3 20 reoMeTpHUYeCKHX
dopMm-KkapKacos (puc. 1b).
[IporpamMHOe obecriedeHHe
TPeThero IIOKOJIeHHs pacCIIUpsieT
OOCTYIHBINM (QYyHKIHMOHAI: IOSB-
J4eTCs BO3MOKHOCTb TOHKOIO
PenaxTHpPOBaHHUS CTPYKTYphI JHK,
BHM3ya/JHM3allUd TOTOBOIK MOJeIU
U ee IIapaMeTpoB, MOJEeJIHPOBa-
HHSI BHYTPEeHHHX B3aHMOJeH-

benka

Puc. 1. MpoexmupogaHue [IHK-opuzamu: a) CKpuHwom uHmepgelica npo-
2pammbl Cadnano, uaaocmpupytouiuii modeab comoeoli pelemku; b) 3D-popmbl
dns1 co30aHus IHK HaHocmpykmyp e npozpamme TALOS; ¢) UHCMpymeHmapuli
Adenita u npumep IHK-opuzamu modeau, skarouarouieli 8 ceoti cocmas mMonekyay

Fig. 1. Designing DNA Origami: a) Screenshot of CaDNAno program interface
describing the honeycomb lattice model; b) 3D shapes for DNA nanostructure
development in TALOS; c) Adenita toolkit and DNA origami sample of the model
including the molecule of protein

® DNA Nanotubes
+ Export Sequence
Break Strands
# Twist Double Helix
Melting Temperature
Turn DNA
Merge Strands
< Modify Structures
+ Prolong Strands
# Add Wireframes
<+ Add DNA Strands
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cTBuH. IIpumepom I1O TpeTbero mnoxoneHus (puc. 1c)
MOKHO cquTaTh Adentia Samson (2021).

Hy>XKHO OTMETHTh, YTO MOAXOLBl K PpeIIeHHIO
3afadyu 0 camocbopKe U ITpeACKa3aHHI0 I'eOMeTpPHUH
JHK-opUraMu HaHOCTPYKTYP UMeEIOT OOJIBIION IIOTeH-
LA )11 ONITUMM3ALIUY K [IOCTOSHHO COBEPIIEHCTBY-
10TCs [25].

2. CBOPKA N OYNCTKA AHK-OPUTAMU
Ha stame c6bopku [JHK-opuramu (puc. 2) Tpebyercs
BBICOKAsSl UMCTOTA KOMIIOHEHTOB M TOYHOCTH ITofbopa
yCJIOBUU IpoLlenypsl. Ilocie Toro, Kak OIITUMAaIbHBIN
OU3aMH CKPEeIlOK OCYIIecTB/IeH C IIOMOIIBI0 MOJENIH-
pOBaHMS, MX CUHTE3 3aKa3bIBAETCS B CIELHATHU3UPO-
BaHHBIX $HUpPMax (B Poccuu CuHTOI, EBporen, JHK-
CHUHTe3 M T.[I.).

Beibop ckadpdonma ans monydenus: [JHK-opuramu
ompenesnsieTcss pasMepoM M CJIOKHOCTBIO >Ke/laeMOU
cTpykTypel JHK-opuramu. Yaime Bcero B KaudecTBe
ckaddonma HCIONb3yeTCs OAHOLemoYeYHas KOJb-
neBass Mosekyna [JHK-renoma 6akrepuodpara MI3
IJIMHOM 7249 HyK1eoTHUI0B. O4eBHUIHO, YTO PasMep
CTPYKTYyphl JJTHK-opHraMu orpaHHYeH IJIHHOH CKad-
donma, ucronb3yemMoro st cOOpKH CTPYKTyphl. ITY
mpobyieMy MOKHO O6OMTH, eC/IH HCII0Nb30BaTh bosee
JIMHHBIEe OfHOLerloyeyHsle mMonexkyasl JHK B Kaude-
ctBe cKadpdpongoB, MU60 IMPHUMEHSTH [OIOTHHUTENb-

=

can provide the user with ability of DNA structure fine-
tuning, visualization of just-built model parameters
and internal interactions. Example of 3™ generation
program is Adenita Samson (2021).

