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AHHoOTa1Ms. BUpycsl 06/1a1al0T MHOTMMH IIPeUMYyIleCTBAaMU Ilepef, PyTUMU TUIIaMK 6HMOMOJIEKYT I/ CUH-
Te3a HaHOYaCTHI, II0OCKOIbKY OHU BCTPeUaIOTCs B LIMPOKOM [Hara3oHe ¢opM U pa3MepoB U 0671aal0T pa3Ho-
06pa3HBIMU XUMHUYECKUMHU QYHKIIMOHAIBHBIMH BO3MOKHOCTSIMU. HeMaI0BaskHO, YUTO BUPYCHI pacTeHU M 6e3-
Bpe/HBI 1715 YejloBeKa, B CBSI3M C YeM MIMPOKO HCIIONb3YI0TCS B OMOTeXHONOTUsAX. BUpyc TabauHOM MO3aUKHU
CTaHOBUTCSI MHTePeCHBIM 06BbeKTOM JI7I51 UCII0JIb30BaHUSI B KaueCTBe IIJIaTGOPMBIL U CPeICTBA JOCTaBKH, b61aro-
Japst BBICOKOMY acIIeKTHOMY COOTHOIIEHHIO, y3KOMY pacIipe/ie/IeHHIO 10 pa3MepaM, pa3HooOpa3HbIM 60X MU~
yeCKUM QyHKIIMOHAIbHBIM I'PYIIIIaMU Ha IOBEPXHOCTHU M COBMECTUMOCTH ITyTeM XUMUYeCKOM KOHBIOTAIUH.
K ToMy >Ke ero J0CTaTOYHO JIETKO BBIIESATH, 3 MOPHOIOTrHer MOXKHO MaHHUITYIUPOBATh C IIOMOIIbIO TeHeTHYe-
CKOM MOAMHUKALIMY UJIU TePMHUYeCKOMN 06paboTKH.
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Abstract. For nanoparticle synthesis, viruses have many advantages over other types of biomolecules, as they
occur in a wide range of shapes and sizes and have diverse chemical functionalities. It is important that plant
viruses are harmless to humans, and therefore are widely used in biotechnology. Tobacco mosaic virus is emerg-
ing as an interesting target for use as a nanotemplate and delivery vehicle due to its high aspect ratio, narrow
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size distribution, diverse biochemical functionalities on the surface, and compatibility through chemical con-
jugation. In addition, it is quite easy to synthesize tobacco mosaic virus, and its properties can be manipulated

through genetic modification or heat treatment.
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BBEJEHUE

PacTuTe/NbHbIe BUPYChl KMEIOT Pa3JIM4Hble QOPMBIL:
BHUPYC XJIOPOTHUYHOM KPAaI4aTOCTH KOPOBBLETO
ropoxa, BUPyC MO3aKMKH KOPOBbEI0 rOpoxa u BUPYC
MO3aHMKH KOCTpa 06pa3yloT HMKoCasJpHUUYecKHe
CTPYKTYyPHL pazmepoM oT 18 1o 30 HM, BUpYyC Tabad-
HOM Mo03auKH (BTM) U BUPYC IITPUXOBOM MO3aUKH
SAYMEeHS UMEIOT IaJIOYKOBUIHYIO OPMY pa3Mepom
1o 300 HM [1]. Braromaps TakoMy pa3HoobpasHuio
bopMm pacTUTeIbHBIE BUPYCHI CTAHOBATCS HHTEpec-
HBIM 06BeKTOM B KauecTBe IIJIaTGOPMBI /151 paspa-
60TKH HaHOMaTepHaJioB, KOTOPble MOKHO HCIIOJb-
30BaTh B 6HMOMeAMIIMHe B KaueCTBe CPeACTBa
IOCTaBKH, B 3JIeKTPOHHKE K SHePreTHKe [IJis C03-
JaHHs KaTaJIHu3aTOPOB, JATYMKOB, aHOLOB aKKYy-
MYJISTOPOB U IIOJYIPOBOAHHUKOBEIX LIUPPOBHIX
YCTPOMCTB MaMSITH.

BupycHBIe YaCTHUIIBL COCTOAT M3 caMocobupa-
IOMUXCS KAaICHUAHBIX 6e1KOB U HYKIEHHOBBIX
KHCJIOT, KOTOPble KOAUPYIOT BUPYCHBIe 6elKH.
KamcupHble 6enKK 0671a4a0T pa3HOOOpa3HBIMU
OMOXMMHUYECKUMHU QYHKIIHOHATBHBIMH BO3MOXK-
HOCTSIMU 6/1arofapsi aMUHOKHCIOTHBIM OCTaTKaM,
KOTOpbIe MOT'YT B3aHMMOJIeHCTBOBATh C MeTaJIaMH
B pacTBope [2, 3]. 9TH 0CTaTKHU MOKHO KOHBIOTH-
pPOBaTh C APYTUMHU COeJUHEHHUSIMHU, UYTOOBl CHHTe-
3UPOBATh Pa3/IMYHble HAHOMATEPHAJIbI C HOBBIMHU
OYHKIMOHATBHBIMU CBOMCTBAMH.

