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CKkaHupylowas 30HA0Bass MWUKPOCKOMNUSA MO3BO/SIET MOJlydaTb TPeXMepHyYK BM3yanusauuio
BUPYCOB B Pas/INYHbIX cpefax: B XXUAKOCTU U Ha Bo3gyxe. MOMUMO TpexmepHon Tonorpaduu,

MOXXHO WU3MepATb Takue CBOMCTBA,

KakK MeXaHu4yeckasa >XeCTKOCTb,

aaresns, CKJIOHHOCTb

K KpUctannmsaumum, arperaums 4actuy Ha Noasoxke N T. A. XapakTepucTtmka BUpYyCoB XXUBOTHbIX
n 4yenoBeka aBndgetrca npegMeToM MHOMoYunc/eHHbIX UcCnefoBaHUM M3-32 UX MOTEHLUUANIbHOIO

Bpeja A8 BbICLUIMX OPraHU3MOB.

Scanning probe microscopy provides three-dimensional visualization of viruses in various
media, for example, liquid and air. In addition to three-dimensional topography, it is
possible to measure such properties as mechanical rigidity, adhesion, crystallization
tendency, aggregation of particles on a substrate, etc. Characterization of animal and
human viruses is the subject of numerous studies due to their potential harm to higher

organisms.

eTolbl CKAHHUPYIOUleH 30HA0BOKM MHKPO-

CKOIKU OBLIM IPUMEHEHBI /I BU3yalH3a-

LMY BUPYCOB PAaCT€HUHU, SKUBOTHBIX U 4YeJI0-
Beka [1] BcKope mocie n3obpeTeHHUsI CKAHUPYIO-
el TYHHeJbHOM MHUKPOCKOIIUU B 1982 roxy (2, 3]
1 aTOMHO-CHJIOBOM MUKPOCKOIIHH [4] B 1986 roxy.
C HepBBIX Ke MOIBITOK BU3ya/lHU3allUU BUPYCOB
CTaJI0O 0YeBHHO, YTO IIOSIBHJICSI HOBBIL BBICOKO-
MHOOPMATHUBHBIN HHCTPYMEHT, KOTOPBIK MOXKHO
KMCIO0Ab30BaTh B QyHAAMEHTA/IBHBIX M IIPAKTH-
YeCKHX HayKax, BKJIIIOYas BUPYCOJIOTHIO U MeJH-
OHHY. 0o CMX HOp OHpeJe/ieHHYI YHHKAaJb-
Hy0 MHGOPMALIKMIO MOXXHO IMOJAYUYUTh TOJIBKO

C IOMOIIBI0O METOJNOB CKaHHUPYIOLUeH 30HL0BOU
MHKPOCKONIMH. 3Ta HHPOpMAaILlKs BKJIOYaeT 3KC-
epUMeHTaJIbHble JaHHBIE O MeXaHHYeCKHUX
CBOMCTBAX BHPYCa: MeXaHHUUYECKOHU >KeCTKOCTH
Y CTabUIBHOCTH, aAre3MOHHBIX CBOMCTBAX, CHJIE
CBSI3BIBAHUS.

