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AHHoTanMs. CBOKCTBA U BHEIIHUM BU/J] 6aKTepHaTbHOM KJIeTKHU OIIpefieisieTCsi BO MHOTOM I'eHOTUIIOM — [TOCJIe-
J0BaTe/IbHOCTBIO OCHOBAHU B ee THK. M MO>KXHO 6b1710 61 CUUTATh, UTO AJISI AeTa/IBHOTO aHA/IN3a LOCTaTOUHO
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y nalkeHTa Bo3byauTens 6akTepruanbHON MHGEKIIUH U OLIeHUTh €T0 YCTOMYHMBOCTb K aHTUOHMOTHUKY. CUTyaLus
TUIIHMYHAas /151 COBpeMeHHBIX 60/bHULL, 0COOeHHO IIPHU BO3HUKHOBEHHUH BHYTPUOOTBPHUYHBIX HHPEKIIUH.
TaKTHKa Pa3yMHBIX I€FICTBUE MOKET COCTOSITh BO B3SITHU IIPO6ObI, HapallliBaHUHU U Bbl/IeJIeHHUU KJIeTOK, H3BJIe-
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Abstract. The properties and appearance of a bacterial cell are largely determined by the genotype - the sequence
of bases in its DNA. And one would think that documenting just a DNA molecule itself would be sufficient for a
detailed analysis. Unfortunately, this is true, but not to the full. For example, consider the important case for
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clinical diagnosis, where a physician needs to detect a bacterial pathogen in a patient and assess its resistance
to an antibiotic. This is a typical situation in modern hospitals, especially when nosocomial infections occur.
Prudent tactics may consist of taking a sample, growing and isolating cells, extracting DNA from them, and per-
forming genetic testing, e.g. in the simplest case of a PCR test. The question is whether this is sufficient enough.
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BBEJEHUE

Jisg mpyuMepa pacCMOTPHM CJIy4aM, JOCTATOYHO pef-
KHe, HO UCKJIIOYHUTH KOTOPhle TeOPEeTHYECKH HeJb34.
JlomycTHM, 4TO B IIpobe 1 B cCaMOM OpraHH3Me ObIIU
TOJIBKO HEeSKH3HeCIIOCOOHbIe UK MepTBble OaKTepUH,
KOTOPBIE y>Ke He MOT'YT IIPUHEeCTH BpeJ, OpraHu3My.
[IL[P-TecT obHapyskuBaeT [JHK U CUTHAIUT 0 HaJIHU-
YMH OIIACHBIX BO3OyAUTeNelr. Bpau B COOTBETCTBUHU
C PeKOMeH/JallMSIMHU IIPOIKCEIBaeT KYpPC aHTUOHOTH-
KOB, KOTOpPbIe B JAHHOM C/y4ae HUKaKOH I10/Ib3bl He
IIPUHECYT, a TOJIbKO BpeJ. Bo3MOXeH U JPYromu Ciy-
4yaM, Koraa 6aKTepuH elle SKHBbIe, HO OHU YTPaTHU/IU
YacTb aKTHBHOCTH $epMeHTOB IO, NelCTBHEeM yKe
MIPOBeJIeHHOTO jedeHHsl. ONSTh TeHeTHUeCKHUH TeCT
CUTHAJIUT 06 0OI1aCHOCTH, KOTOPOH y>Ke HeT.

Y MaMOHTAa, IIpOjIesKaBIIero 5 MJIH JeT, MOKHO
Hautu LensHyo JHK. IHK ecTs, a KMBOro MaMOHTa
HeT. Bo3aMoxHO, B byaymeM yueHble 3TOT mpobesn
KMCIPaBAT. B 3TOM ImpuMepe I0ay4daeTcs TakK, 4TO
npocto Hanuuue JHK Bo B3sToM obpasiie emle He
TOBOPHUT O HAJIMYKMH CAMOIO €€ HOCHUTeIS.

EcTp 3aKOHOMePHBIH BoIIpoc. Bce n1u 6akTepuu
C OAMHAKOBBIM F€HOTHUIIOM OyayT MMeTb U OJHHA-
KOBBIM PeHOTHUI! JIPyTUMU CJIIOBAMU, SIBASIOTCA
nu 6aKTepHUHU-61H3HEL Bl TOUHBIMHU KOIIUSIMHU APYT
Apyra? OTBeT Ha 3TOT BOIIPOC IMPHUOTKPBIBAET 30H-
I0Basi MUKPOCKOMHUS. EC/IH B35ITh ONHY OaKTepHIO
U BBIPACTHUTh KOJIOHHIO Ha IIMTAaTe/bHOU Cpefe, TO
JIeTKO 3aMeTHUTb, UTO 6aKTepHUH B KOJIOHHUH PA3HOTO
pa3Mepa U UMeIOT cjlerka pasju4Hyo popmy (puc.l).
YacTo 1o KpasiM KOJIOHUH PaCIIoNararoTcs 6akTepuu
bosnbIero pasmepa. EC/IM TOBOPHUTE COBCEM CTPOTO, TO
B Mope 6aKTepHIl He yBUAUIIb ABYX a6CONMIOTHO OfH-
HaKoBBIX. O6PaTHYIO CUTYaI[MIO MBI YaCTO BCTpedaeM
y 6113HeroB. [ToHOe UM O49eHb 6/1M3K0oe BHeIlHee
CXOJICTBO.

