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AHHOTauus. B 1TaHHOM paboTe KcCaeAyIOTCS BAPUAHTH HAHOIIATPOPM [J151 JOCTaBKU 6MOIOrMYecKy aKTHB-
HBIX COeJUHEeHUH, BKJIIo4as ABylleriodeuyHyio PHK (muPHK), B PacTUTeNbHYIO KJI€TKY Ha OCHOBE KaJIBLIUH-$OoC-
daTtubIX (CaP), XMTO3AHOBBIX, 30JI0THIX HAHOYACTHI], a TAK>Ke HAHOIMYJIBCHI Ha OCHOBe HEMOHOTeHHBIX [TAB.
C IIOMOIIIbIO ATOMHO-CHJIOBOM MHUKPOCKOIIMH OLleHUBaJIHNCh MOP)OIOruueckre XapakTepUCTUKH HOCUTeIeH,
XapaKkTep PacloiokeHHUs Ha IOAJIO0XKKaX rpaduTa U CIIOAbI, FeoMeTpHUYeCKHe pa3Mepsl AJs falbHeHIek
OLIeHKH X BO3MOXKHOCTH GOpMHUPOBATh KOMIIIEKCH ¢ AUPHK. ITpoeKT Halle/leH Ha IIOMCK HaHOIIJIaTGOPM pas-
JIMYHOM XUMHYeCKOM IIPUPOABL /ISl CO3MAHU S KOMIIO3HUTOB C OKO0JIOTHYeCKH aKTUBHBIMHU PHK, KoTOphIe 06e-
CIIeYMBAIOT COXPAHHOCTH MOJIEKYII IIPH S9K30reHHOM IIpHMeHeHHUH (OITPICKUBAHU K PACTeHUH) U YBeTHYHBAIOT
3¢ GeKTUBHOCTD UX LOCTABKH B JIUCThS PACTEHUH [JISI 3AIIHUTH pACTEHHU M OT [IaTOIeHOB (BUPYCOB).
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Abstract. In this work, nanoplatforms based on calcium phosphate (CaP), chitosan, and gold nanoparticles, as
well as nanoemulsions based on nonionic surfactants, are studied for the delivery of biologically active com-
pounds, including double-stranded RNA (dsRNA), into a plant cell. Using atomic force microscopy, the morpho-
logical characteristics of the carriers, the nature of the arrangement on graphite and mica substrates, and the
geometric dimensions were evaluated to further assess their ability to form complexes with dsRNA. The project
is aimed at searching for nanoplatforms of various chemical nature to create composites with biologically active
RNA, which ensure the safety of molecules during exogenous application (plant spraying) and increase the effi-
ciency of their delivery to plant leaves to protect plants from pathogens (viruses).

Keywords: nanoplatforms, gold nanoparticles, calcium phosphate particles, nanoemulsions, scanning probe
microscopy, bionanoscopy
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BBEJEHUE

B cBSI3U € M3MeHeHHSIMU K/IKMMaTa BCIBIIIKY 60/1e3Hek
Ce/IbCKOXO3SIMCTBEHHBIX PACTEHUU U 3KOJIOTHUeCKHe
CTpPecchl, BeposiTHO, 6yyT oka3bIBaTh Bo3pacTaloliee
HeraTHBHOE BO3/IeHCTBIe Ha IIPOH3BOJCTBO [IPOAYyKTOB
NUTaHUA. ITa npobieMa TpebyeT pa3paboTKU HOBBIX
MHHOBAIIMOHHBIX METO/IOB 3aIllM Tl pACTeHHH OT I1aTO-
reHOB, OCHOBAaHHBIX Ha JOCTHU KEHHSAX MOJIEKYIAP-
HOI, KJIeTOYHOM 6H0/I0ruU 1 6HM0TeXHOMOTUH. TaKUMU
MeTomaMU sIBASS0TCS PHK-TeXHOJI0TrHMHU, OCHOBAHHBLbIE
Ha MexaHHU3Me PHK-UHTepdepeHIIUK (PHKmn), KOTOpI:II;I
SIBJISIETCSI OCHOBHBIM MeXaHH3MOM 3aIIMTEl PAaCTeHHI
OT BUPYCHBIX HHPeKIIMH. IIpH BUPYCHBIX HMHPEKIIHIX
3TOT MeXaHH3M HHAynupyeTcs: JuPHK (periuKkaTHUB-
HOM ¢opmor BupycHO! PHK) U NPUBOAHUT K Jerpafa-
LIMK KOMILJIeMeHTapHOM BUpycHO! PHK [1].