BTM 6Bl IepBEIM BHPYCOM, BHU3YaIH3HU-
POBaHHBIM B 3JIeKTPOHHOM MHKPOCKOIIE.
Muxkpodpororpapuu BTM, onybiuKOBaH-
Hele 'yctaBom A. Kayme, 3arapom Ilpankyxom
u l'enbmyTOM Pyckoi B 1939 rony, mpoAeMOHCTPHU-
pPOBaIU OTJe/NbHBIE CTep>KHeoOpa3Hble YaCTHUIIBI
pasMmepom 330x15 Hm [4]. [IxkeriMc YOTCOH Hadall
KM3yd4aTh CTPpYKTypy BTM B 1952 ropy. Iloka ®peHcuc
KpuK 3aKaHYMBaAJ JOKTOPCKYIO MHCCEPTAIHIO
[0 MeTO4aM PeHTreHOBCKOM Audpakuuu ben-
KOB [5], [I.YOTCOH IBITAJICS ONpefelHuTb CTPYKTYPY
BTM [6]. [.YOTCOH O4YeHb yBJIeKaTeJIbHO OMHUCHI-
BaeT, KaK OHH pasrajabiBanau cTpykrypy IHK. On
X0TeJ 3aHHMaThca ucciaenoBanueM JHK, u usy-
yeHue BTM 6bI10 UealbHbIM IPUKPBITHEM, TaK

INTRODUCTION

Plant viruses have different shapes: cowpea chlo-
rotic mottle virus, cowpea mosaic virus and bark
mosaic virus form icosahedral structures rang-
ing in size from 18 to 30 nm, while tobacco mosaic
virus (TMV) and barley streak mosaic virus have
stick-like shapes up to 300 nm [1]. This diversity
of shapes makes plant viruses an interesting tar-
get as a platform for development of nanomateri-
als that can be used in biomedicine as a delivery
vehicle, in electronics and energy to create cata-
lysts, sensors, battery anodes, and semiconductor
digital memory devices.

Viral particles consist of self-assembling cap-
sid proteins and nucleic acids that encode viral
proteins. Capsid proteins have diverse biochem-
ical functionalities due to amino acid residues
that can interact with metals in solution [2, 3].
These residues can be conjugated with other com-
pounds to synthesise various nanomaterials with
new functional properties.

TMV was the first virus visualised in an elec-
tron microscope. Microphotographs of TMV pub-
lished by Gustav A. Kausche, Edgar Pfankuch,
and Helmut Ruska in 1939 showed individual
rod-shaped particles measuring 330 x15 nanome-
tres [4]. While Francis Crick was completing his
doctoral thesis on X-ray diffraction methods for
proteins [5], James Watson was trying to deter-
mine the TMV structure [6]. D.Watson describes
in a very fascinating way how they unravelled the
DNA structure. He wanted to do DNA research,
and the study of TMV was the perfect cover, as the
key component of the virus is nucleic acid. The
fact that the virus contained RNA and not DNA
was even better, since by unravelling the RNA,
one could get a clue to the DNA structure. Watson
did not fully understand crystallographic the-
ory by his own admission, but guessed that some
of the spots in the X-ray diffraction of the TMV
that puzzled John Desmond Bernal and Isidor
Funkyuchen could be explained by the fact that
the TMV had a helical configuration.
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KaK KJIFDOUeBOM KOMIIOHEHT BHUPYyca —~ HyK/JIeHHOBas
kuciaora. ToT akT, 4TO B BUpYyCe comepkuTcsa PHK,
a He JHK, 6p1JI0 gasKke Jly4lie, TaK KakK pasrajas
PHK, MOKHO OBIJIO IOJMYYHUTH KII0Y K CTPYKType
JHK. YoTcOH He 10 KOHIIa OHHMMAaJI KPUCTAJIJIO-
rpaduUecKy0 TEOPHIO 10 COGCTBEHHOMY IIPU3Ha-
HHIO, HO JOorajfajcs, YTo HeKOTOphle HATHA AU~
PaKLKH PeHTIeHOBCKHUX yderd BTM, KoTopble 03a-
mauyuBanu [I>KoHa JlecMoHga bepHana u Mcugopa
daHKIOXeHa, MOXXHO 00BSCHUTH TeM PaKTOM, UTO
BTM nMeeT CIIMPaJIbHYI0 KOHQHUIYPALIHIO.