Kakas 6akTepHs OTEHIIHAJIBHO OITACHA [JISI YeJslo-
Beka? Ta, KOTOpas yXe 3aHeCeHa YYeHBIMH B OIlpe-
HenuTeNb OomacHbX 6akTepuin. Ho uTobr 6akTe-
pHs CTaja peaJibHO OIACHOM, OHA JOJIKHA JKUTh
IIOTHOLIEHHOM >KM3HbIO, B TOM YHCJIe JBUIAThCS
M Pa3sMHOXAaTbCAd IyTeM AeleHUsA. Hampumep,

INTRODUCTIONS
As an example, let us consider the cases that are
quite rare, but which cannot theoretically be omit-
ted. Let us assume that there were only non-viable
or dead bacteria in the sample and in the body itself,
which may no longer cause harm to the body. A PCR
test detects DNA and signals a presence of danger-
ous pathogens. The doctor prescribes a course of anti-
biotics as recommended, which, in this case, is use-
less and can be harmful. Another possibility is that
the bacteria are still alive, but they have lost some of
their enzyme activity due to the treatment they have
already received. Again, the genetic test signals a dan-
ger that no longer exists.

Whole DNA can be found in a mammoth that is

5 million years old. The DNA is there, but there is no
living mammoth. Perhaps in future scientists will
correct this gap. In this example it turns out that the
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Puc.1. N306paxeHue bakmepuu Klebsiella pneumoniae.
Pazmep 6akmepuu no Kpasim 60AbLue, 4em 6 UeHmpe

Fig.1. Image of a Klebsiella pneumoniae bacteria. The size of the
bacteria is larger around the edges than in the centre
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Ka>kabple 20-40 MuUH. TakHe maToreHHbIe 6a1<TepHH
IIPeJCTABIISIIOT HAaU6OIBIIYIO OIIACHOCTD /IJISI Pa3BH-
TUs 60JIe3HHU.

HysKHO 11 M3y4aTh GeHOTHUII 6aKTepUH, HAlIpHMep
BHENIHHUH BHUJ, CTPYKTYpPy, 0COOEHHOCTH U IIpoYee’?
ITpyudeM He CTaTU4eCKUM GeHOTHUII, a PeHOTHUII B AUHA-
MHKe, B PA3BUTHH. B monHOe omrcaHue 6aKTepuu
IOJIKHBI BXOOHTD OIKMCAHMe FeHOTHIIA (TeHeTUYeCKUH
IIPOTOKOJ) U OIMCaHKe GeHOTHUIIA B IIPoIiecce SKU3He-
JlesTeJIbHOCTU. IME@HHO BTOpOe OIKMCaHUe 1 I103BOJIseT
JlesIaTh CKAaHUPYIOIlas 30H0Basi MUKPOCKOIIH .

METO/Abl UCCIEAOBAHUA

C 1996 ropa 30HAOBAasE MUKPOCKOIIKMS CTajla Bask-
HBIM HHCTPYMeHTOM A5 HabulogeHus 6ak-
TepHaJbHBIX KJIEeTOK. YXXe TOrfa B COAPYKe-
cTBe ¢ UHcTUTyTOM UMeHHU H. ®. Tamaneu (PIBY
"HHUIIOM uM. H.®.l'amaneu" MuH3apaBa Poccun)
ymanoch 06HAPYKUTh Pa3IUYHe B POJUTENIBCKOM
mramme 6akTepunt Escherichia coli ¥ TpaHCAYKTaHT-
HOM IITaMMe, IIOJIy4YeHHOM H3 POAUTETbCKOIO
nyTem fnobasnenus rfb-a3,4 rena ot Shigella flexneri [1].
CrenyeT OTMETHUTD, YTO IO HACTOSIIET0 BpeMeHHU He
CO3/1aHO IOJTHOLIEHHOTO IIPOTOKOJIA aHAIH3a U OIH-
caHHUs u306pakeHHs] 6aKTepHAJNBHBIX KJIETOK,
IIOJTy4YeHHBIX C IIOMOIIbI0 CKAHUPYIOIIeH 30H0BOM
MHKPOCKOIIHUH.