Hamubosee nepcreKTHBHBIM U 6€30MMacHBIM (9KOJI0-
TMYeCKH YHCTBIM) IPe/ICTaBIISIeTCsl IOAXO, IIPU KOTO-
POM aHTHBHPYCHAs 3alUTa Ha 0ocHOBe PHKM MHAYIIM-
PYeTCs OIphICKMBAaHHEM PacTeHHH 3K30reHHOH AUPHK
(nnu mnunedHor PHK), KoMIlJleMeHTapHOHN BUPYC-
Ho¥ PHK, Ha3BaHHBIN 'CIIpeH-UHAYIMPOBAHHBII Cal-
neHcHHT reHoB" (spray-induced gene silencing (SIGS)) [2].
OmnpsicKHBaHHe pacTeHUN AUPHK ycrienrHo mpruMeHs-
eTCs IJIS1 MHA YKL YCTOMYHBOCTH K BUPyCaM Ha pas-
JTUYHBIX CeJIbCKOXO35IMCTBEHHBIX Ky/AbTypaxX. OqHOM
U3 rrpobsieM pY NPUMeHeHUH MoseKys JuPHK sBis-
eTCsl UX HeCTabH/IbHOCTD B OKPY>KaIOIIEeH Cpefie, UTO ITPU-
BOIMT K KOPOTKOMY BPEME@HHOMY ITIPOMEKYTKY UX aHTH-
BUPYCHOM aKTHUBHOCTH. JIpyrasi oCHOBHas mpobiema
3aKJIIO4YaeTcs B obecriedeHUU 3P GeKTHBHOM JOCTaBKU
mosekyn PHK B kieTKH pacteHus. Crienudpuyeckas
CTPYKTypa IOBEPXHOCTHU JTHCTA K COBCTBEHHO PacTH-
TeJIbHOM KJIeTKHU JIe/A0T ITpobJieMy JOCTaBKH OHOIOTH-
YeCKH aKTHBHBIX MOJIEKYJI B pacTeHHe 0COOeHHO CII0K-
HOM. [IJIs1 pellleHH s 3THX 3a/a4 HUCIIOTb3YIOTCS Pa3HoO-
obpasuele HaHOMIaTGOpPMBHI [3]. OmHaKO pa3paboTka

INTRODUCTION

Due to climate change, outbreaks of agricultural
plant diseases and environmental stresses are likely
to have an increasing negative impact on food produc-
tion. This problem requires new innovative methods
development of plant protection against pathogens
based on the achievements of molecular, cell biol-
ogy and biotechnology. Such methods are RNAIi tech-
nologies based on the mechanism of RNA interfer-
ence (RNAi), which is the main mechanism of plant
defense against viral infections. In viral infections,
this mechanism is induced by dsRNA (replicative form
of viral RNA) and leads to degradation of complemen-
tary viral RNA [1].

The most promising and safe (environmentally
friendly) approach seems to be the one where RNAi-
based antiviral defense is induced by spraying plants
with exogenous dsRNA (or hairpin RNA) complemen-
tary to viral RNA, called spray-induced gene silenc-
ing (SIGS). (2] Spraying plants with dsRNA has been
successfully used for induction of virus resistance in
various crops. One of the problems in dsRNA mole-
cules application is their instability in the environ-
ment, resulting in short time window of their anti-
viral activity. Another major challenge is to ensure
efficient delivery of the RNA molecules into plant
cells. The specific structure of the leaf surface and
the plant cell itself make the problem of delivery of
biologically active molecules into the plant partic-
ularly challenging. A variety of nanoplatforms are
used to solve these problems [3]. However, biocom-
patible, biodegradable nanoplatforms development
that provide protection of regulatory RNAs and their
effective penetration into plant cells is still an urgent
task, and without their solution the wide RNAI tech-
nologies application in practice of crop production is
impossible.
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6KMOCOBMeCTUMBIX, OHOJerpafupyeMblXx HaHOILIAT-
dopm, obecriedrBaOIIKNX 3aLUTY PeryasTopHblx PHK
U UX 3pPeKTHBHOE IPOHUKHOBEHHE B KJIETKH pacTe-
HHUH, [I0-TIPe’KHeMY SIB/ISIeTCSs aKTyaIbHOM 3a/1aderd, 6e3
PpellleHH I KOTOPOH MK PoKoe IprMeHeHHe PHK TexHo/10-
THU B IPaKTHKe PaCTeHHEeBOJCTBA HeBO3MOYKHO.

