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AHHOTal M. ATOMHO-CHJIOBasi MUKPOCKONMUS - 3TO YHHKAJbHBIM HHCTPYMEHT sl H3yde-
Hus 3D-Mopdonoruu 6uonorudeckKux 06beKTOB U M3MepPeHHsI UX CBOUCTB. /sl IpUMeHeHHUs MeToza
Y MHTEepIIpeTaLluH [10/1yYeHHBIX JaHHBIX HEMA/IOBa>KHYIO POJIb UTPaeT IIPOrpaMMHOe obecriedeHHe, KOTO-
poe I103BoJIsieT KOppPeKTHO 06paboTaTh H306paskeHUs1, ybpaTh apTedaKkThl CKAHHPOBAHHUS U COOPATh BOEJHHO
LeHHYI0 HHopMaLuio 06 obbexTax (1, 2]. B I1O "PemToCKaH OHIANH" peasln30BaHO HECKOIBKO QYHKIIHH,
KOTOPBIe CyIIecTBeHHO 06ierdaioT 06paboTKy mu3obpaskeHUH U c60p NaHHBIX 00 HHTepecyoI X 00 beKTax.
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Abstract. Atomic force microscopy is a unique tool for obtaining the 3D morphology of biological objects and
measuring their properties. To apply the method and interpret the obtained data, an important role is played
by software that allows you to correctly process the resulting images, remove scanning artifacts and collect
valuable information about objects in the image [1, 2]. FemtoScan Online software implements several func-
tions that greatly facilitate image processing and data collection about objects of interest.
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BBEAEHUE

ATOMHO-CHUJIOBAasi MUKPOCKOIIHS II03BOJISIET He
TOJIBKO BOCCO3maBaTh 3D-penbed HcCIenyeMBIX
06pa3LoB, HO U [IOy4aTh MHOIOYHCIEeHHbIE JaH-
Hble 06 acCOpOLIMH YaCTHU L HA PA3TMYHBIX IO JIOXK-
KaX, aJTe3uH, yIPyroCTH U3MepsieMbIX 06beKTOB
U ApyTUX 61oMeXaHUYeCKUX CBOMCTB. C IIOMOIIBIO
ACM MOXHO co3maBaTh MOPHOMETPHUUECKUH IIOP-
TpeT KJIETOK KPOBH [3], OLleHHBATh BIUSIHHE LIUTO-
TOKCHYeCKHX BellleCTB Ha OIyXoJeBble KIeTKHU [4],
M3ydYaTh XapaKTep afACOPOLHMH YaCTUI] Ha CEHCOP-
HBIX IOOJIOKKAX [5].

ITpu obunuu Bo3moxkHocTerr ACM HeobxonHMO
yAeNsiTb BHUMaHHe MeTOAHKe 06paboTKY JaHHBIX.
CKaHUPOBAaHHE B AaTOMHO-CHJIOBOM MHKPOCKO-
MU OCYIIeCTBJISETCS IOCTPOYHO, IIPU Ilepexoje
Ha HOBYIO CPOKY Ha M300pa’skeHHH IOSBISIOTCS
cTymeHH (puc.la), KOTOPHIX B JeCTBUTEIBHOCTH,
KOHeYHO, He CymecTByeT. OCO6€HHO SIBHEIM 3TOT
apTedakT CTAHOBHUTCS IIPH Pe3KOM H3MeHeHHH
AMIIIUTY/BI Iepemafia BEICOT OT CTPOKHU K CTPOKe,
Korga B ACM Hab/m0aoTCs OMUHOYHBIe 06BEKTHL,
Me>K/1y KOTOPBIMH €CTh CTPOKH, B KOTOPBIe BXOJHUT
TOJIBKO Pesibed I1aJKOM IOBEPXHOCTHU IOJJIOKKH
(puc.la).