CKaHUPYMOImas 30HA0Bas MHKPOCKOIHS AaeT
I POKUHN MHCTPYMEHTAPHH /IS U3yueHHUs baKTe-
PpHAJIBHBIX KJIETOK. B ero apceHase: moaydeHue Tpex-
MepHOro Hu306paskeHUsI C HAHOMETPOBOK AeTanu3a-
LIMeM, COCTaB/lIeHHe KapT MeXaHHUYeCKUX JIOKaTbHBIX
CBOKCTB IIOBEPXHOCTH - KeCTKOCTH, TPeHHUSI, afre-
3UH, U3HOCOCTOMKOCTH, COIIPOTUB/IEHHUS K pa3pyle-
HHI0. HabmoneHus ¢ SKUBBIMU 6aKTePHUSIMH MOXKHO
IIPOBOAUTDL B JUHAMHUKe KaK Ha BO3JyXe, TaK U B
SKHUJKOCTH.

B HacTosimen paboTe HaMH NIpefIPUHSITEH
MIOMBITKY Pa3paboTku yHKIIHOHAIA IPOrPaMMHOIO
obecrieueHUs IJIsI IPOBeIeHUSI MOPHOTOTHUECKOT O
aHanu3a 6aKTepHaTbHBIX KJIEeTOK. Pa3paboTaHHEIH
GYHKIIMOHAJI IIpe/iCTaBIIsIeT CO60 MOAY/Ib, BCTPAH-
BaeMBIH B IIporpaMMHoe obecriedeHue "PeMTOCKAH
OHaMH", KOTOPHIH IIPOBOAUT CIeYION[Ke OCHOBHbIE
KOTTHYeCTBeHHBIE H3MepeHU s
* OIlpefe/leHMe FeOMeTPHYECKUX pa3MepoB 06beKTOB:

IJIMHBL, IIMPUHBI, BBICOTHI, IUIOMALU, 06BeMa;

* BBIUMC/IEHHEe KOHTYPHOH JJIUHB U $opM dpaKkTOopa
00BEKTOB;
* oOIpefeseHHe TaPaMeTPOB MIePOXOBATOCTH II0BEPX-

HOCTH 06beKTOB;

* OIpefieNleHHe reTePOreHHOCTH MUKPOOHBIX U Kile-

TOUHBIX 06BEKTOB;

* XapaKTepH3alHI0 KJIEeTOYHBIX BEIPOCTOB Y baKTe-

PHA/IBHBIX KJIETOK;
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mere presence of DNA in the sample taken does not yet
indicate a presence of the carrier itself.

There is a legitimate question. Will all bacteria with
the same genotype also have the same phenotype? In
other words, are twin bacteria exact copies of each other?
Probe microscopy provides an answer to this question. If
you take a single bacterium and grow a colony on nutri-
ent medium, it is easy to see that the bacteria in the col-
ony are of different sizes and slightly different shapes
(see Fig.1). It often happens that the larger bacteria grow
on the edges of the colony. Strictly speaking, no two bac-
teria are exactly alike in a sea of bacteria. The reverse sit-
uation is often found in twins. It is a complete or very
close external resemblance.

Which bacteria are potentially dangerous to humans?
It is of the kind that scientists have already put on the
list of dangerous bacteria. But for a bacterium to become
really dangerous, it has to live a full life, including
moving and multiplying by fission. For example, every
20-40 minutes. Such pathogenic bacteria pose the great-
est danger to the development of disease.

[s it necessary to study the phenotype of bacteria, e.g.
appearance, structure, features, etc.? What is more,
not a static phenotype, but a phenotype in dynamics,
in development. A complete description of a bacterium
should include a description of the genotype (genetic pro-
tocol) and a description of the phenotype in living. It is
the second description that the scanning probe micros-
copy allows.

RESEARCH METHODS

Since 1996, the probe microscopy has become an impor-
tant tool for observation of bacterial cells. Even at that
time in collaboration with the Gamaleya Institute
(Camaleya Research Center for EMS in the Russian
Ministry of Health), it was possible to detect a difference
in the parental strain of Escherichia coli and the transduc-
tant strain obtained from the parental strain by add-
ing the rfb-a3,4 gene from Shigella flexneri [1]. It should
be noted that, up to date, there is no complete protocol
for the analysis and description of bacterial cell images
obtained by the scanning probe microscopy.

The scanning probe microscopy provides a wide range
of tools for studying bacterial cells. Its instruments
include: obtaining three-dimensional images with
nanoscale details, mapping of mechanical local sur-
face properties - stiffness, friction, adhesion, wear resis-
tance, fracture resistance. Observations with live bac-
teria can be performed dynamically both in air and in
liquid.