Pasmep HaHOMIIATPOPM SBJISETCS CYIIeCTBeHHBIM
baKkTOpOM, OrpaHHUYHMBAOIIHMM IIPOHUKHOBEHHKE CPe/ICTB
[OCTaBKH B pacteHus [4]. Hour u ap. (2021) mpuuuiu
K BBIBOJLY, UTO pa3mMep B 50 HM siB/sieTcst 6a30BOM BeJlU-
YKHOM J/Is1 HAHOMaTepHaJIoB, KOTOpPble MOT'YT CBOOOLHO
[IPOHUKATE B KJIETKH IIbUIBLIBI TOMATOB [5]. [IpyrHe tcce-
JIOBaHU A [I0KA3aJIH, YTO Pa3Mep HaHOYACTHIL], KOTOpPhIe
MOT'YT CBOOOZHO IIPOHUKATh B PaCTUTe/IbHbIE KJIETKH,
Io/keH 6bITh MeHee 20 HM, 10 KPaliHel Mepe, B OLHOM
v3MepeHHH. Ha MpOHHKHOBEHME KOMIIO3UTOB B pac-
TUTEe/IbHbIE KJIIeTKH BJIMAIOT U TaKHe XapaKTePUCTUKH
HaHOMaTepHaJioB, KaK HalpuMmep, popma U JA3era-
noTeHI[Mas. [IoaToMy /7151 BbI6Oopa MaTGOPMBI, BEICTY-
maromiel B KauecTBe HOCUTeNS AJIs CTabUIn3aluH,
3alIMThI ¥ JOCTABKHU MosieKy AUuPHK B KJIeTKH pacTe-
HUH, TpebyeTcs TIIaTe/bHOe HCC/IeJoBaHHe UX MOpdo-
JIOTUYeCKHUX, TeOMeTPHUeCKHUX, aICOPOLIMOHHBIX 1 IPY-
rUX QU3HYECKUX XapAKTEPUCTHK.

MATEPWA/IbI U METOADI

CaP-yactuubl: CaP-yacTuibl pasmepoMm 80+20 HM
U CaP-4yacTHULBI, [IOKPLITEIE XUTO3aHOM 5 KJla pasmMe-
poM 160+25 HM, 6BIJIH CHHTE3HUPOBAHBI IT0 MeTOAMKe [6].
O6paserl CycrieH3HUH YacTUL] 06beMOM 1 MKJI HAHOCH/IH
Ha rpaduT, BRIIEPKUBAIN 5 MUH, IIPOMOKaIHU byMa-
roy. XHUTO3aHOBBIE YACTUIIEI M3 5 K/la XHMTO3aHa pas3-
MepoM 110+20 HM, XMTO3aHOBBIe YaCTULBI U3 72 K[la
IJIMKOJIb-XHTO3aHa pasMepoM 250+10 HM 6bLIH IONTY-
YeHbl METOZOM HOHOTPOITHOIO rejeobpa3zoBaHus [7].
JaHHBIe 0 pa3Mepax IOy4YeHbl MeTOLOM JHHaMUYe-
CKOI'0 CBeTOpaCCesiHU .

30/10Tble HAHOYACTUIIBL: B paboTe pacCMaTPHUBAIUCh
30JI0Thle HAHOYACTULBI B IIOJIMSTU/IEHUMUHE, KOHLIeH-
Tpauus - 0,2 Mmoi1, 0,5 MKJI HAHOCHJ/IM Ha CIIOLY U Ha
rpadur.

HaHo3My/IbCHM Ha OCHOBEe HeHMOHOreHHbIX ITAB: HHO-
COMBI C XJIOPTeKCHUIMHOM, 3MY/IbCHUH C YaCTULIAMH
IJIMHBL C MOAUPUIIMPOBAHHOM [T0BEPXHOCTHIO, 0,5 MKII
HaHOCHJIM Ha C/IIOY U Ha IPaQuT.