[TonyuuB cobCTBeHHBIe peHTTeHOTPAaMMEBI I1apa-
kpuctanaioB BTM, [1.YOTCOH IOATBEepPAUJ CBOIO
Joraaky. OCHOBBIBASCh Ha CBOMX HOBBIX JAaHHBIX,
OH yTBepXAaas, 4To BTM mpepncraBisieT cobon
CIMpasib, IOBTOPAIOIIYIOCSA KaskAble TPHU BHUTKA
Cc mepuomoM 68 A. OH Takxe IPenIoaoXKH/I, YTO
BUpycHasi PHK HaxoguTCs B LIeHTpe 3TOU CIIUPaH,
AHAJOTUYHO €e PACIOJIOKEeHHIO B ChepHuUYeCKUX
BHUPYCax: BUPYCe KeJITON MO3aHKHU PeIlbl 1 6aKTe-
puodare T2 [7]. CtaTpst YoTcoHa o BTM 6b1s1a mipen-
cTaBieHa B KypHas Biochimica et Biophysical Acta
3a HeJesIo 0 TOro, KakK ero 3HaMeHHTas 3aMeTKa
c KpukoM o AByxLenodeuHou cTpykType JHK mog-
BHJIACh B XypHase Nature [8]. Takum obpasom,
3HaKOMCTBO YOTCOHA C TeOPHEeH CIIUPaJIbHOM JHUP-
PaKUMM 0Ka3aa0Ch OYeHD I10JIe3HBIM [JIs IIOHHUMa~
HUS Bcero 3HaueHus "Potorpaduu 51" Po3anuHIEI
®paHKIHH.

B HacTosimee BpeMs BUPYC TabauHOM MO3aHUKHU
SABJISETCS OJHHUM M3 CAMBIX XOPOIIO M3YYeHHBIX
MozieIbHBIX 06B5eKTOB. C IOMOIIBIO ATOMHO-CHJIO-
BOM MHUKPOCKOIIHUH yJaeTCs IT0y4aTb HOBbIE CTPYK-
TypHBIe JaHHbIe 0 MOP)OJIOTHUH YACTHIL IIPH 06BIY-
HBIX YC/IOBUSIX U IIPHU U3MEHEHUH TeMIIepaTyphl
oKkpyKamouien cpensl [9]. dopMa u pa3Mepsl HacTHIL
3aBHCAT OT METOJ0B BhIJeJIeHH S, OUKUCTKHU, yCJIO-
BUI XpaHeHUs obpasia, IpoleAyp HaHeCeHUS
obpasla Ha MOAJIOXKKY M XapaKTepa MOJJIOXKH.
PaHee ObIJI0 TOKA3aHO, YTO MOAJIOXKKA MOXKET BIIH-
ATh Ha BUPYC, BRI3BIBAS YAaCTHYHOEe pa3pylIeHHe
6enkoBor obomoukH [10].

MATEPUAbI U METO/bI

Bupyc tabaunHom mMo3aumku (BTM), mTaMm
Ul 13 KonjekUHHU Kadenpsl BUPYcoaoruu MIY
OBI7T HaKoIlJIeH B pacTeHusx tabaka (Nicotiana
tabacum L.) coprta Samsun. Pactenus N. taba-
cum BBRpAaIlMBAJH AO CTALHUH GOpMHUPOBa-
HUS 5-6 O0NBIIKX JTUCTHEB B TEIJIMIlEe C JOII0JI-
HUTeJNbHBIM OCBelleHHEeM (HAaTpHUeBble JTaMIIBI
BBICOKOTO [JaBJIeHHU ) IIPU TeMIlepaType 22-25 °C.
PacTeHUS HHPUIUPOBAJIU METOLOM MeEXaHHU-
YeCKOM HHOKYISIHHU. B KauecTBe NHPEKIIUOH-
HOI'0 MaTepHaJja HMCII0JIb30BalH CYCIIeH3UIO PaHee
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After obtaining his own X-ray images of TMV
paracrystals, Watson confirmed his conjecture.
Based on his new data, he argued that the TMV
is a helix repeating every three turns with a
period of 68 A. He also suggested that the viral
RNA is located in the centre of this helix, similar
to its location in spherical viruses: turnip yellow
mosaic virus and bacteriophage T2 [7]. His paper
on TMV was submitted to the journal Biochimica
et Biophysical Acta a week before his famous
note with Crick on the double-stranded structure
of DNA appeared in Nature [8]. Thus, Watson’s
familiarity with the theory of helical diffraction
was very helpful in understanding the full signif-
icance of Rosalind Franklin’s "Photograph 51".

Currently, tobacco mosaic virus is one of the
most well-studied model objects. Atomic force
microscopy can be used to obtain new struc-
tural data on particles morphology under normal
conditions and under changes in ambient tem-
perature [9]. The shape and size of the particles
depend on the methods of isolation, purification,
sample storage conditions, procedures for depos-
iting the sample on the substrate and substrate
nature. It was previously shown that a substrate
can affect the virus by causing partial destruc-
tion of the protein shell [10].