It should be noted that the approaches to predictable
self-assembly of DNA origami nanostructures problem
have great potential for optimization and are con-
stantly being improved [25].

2. ASSEMBLY AND PURIFICATION
OF DNA-ORIGAMI

During the assembly of DNA origami (Fig. 2), high
purity of components and precision in the selection pro-
cedure conditions are required. After the optimal staple
(oligonucleotides) design is achieved through modeling,
their synthesis is outsourced to specialized companies
(in Russia they are “Syntol”, “Evrogen”, “DNA-synthe-
sis”, etc.).

The scaffold selection for DNA origami is determined
by the size and complexity of the desired DNA origami
structure. Most common choice is a single-stranded cir-
cular DNA molecule of the M13 bacteriophage genome
with a length of 7249 nucleotides. Obviously, the size
of a DNA origami structure is limited by the scaffold
length used for assembly. This issue can be circum-
vented by using the longer single-stranded DNA mol-
ecules as the scaffolds, or by applying additional staples

000000000000 /:; /\

]

.

\
/

cbopKu, ouucmKu u xapakmepuzauuu (ucmoyHux [1])

tion and characterization (source [1])

Puc. 2. Cxema uzzomosneHus [JHK-opuzamu, 8karouarouias 3manei (cAesa-Hanpaso) nodz2o0mosKu Komnaekmyouiux, Camo-

Fig. 2. DNA origami design layout, including the stages (from left to right) of component preparation, self-assembly, purifica-
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Hble CKPeIKU, KOMIIEMeHTapHbIe YaCTUYHO JPYTUM
BBICTYIIAIOIIMM CKpeIlKaM, a YaCTH4YHO - cKaddonny,
YTO I103BOJIsIET GOPMHUPOBATH [OIIOIHUTE/IbHEIE 3J1e-
MEeHTBI, BRICTYIIAIOIIME 33 Ipefebl OCHOBHOM CTPYK-
Typhl JTHK-OpuraMu 1 yBeJIMYHBATh €€ pasmep.

CTabUIPHOCTh CHAPHUBAHUS OCHOBAHHUI B MoJe-
Kyae JHK o4eHb CU/IBHO 3aBUCUT OT HAJIUYHS B Cpefe
KaTHOHOB [2]. B 60/IbIIMHCTBe ITPOTOKOJIOB 15 COOPKH
JHK-opuramMu peaxkuus IIPpOUCXOOUT npu pH=8
B Tpuc-anetaTHOM Oydepe (TAE) c KOHLEHTpaluein
HMOHOB Mg?* oT 5 1o 20 mM. K 6ydepHOMY pacTBOpy
C HY>KHOM KOHIIeHTpallMel HOHOB Mg’ mobaBisioT
OHK-ckapdonm M CKpemKH B COOTHOIIeHHH 1:10
uan 1:20 (4T06bl yMEHBIIUTb KOTHYECTBO 0Opasyio-
IIKXCSl Hecrel[QHUUYeCKUX arperaTtoB), U I0JBEPraoT
crienGUUECKOM Mpoliefype TepMUYECKOH 06paboTKU
(omxury). Ilpy mpolefype OTXKHIAa CMeCh CHadasa
HarpeBalOT Ha KOPOTKOe BpeMs IIOYTH [0 TeMIle-
PaTyphl KHUIIeHHS, a I[IOTOM MeJJIEHHO OXJIaXK[aIoT,
B pe3y/lbTaTe 4Yero IIPOMCXOJMT CIIOHTaHHAasg CaMo-
cbopka cTpykTypsl JJHK-opuramu. JIJIUTeNIbHOCTD IIPO-
Lecca OX/IKIeHHUS 3aBUCUT OT CJIOSKHOCTH CTPYKTYPEI
OHK-opuraMu H 3aHHMaeT BpeMs OT HEeCKOJIBKHX
YaCOoB [I/I51 MaJIeHbKHX 2D-KOHCTPYKLIUH 10 Hefle/IH JJ1s1
MHOTOCJIOMHBIX 3D-KOHCTPYyKIUIM. Co3JaHHe CI0XK-
HBIX HepapxuyeckKux cTpykryp JHK-opuramu (cymep-
opuramu) TpebyeT cOPKH B HECKOJIBKO 3TAIIOB.