OCHOBHOM MeTOJ, HAcTOSIIero McclefoBa-
HHS — aTOMHO-CHJIOBas MUKPOCKOIIHMSA. CKaHHUPOBaHMe
IIPOBOJMJ/IOCH HA BO3[yXe B KOHTAKTHOM PesKHMMe KaH-
TrieBepoM CSGI0 Ha IT0A/I05KKAX CBEXKECKOJIOTHIX Ipa-
duTa (BHICOKOOPHEHTHUPOBAHHBIA MHUPOTUTHUECKU I
rpaduT) U CIIOMBI C IIOMOIIBI0 AaTOMHO-CH/IOBOTO MHUKPO-
ckoma "®emToCkaH". O6paboTKa pe3yabTaToOB IIPOBO-
IUIAch B IIPOrpaMMHOM obecrieueHnH "PeMTOCKaH
OHaMH", KOTOpOe I103BO/IsIeT CO3/laBaTh TPeXMEepPHbIe
1306paskeHusI, CTPOUTh KOHTYPHYIO IJIMHY, IPOBOAHTh
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The nanoplatform sizes is a significant fac-
tor limiting penetration of vehicles delivery into
plants. Yong et al. (2021) [4] concluded that a size of
50 nm is the reference size for nanomaterials that
can freely penetrate tomato pollen cells [5]. Other
studies have shown that the nanoparticles size that
can freely penetrate plant cells should be less than
20 nm in at least one dimension. The penetration
of composites into plant cells is also influenced by
nanomaterial characteristics such as, for example,
shape and zeta potential. Therefore, a careful study
of their morphological, geometric, adsorption and
other physical characteristics is required to select
a platform to act as a carrier for stabilization, pro-
tection and delivery of dsRNA molecules into plant
cells.

MATERIALS AND METHODS

CaP-particles: CaP-particles of 80+20 nm and CaP-
particles coated with 5kDa chitosan of 160+25 nm
were synthesized according to the method [6]. The
1 pl sample of particle suspension was applied to
graphite, incubated for 5 min, and blotted with
paper. Chitosan particles of 5 kDa chitosan size
110+20 nm, chitosan particles of 72 kDa glycol-chito-
san and size 250+10 nm were obtained by ionotropic
gelation method [7]. The size data were obtained by
dynamic light scattering method.

Gold nanoparticles: the work considered gold
nanoparticles in polyethylenimine, concentra-
tion - 0.2 mmol, 0.5 pl were applied on mica and on
graphite.

Nanoemulsions based on non-ionogenic surfac-
tants: niosomes with chlorhexidine, emulsions
with clay particles with modified surface, 0.5 pl
applied on mica and on graphite.

The main method of the present study is atomic
force microscopy. Scanning was performed in air
in contact mode with a CSG10 cantilever on freshly
pierced graphite (highly oriented pyrolytic graph-
ite) and mica substrates using a FemtoScan atomic
force microscope. The results were processed in
FemtoScan Online software, which allows obtain-
ing three-dimensional images, constructing con-
tour lengths, filtering, image processing, and per-
forming the necessary quantitative calculations:
area, volume, perimeter, greatest height, and
roughness of the object [8, 9].

RESULTS

The morphological characteristics of the carriers,
and nature of their arrangement on graphite and
mica substrates, and their geometric dimensions
were evaluated in order to further assess their abil-
ity to form complexes with dsRNA (Fig.1).
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Puc.1. 2D-8ud u cedeHue no ebicome OuPHK. Ha usobpaxkeHuu
8UOHbI 0madenbHble Humu u azpezamsl PHK. Bbicoma 00uHo4-
Hbix HUmeti PHK okono 0,6 HM

Fig.1. 2D view and height cross-section of dsRNA. The image
shows single strands and aggregates of RNA. The height of sin-
gle RNA strands is about 0.6 nm

dunprpanuio, 06paboTKy M306paskeHUH U BBIIIOIHSITD
HeoOXOOMMBble KOJIMUYeCTBeHHBIe BRIUMC/ICHUS: IJI0-
azab, 06beM, IIepUMeTp, HAaUOOIBIIYIO BHICOTY, IIEPOXO-
BaTOCTb 06BbeKTa [8, 9].