In this paper we attempted to develop a software func-
tionality for morphological analysis of bacterial cells.
The developed functionality presents a module built-in
in the FemtoScan Online software which performs the
following basic quantitative measurements:
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Tabnuya 1. [laHHble no Wepoxosamocmu nosepxHocmu 6akme-
puu Klebsiella pneumoniae (cm. puc.4)

Table1. Surface roughness data of the bacterium Klebsiella
pneumoniae (see Fig.4)

Ra, nm

Rmax,
nm

32,62 1441 -0,005762 38,46 -0,6629

¢ IIOCTPOeHHe TabIUIIBI U THCTOIPAMMEI pacIipesese-

HU S H3MepsieMBbIX MOPPOIOTMYeCKHUX IIapaMeTpPoB

06BeKTOB.

OrpaboTka GYHKIMOHAaTa HNPOBOAHUIACH
B OCHOBHOM Ha IIpHMepe HaKTepHATbHBIX KIETOK
Escherichia coli. Ha puc.2 npencTaBieHa KOTOHUS
6aKkTepHUU KUIIeYHOH IMaJIOYKU U THCTOTpaMMa
pacmpejeneHHs YaCTHUL 110 BBICOTe, HA PHUC.3 -
H3MepeHHe KOHTYPHOMH AJIMHBI BBIPOCTA KUIIeY-
HOMU IaJI0OYKH.

JIOIIOJTHUTEIPHO aHATK3 IIPOBOLUJICS Ha bakTe-
pusx Klebsiella pneumoniae. Ha puc.4 u B Tabn.1 mpuse-
IeHbl JaHHBIe H3MepPeHHU s IIePOXOBATOCTH MOBEPX-
HocTHu 6akTepuu Klebsiella pneumoniae. AHanu3 mepo-
XOBAaTOCTU IIOBEPXHOCTH IIPOBOJUTCS II0 M3Mepe-
HHSIM HepOBHOCTeH Ha 6a30BOM JIMHUHU HUJIH IIJIOCKO-
cTu. [lapameTp Ra IOKa3bIBaeT Cpe/lHee apuPMeTH-
YecKoe OTKJIOHeHHe IIPOGUIS OT CPeJHel HaK/IOH-
HOH MPSIMOM HJIH IJIOCKOCTH, HO JAaHHBIM IIOKa3a-
Tesb He SIBJISIeTCS NOCTATOYHO MHPOPMATHUBHBEIM,
TaK KaK [TOBEPXHOCTH MOTYT UMeTh OLHHAKOBYIO
CPeAHIOI0 IIePOXOBATOCTh, HO KMETh Pa3Hyio popMy.
[T03TOMY 3a4acTyIo HCIIONB3yeTcs MapaMeTp Rq, KoTo-
PBIH IIOKA3bIBaeT CpeJHeKBaAPAaTUYHOE OTKJIOHE-
HHe IIPOoQUIIS TIOBEPXHOCTH OTHOCHUTENBHO 6a30BOK
TUHHUU. Rmax oTpaskaeT paccTOSIHHe MeXAY Hau-
bosbIel BIIaJMHOM U HAaU6O0IBIIUM ITHKOM Ha 6a30-
BOM TMHHUHU. RZ M3MepsieT HepOBHOCTb NpoduIs 110 10
TouKaM (5 HaubONBIIHUX BIALUH U 5 HAUOONIBIINX
nuKkoB). B cnydae c 6aktepueit Klebsiella pneumoniae
coctapisieT 0,005 HM. [TapameTp acCHMMeTpHUH Rsk
IIOKa3bIBaeT pacIpefie/ieHHe BePOSITHOCTH, UTO IIPO-
GHUIP MMeeT 3aJJaHHYIO BBICOTY Z. B HameM cnydae
IoKasaTeslb SIBISETCS OTPUIIATeIbHBIM, YTO XapaK-
TePHO [/151 [IOBEePXHOCTH C YeTKUMH ITTy6OKHMMHU BIIa-
OUHAMH Ha IJIaIKOM I1JIaTO.
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Puc.2. a - uzobpaxkeHue konoHuu E.coli; b - 2ucmozpamma pac-

npedeneHus 06veKMo8 No 8pbicome, pacCmosiHue mexaoy nuKka-

MU no gbicome — 133 HM

Fig.2. a-image of an E.coli colony; b - histogram of the height dis-

tribution of the objects, the distance between the peaks height is

133nm

+ determination of the geometric dimensions of
objects: length, width, height, area, volume;

+ calculation of contour length and roughness of
objects;

+ determination of surface roughness parameters of
objects;

+ determination of heterogeneity of microbial and cel-
lular objects;

« characterization of cell outgrowths in bacterial cells;

« construction of table and histogram of distribution
of measured morphological parameters of objects.