CTOUT OTMETUTh, UYTO JPyTHe MOIIHBIE MeTOBbI,
OCHOBaHHBbIe Ha IIPOCBeUYHBAIOLIEN 31eKTPOHHOM
MuKpockonuu (II9M), He clefyeT pacCMaTpHUBaTh KaK
KOHKYPHPYIOIIe CO CKAaHHPYIOIe 30H/I0BOM MUKPO-
CKOIIMeH B HCCIeNOBaHHUAX OKPYKAIOIIeH Cpefbl.
MeTozpl IpPOCBeYHBAIOIEH MUKPOCKOIIMHU I103BO-
NSIOT MOy4aTh U300paskeHUSI BUPYCHBIX YaCTHI]
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B BaKyyMe, YTO IIPeKPacHO AOIIONHseT JaHHEbIe, IOy~
YeHHBIE C IOMOIIbIO 30HJ0BOK MUKPOCKOIIHH.
OT/IHUYUTENbHOU 0COOEeHHOCTHIO 30HOBOU
MUHKPOCKOIIMHU OT APYTHX MeTOMOB SIB/ISIeTCS IIPO-
6omogroroBka. OHa He TpebyeT cIelIHaTbHBIX
HaBBIKOB. B 30HJOBOM MHUKPOCKOIIHMU UCIIONb-
3yI0TCS TPHU BHJaA IIOAJIOXKEK: caioaa, rpadur
U cTekao. Ciniofa rugpoduabHa, 4To obnerdaer
HaHeceHHe 06pas31ioB ¢ BUPYcOM. CBeKeCKOTOTHIH
rpaduT gaBasercs rungpodobusim. M y rpa-
duTa, U y CIOOBI MOXHO CHATbh BepXHHUM CJIOH,
[IOJIyYUB HJealbHYyI0 IOAJIOXKY A/ 30HLO0BOU
MHUKpOCKONHMHU. Y rpaduTa BBHICIIET0 KayecTBa
paccTosiHHe MeXAy TeppacaMHU MOXeT AOCTH-
rath 10 MKM. CTEKJIO MCIIOJIb3yeTCs TOPas3ao pesxe,
OHO He TaKoe PaBHOMEPHO IIJIOCKoe, Kak rpadur
U ciarona. CTeka0 oObIYHO HMeeT BOTHOOOPa3HBIM

penbed c aMIIMUTYAON HAHOMETPOBOIO pa3Mepa.
HabnromaeMas Tornorpadus cTeKkaa MoXKeT 3aTPy/-
HUTb TOYHOE H3MepeHHe pa3Mepa BUpyca.

AITe3HMOHHYIO CIIOCOOHOCTD CIIOAB U rpaduTa
MOSXHO IIPOHJITIOCTPUPOBATH, HCCIEAYysl BUPYC
TabauHOM MO3aHKHU. B 3aBUCHMOCTH OT IIOJJIOKKH
OJlHA U Ta ke KOHILIeHTpallks YacTUIl B o6pasie
MO>KeT pa3/IM4aThCcs I rpaduTa 1 CAraH [5].

OYyHKIIMOHATH3HUPOBaHHbBIE IIOJJIOKKH HCIIO/b-
3YIOTCSI B CEHCOPDHBIX ITPUJIOKEHHSIX. B 3ToM ci1y-
Yae MOMAJIOKKH MOTYT OBITh IIOKPBITHl AHTHTE-
namu [6], anTamepaMu [7], CHHTeTUYeCKUMHU
pelieriTopaMu [8, 9].

IIpu noAroroBke o6pasiia c BUPYCHBIMU YaCTH-
IIaMH >KeJaTelbHO HCKIKYHUTh MOMNaZaHHe
IIOCTOPOHHHUX 00beKTOB, 0COOeHHO 3aTPyAHSIOT
BU3yaJIM3allMI0 OCeBIIMe YacTHULE U3 bydepa.

he scanning probe micros-

copy techniques were applied

to imaging viruses in
plants, animals and humans [1]
shortly after the invention of
scanning tunneling microscopy
in 1982 [2, 3] and atomic force
microscopy [4] in 1986. From the
very first attempts to visual-
ize viruses, it became obvious
that a new highly informative
tool appeared that can be used
in basic and practical sciences,
including virology and medi-
cine. Until now, certain unique
information can only be obtained
using the scanning probe micros-
copy methods. This information
includes experimental data on
the mechanical properties of the
virus (mechanical rigidity and
stability), adhesive properties,
and binding strength.

It is worth noting that other
powerful methods based on
transmission electron micros-
copy (TEM) should not be viewed
as competing with scanning
probe microscopy in the environ-
mental studies. Transmission
microscopy techniques provide
the images of viral particles in

a vacuum, which perfectly com-
plements the data obtained with
probe microscopy.

A feature of the probe micros-
copy as distinct from other
methods is sample prepara-
tion. It does not require any spe-
cial skills. Three types of sub-
strates are used in probe micros-
copy: mica, graphite, and glass.
Mica is hydrophilic, making it
easier to coat samples with the
virus. Freshly split graphite is
hydrophobic. For both graphite
and mica, the top layer can be
removed to create an ideal sub-
strate for probe microscopy. For
graphite of the highest quality,
the distance between the terraces
can be up to 10 microns. Glass is
used much less frequently and is
not as uniformly flat as graph-
ite and mica. Glass usually has a
wavy relief with nanometer-sized
amplitude. The observed glass
topography can make it difficult
to accurately measure the virus
size.