PE3Y/IbTATbI

B pabore omeHHBAIHCH MOPOIOTHYeCKHe XapaKTepH-
CTUKH HOCHUTesel, XapaKTep PacIlolosKeHHUs Ha II0J-
JIO’KKaX rpaduTa u C/II0AbI, FeOMeTpHYecKre pa3sMephl
[l1s falbHeHIIe ! olleHKHU BO3MOKHOCTH GOPMUPOBATh
KOMIIJIeKCHI ¢ A1 PHK (pHC.l).

J1st kaskmoro obpasna 6b11 cGOpMHUPOBAH XapaKTep-
HBIH ITPOQUIIb IIOBEPXHOCTH, YTOOBI B JA/IbHEHIIEM [IPH
CO3aHUH KOMILIeKca IS JocTaBKU A1PHK MOsKHO 6110
UAeHTUOHUIIMPOBATh HOCHTEIb 10 XapaKTepHbIM I1aTTep-
HaM MOPQOJIOTHUH [TIOBEePXHOCTH.

CAP-YACTULLbI, TMBPUAHDIE YACTULLbI HA OCHOBE
®OCHATA KAIbLINS U XUTO3AHA

ITockonbKy pocdaT KajbLKSI BXOGUT B COCTAB Ue/loBe-
YeCKOro OpraHu3Ma, OH SIBJISIETCS IIePCIIeKTUBHBIM

HM | nm

Puc.2. 3D-8ud. CaP-yacmuupl. Yacmuubl nnOMHO pacnpede-
AeHbl Ha NogepxHocmMU 2paduma, xapakmepHwil dUANA30H 8bl-
com Ha noae 8 7 MKm 00 130 HM. ACM, KOHMakmHbll pexxum
Fig.2. 3D view. CaP particles. The particles are densely distrib-
uted on the graphite surface, with a characteristic height range
on the field of 7 ym to 130 nm. AFM, contact mode

A characteristic surface profile was formed for
each sample so that in future, when creating a com-
plex for dsRNA delivery, it would be possible to iden-
tify the carrier by characteristic patterns of surface
morphology.

CAP-PARTICLES, HYBRID PARTICLES BASED ON CALCIUM
PHOSPHATE AND CHYTOSANE
Since calcium phosphate is part of a human body, it
is a promising material for use in medicine. Due to
its biocompatibility, biodegradability, and controlled
properties, calcium phosphate can be used in the form
of nano- and microparticles as a carrier of drugs [10].
CaP-particles are the good candidates as carriers
because they have a high affinity for nucleic acids [11],
and due to controlled synthesis it is possible to obtain
particles of suitable size for gene delivery inside cells.
The particles considered in this work were: CaP par-
ticles (Fig.2), as well as hybrid particles, which are
CaP particles coated with 5kDa chitosan (Fig.3). We
hypothesize that such hybrid particles can combine
the promising properties for two materials.

CHITOSAN PARTICLES

Chitosan-based carriers are extremely promising
because of its proven biocompatibility, biodegradabil-
ity, nontoxicity, and adsorption ability. Nanoparticles
made of chitosan and its derivatives can be used for

VoL.16 No. 52023 NANO INDUSTRY
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Puc.3. 2D-8ud u ceyeHue CaP-4yacmuubl, NOKPbIMbIX XUMO3a-
Hom 5 k/[a. o 0aHHbIM ceveHus ebicoma Yyacmuubl 21 HM, pa-
ouyc 59 Hm

Fig.3. 2D view and cross section of CaP particles coated with
5 kDa chitosan. According to the cross-sectional data, the par-
ticle height is 21 nm, radius is 59 nm

MaTepHajaoM /IS KUCIOAb30BaHUSA B MeJHUIIHHe.
Bnaronaps 610coBMeCTUMOCTH, OHOerpaIuPyeMOCTH,
KOHTPOJIUPYeMbIM CBOKMCTBaM $pocdaT KalIbLIHs MOKET
MIPHMEeHSITECS B BUJIe HAHO- 1 MUKPOYaCTHUI] B KauecTBe
HOCHTeJIsl JIeKapCTBeHHBIX CPefcTB [10].