ClenyomMM 3Tall — OYMCTKa M KOHLEHTPHUPOBaA-
HHe II0JIy4eHHOU CTPYKTyphsl JHK-opuramu - umeer
KPHUTHYeCKOe 3HAaueHMe ISl ONTHYecKoro/6momeny-
LIMHCKOIO mpuMeHeHHs. C IIOMOLIBIO 3JIeKTpodopesa
B arapo3HOM Tejie OLIeHMBAeTCs KayecTBO M YHCTOTA
cbopku KOHCTpPyKuuu J[JHK-opuraMm, IOCKOJIBKY
3/1eKTpodopeTHYecKass MIOABHIKHOCTh ¢IIPaBHJ/Ib-
HBIX» U «II0OOYHBIX» IIPOAYKTOB COOPKHU pa3IHYaeTcs.
OuncTky [JHK-opuramMu o6BIYHO IIPOBOIST C IIOMO-
IIBI0 3JIEKTpodopes3a B araposHOM Tejie C IIoC/eny-
IOIlel 3KCTpaKIMeH ¢IIPaBHJIBHOIO» IPOAYKTa U3
KyCOUKa BBIPE3aHHOIO Trejs, YAbTPAaQHUIBTPALIHeEl,
IpeLIMIIUTAlMel C IIOTHU3THIeHIINKoneM (I131), yib-
TpaLleHTpUQYTUpoBaHHEM MM Tenb-QUAbTpalihen
(3KCKTI0O3MOHHOM XpomaTorpadueri). Belbop MeToma
OYMCTKH 3aBHCHUT OT KOHEYHOH LieJIM IIPHMeHeHHS
CTpyKTypbl JHK-opruramu.

3. METOAbl XAPAKTEPU3AL NN
AHK-OPUT'AMU

Metonbl uccnenoBanus JHK-opuramMu CTPYKTYP
MOKHO YCJIOBHO pas3[Je/IMTh Ha JBe IPYIIIbI: aHCaAM-
671eBble MeTOJBI M MeTO/Ibl HCCIIe[IOBAHMUS Ha YPOBHE
ONMHOYHBIX MOJIeKy/. IlepBrle (renb-3meKTpodopes,
binyopecueHTHAss CIEKTPOCKOIIKS, CII@KTPOCKO-
nus KPyroBOro AHUXPOHM3Ma) IO3BOISIOT COCTABUTh
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that are partially complement of other staples or the
scaffold, allowing for the formation of additional ele-
ments extending beyond the primary DNA origami
structure and increasing its size. The stability of base
pairing in the DNA molecule significantly depends on
the cation presence in the solution [2]. In most protocols
for assembling DNA origami, the reaction occurs at pH
= 8 in the tris-acetate buffer (TAE) with a concentration
of Mg?* ions from 5 to 20 mM. The DNA scaffold and sta-
ples are added to the buffer solution with the required
concentration of Mg?* ions in a ratio of 1:10 or 1:20
(to reduce the number of nonspecific aggregates gener-
ated) and exposed to the procedure of a specific anneal-
ing. During the annealing procedure, the mixture is
first heated briefly almost to the boiling temperature,
and then slowly cooled, resulting in the spontaneous
self-assembly of the DNA origami structure. The cooling
process duration depends on the complexity of DNA ori-
gami structure and ranges from several hours for small
2D structures to a week for multi-layered 3D structures.
Creating complex hierarchical DNA origami structures
(super-origami) requires assembly in multiple stages.
The next step (purification and concentration of the
resulting DNA origami structure) is critical for the opti-
cal/biomedical applications. The quality and purity of
the assembled DNA origami construction is evaluated
using the agarose gel electrophoresis, as the gel migra-
tion rates of “correct” and “by-product” assembly prod-
ucts differs. Purification of DNA origami is usually done
using agarose gel electrophoresis followed by extraction
of the “correct” product from a cut gel piece, ultrafiltra-
tion, polyethylene glycol (PEC) precipitation, ultracen-
trifugation or gel filtration (size exclusion chromatogra-
phy). The choice of purification method depends on the
ultimate use of the DNA origami structure.