Tabauua 2. [laHHble nepumempa, naowadu, obsema, cpedHekeadpamuyHol wepoxogamocmu, popm-pakmopa bakmepuu Ha puc.5
Table 2. Perimeter, area, volume data, RMS roughness, bacterial form factor in Fig.5

P_proj, nm

V_px, nm2xnm

RMS(Z), nm dopm-dpakTop

Form Factor, Rs/Rp

1 4796.33 1.46831E+06

4.83993E+08

38.2559 0.121134
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Puc.3. OnpedeneHue KOHMypHOU 0AUHbI PAdzenbl 6akmepuu
KUWe4yHol nanoyku

Fig.3. Determination of the contour length of the flagella of E. coli
bacteria

KoMaHIa moucka o6beKTOB II03BOJISET HAXO-
OUTh 06BeKTH HAa M300paskeHUH U XapaKTepH30BaTh
ux. Ha puc.5 mpezcTaBieHo n306paskeHHe HalIeHHOTIO
obbexTa Klebsiella pneumoniae. ABToMatrdecku GopMHU-
PYIOTCSI 3HAUeHU sl [IepuMeTpa, IJIomaau, obbeMa, JHC-
IIepCHS BBICOTHI 06beKTa, GopM-paKrTopa (Tabi.2).

BbIBOADI

I[IpencTaBIeHHBIN B CTaThe GYHKIIMOHA JAeT KOTHYe-
CTBEHHYO XapaKTePUCTUKY HCCIe[yeMOro ITaMMa 6ak-
TepHi. BMecTe ¢ TeM HaI/ISIHOE SMOLIMOHAIBHOE BOC-
[IpUSITHE [I0Ty4aeMbIX U300paskeHUH SIBIISIETCS BasK-
HO COCTABJISIIOIIEH IIPOBOAKMMBIX HaOMIONEeHHUE. B 3TOM
HaIIpaB/eHUH 6OMbIIHe BO3MOKHOCTH OTKPBIBAET IIPO-
rpaMMHoe obecriedenue "®emtoCkaH OHIaUH" [2-5].
Cpenu HUX IIOCTPOEHHUeE H300paskeHU I 6aKTepHH B pas-
JIMYHBIX LIBETOBBIX MATUTPaX /s Tororpaduu (Buga
CBEpXY) U TPeXMEePHOro M300paskeHHs C HaCTpauBae-
MBIMHU YITIaMH HablIogeHUs], PeSKHMaMHU IIOACBETKH,
MacmrabrupoBaHHeM. [IporpaMMa I103BOJIsIeT OCYIIeCT-
BJISITb MOHTAK [TpOJIeTa Hafl GakTeprel, Co3AaBasi TAKUM
006pa3oM yBieKaTe/lbHbIe BUIOPOTHKHU. Ho 06 3TOM 107
>KeH ObITh OT/Ie/IbHBIN paccKas.

BNATOAPHOCTU

HccnenoBaHHe BBIIIOTHEHO IIPYU GHHAHCOBOM IO AepsKKe
PODU u JlonmoHcKoro KoponeBckoro ObmiecTBa Ne 21-58-
10005, POOH, mpoekT Ne 20-32-90036; doHIa conerCTBUS
MHHOBaLIMAM, ITpoeKT Ne 71108, morosop 0071108, a Takske
IIpU COReMCTBUU KoMIaHuu OO0 "dHpop" (MockBa,
Poccus).
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Puc.4. AHanu3 wepoxosamocmu nogepxHocmu Klebsiella
pneumoniae
Fig.4. Surface roughness analysis of Klebsiella pneumoniae

The functionality was tested mainly with bacterial
Escherichia coli cells. Figure 2 shows a colony of E. coli
bacteria and a histogram of the particle height distribu-
tion, Fig. 3 shows a measurement of the contour length of
anE. coli outgrowth.

Additionally, the analysis was carried out on Klebsiella
pneumoniae bacteria. Figure 4 shows a measurement of
the surface roughness of Klebsiella pneumoniae bacte-
ria. The surface roughness analysis is performed by mea-
suring roughness on a baseline or a plane surface. The Ra
parameter indicates the arithmetic mean deviation of
the profile from the mean sloping line or plane, but this
parameter is not sufficiently informative because sur-
faces can have the same mean roughness but have differ-
ent shapes.

Therefore, the parameter Rq is often used, which indi-
cates the standard deviation of the surface profile rela-
tive to the baseline. Rmax reflects the distance between
the largest depression and the largest peak on the base-
line. Rz measures the roughness of the profile at 10
points (5 largest troughs and 5 largest peaks). In the case
of Klebsiella pneumoniae bacteria it is -0.005 nm. The
asymmetry parameter Rsk shows the probability distri-
bution that the profile has a given height Z. In our case
the index is negative, which is characteristic of a surface
with clear deep troughs on a smooth plateau.