CaP-4acTHULBI ABASIOTCS XOPOIIUM KaHIHIATOM
Ha POJIb HOCHTeISI, IIOCKOJIBKY 06/1aIaf0T BBICOKHM CPOZI-
CTBOM K HyK/IEMHOBBIM KHC/10TaM [11], a 6arogapst KoH-
TPOJIMPYyeMOMY CHHTe3y BO3MOYKHO ITOTy4YHTh YaCTHUIIEI
MIOAXO/SIIET0 pa3Mepa JI/Isl JOCTaBKU FeHOB BHYTPb KJle-
TOK. B paboTe paccmarpuBanucek: CaP-yacThIbl (PUC.2),
a TaK’Ke THOPHHBIE YAaCTUIIBI, IPeCTaBISIOM e COb0k
CaP-yacTHUILBI, IOKPBITEIE 5 KJ|a XUTO3aHOM (pHC.3).
MBI mpefionaraeM, 4To TaKHe FUOPUIHBIE YaCTHIIBI
MOTYT 06beIUHUTD IePCIIeKTUBHbIE CBOMCTBA ABYX
MaTepHaJIoB.

XWUTO3AHOBDIE YACTULLbI

HocuTenu Ha OCHOBE XUTO3aHa SIBJISIOTCS KpanHe
IepCIeKTUBHBIMHU H3-32 €ro J0Ka3aHHOU 6H0CoB-
MeCTHMOCTH, bropa3araeMoCcTH, HETOKCUYHOCTH

HAHO MHAVCTPUA Tom 16 Ne5 2023

nucleic acids delivery [12, 13], the positive surface
charge of such particles can provide efficient loading
and protection of incorporated drugs from nuclease
activity [14]. However, despite the great progress in the
use of chitosan in the field of medicine and pharma-
ceuticals, the chitosan-based delivery systems applica-
tion in agriculture is still limited [15].

In our study, we examined particles derived from
chitosan lactate with an average molecular weight of
5 kDa (Fig.4) and particles from a 72 kDa glycol-chito-
san derivative (Fig.5).

GOLDEN NANOPARTICLES

Gold nanoparticles have minimal cytotoxicity [16].
However, the use of this vector in plant cells has been
reported relatively rarely. Zhang et al. used different
sizes and shapes of gold nanoparticles to introduce
DNA-Cy3 into plant cells by injection, spherical parti-
cles of 10 nm size, functionalized with small interfer-
ing RNAs, were the most effective in delivering miR-
NAs and induced gene silencing in mature leaves of
Nicotiana benthamiana plants [17].

Both small particles around 100 nm and larger par-
ticles around 400 nm are present in the sample on
mica, with a characteristic height range of 8 to 30 nm
(Fig.6). Gold nanoparticles on graphite aggregated.

NANOEMULSIONS BASED ON NON-IONOGENIC SAAS
Aqueous polyethylene glycol solution changes per-
meability of the cell membrane, which allows for-
eign genes to easily penetrate into the nucleus [18].
This method is relatively easy to apply on many plant
species. According to the measurements results, all
tested surfactant samples lay on the graphite surface
as a film without characteristic particles, the sample
with clay showed particles (Fig.7). The sample with
chlorhexidine forms niosomes, but they are destroyed
in the air.

CONCLUSIONS
RNAi technologies being developed based on the
achievements of molecular, cell biology and biotech-
nology are new innovative methods of plant protec-
tion against pathogens (in particular, viruses). The
development of effective composites for exogenous
treatment of crops is an urgent task. In this work, 3D
images of carriers based on calcium-phosphate, chi-
tosan, gold nanoparticles, as well as nanoemulsions
based on non-ionic surfactants were obtained. Such
parameters as adsorption on the hydrophobic surface
of graphite, tendency to aggregation, their distribu-
tion on the surface, and the geometric dimensions of
particles were evaluated.