3. DNA ORIGAMI CHARACTERIZATION
METHODS

The study methods for the synthesized DNA origami
structures can be divided into two groups: ensemble
methods and methods for studying at the level of sin-
gle molecules. Ensemble methods (gel electrophoresis,
fluorescence spectroscopy, circular dichroism spectros-
copy) allow for creating a general picture, averaged over
a large number of assembled structures: whether the
planned DNA origami structure was assembled, how
many side products were concomitant.

Second (electron and atomic force microscopy) are
techniques suitable for single molecule analysis [26, 27].
In combination with millisecond time resolution, the
atomic force microscopes can register fast dynamic
processes in the single DNA origami structures, and
the use of modified probe tips allows studying the
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0b11yI0 KaPTUHY, YCPeAHEHHYIO 110 60JIBIIOMY YK CITY
COOpaHHBIX CTPYKTYP: IONYYUJIOCh IU B pe3ysbpTaTe
cobpats JHK-opuramMy KOHCTPYKLHIO U C KaKHUM
KOJIMYeCTBOM IT0OOUYHBIX IIPOAYKTOB. BTOphle (3eK-
TPOHHAasi U aTOMHO-CH/IOBasi MHKPOCKOIIHSI) I103BO-
JSI0T PerucTpUpoBaTh OTHe/NbHBIE MOJEKYIHl [26,
27]. B co4eTaHHUH C MUJUIMCEKYHIHBIM BpeMeHHBIM
paspelieHHeM COBpeMeHHBIe aTOMHO-CHJIOBHIE
MHKPOCKOIIBI CIIOCOOHBI PerMCTpPUPOBaTh OBICTpHIE
OUHaMHYeCKHe IIpoLlecChl B OAHWHOYHBIX JHK-
OpUraMu, a MpPUMeHeHHe MOSUPUIIMPOBAHHBIX
WIJI 30HJO0B I103BOJIsIeT KMCC/IeNO0BATh 3/IaCTUYHOCTD
JOHK-opuramu [28]. DyeKTpOHHasT MHKPOCKOIIHS
BBICOKOI'O pa3pellleHHs CII0COOHA 3aperuCTpUPOBaTh
OTZe/bHbIe YaCTHUIIBI, IMPUKPEIUIEHHBIE Ha IPOTH-
BOIIOJIOKHBIX CTOpPOHAaX OAHOTro HykiaeoTuma JHK,
paccTosiHKMe MeXAy KOTOphIMH Bcero 0,34 HMm [29].
Takoe BBICOKOE paspellleHHe II03BOJISIeT OTCIEXKH-
BaTh TOIIOJIOTHYECKHEe H3MEeHeHHS B OLMHOYHBIX
CTPYKTYypax, OJHAaKO IIPUBOJHUT K CKOPOMY paspylie-
HUuB0 [JHK-CTpyKTyphl H3-3a He0bXOOHMOCTH TIOTO-
BUTb obpaser] B Bakyyme. [IJis IIpeomo/eHHUs [aH-
HOU TPYAHOCTH INPHUMEHSIOTCSI MeTOAbl KPUOIreHHOM
3/IeKTPOHHOIM MHUKPOCKOIuHU [30].