The object search command allows you to find objects
in the image and characterise them. Figure 5 shows an
image of the found Klebsiella pneumoniae object. The val-
ues of perimeter, area, volume, variance of object height
and form factor are automatically generated (Table 2).
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Puc.5. a - uantocmpauus pyHKUUU "nouck 06vexmos Ha uzobpaceHuu”; b - 3D eud 6akmepuu Klebsiella pneumoniae
Fig.5. a - illustration of the "searching for objects in the image” function; b — 3D view of a Klebsiella pneumoniae bacteria

NHOOPMALIUSA O PELLEH3UPOBAHWU

Pepaxuust 61arofapuT aHOHUMHOIO pelleH3eHTa
(pelleH3eHTOB) 33 UX BKJIAJl B pelleH3MPOBaHUe 3TOM
paboThl, a TakKe 33 pa3MellleHHe CTaTel Ha CanTe
JKypHaJla 4 Ilepefavy KX B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.
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Jeknapauus o KOHPAUKMe UHMepecos. ABMopbl 3a58A5K0M
06 omcymcmeuu KOHPAUKMOS UHMEepPecos UAL AUMHbLX OMHO-
weHuil, Komopble mo2Au bbl nosausms Ha pabomy, npedcmas-
AeHHYt0 8 0aHHOII cmambe.

CONCLUSIONS

The functionality presented in this paper provides a
quantitative characteristic of the bacterial strain under
study. At the same time, a visual emotional percep-
tion of the obtained images is an important component
of the observations. In this connection, the software
FemtoScan Online [2-5] opens up great opportunities,
among them the construction of images of bacteria in
different colour palettes for topography (top view) and
3D images with adjustable viewing angles, backlight
modes and zooming. The software allows to perform
editing of the fly over bacteria, thereby creating fasci-
nating video clips. But that should be the subject of a
separate story.

ACKNOWLEDGMENTS

The study was completed with the financial support
of the RFBR and the London Royal Society No. 21-58-
10005, and RFBR, Project No. 20-32-90036; this
research was carried out with financial support from
the Foundation for the Promotion of Innovation,
Project No. 71108, and Agreement No. 0071108 and
with the assistance of Endor LLC (Moscow, Russia).

PEER REVIEW INFO

Editorial board thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. It is
also grateful for their consent to publish papers on the
journal’s website and SEL eLibrary eLIBRARY.RU.

Declaration of Competing Interest. The authors declare that
they have no known competing financial interests or personal
relationships that could have appeared to influence the work
reported in this paper.

Vor.15No.12022 NANO INDUSTRY



HoBocTtu

OTCNEXUBAHWE HAHOPA3MEPHbIX U3MEHEHU ONTUYECKUX CBOMCTB
ABYMEPHDIX FTETEPOCTPYKTYP C MOMOLLbIO MHOTOMEPHOM

ONTUYECKOW BU3YANU3ALIUM

-

TexHONorvM BUOCEHCMHTA ABASIOTCA KITKOHEBBLIMU [N1S1 MEAVLIMHCKON [ua-
THOCTVKK, Bronoriv, GapMaLeBTvKi, a Taioke 1 obecrieyeHus be3onacHoCTh
MALLIEBLIX MPOYKTOB 11 BOAbI. VcMonb3ys GroceHCopbl 663 METOK K Ha 0CHOBE
MeTOK, UCCTIef0BaTe MOTYT M3y4aTh B3aUMOEMCTBIE MEXy bromMonekynamu,
HabniogaTb 33 aKTMBHOCTLIO KIETOK WK OBHAPYXMBATL MOMeKybl NeKapcTs,
BYPYCbI 1 6aKTEPUIN B BUONOTUYECKIX KUIKOCTSX.

Pa3paboTka MyNTUMOZA/IbHDIX BMOCEHCOPOB M0O3BOAWMA CO3AATb COBEp-
LUEHHO HOBblE (YHKLMOHANLHbIE BO3MOXHOCTM BUOCEHCUHIA, Hanpumep aud-
depeHUMpoBaTb 1 WAEHTMGNLMPOBATL HECKOMbKO OTAENbHbIX Buomonekyn
U3 CMecH, cofiepXkalLieil MHOXECTBO HEM3BECTHLIX MOJIEKY/, B OTAM4ME OT 06Hapy-
OKEHIS TONIbKO GaKTa NPUCYTCTBMS OMPEAENEHHOTO TUMA U3BECTHBIX MOIEKyA.