Scanning probe microscopy can be used as a tool
for three-dimensional visualization with nanometer
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Puc.4. 3D-8ud xumo3aHosbix yacmuu, u3 5 kla xumo3saHa
Fig.4. 3D view of chitosan particles made of 5 kDa chitosan

U crnocobHOCTH K afgcopbuuu. HaHOYaCTHUIH
M3 XHMTO3aHa U ero IMPOM3BOJHEIX MOI'YT IIpHMe-
HSITBCS [IJ1S1 JOCTaBKH HYKJIeMHOBBIX KUCIIOT [12, 13],
I10JIOKMTe/IbHBIH 3aps/i IOBEPXHOCTH TAKHX YacTHI]
crnocobeH obecrneunuTh 3¢PeKTUBHYIO 3arpy3Ky
U 3aLIUTYy BKIOYEHHBIX IIPelapaToB OT HyKjeas-
HOM aKTUBHOCTH [14]. OnHaKo HeCMOTPSI Ha 601110k
Iporpecc B UCIONb30BAHUHU XHUTO3aHA B 0b6nacTu
MeJHIIMHEL U papMalleBTUKH, IPUMeHeHHe CUCTeM
JIOCTaBKH Ha OCHOBE XM TO3aHa B CeJIbCKOM X035 CTBe
[OKa orpaHHU4YeHo [15].

B Hamem HCC/IeJOBAaHUH MBI U3y4YMJIM YaCTHIIBL,
II0/ly4YeHHBIe M3 JIAKTaTa XMTO3aHa CO CpeIHUM MoJie-
Ky/ISIpHBIM BecoM 5 KJIa (pyc.4) U 4aCTULIBI U3 IPOH3BO-
JHOro 72 KJla IIMKO/Ib-XHUTO3aHa (pHUC.5).

30J10TblE HAHOYACTULIbI

30710Thle HAHOYACTHUIIBI 06/1aJal0T MUHHUMAJIbHOMN
IIUTOTOKCUYHOCTBIO [16]. OmHaKO 06 MCITONIBb30BAaHUU
3TOT0 BEKTOPA B PACTUTEIBHBIX KJIeTKaX CoobIaeTcs
OTHOCHUTEJIPHO pefKo. Y5KaH U OP. UCII0/Ib30BAIH Pas-
JIUYHBIe pa3Mepsl U GOPMBI 30/I0TEHIX HaHOYACTHUIL
nist BBeeHM s JJHK-Cy3 B paCcTHTe/IbHBIE KJIETKH IyTeM
HHBEKIINH, ChepUUecKHe YaCTHUIIBL pa3MepoM 10 HM,
GYHKIIMOHAJIM3UPOBaHHbIe MaJlble HHTepbepHupyIo-
mue PHK, okasanuce Haubosnee 3¢PpeKTUBHBIMU IIPU
nmoctaBke MUPHK U BbI3BIBa/IM Cal/IEHCHHT TeHOB B 3pe-
JIBIX JTUCTBSIX pacTeHUM Nicotiana benthamiana [17].

B o6pasie Ha cnrofe NPUCYTCTBYIOT KaK MaJIeHb
KHe YacTHLBI okojlo 100 HM, Tak u 6osiee KpyIl-
Hble - 0K0JI0 400 HM, XapaKTepHBIH AHalla30H
BBICOT - OT 8 10 30 HM (pHC.6). 30/I0Thle HAHOYACTHUIIBL
HarpaduTe arperupoBasiu.
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HM | nm
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Puc.5. 2D-8U0 u ceyeHue Xumo3aHoablx Yacmuu, u3 72 KAa
2/UKOAb-XUMO3dHda. 10 OaHHbIM Ce4eHUs 8bicOma 0KOAO 5 HM,
paduyc 179 Hm

Fig.5. 2D view and cross section of chitosan particles from
72 kDa glycol-chitosan. From the cross-sectional data, the
height is about 5 nm and the radius is 179 nm

precision and for measuring local mechanical and
physicochemical properties of nanoplatforms in the
composites design with biologically active molecules
(various regulatory RNAs and peptides).
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Puc.6. 2D-8ud u ce4eHue. M1306pa>keHue Yyacmuu, Ha NOBEPXHO-
cmu cA0bl. Boicoma = 12 Hm, paduyc 75 Hm

Fig.6. 2D view and cross section. Image of particles on the sur-
face of mica. Height — 12 nm, radius 75 nm