YTo6bl M36aBUTHCS OT 3TOTO CTYIMEHYATOIO
penrveda B I10 "®PemToCKaH OHIANH" HCIIONB3Y-
eTcst yHKUUS "YCpeJHEHUe 110 CTpoKaM', KOTopast
NPUBOJUT CPeJHIOI BBICOTY B Ka’KAOM M3 CTPOK
M300paskeHHUs K eTUHOMY 3Ha4eHHUI0. B 60IbImuH-
CTBe C/Iy4aeB BMeCTe ¢ QyHKIHel "YaaneHue cpes-
Hero HaKJIOHA" yCpeJlHEHHE 10 CTPOKAM II03BOJIsIeT
MOJIYYMUTh XOPOIIMK KaZp, HO He BCerga Ioyda-
eTcs xoporo 06paboTaTe M306paskeHUS C OLUHOY-
HBIMU o6bekTaMH. M3-32 NPUCYTCTBUS Ha H30-
OpaskeHHH CTPOK OJHOM JIHIIb ITOATOXKKHU CpeHHe
3HAYeHUS 110 BCeMY Kafpy OyAyT CAUIIKOM OTIH-
YaThCs, II0C/Ie IPUMeHeHHUsI GYyHKIUU BO3/Ie HAU-
bonee KPYIHBIX 06BEKTOB MOSBISIETCS 3aMeTHAs
"Tens" (puc.1b).

[lossBUBIIHECS 3aTeMHEHHBIE YYaCTKHU MOXKHO
ybpaTh, BEIAEIUB KPYIHbIEe 06BEKTH C IOMOIBIO
HHCTPYMeHTa "BblenieHHe 0671acTH" U HUCIIONIB3YS
dyHKIIMIO "BeIpaBHUBAaHHE 10 CTPOKAM" 33 HCKIIIO-
YyeHUEeM BBIJIeJIeHHOU 00/1acTH.

Jlnst 60ee Ka4eCTBEHHOTO BBIpaBHUBAHUS poHa
MO>KHO BOCIIOTIb30BaThCsl aJITOPUTMOM BBIPAaBHHUBA-
HU S TIOJJIOKKH C IIOMOIIBI0O QYHKLIHMHU "BRIUHMTaHUe
n3obpaskeHun". [I7s1 3TOTO MBI CAeJIaeM TPHU HU30-
OpaskeHHS: ITepBOe — HCXOAHOE, KOTOpoe MBI bymeM
obpabaTreiBaTh, BTOpOE peACTaBIsIeT COOOM moA-
TTOKXKY 6e3 06beKTOB, U TpeThe — Hallle HUTOI0BOE
n3obpaskeHHue, KOTOPOe Ha IIePBOM 3Tale Heob-
XOOUMO Iponyb6aupoBaTs U3 mepBoro. CHavana
Ha HCXOJHOM H306pakeHHHU BBIJeseM BCe
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Puc.1. 2D-u306paxkeHue CaP-yacmuu, noKpbimMblX Xumo3d-
HOM. a — 00 8bIPABHUBAHUS NOOAOXKKU HA CHUMKE npucymcm-
8ytom xapakmepHble cmyneHu; b — nocae ycpedHeHus no cmpo-
Kam cmyneHu nponadatnom

Fig.1. 2D image of CaP particles coated with chitosan. a - before
substrate alignment, characteristic steps are present in the image;
b - after line averaging, the steps disappear

INTRODUCTION

Atomic force microscopy allows not only to recre-
ate 3D relief of the samples under study, but also
to obtain numerous data on adsorption of parti-
cles on various substrates, adhesion, elasticity
of the measured objects and other biomechani-
cal properties. AFM can be used to form a morpho-
metric portrait of blood cells [3], assess the effect
of cytotoxic substances on tumour cells [4], and
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Puc.2. Anzopumm 8blpagHUBAaHUSI NOOAOXKKU U306paAXKeHUs!:
a - Kaop ¢ 8bldeneHHbIMU 06BeKmamu; b — nodnoxkka 6e3 o6vex-
mMOo8; C = pa3HOCMb 8bIPOBHEHHOU U UCX0OHOU N0OAOXKKU

Fig.2. Algorithm of image substrate alignment: a - frame with
selected objects; b - substrate without objects; c - difference of
aligned and original substrate
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study the nature of particle adsorption on sensor
substrates [5].

With the abundance of AFM capabilities, it is
necessary to pay attention to the methodology of
data processing. Scanning in atomic force micros-
copy is carried out line by line, and at transition
to a new line, steps appear on the image (Fig.la),
which, of course, do not exist in reality. This arte-
fact becomes especially evident when the ampli-
tude of height difference changes sharply from row
to row, when single objects are observed in AFM,
between which there are rows that include only
the relief of the smooth surface of the substrate
(Fig.1a).