B pa3pabotke MHCTPYMEHTOB 6MOCEHCHMHrA 63 MeToK 6OMblyo NoMby
MPUHECM [BYMepHble MaTepuabl M 06bLMpHas 61banoTeka retepocTpyKTyp
Ba-pep-Baanbca. Bbicokoe OTHOLLEHWE NAOLLAAN NOBEPXHOCTM K 0BLeMy 1 ato-
MapHas TOHKOCTb 3TWX MATepuasioB AAIOT CWbHBIA OTKMUK MOBEPXHOCTHON
aficopbLwy. B codeTaHmy C LUMPOKVIM CMIeKTPOM OMTIYECKVX SBMIEHMI, NepecTpai-
BAeMOI MO/I0COBOV CTPYKTYPOW 1 BAArONpUSTHBIMIA S1EKTPOHHLIMI CBOMCTBAMM,
3T0 [ieaeT [BYMEpHble CvCTeMbl NepCneKTVBHLIMIA 1S ByayLLMX OMTUYECKUX,
INKTPUYECKIX 1 INEKTPOXMMUYECKIAX NNATGOPM BUOCEHCHHTA.

OZHaKo aToMapHO TOHKIE ABYMEpHbIE MaTepUaibl YacTo CTPAZAIOT OT psaa
HEOZHOPOAHOCTEN MOBEPXHOCTU HAHOMETPOBOrO MACLUTaba — aTOMHbIX MpuMe-
Ceit, ancop6aros, Ae)eKToB, ANCIOKALMIA, Pa3pbIBOB, KOTOPLIE MOTYT U3MEHNUTb
WX OMTMYeCkue CBOWCTBA. BaXHOCTb 1 ponb 3TUX HEOBHOPOAHbIX NOBEPXHOCTEN
B CO34AHMM M3MEHYMBOCTM ABYMEPHOTO Marepuaia elle He A0 KOHLA MOHSTa.
Pewuast 3Ty npobnemy, UCCENOBATENN U3 YHUBEPCUTETOB LUTATOB MeHCUNLBAHNS
1 CeepHast KaponuHa paspaboTany HOBbIA MOAXOA K MHOTOMEPHOM XapakTe-
pU3aLpM, KOTOPbIA COYETAET HECKOMbKO METOAOB, MO3BOASS MOMYHUTL CBOW-
CTBA MaTepUIOB reTepOCTPYKTYPLI C BAMKIM K HAHOMETPOBOMY AManasoHy
paspelLieHuem.

‘Mol pa3pabotan MeTog 06beanHeHUs HeCkoNbKUX MHCTPYMEHTOB MUKPO-
CKOMWM B MHOTOMEPHBIA WHCTPYMEHT BW3yanu3aLm, KOTOpbIA MO3BONSET
MCCneaoBaTh ONTUYeCKie CBOCTBA MATepUaIoB C PaspeLLieHIeM ropasao BhilLe,
Yyem Mpy 00bIYHOM ONTIYECKON MMKpOCKomMK', — pacckazan Nanowerk Craga B.
PoTKuH, Mpodeccop MHKEHEPHbIX HayK W MexaHmku B Penn State. "B ocHOBe 37010

HAHO MHAVCTPUA Tom 15 Ne1 2022

METO3 NIeXAT OMTUYecKue KapTbl C HAHOMETPOBbLIM pa3peLLieHieM, KOTOpble Mbl
MOMY4MAN C MOMOLLbIO PACCEVMBAIOLLENA CKAHWPYIOLLEI DAVKHEMONLHON ONTHA-
Yyeckoit MuKpockonun (SSNOM)'. MccneroBaTeny OXUIAIoT, YT HOBbIA METof
MHOFOMEpHOW BY3yaNn3aLii NO3BOANT JIyHLLE MOHSTH GU3NKY ABYMEPHbIX MaTe-
PU/IOB 1 CAEAET BOMOXHLIM MX MPYUMEHEHNE B ONTONEKTPOHNKE, BIIOCEHCMHTe
1 MHOOPMALMOHHDLIX TEXHONOTMSIX. Pa3BMBas 3Ty MEEH0, OHU MPUMEHIAN e K KOH-
KpeTHOMY MpvMepy ABYMepHbIX MaTepUAsIoB — reTepoCTPYKTYpe u3 rpacdeHa, CvH-
Te31poBaHHoro B 2DCC-MIP MeHcbBAHCKOrO YHUBEpCUTETa, U MoS,.

C nomoLybto SSNOM OHy CMOI/IW YBUAETD P HOBbIX 3MEKTOB B MaTepuase.
TpaceH, NOMELLEHHbIA MOBEPX TPeyrobHIMKOB MoS,, CO3AaeT MOKPLITUE U COXpa-
HSIET NOCNEAHMA OT OKUCNEHNS W, CNENOBATENLHO, OT U3MEHEHIS Er0 MOME3HbIX
ONTUYECKWX CBOWCTB. [J1A 3TOMO y4eHble MPOBEM [BYXIETHEe MCCIen0BaHMe
CTapeHws! ¥ MOKa3a/I1 IBOMOLIMIO C MAEATbHON MHKANCY/SLYEN W NOLAPANaHHbIM
rpaceHom.