Adhesion of mica and graph-
ite can be illustrated by exam-
ining the tobacco mosaic virus.
Depending on the substrate,

the same concentration of parti-
cles in the sample can differ for
graphite and mica [5].

Functionalized substrates are
used in sensory applications.
In this case, the substrates can
be coated with antibodies [6],
aptamers [7] and synthetic recep-
tors [8, 9].

When preparing a sample with
viral particles, it is desirable to
exclude the ingress of foreign
objects, which especially impede
visualization of settled particles
from the buffer. Distilled water
can be used to dilute the sam-
ple: after applying the suspen-
sion to the substrate and prolon-
gation phase, the sample can be
washed. The prolongation dura-
tion depends on the sample and
can range from a few seconds to
30 minutes.

During scanning, the actual
sizes of the virus particles may
differ. Sometimes, due to inter-
action of the virus with the sub-
strate, the height may be less
than the real one. Also, the par-
ticle height depends on the sub-
strate: the virus can be higher
on graphite than on mica (the
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Puc.1. a - npocse4yugarou,as 3nekmpoHHas Mukpockonus, b — 30H908ast Mukpockonus, ¢ = cedeHue 06pasua (No aHHbIM cedeHust
duamemp 0dHol supycHol Yacmuubl cocmasasem 43 Hm)
Fig.1. a - transmission electron microscopy, b — probe microscopy, c - sample cross-section (according to the cross-section data, the diam-

eter of one viral particle is 43 nm)

[ist pazbaBienus obpasma BO3MOKHO HUCIIONIB30-
BaHHe JUCTHU/JIHPOBAHHOMN BOJABI: IIOC/e HaHe-
CeHMs CYCIIeH3HWH Ha IOJJIOKKY U IIPOJIOHTAllu U
obpaser MOKHO IIPOMBITh. [JJIMTEIBHOCTD IIPO-
JIOHTAIIMH 3aBUCHUT OT o6pas3iia B MOXKET COCTaB-
JISATh OT HeCKOJIBKH X CeKyHI 10 30 MHH.

Bo BpeMsl CKAaHHPOBAaHHS peajibHble pa3-
Mepbl BUPYCHBIX YaCTHUL, MOTYT OTJIHYaThCH.
HHorma M3-3a B3aHMOJEHCTBHS BHpyca

C IOMJIOKKOM BBICOTA MOKeT OBITH MeHBbIIe
peanbHOM. TaKk>Ke BBICOTA YAaCTHIIBl 3aBUCHUT
OT IOJJIOKKH: Ha rpaduTe BUPYC MOXKeT OBITH
BBIIIE, YeM Ha caiofe (pa3HUIA HabiogaeMbIX
BBICOT BUPYyca TabauHON MO3aHKH COCTABIsIET
okosio 1 HM). HF3-3a opMBl KOHUHKA KaHTHJIEe-
Bepa YaCTHILBl MOTYT BBRIIIAAeTh HIMpPe, 4eM
OHHU eCTh Ha CAMOM feJie. DTO TaK Ha3blBaeMbIH
3¢ PexT ymupeHHUs KaHTHUIeBepa [10]. TouHBIH

difference in the observed
heights of the tobacco mosaic
virus is about 1 nm). Due to the
shape of the cantilever tip, the
particles may appear wider than
they actually are. This is the so-
called cantilever broadening
effect [10]. The exact diameter of
the virus can be observed in the
crystalline form [11].

SOFTWARE FOR PROCESSING THE
OBTAINED RESULTS

After scanning, you need to
process the results. Image pro-
cessing is another highly artis-
tic task. Interpretation of the
results is highly dependent

on how the image has been

processed.

Most software packages have

a built-in geometric measure-

ment and transformation service,

which includes [12]:

e construction of cross-sections
and histograms,

e measurement of distances,
angles, lengths of broken lines,

e determination of surface
roughness,

« measurement of the perimeter
of the selected area,

e automatic determination of
the length of the isoline, and
its limited area and surface
volume,
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« removal of the middle slope,

 construction of three-dimen-
sional images,

« selection of the most suitable
color palette.