MATERIALS AND METHODS
Tobacco mosaic virus (TMV), strain Ul from the
Department of Virology collection, Moscow State
University, was accumulated in tobacco plants
(Nicotiana tabacum L.) of the Samsun variety. N.
tabacum plants were grown to the stage of 5-6
large leaves formation in a greenhouse with addi-
tional lighting (high-pressure sodium lamps) at
22-25 °C. Plants were infected by mechanical inoc-
ulation. A suspension of previously isolated and
purified virus at a concentration of 50 pg/ml was
used as infectious material. In 1-2 weeks after
infection, symptoms of systemic plant damage
develop: mosaic symptoms in the form of alter-
nating light-green and dark-green areas, often
accompanied by the appearance of abnormali-
ties in the form of localised swellings, clearly
observed when compared with a healthy control
plant. Leaves of infected plants were collected
three weeks after infection, packed and frozen
(-18 °C). TMV was isolated and purified by differ-
ential centrifugation as described previously [11].
Viral precipitate was dissolved in 0.01 M Tris-
HCI1 pH 7.8. The TMV solution was clarified by
low-speed centrifugation at 10000g for 15 min-
utes. A 0.05 ml sample was taken to determine
TMV concentration and preparation purity.



BBIJIeJIeHHOTO 1 OUYHIeHHOTO BUPYyCa B KOHLIeHTpa-
oM 50 MKr/mii. Yepes 1-2 HeZleIu IIOCJIe 3apake-
HHS Pa3BHUBAIOTCSA CUMIITOMBL CHUCTEMHOIO II10pa-
>KeHU S PaCTeHHUS: HabMI0MAI0TCsl MO3aUYHble CHM-
IITOMBl B BHJe YepeLyIOIUXCs CBeT/JI0-3eJIeHbIX
M TeMHO-3eJIeHbIX YYaCTKOB, 4aCTO COIIPOBOKAA~
eMble IIOSIBJIeHHeM aHOMAJMH B BHJe JTO0KaJbHBIX
B3JYTUM, 4eTKO HablogaeMoe IpU CPpaBHEHUU
C KOHTPOJIBHEIM 3[0POBBIM pacTeHHeM. JIUCThA
3apa’keHHBIX pacTeHHM cobupaau udepes TPHU
HeJleJI1 [10CJIe 3apaskeHu s, $pacoBalld U 3aMOPasKH-
Bau (-18 °C). BTM 6b1J1 BbIe/IeH U OYHILeH C IIOMO-
IbI0 MeTola AUPbepeHIIMaIbHOTO LIeHTPUPYTUPO-
BaHMS, KaK OIIMCAaHO paHee [11].

BUpPYyCHB U OCafZoOK PacCcTBOPAIH
B 0,01 M tpuc-HC1 pH 7,8. PactBop BTM ocBeTns1HU
IIPHU IIOMOIIKM HHU3KOCKOPOCTHOIO LeHTPUPYIrUPO-
BaHMA IIpHU 10 000 g B TeueHue 15 MuH. [IpoBogunu
ot6op npobsl 06BeMoM 0,05 MII /151 OTIIpefe/eHUs
KOHIeHTpaluu BTM K YHCTOTHI ITperapara.

KauecTBO BBIZleJIeHHOrO IIpenapara BTM (Hanu-
yue NpumMecer, Mopdosorusa U pa3Mepsl YacTHUIL)
KOHTPOJIMPOBA/IU METOLAMU CIIeKTpodpoTOoMe-
TPUHU, 3/IeKTPOPOPETUULCKOTO aHAIK3a U IIPOCBe-
YHBaKOIlel 3TeKTPOHHON MHKPOCKonUuHU (II9M).
Ins [19M npemnapat BTM copbupoBanu Ha Me[-
HBIX CeTKaXx [/ 3JIeKTPOHHOU MHKPOCKOIHH,
IIOKPBITHIX GOPMBApPOM, HeTaTHBHO KOHTPACTHUPO-
BaJH 1% pacTBopoM pocdopHO-BONbPPaAMOBOU KHC-
JIOTHI M aHA/IM3HUPOBaJIH C IIOMOLIbIO 3JIeKTPOHHOI0
MHKpocKkorna Leo 912 (Zeiss).

3D-MOpd0IOTH A BUPYCHBIX YaCTHUL, KCCIeL0Ba~
nmacek ¢ momompio C3M "®emToCKaH" Ha BO3ayxe
Ha IOJJIOXKKAaX M3 rpaduTa U CIKAL B pe30HaHC-
HOM pekKMMe, MCII0b30Balu KaHTUeBep NSCI0,
obpaboTka n306paskeHUI OCYyIeCcTBIsIIach B I10
"®emroCKaH OHnManH" [12].