Kaskzmast 13 rpefcTaBleHHBIX TeXHUK 0b1a/laeT cBO-
MMHK IIPEeMMYIIeCTBAMU M OTrpaHHYeHUsAMH. Kom-
OMHHpPOBaHHE PA3NMYHBIX METOLOB MOXKeT obecrie-
4UTh 60JIee IIOTHOE TOHKMMaHHKe CTPYKTYPhl U CBOKCTB
OHK-opuraMu.

3AKJ/TIOMEHUE

Meton [JHK-opuramu I103BO/ISeT KOHTPOIHPYEMO
npunasath dopmy monekyiae JHK Ha ecTeCTBeHHOM
OIS 3TOM MOJIeKy1sl MacmTabe (HaHOMETPOBOM)
TOYHO TaKXKe, KaK SAMNOHCKOe KCKYCCTBO OpPHUIaMH
o3BoJisieT IpHUAATh GopMy JIHUCTy bymaru Ha Mac-
mrabe CaHTHMeTpoB. OT/IMYMe 3aKII0OYAeTCS B TOM,
YTO [JIs MaHMIYIALMUK MOJIEKY/TaMH OPraHM3yIOTCS
CrienyajabHble XMMHYECKHe U PU3UYECKHe YCIOBHS,
B KOTOPBIX CTpyKTypa [IHK-opuramu cobupaer cama
cebsi. Pasymeetcsi, TaKOH IIpoliecc TpebyeT KpOIIOT-
JIMBOM IIOATOTOBKH, HO €ro pe3y/bTaThl (B TOM YHCIIe
B 06;1aCcTH POTOHUKHU) CIIOCOOHBI OKYIIUTh BCe YCHIIUS,
IIOCKOJIBKY OHM OTKPBIBAIOT BO3MOKHOCTh KOHTPOJIK-
poBaTh Kak ¢opmy Mojekyn [JHK, Tak U pacrosuo-
>KeHHe HaHOOOBEKTOB C HAHOMETPOBOM TOYHOCTBIO
B /000K IMO3ULIMU BAOJIb 3TOH GOpMEL. IIpu 3TOM
meton JHK-opuramMu [OCTaTOYHO MOJIOL, U €ro BO3-
MOSKHOCTH ellle JaJIeKo He UCYepIIaHbl.

BJIATOOAPHOCTU
PaboTa BHIIIOTHEHA B PaMKaX TeMBbI I'OCyJapCTBEH-
HOTO 33aJaHHsI MOCKOBCKOIO I1eJarOrHuecKoro rocy-
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elasticity of DNA origami [28]. High-resolution electron
microscopy makes it capable of registering individual
particles attached to opposite sides of a single DNA
nucleotide, with a distance of only 0.34 nm between
them [29]. Such high resolution allows studying topo-
logical changes in the single structures, but it leads to
rapid destruction of the DNA structure due to the need
for sample preparation in a vacuum. To overcome this
difficulty, more expensive methods of cryogenic elec-
tron microscopy are used [30].

Each of the given methods has its advantages and
limitations. Combining different methods can provide
the best way to achieve a complete understanding of
DNA origami structural properties.

CONCLUSION

DNA origami method allows for controllably shap-
ing a DNA molecule at a natural scale for this mol-
ecule (nanometer-scale), just like the Japanese art of
origami allows shaping a piece of paper at a corre-
sponding scale. The difference lies in the fact that for
manipulating molecules, special chemical and physi-
cal conditions are organized in which the DNA origami
assembles itself. The process requires careful prepara-
tion, but its results (including those in the field of
photonics) can justify all efforts, as they provide an
opportunity not only to control the shape of DNA mol-
ecules but also to place nanoobjects with nanometer
precision at any position along this newly acquired
shape. Furthermore, the DNA origami method is
relatively young and its capabilities are far from being
exhausted.
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IIporpamMmma AbroTHOrO JIM3HHIa
ansa MCI1

Moyt 1,3 mnpg, pybneit byaeT HanpaeneHo w3 dedepanbHoro brOfKeTa Ha Nog-
[LePKKY MeXaHy3Ma IbroTHOTO IM3MHTA A1 MAIOTO U CpeaHero busHeca B 2024 rogy.
Takoe pacniopsxxenue noanucan lNpeaceparens Mpasuten-crea Miuxanun MuLLycTiH.
PeLweHme no3BONT HIU3HECY CKOHLIEHTPUPOBATL CIKOHOM/IEHHbIE CPRACTBA HA Opra-
HI3aLLVK CAMOTO NMPOK3BOACTBA U YBENNYMTD BbIMYCK NPOAYKLNM.