Ha doto 1306paxeHa Kapta reTepocTpYKTYpbl C BbICOKMM pa3peLLieHvem
SSNOM: xopoLuo BuAHb! Tpu 0CTpoBKa MoS,, MOKpbITbie MOHOUTOEM rpadeHa
(B BEPTMKANLHOM HampaBieHnN BUIHbI rPAeHOBbIe MOPIMHLY. Ha cHuMKe
XOpOLLIO BbIpaXeHbl HeGonbie Apkue TpeyronbHuku MoO (cnpasa BBepxy)
W HaHopasmepHble 06nactit MoOs BHYTPY OCTPOBKOB MoS, (fpkvie nsTHa Hag,
BOMbLLIMIA TPEYTONbHUKAMM).

WccrienoBareny cMorn CoCTaBuTb KapTy fedopMaLyi 1 SierupoBaHis B reTe-
POCTPYKTYPe C CyBBOHOBLIM paspeLLieHieM. bbio onpeaeneHo, Ckonbko 3apsaa
MePEHOCUTCA MEXZY aTOMHbIMU oMY rpadeHa 1 MoS,. MocnenHui Bnser
Ha QOTOMIOMMHECLIEHLVIO YCTPOICTBA. 3apAA, Taloke M3MEHSIET KonebarenbHble
Mofbl rpadeHa v Tem CaMbIM MEHSET PAMaHOBCKWIA OTKINK.

Habnioganocs 13MeHeHme ONTMHECKoro OTK/IMKA 06Pa3LOB — HebOMbLLIME Kp-
CTanMMTLI oKCAA MonmbaeHa (MoQ), KoTopble 06pasoBaCh BO BpeMs CAHTE3A
BMecTe ¢ MoS,, AatoT cobCTBeHHbIM OTK/MK. Kpome Toro, Habiofanoch Yactuy-
Hoe oKkieHme MoS, B TouKkax okaucynibdara Mo (MoOS), nosisnsitoLLieecs B Buae
APKX NSTEH LUMPVHON B HECKONLKO HAHOMETPOB Ha OMTUHYECKOM W306paXeHI
SSNOM BHyTp TPeyrosibHbIX OCTPOBKOB.

"KOMOMHMPYS! pa3niYHble MHCTPYMEHTbI MHOTOMEPHOW BM3yIM3aLMK, Mbl
CMOMIN HABMIOAATH, KaK BCe pa3inyHble MOPHONOrHHECKIE U NeMEHTHbIE Heof-
HOPOAHOCTM TeTepOCTPYKTYPbI MPUBOAAT K 06Pa30BaHmio obnacTeil MexaHnye-
CKoiA fieopmaLyn 11 06nacTeit 3apsiioBOr0 NIErMpOBaHMS'", — OTMEYAET POTKMH.
"Mbi 0TO6pa3WIM, KaK NOCTEOHWE CO3AIOT HEOHOPOAHOCTD (M3MEHYMBOCTD)
ONMTHYECKOrO OTK/NKA, KOTOPbIA MPOAHANM3MPOBAIA 11 OLIEHWN C TOHKA 3peHust
KOHEYHO MPOV3BOAUTENLHOCTM KOHKPETHOrO MaTepuaa st GUOCEHCUHIA'.

B Lenom, npoaeMOHCTPUPOBAHHDIA METOA MHOTOMEpHOM  BU3yau3a-
LMW MO3BONSET JyHLLIE MOHATL (U3MKY, JEXKALYI0 B OCHOBE OMTUYECKOrO
OTKNMKA TeTepOCTPYKTYp 2D-Marepuaio. 06nafas MOZPOOHLIMKM 3HAHUAMM
0 2D-HaHOMaTepuanax, MOXHO MPOBOAUTL CUHTE3 C KOHTPOMEM KayectBa U
JaBaTh YeTKe peKoMeHaaLum.

370 M03BOASIET CO3AaTb BUOCEHCOPbI, MOHMMAS YM3MKY OMTIYECKOrO OTK/MKA
CTpYKTYp 2D-MaTepuanos. PaHee OMTUYECKMI OTKAMK, OXMAAEMbIA OT HOBOMO
MaTepuana, bbla M3BECTEH TOMbKO B CPEAHEM U Ha 60/1bLOoN niowaau. Ceiyac
MOXHO He TO/bKO M3MEpUTDL AK1aNa30H OMTHYECKOrO OTKMKA HOBOTO MaTepuasa,
HO 1 ONpEnenTh, Kak 3TOT A1ANA30H MOXKET BbiTb HACTPOEH MyTeM yMpaB/eHust
onpeseneHHbIM TUMOM HEeoJHOPOAHOCTH, BJIKOYAs! NlervipoBaHie, fedopmauvio,
MepeHoC 3apsAa, NPUMECK, AMTIOKALIAM 1 Pa3pbiBb.

[o mamepuanam: https://www.nanowerk.com
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