PE3VY/IbTATDI

Ha puc.l npencraBiaeHo usobpaskeHHe BUPYCa,
II0/1y4eHHoe ¢ momolnbio [I9M. XapaKkTepHBbIe pas-
Mepbl BUpYyca TabauHON M0O3aKuKH — 300 HM B IJIMHY,
18 HM B BrIcOTYy. Ha Kazmpe MpUCYTCTBYIOT KaK OLHU-
HOYHBIe YaCTHUIIBI, TaK U YaCTUILIBI, BEICTPOEHHBIE
TOPLIAMHU APYT K APYry, 06pa3oBbIBasi TeM CAaMbIM
OAHMHHBIe BePeHU Il YaCcTUL 10 1 MKM. OTAe/IbHBIe
YaCTUIBI UMEIOT CTeP>KHEeBUAHYIO GOopMYy.

Ha puc.2. nmpencraBieH obpaser] BUpyca, MOIy-
YeHHBIH B pe30HaHCHOM pexkxuMe ACM. Heckoslbko
MKJI 0obpa3ia HaHeC/IH Ha [TI0BEPXHOCTH CBEKeCKO-
JIOTO C/IIOABI U BBICYIIHJIH.

Ha xagpe ODpHUCYTCTBYIOT KaK YaCTHUIIBL JJIH-
Hou B 300 HM, TakK 4 APYyrod AJHHBE, B TOM
Yuciae U coBceM Hebonpmue - MeHee 100 HM.
Takxke B obpasie NPUCYTCTBYIOT JIHUHHBIE
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200 HM | nm
e

Puc.1. M306pakeHue supyca mabayHol mMo3auKku, NoOAy4eHHOoe
memodom M3IM. B obpasue npucymcmaytom Kak 00UHOYHbIE
yacmuysl no 300 HM, mak u cmpykmypbl 0AuHoU 00 1 MKM.
TeMHble MOYKU HA U306pa>keHUU — HAHOKpucmanael pocpop-
HO-80AbpamMo80Li KUCAOMbI, UCNOAb3YeMOLli 8 Ka4ecmae KOH-
mpacmupyou,e2o 8elw,ecmaa

Fig.1. TEM image of the tobacco mosaic virus. The sample con-
tains both single 300 nm particles and structures up to 1 ym in
length. The dark dots in the image are nanocrystals of phospho-
tungstic acid used as a contrast agent

Quality of the isolated preparation of TMV
(presence of impurities, morphology and parti-
cle size) was controlled by spectrophotometry,
electrophoretic analysis and transmission elec-
tron microscopy (TEM). For TEM, the prepara-
tion of TMV was sorbed on copper grids for elec-
tron microscopy coated with formvar, negatively
contrasted with 1% phosphotungstic acid solution
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Puc.2. 2D- u 3D-u306paxkeHus gupyca mabayHol mo3auku
U zucmozpamma pacnpedeneHust no 8bicome 0maoeAbHbIX mMo-
yeK U306pakeHus. Jlegbill 8bICMyn HA 2UCMO2pamMme CO0Mm-
gemcmayem moykam nodAoXKKU, npaswill — yacmuuam BTM.
PaccmosiHue mexxkdy ebicmynamu ykasvieaem Ha Habadaemyro
sblcomy yacmuu, supyca okono 15,5 Hm

Fig.2. 2D- and 3D images of tobacco mosaic virus and a histogram
of the height distribution of individual image points. The left pro-
trusion on the histogram corresponds to the substrate points, the
right one to the TMV particles. The distance between the protru-
sions indicates the observed height of the virus particles of about
15.5n$m
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and analysed using a Leo 912 electron microscope
(Zeiss).

3D morphology of viral particles was studied
using FemtoScan SPM in air on graphite and mica
substrates in resonance mode, NSG10 cantilever
was used, image processing was performed in
FemtoScan Online software [12].

RESULTS

Fig.1 shows the TEM image of the virus. The char-
acteristic dimensions of the tobacco mosaic virus
are 300 nm in length and 18 nm in height. Both
single particles and particles lined up end-to-
end with each other, thus forming long string
of particles up to 1 pm, are present in the image.
Individual particles are rod-shaped.

Figure 2 shows a sample of virus obtained in
the resonance mode of AFM. A few microliters of
the sample was applied to the surface of freshly
pierced mica and dried.

Both 300 nm particles and other lengths,
including very small particles of less than
100 nm, are present in the frame. Long parti-
cles are also present in the sample when viruses
are lined up side by side. The variation in parti-
cle size can be explained by separation and puri-
fication methods, which results in virus frag-
ments appearance and mica surface segments.
By means of AFM it is also possible to determine
the character of particle distribution on the sur-
face - viruses do not gather in one place, but tend
to spread on the surface. The underestimated
height value in AFM is a consequence of interac-
tion with the substrate.

Figure 3 shows a sample of tobacco mosaic
virus, where almost all particles tend to line up
end-to-end, giving the impression of branch-
ing particles. According to the histogram, the
characteristic height is 14 nm. The image indi-
cates degradation of the virus protein envelope,
as a result, a variation in the cross section of
the VTM particles is observed. Due to the loss of
mechanical rigidity, the particles loose the rec-
tilinear shape characteristic of intact particles.
Partial destruction of the particles is also indi-
cated by the observed underestimated height size
of 14.5nm.