Peyb uAeT 0 nporpamme, NO3BOASIOLEN NPEANPUHAMATENAM HA BbIFOSHbIX
YCOBUAX apeHAoBaTh 06OpYAOBaHME ANsS PasBUTUS CBOEro Aena. Tak, CTaBka
NM3VHIOBBIX NAATeXel 3a 060pyAOBaHME POCCUICKOTO NPOU3BOACTBA COCTABASET
[10 6% rof10BbIX (BMECTO PbIHOUHbIX 15%), 19 MHOCTPAHHOTO - 10 8%.

BblaeneHHble pacnopsikeHuem paBuTeNbCTBA CPeACTBA MOCTYNST B YCTas-
HbliA KanuTan ®egepanbHoit kopnopauun no pasguuio MCT1, KoTopast 3aTem
HanpaBuT CpeaCTBa JIM3MHIOBOM KOMMAHWM MO PA3BUTUIO MO0 U CPeAHero
npeanpUHUMATENbCTBA.

«Takoe (uHAHCUPOBaHWE MO3BONT PACLUMPUTL YMCO YHACTHIKOB MPOrpam,
koTopble BeeT «MCI JIM3UHr. bofbLLe KOMMaHUA CMOrYT 0GOPMUTL COMNALLIEHNS
MO JIbFOTHBLIM CTABKaM, NOMYYUTL HEOBXOAVMYIO TEXHUKY U OCHOBHbIE CPeaCTBa,
a C1efoBaTeNbHO, YAYULLMTb IKOHOMMKY CBOWX MPOEKTOB M YBEAWHUTD BbIMYCK NPO-
AyKUmm», = oTMeTUA Muxann MuLLyCTH.

Pabota BefeTcs B pamkax HaLMOHabHOMO npoekTa «Manoe 1 cpefHee nped-
MPUHAMATENLCTBO M MOAAEPKKA  WHAVBUAYAILHON  NPEANPUHUMATENbCKON
MHULMATBLIY,

http://government.ru/news/50375/
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THAPOMETEeOPOJIOrHYeCKHH CIIYTHHK «MeTeop-M» N2 2-4 BrIBeieH Ha OpOHUTY

29 ¢espans 2024 roga C Kocmogpoma Boc-
TOYHbIA ObIN YCMIEWHO 3amyleH W BbiBedeH
HA 3afjaHHyl0 OpbUTY KOCMMYecKuid annapar
«MeTeop-M» N2 2-4 - 4acTb POCCMICKON MMAPO-
METEeopONornyeckor rpynnupoku «MeTeop-3M».
CRyTHWK OCHALLeH HOpTOBLIM PaAMONOKALMOHHBIM
KOMMNeKCOM Ha 6ase aKTMBHOW (ha3MpOBaHHON
AHTEHHOW pelWeTkn ¥ renuoreodusnyeckumm
npuéopamn  (M3mepuTeNnb  KOPOTKOBOMHOBOIA
OTPKEHHOW pajuaLmui W PafMoyaCTOTHBIA MacC-
CNeKTPOMETp), YTO MO3BOAMT 0BECTeYUTb BCe-
MOrOAHLIA  PaAMONOKALMOHHLIA  MOHUTOPUHT
CeBepHOTo MOpCKOro MyTU W paclnMpuTL HOMEH-
KNatypy KOHTPOAWUPYEMbIX rennoreodpunyeckux
napameTpoB. Yactb npubopoB Ha ero 6Hopty
co3gaHa B MKW PAH. 3T0 KOMMAeKC MHOro3o-
HaNbHOR CMYTHUKOBOW Chemku (KMCC2) 1 3Be3a-
Hble gatumku BOK3-M2, a TaKxe 37eMeHTbl
MHOTO30Ha/ILHOTO ~ CKAHMPYIOLLEro  YCTPOUCTBA
MCY-MP  rennoreou3nyeckoro annaparypHoro
Kkomnnekca MAK-M.