Recognition of the same shape
objects is one of the impor-
tant tasks in probe micros-
copy. The human eye quickly
finds a particular shape of
interest in an image. However,
clear mathematical criteria are
needed to automate this pro-
cess. When analyzing a sam-
ple with a smooth surface, the
image has a uniform background
against which automatic search
is easily accomplished using
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OHaMeTp BUpyca MOKHO Hab/lIogaTh B KPUCTA-
nudeckon popme [11].

Nno AN ObPABOTKW NMONYYEHHDIX PE3Y/IbTATOB
[Tocne ckaHUPOBaHUS HeobxomuMmo obpaboraTh
rojslydeHHbIe pe3ynbTaTel. O6paboTka H3obpaxke-
HUI - ellle OJJHA BICOKOXYAOKeCTBeHHAs 3a/aya.
OT Toro, kak obpabarsiBaeTcsa H3obpaskeHuUe,
CHUJIPHO 3aBHCHUT MHTepHIpeTalls MONy4YeHHBIX
pe3y/abTaToB.

BONBIMIMHCTBO IPOrPAMMHBIX ITIaKETOB HMeeT
BCTPOEHHYIO C/IY>KOy reoMeTpUUYECKUX H3Mepe-
HUHU U IIpeobpa3oBaHU, KOTOpas BRIYaert [12]:
* IIOCTpPOeHMe CeYeHHI U TMCTOIPaMM,

* M3MepeHHe PaCCTOSHUM, YIJIOB, JJIMH TOMaHBIX

JIUHUH,

* omIpefereHHe MIEPOXOBATOCTH ITIOBEPXHOCTH,
e H3MepeHHUe IepUMeTpa BeIOpaHHOM IUIOMIAAH,
* aBTOMAaTHYeCKoOe OIpefe/leHHe IJIHUHbBI U30/IH-

HUU U ee OTPAaHHUYEeHHOM IIOIAAU U ob6bema

IIOBEPXHOCTH,
 yHZaJieHHe CPeJIHEero CKJIOHA,

e IIOCTpPOeHMe TPeXMepPHBIX H306paskeHHUH,
e BpIOOp Haubonee MHOAXOLSINEH I BETOBOU

MaJIUTPHL.

Pacno3sHaBaHHUe 00BbeKTOB OJHMHAKOBOH
dopMBI - OJHA M3 Ba’KHBIX 3afZlay B 30H/0BOM
MHUKPOCKONIHUH. YesoBeueCKUU TIiaa3 OGBICTPO
HAaxXOJUT UHTEePeCYIONy0 YacTHUIY OIlpefeJieH-
HOM GpopMBl Ha H306paskeHUH. OLHAKO AL ABTO-
MaTH3alLUK 3TOr0 IIpoliecca Heo6XoOOAUMBI UeT-
KHe MaTeMaTH4YeCcKHe KpUTepuu. [Ipu aHanu3e
obpasiia ¢ r1agKoi [IOBePXHOCThIO H306paskeHHe
HMeeT OLHOPOAHBIN GOH, Ha KOTOPOM JIeTKO pea-
JTH3yeTCsS aBTOMATHYECKHUH ITOUCK C IIOMOIIBIO
MaTeMaTH4YeCKHUX AJITOPUTMOB, BCTPOEHHBIX
B OOJIBIIMHCTBO IIporpaMm ob6paboTku nu3obpaske-
HUH A/ OITUYeCKOH, 3/IeKTPOHHON U 30HI0BOU
MHKPOCKOIIHH.

FemtoScan Online - ygobuas mporpamma
nist 06paboTku M306paskeHUM, OHA IPUHHUMAET
6omee 100 pa3nUUYHBIX GOPMATOB JAHHBIX, pa3-
paboTaHHBIX CYIIEeCTBYIOMMMU U Y>Ke HCUe3HYB-
IMUMH KOMIAHHUSMH, MHUKPOCKOIIEI KOTOPBIX
HCIIOB3YIOTCS B T1abopaTopusixX IO BCeMy MUPY.
ITIporpaMmma ymo6Ha st aHanKu3a 60aBIIHX H30-
6paskeHHI, TaK KaK OJHOBPEMEHHO MOTYT OTO-
6paskaTbcs ABa M306paskeHUsI: 0630pHOe HM306pa-
SKeHHe co "CKoab3samen" 06/1acThI0 U IeTajIbHOoe
n3obpaskeHue "cronp3smen” obnactu. I[Ipu mepe-
MelleHUH BblJeIeHHOHN 06/1aCcTH feTalbHOEe HU30-
6paskeHHe, y4aCTOK CedyeHUs] U H306paskeHHe
Qyphe H3MEHSITCI CUHXPOHHO. 3Ta QYHKIIUSA