HAHO3MY/IbCUU HA OCHOBE HEMUOHOTEHHDIX MAB
BOOHBIN PacTBOP IOJHUITHUIEHITHKOIS H3Me-
HsIeT IPOHMIIAeMOCTh KJIIETOUHON MeMOpaHBI, YTO
II03BOJISIET UY>KePOJHBIM T'eHaM JIeIKO IPOHHKATh
B s17po [18]. DTOT MeTOJ OTHOCUTEIBPHO IIPOCT B IIpH-
MeHeHUH Ha MHOTHX BHJAX PacTeHHUH. Ilo UTOram
HM3MepeHHUH BCe HccleqyeMble 06pasisl IIAB nernu
Ha [OBEPXHOCTHU IrpaduTa IIeHKoH 6e3 xapakTep-
HBIX YaCTHL, Ha obpasie c IITUHON 06HAPysKeHBI
JacTULBI (prc.7). Obpasel] ¢ X7TOpPreKCUAMHOM 06pa-
3yeT HMOCOMBI, HO ITPH BBICBIXaHHUH Ha BO3/lyXe OHHU
pas3pymIaTCcs.

BbIBOADI

PaspabarsiBaeMble PHK-TeXHO/JIOTUH, OCHOBAHHBIE
Ha IOCTH KeHUSIX MOJIeKY/ISIPHOM, K/IeTOYHOH 61010~
I 1 6LO0TeXHOJIOTUH, SIB/ISIOTCSI HOBBIMU MHHOBAI[U-
OHHBIMH MeTOLAMH 3allHThl pACTEHHU I OT [IaTOreHOB
(B 4aCTHOCTH, BUPYCOB). Pa3paboTka 3¢ deKTHBHBIX
KOMIIO3HUTOB [IJIsl 9K30TeHHOM 06paboTKU cenbCKoXo-
3S1CTBeHHBIX KY/IbTYP SIBJISIeTCSI aKTya/IbHOM 3alader.

HAHO MHAVCTPUA Tom 16 Ne5 2023

Puc.7. 2D-8ud u ceyeHue. Boicoma yacmuubl 2AUHbI ¢ MOOUGU-
UuposaHHol nogepxHocmbio 1,9 HM

Fig.7. 2D view and cross section. Height of the clay particle with
modified surface 1.9 nm

B manHOI paboTe 6BIIH IT01ydeHbI 3D-M306paskeHUS
HOCHTeJIel Ha OCHOBe KaJIbI[UH-GoCcPaTHBIX, XUTO3a-
HOBBIX, 30JIOTBIX HAHOYACTHULI, & TAK>Ke HAHOIMYJIb-
CHI Ha OCHOBe HeMOHOTeHHBIX [IAB. OLleHeHBI TaKHe
IapaMeTpel, Kak XapakTep afcopbLyu Ha rugpodob-
HOY ITI0BePXHOCTU IpadUTa, CKIOHHOCTD K arperaiui,
XapaKTep pacpejie/ieHHUs 10 TIOBEPXHOCTH, reoMe-
TpHUUecKHe PasMepbl YaCTHII.

CKaHUpYOLAsl 30HA0BasE MUKPOCKOIIHS MOXeT
HCII0/Ib30BaThCSl B KauecTBe UHCTPYMEeHTa J/I TPex-
MEePHOM BU3yaIH3allMH C TOUHOCTBIO JI0 eIMHHUI] HaHO-
MeTpOB U [JJIsl U3MepeHU s JIOKaJIbHBIX MexaHHuYe-
CKUX Y QU3UKO-XMMHUUYECKHUX CBOMCTB HaHOIJIAT)OPM
IIPH KOHCTPYHPOBAHUH KOMIIO3UTOB C OHMONOrHYeCcKH
aKTHBHBIMHU MOJIeKyIaMHU (Pa3TUYHBIMHU PeTysaTop-
HbeIMU PHK ¥ meriTUgaMH).
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NHOOPMALLUA O PELLEH3UPOBAHNU

Pepmakuus 61arofapuT aHOHHMHOIO pelleH3eHTa
(peLleH3eHTOB) 32 UX BKJIAJ B pelleH3UPOoBaHHUe 3TOM
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CaKTe
SKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BHIe B HOb
eLIBRARY.RU.

Jekaapauus o KoHpAuKme uHmepecos. Asmopbl 3a384at0m 06
omcymcmauu KoHMAUKITO8 UHMepecos UAU AUMHBLX OMHOLWEeHUL,
Komopble mozAu bbl n08AUSMb HA pabommy, npedcmasieHHyto 8 daH-
Holl cmambe.
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