Komnnekc ~ MHOrO30HanbHOW  CMYTHUKOBOW
cvemki (KMCC-2) Ha bopry «Meteopa-M» Ne 2-4

MpefHasHayeH A7S  MHOrO30HALHOM  CheMKM
3emMnu B BUAMMOM M BAMXHEM MHPpaKpacHOM
AMANa30HaX  3M1EKTPOMArHWUTHOTO  W3/Iy4YeHus.
LLinpnHa nonockl CKaHUPOBaHMS COCTaBASET bonee
1000 kM, npocTpaHCTBEHHOE paspelueHue 60 M.
MogobHble KoMmneKchl yke paboTaioT Ha bonee
paHHuX annaparax cepum «Meteop-M».

Annaparypa KMCC2 ¥ 3Be3fHble [AaTuMKi
bOK3-M2,  obecneumBaiolime  BbICOKOTOUHYIO
OpUEHTALMIO  KOCMWUYECKWUX annapartosB  Cepuw
«MeTeop-M», paspaboTaHbl W CO3aHLI B 0TAene
onTUKO-pu3nyeckmx nccnesosanmin KN PAH.

B co3ganmu annaparypbl Ha 60pTy annapara
TaKKe Y4acTBOBaNM COTPYAHUKM CrieLmanbHoro
KOHCTPYKTOPCKOro 6t0po KOCMUYeckoro npubopo-
cTpoenms VKN PAH B Tapyce (Katyxckas 0671acTb).
3ech 6bM WU3rOTOBAEHDI 3NEKTPOMEXaHUYECKMiA
6noK ynpasneHus NpUBOAAMU MHOTOKAHANLHOTO
Ckanmpytowero yctponctsa MCY-MP u 610K Hako-
MNeHns JaHHbIX ANS reanoreodusnyeckoro anna-
patypHoro komnnekca [TAK-M.

Kocmuueckuia annapar «Meteop-M» Ne 2-4 co3-
[1aH KopriopaLieit «BHMIM> (BXOAAT B CTPYKTYpY

TK «PockocMOC»). OH NpefiHa3HAueH NS pellieHus
33434 TMAPOMETEOPONOrMYeckoro 0becneyenms,
MOHWTOPUHra KTMMATa M OKPYXAIOLen Cpepbl,
W3y4eHNs NPUPOSHLIX PECYpCoB 3emMau, KOHTPONS
rennoreodusnyeckoil 06CTaHOBKM B OKONO3eM-
HOM KOCMWUYeCKOM MpOCTPAHCTBE, MOAYYEHMS
UHOOPMALMKM C ABTOMATUYECKUX U3MEPUTENbHLIX
naatGopm c60pa AaHHLIX U PETPAHCASLMM CUrHa-
NIOB OT aBApUMHLIX PaMobYeB MEXAYHAPOJHOM
CMYTHUKOBOW MOMCKOBO-CMACATENLHON  CUCTEMbI
KOCMAC-CAPCAT.

https://iki.cosmos.ru/news/pribory

20-24 man 2024, Camapa, Poccusa

X MexxayHapoaHaa KoHbepeHuua U MonogexHas LWwKona
«VIHpopmMaLMoHHbIe TEXHONONMN N HAHOTEXHOMOrNN»

noceauleHHana 300-nemuo PoccuincKon akage M HayK

443001, r. Camapa, Monogorsapgedckan, 157

secretary@itnt-conf.org

http:itnt-conf.org/index. php
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