HCII0JIB3yeTCs IIPHU IIOKCKe HHTePeCcyoIuX 00beK-
ToB. TaksKe B FemtoScan Online 3D-n306paskeHus
MO>XHO INPOCMaTpUBaTh Ha CTepeOMOHHMTOpE.
I[IporpamMma OCyIeCTBASET OOMEYATHYI IO~
TOTOBKY M IIOATOTOBKY IIpe3eHTAallUH yA0OHBIM
U MPOCTBIM CIlocoboM: IMMoOJCBeTKa, HACTPOMKa
LIBEeTOB U MIPUOTOB, co3gaHue 3D-u306pakeHUN
M BH/JIEO C II0JIETOM HaJ, IOBEPXHOCThIO, CTepeope-
SKUM I1s 3D-n3o06paskeHu (13, 14].

HecMoOTpsI Ha BULMMBIHN IIPOrpecc B BU3ya/lH-
3allMK BUPYCOB C IIOMOIIbIO 30HJ0BOM MHKPOCKO-
MMM, OCTAeTCs ellle MHOTO HepelleHHbIX IIpobeM.
B HacTosillee BpeMs JaHHbIe 30HIO0BOM MHKPO-
CKOIIMHY BUPYCOB He CUCTeMaTHU3HPOBAHBI, He CO3-
JaH ONHCaTebHBIH aT/lac U306paskeHUHN U MOP-
donmoruu, obHapyKeHHBIX C IIOMOIIbI0 MHUKPOCKO-
IIMH BBICOKOTO paspelleHMsa. DTO OAHA M3 3a1a4
nabopaTopHUHU 30H0OBOM MHKPOCKOIHH PHU3HUUe-
CKOro U XMMHYeCKOro ¢pakynbreToB MI'Y uMeHH
M.B.JloMmoHOCOBaA.

Paboma ebinoaHeHa npu ¢uHancosoil noddepxke
Poccuiickozo Hay4Ho20 ¢poHda (npoekm Ne 20-12-00389)
u Poccuiickozo ponda pyHdamenmanbHblx uccaedosaHuil
(npoexkm Ne 20-32-90036).

MNPOEKTHO-KOHCTPYKTOPCKOE BHOPO

ACEINTUKA
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mathematical algorithms built
into most image processing pro-
grams for optical, electron and
probe microscopy.

FemtoScan Online is a user-
friendly image processing soft-
ware that accepts over 100 dif-
ferent data formats developed
by the existing and now extinct
companies which microscopes
are used in laboratories around
the world. The program is con-
venient for analyzing large
images, since two images can
be displayed simultaneously:
an overview image with a "slid-
ing" area and a detailed image
of a "sliding" area. When you

move the selected area, the
detail image, the sectional area
and the Fourier image change
synchronously. This function is
used when searching for objects
of interest. Also in FemtoScan
Online, 3D images can be viewed
on a stereo monitor. The pro-
gram carries out prepress prepa-
ration and preparation of presen-
tations in a convenient and sim-
ple way: lighting, setting colors
and fonts, creating 3D images
and video with flying over the
surface, stereo mode for 3D
images [13, 14].

Despite a visible progress in
visualization of viruses using
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probe microscopy, there are still
many unresolved problems.
Currently, the data of probe
microscopy of viruses is not sys-
tematized, a descriptive atlas of
images and morphology detected
using high-resolution micros-
copy has not been created. This
is one of the tasks of the probe
microscopy laboratory of the
physics and chemistry faculties
of the Lomonosov Moscow State
University. [ |

This work was supported by the Russian
Science Foundation, project No. 20-12-
00389, and the Russian Foundation for
Basic Research, project No. 20-32-90036.
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MOBBICUTb COLIMA/IbHO-9KOHOMIYECKYIO 3(deKTMBHOCTb MporpaMMbl 1ndPoBOii
3KOHOMMKH.
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