To get rid of this stepped relief, FemtoScan
Online software uses the Row Averaging function,
which brings the average height in each image
row to a single value. In most cases, line averag-
ing together with the Remove Average Slope func-
tion allows to obtain a good picture, but images
with single objects are not always well processed.
Due to the presence on the image of rows of the
underlay alone, the average values over the whole
frame will be too different, after applying the func-
tion a noticeable "Shadow" appears near the largest
objects (Fig.1b).

The darkened areas that appear can be removed
by selecting large objects with the Area Selection
tool and using the Line alignment excluding the
selected area function.

For better alignment of the background, you can
use the aligning algorithm for underlay using the
Image Subtraction function. To do this, we will
make three images: the first is the original image,
which we will process, the second is the background
without objects, and the third is our final image,
which at the first stage should be duplicated from
the first one. First, we select all the objects of inter-
est in the original image (Fig.2a) and delete them.
Next, duplicate the image without objects (Fig.2b)
and use the Align to lines function to get the sec-
ond image with aligned background. Now sub-
tract the image with aligned background from the
image without objects (Fig.2b). The difference of the
two images is shown in Fig.2c. The obtained result
is subtracted from the third image. The final frame
can be compared with the original one in Fig.3.

After applying the algorithm, the knocked-out
rows finally disappear (Fig.3).

Using the Select Objects function we can also
prepare a detailed analysis of particle morphology,
for example, for CaP particles we can obtain data
on the geometry of each particle (Fig.4): measure
perimeter, area, volume, form factor, roughness,
average and maximum height.
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HHTepecyolte AeTanu (pyuc.2a) u ynaaseM HX.
Nanee nybnupyem kanp 6e3 ob6vexToB (puc.2b)
Y BOCIIO/Nb3yeMcCsl yHKIIKeH "BBIPOBHATH IO CTPO-
KaM', IIOJIyYUM BTOpoe u306paskeHHe C BBIPOBHEH-
HBIM GoHOM. Temepb BBIUKMTaeM K3 U300pakeHUS
6e3 06bexTOB (pHc.2b) Kamp ¢ BHIpOBHEHHOH IIOA-
7MOKKOM. Pa3HOCTb ABYX M300paskeHUH MPeACTaB-
7TeHa Ha pHuc.2c. [Joly4yeHHBIN pe3yabTaT BBIUM-
TaeM K3 TpeTbero u3obpaxkeHusi. UTOTOBBIM Kaap
MOXKHO CPaBHHUTb C HCXOAHBIM Ha pHC.3.

IToc/le IpYMeHeHHU S aJITOPUTMa BhIOMBaIOIIHeCs
CTPOKH OKOHYATeIbHO MCYe3aloT (puc.3).

C momomplo GyHKIUU "BeIgenuTh 06beKTH"
TaK>Xe MOXHO IIOATOTOBUTD MOAPOOHBIN aHANIN3
MOpQOIOrUHY YacTHUI], HanpuMep, A1 CaP-4yacTHIL
MBI MOXKeM IONYy4YUTh JaHHbIE 0 TeOMETPUU KaK-
J01 4acTULBI (PHC.4): H3MePUTh IePUMeTP, I1J10-
manb, obveM, popmM-paKTOp, MEPOXOBATOCTH,
CpeiHIOI M MaKCHMaJIbHYIO BBICOTY.

3e/leHBIM KOHTYPOM aBTOMATH4eCKH BblJe/IeHa
YacTHUIa Ha IOAJI0XKKe, IOPOrOBble IapaMeTPhl
BBIZle/IeHHSI MOKHO M3MeHATh. Ha ocHOBe BhIfese-
Hus [10 popmupyeT Tabnuny ¢ zaHHBIMHU (Tabm.1):
* P - mepuMmertp, AAMHA IPAaHHUIB 00beKTa B IIJIO-

CKoCTH XY;

e S - mjomanap, 3aHMMaeMast 06beKTOM B IIpPoek-

LMY Ha IIJ10CKOCTh XY
e RMS - npucmepcusda

(I1epoX0BaTOCTD);

o popm-pakTop 1 (FF1) - oTHOmeEHHe pagH-
yca OKPYXHOCTH 3KBUBAJIeHTHOMN IJOMAAHU

K PaJiuycy OKPY>KHOCTH 3KBHUBAJIEHTHOIO II€pHU-

MeTpa. [l1s Kpyraoro obsekTa 3ToT GopM-paKkTop

paBeH efMHHIle. YeM CHUJIbHee HU3pe3aH MepH-

MeTp 06beKTa, TeM O/IH>Ke ero 3HaUeHHe K HYIIIO;
o dopm-dpaxkTop 2 (FF2) - oTHOIIEHUE yJoBOEH-

HOM JIIMHBI CKejleTa 06beKTa K ero mepuMeTpy.