With AFM, detailed characterisation of all
objects in the frame can be obtained. FemtoScan
Online software can automatically select objects
and calculate geometric characteristics of each
structure, as well as compare the particle size
distribution of two samples:

e P - perimeter;
e S -square;
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YaCTHUIBI, KOTJa BUPYCH BBICTPAMBAIOTCA APYyT
3a OpyromMm Toper K Topuy. Paszbpoc B pa3me-
Pax "4acTHUI, MOXHO OOBSCHHUTH METOJOM BBIJe-
JIeHUS U OYMCTKH, UTO IIPUBOLUT K II0OSBJIIEHHIO
Ha IIOBePXHOCTH CJIIOABI GParMeHTOB U CeIMeHTOB
BupycoB. C nomoibio ACM Tak>ke MOKHO oIlpese-
JIUTH XapaKTep pacrpeleieHUs YacTUL 10 [IOBePX-
HOCTH - BUPYCHL He COBMPAIOTCS B OLHOM MecTe,
a CTpeMSATCS pa3sMeCTUThCI Ha IMOBEPXHOCTH.
3aHUKEeHHOe 3HaueHHe BbhICOTH B ACM sBIsgeTcs
CJIeCTBHEM B3aMMOJEMCTBHU S C IIOJJIOKKOM.

Ha puc.3 mokas3aH obpaser Bupyca tabau-
HOM MO3aHKH, IJe INOUYTH BCe YACTHUIBL CTpe-
MSTCS BBICTPOUTHCA TOPeLl K TOPILy, OTYero co3fa-
eTCs BIIeYaT/JeHHe BeTBSAIIHUXCS YacTHIl. [1o maH-
HBIM I'HCTOTPaMMBI XapaKTepHas BBICOTA COCTAaB-
nsieT 14 HM. HM306paskeHHUe yKa3blBaeT Ha Jerpa-
nanuio 6e1KoBOM 060I0YKHU BHPYyCa, B pe3yabTaTe
HabnomaeTcss BApbUPOBAHUE IIOIIePEYHOTO cede-
Hug dacTul BTM. BciencTBue moTepH MexXaHU-
4eCKOH >KeCTKOCTHU YaCTHLBl TepSIOT NPSIMOIH-
HelHYI0 QOpMYy, XapaKTepHYIO O MHTaKTHBIX
JacTull. Ha yacTu4YHoOe pa3pylleHHe YaCcTHUIL YKa-
3pIBaeT U HabiiomaeMBbIll 3aHUKeHHBIN pa3Mep
BBICOTBHI.

C momoibio ACM MOXKHO IIONYUYUTH JeTaIbHbIe
XapaKTepPUCTHUKH IO BceM obbeKkTaM Ha Kajpe.
[IporpaMmMHoe obecriedeHue "PemToCKaH OHIANH"
MOXeT aBTOMAaTHUUYECKHU BBHIJEJIUTb 00BbeKTH
U IIOCYHTATh FreOMeTPHYECKHE XapaKTePUCTUKHU
Ka’kKJOU CTPYKTYPHI, a TAKKe CPaBHUTH paclpefe-
JeHHe YaCTHI] I10 pa3MepaM Ha BYX obpasmax.

* P -nepumerp;

e S-nJouanb;

e V-o006beM;

e RMS - cpegHeKkBagpaTU4YHOEe 3HAYeHHE BBICOTHI
o6beKTa (IepoxoBaTOCTh);

* dopmMm-dakTop 1 - OTHOLIEHHEe paguyca OKPY>KHO-
CTU 5KBUBAJIEHTHOM IJIOMAAU K PALHUYCYy OKPYK-
HOCTH 3KBHMBAJIeHTHOIO HepuMeTpa. [n1g Kpy-
rnoro o6vekTa 3T0T GopM-OaKTOp paBeH enu-
HHUIle. YeM CHJIbHee U3pe3aH IepuMeTp o6beKTa,
TeM 6/1H3Ke ero 3HaUeHHe K HYJIO0;

o dopM-daKkTOp 2 - OTHOIIEHHUE YIBOCHHOM IIPOTS-
SKeHHOCTH 06BeKTa K ero mepumMeTpy. st TOH-
KON HUTH 3TO OTHOIIEHHe PaBHO efHHHUIIe,
IJIs1 OKPY>KHOCTH OHO PaBHO HYJIIO;

e H- mMakcuMa/ibHas BbICOTA 00BEKTa;

e <H> - cpenHss BbCOTA 00BEKTA.

[IprBeneHHOrO BhlIle Habopa K3 BOCBMHU Ilapa-
MeTpOB BIIOJIHE AOCTAaTOUYHO /s AOCTOBEPHOU
OIIeHKH Pa3/IMUHI B IPUTOTOBJIEHHBIX 0bpa3ax.

V3 paHHBIX TabAHLB BHUJIHO, YTO Yy BTO-
poro obpasma 3Ha4YeHU S IepUMeTpa, IIOMALHU
¥ 06beMa YacTHUI] FOpa3o BhIIIe, IIPU 3TOM BBICOTA

HM
nm

18

0 2000 4000 6000 8000 10000 12000 HMm|nm

HM | nm

Puc.3. 2D- u 3D-u306paxkeHus BTM. Jlesblli 8bicmyn Ha 2u-
cmozpamme coomaemcmayem moukam nodA0XKU, Npaswill 4a-
cmuyam BTM. PaccmosiHue mexxoy 8bicmynamu yKa3bleaem Ha
Habawdaemyro ebicomy Yacmuy, eupyca 0KoAo 14 Hm

Fig.3. 2D- and 3D images of the TMV. The left protrusion in the
histogram corresponds to the substrate dots, the right one to the
TMV particles. The distance between the protrusions indicates the
observed height of the virus particles of about 14 nm

VoL.17 No. 52024 NANO INDUSTRY
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Tabauua 1. CpagHeHue 2eoMempUYecKUX XapakmepucmuK 8UpyCHbIX Yacmuu, mpex 06pasu,os
Table1. Comparison of geometrical characteristics of viral particles of three samples

S, nm? Vx103, nm3> RMS, nm ®dopm ®dopm H, nm <H>, nm
daxTop1, daxTop 2,
Rs/Rp 2Lskel/Lp
Form factor Form factor

O6paseL, N22
Sample 2 2177 156958 2708 2,08 0,05 0,62 20,84 16,36
O6paseL, N22
Sample 2 6457 504267 5822 0,02 0,89 14,7 10,6
O6pasel, N23
Sample 3 5053 557016 6035 0,02 0,89 14 9

06BeKTOB U CpelHeKBAaPaTUUHAS LIEPOXOBATOCTH
II0YTHU He OTIUYAIOTCA.

HHTepecHO OLEeHUTh GopM-GaKTOp — YaCTHUILBI
BO BTOpOM 06pa3isl 60ee CKJIOHHBI 00pa30BBIBATH
BHITSAHYTble HUTeBUIHBIe CTPYKTYPhl B OTIIMYHE
OT IIepPBOrO, YTO MOXKeT OBITH CIeICTBHEM HAHEeCeHHU
obpasia u ero BBICBIXaHHS Ha MOJJIOXKKe. TakKe,
BepOSITHO, B Ipollecce XpaHeHUSI U MOATOTOBKH
obpasma nist uccaemoBaHus Ha ACM 4acTHIBI MOTYT
JIOMaThCs U MeHee aKTHBHO BBICTPAMBAIOTCS APYT
3a pyroM Ha IIOJJIOKKe.

B Tabn.l mpuBeeHBl yCpeLHeHHBble TIapaMeTpHl
YaCTHUI] [JJIs IBYX CllydyaeB IIPUTOTOBIeHUS obpas-
1oB (obpaser; Nel u 2). YacTunsl obpasua 2 boee
CKJIOHHBHI K YIIOPSALOYeHHOMY IIOCTPOHUIO TOPell
K Topuy. Ha 9T0o yKa3bIBaIOT yBeIHYeHHbIe 3Haye-
HUS apaMmeTpoB P, S u V ans BToporo obpasua.
[IpomopuroHa/lbHOE YBeJIHMYEeHHE IMepHMeTpa
U obbeMa HacTHUI B ABa pa3a BToporo obpasua
yKa3blBaeT Ha XapaKTepHYI0 OpraHH3allHuI0 OPYT
3a IPYTroM.

O6pasel] Bupyca Ha puc.4 HarpeBanu 10 90 °C B KOH-
LleHTpaluu 1 Mr/mMia B TedeHue 1 MUH. CyLleCTBEHHO
oTIn4Ke B GOpMe YaCTHULL OT IIPebIIYIIHX [IBYX 06pas-
LIOB: BCe YACTHUIIBI KaK 6y TO IBITAIOTCS CJIUTHCS BOe-
IMHO He TOIIBKO TOpel] K TOPLy, HO U 60K 0 60K, II0YTH
He BCTpeYaloTCsa OfMHOYHbIe. [0 JTaHHBIM reoMeTpH-
YeCcKHUX pa3MepoB 06beKToB o6pasria N3 BUIHO 3aHU-
sKeHHe 00I1el BEICOTEL 00 BbeKTOB, yBeluUeHHe 0bbeMa
06peKTOB, IIPU 3TOM 3HaYeHHUS GopM-YaKTOPOB He
OT/IMYAIOTCS 0T obpasima Ne2.

3AK/IIOYEHUE
HccnepoBaHus BTM BHecC/IH CyLleCTBeHHBIN
BKJaj B 6a30oBble NMpeacTaBAeHHS O BHpycax,
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e V-voilume;

« RMS - root mean square value of the object
height (roughness);

 form factor 1 is the ratio of the radius of a cir-
cle of equivalent area to the radius of a circle of
equivalent perimeter. For a circular object, this

Form Factor 2 is equal to one. The more rugged

the perimeter of the object, the closer its value

is to zero;

 form Factor 2 is the ratio of the doubled length of
the object to its perimeter. For a thin thread this
ratio is equal to one, for a circle it is equal to zero,

« H-maximum object height;

e <H> - average height of the object.

The above set of 8 parameters is sufficient to reli-
ably assess the differences in the prepared samples.

From the data in the table, it can be seen that the
second sample has much higher values of perime-
ter, area and volume of particles, while the height
of objects and RMS roughness are almost the same.

It is interesting to evaluate the form factor - the
particles in the second sample are more prone to
form elongated filamentous structures in contrast
to the first, which may be a consequence of sam-
ple application and drying on the substrate. It is
also likely that during storage and preparation of
the sample for AFM examination, the particles may
break and are less likely to line up one after another
on the substrate.

Table 1 shows averaged particle parameters for
two cases of sample preparation (sample 1 and 2).
The particles of sample 2 are more inclined to an
ordered face to face arrangement. This is indicated
by the increased values of the parameters P, S and
V for the second sample. The proportional increase
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crioco6CcTBOBa/IM MHTEHCHBHOMY Pa3BUTHIO MoJle-
Ky/JIsIPHOM TeHeTHKH M IOHHMMAaHHIO XapaKkTepa
[IpoTeKaHUS HHPEeKIIMOHHBIX 3abomeBaHu. BTM
CJIY>KHJI MOJEJIbIO /1 U3Yy4YeHU I TAKUX YeJloBe-
YeCKMUX ATOreHOB, KaK IPUIII U IIOJIHOMHEIUT
(13, 14].

B paMmKax JaHHOM paboThl OBLIH [ONYUYeHbI JaH-
Hble 06 ob6pasmax BTM, yacTUIbI BU3yaIU3UPO-
BaHBI ¢ moMmompio ACM u II9M. Ilony4yeHsl reo-
MeTpHYeCKHe XapaKTePUCTUKHM YaCTHIL 10 JaH-
HeiM ACM, moka3aH pa3HBIM XapakTep afcopb-
UM YaCTHUI Ha IOJJIOKKEe M3 CIAIOAbl B 3aBUCH-
MOCTH OT obpasla, YTo MOXeT OBITh C/IeICTBHEM
npobomoAroToBKH, YCI0BUI HaHeCeHUS U XpaHe-
HHs obpasua BTM. [Ioka3aHo U3MeHeHHe POPMEL
YaCTHUI U XapaKTepa PacIlojoXeHHs Ha caine
BCJIeOCTBHe HarpesaHud no 90 °C. Ha mpumepe
BUpyca TabauHOM MO3aMKH II0OKa3aHBbl BO3MOXKHO-
CTHU IIPUMeHeHH I MeTOZ,a aTOMHO-CUJI0BOX MHKPO-
CKOIHUU /15 OIpefeleHUus MOPOJIOTUH U Xapak-
Tepa afcopbIMKU BUPYCHBIX YaCTHUI] Ha II0J/I0KKe
MeTogom ACM.
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in the perimeter and volume of the particles by a
factor of 2 of the second sample indicates a charac-
teristic organisation one behind the other.

The virus sample in Fig.4 was heated to 90 °C at
a concentration of 1 mg/ml for 1 min. There is a sig-
nificant difference in the shape of particles from
the previous two samples: all particles seem to
try to merge together not only end-to-end but also
side by side, almost no single particles are found.
According to the data of geometrical sizes of objects
in sample Ne 3 we can see underestimation of the
total height of objects, increase in the volume of
objects, while the values of form factors do not dif-
fer from sample No.2.

CONCLUSIONS
Studies of TMV have significantly contributed
to the basic understanding of viruses, promoted
intensive development of molecular genetics and
understanding of the nature of infectious diseases.
TMV served as a model for studying such human
pathogens as influenza and poliomyelitis [13, 14].
Within the framework of this work, data on
samples of TMV were obtained, the particles were
visualised using AFM and TEM. The geometrical
characteristics of particles were obtained from
AFM data, and different adsorption patterns of
PARTICLES on mica substrate were shown depend-
ing on the sample, which may be a consequence
of sample preparation, application and storage
conditions of the TMV sample. A change in par-
ticle shape and disposition on mica due to heat-
ing up to 90 °C was shown. Using the example of
tobacco mosaic virus, the possibilities of using
the atomic force microscopy method to determine
the morphology and nature of adsorption of viral
particles on the substrate by AFM are shown.
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