Jl71s1 TOHKOM HUTH 3TO OTHOIIEeHHe PaBHO eH-

HUIIe, IJIs1 OKPY>KHOCTH OHO PaBHO HYIIIO;

* H- MakcumabHas BbICOTA 00bEKTa,
» H_av - cpesHsis BbICOTa 06BEKTa.

CobpaB TaKkyl CTAaTHCTHUKY IO LOCTATOUHOM
BbIOOpKe YacTHl], MOXKXHO CGOPMUPOBATh MOpdome-
TPUUYeCKHUH IIOPTpeT 06pa3iia, KOTOPHIH B LaTbHEN-
IIeM I103BOJIUT UAEHTUPUIIUPOBATh 0OBEKTHI IPHU
M3MepeHHUH YacTHI] Pa3HbIX pa3MepoOB.

BBHICOTH 00O6BeKTa

Tabauya 1. [JaHHble 0 pazmepe Yacmuubl
Tablel. Particle size data

S, HM? | nm?

P, HM | nm V, Hm3 | nm?

RMS, HM | nm

Puc.3. 3D-u306paxxeHus CaP-yacmuu,: a — 0o; b — nocae npu-
MeHeHUs anz0pumma 8blpasHUBAHUS N0OAOXKU

Fig.3. 3D images of CaP particles: a - before; b - after application
of the substrate alignment algorithm

A particle on the substrate is automatically
selected with a green contour, the threshold param-
eters of selection can be changed. On the basis of
selection the software generates a table with data
(Table 1):

H, HM | nm H_av, Hm| nm

1227 14524 3-108 14

0,07 0,2 51,5 32

Vor.16 No. 7-8 2023 NANO INDUSTRY
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Puc.4. ViamepeHue zeomempuyeckux napamempog 00UHOHHOU
CaP-yacmuubl

Fig.4. Measurement of geometrical parameters of a single CaP
particle

BbIBO/bI

[IporpaMMHoOe obecriedyeHHe UIpPaeT CyIleCTBeH-
HYIO POJIb B HHTepIlpeTallul JaHHBIX 30HL0BOM
MUKpocKonuU. C momompo ACM MOKXHO OLleHU-
BaTb YHCTOTY 00pa310oB, XapaKTepHble TeOMeTPH-
YeCcKHe pasMephbl YacCTHUI, CKJIOHHOCTh YaCTHUIL
K pa3spyLIeHHIO B 3aBUCHUMOCTH OT HCII0Nb3yeMOH
Mo/A/I0XKKHU. [IoHMMaHHe aAropuTMoB paboTer I10,
a TaK>kKe HCIIOJIb30BaHHE Pa3/IMYHBIX QYHKLIHUU
II03BOJIAIOT IIOJYYUTh MaKCHMMaJIbHOE KOJTUYeCTBO
MaHHBIX C [IOMOIIIO 3TOTO METOa.

BJIATOAAPHOCTHU

PaboTa BBIIIOJIHEHA 110 FOC3alaHUIO IPU PUHAH-
COBOM IopJep>kke Gusndeckoro pakynabprera MI'Y
uMeHH M.B. JJomoHocoBa (PerHcTpallMOHHAs
Tema 122091200048-7).

[I0 "®emToCkaH OHIAWH" NpefoOCTaABIEHO
OOO HIIII "LleHTp HepCIeKTUBHBIX TEXHOIOTHUH ",
WWW.Nanoscopy.ru.

ABTOpEHI 61arogapHsl PoHAY CONEHCTBUS HHHO-
BallMsIM M IIPABUTEJIbCTBY MOCKBBEL 32 BCECTO-
POHHIOI MHOALEePXKY gesdaTenbHocTH IIMHMT
"HaHOTexHoMOTHHU".
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« P - perimeter, the length of the object boundary
in the XY plane;

+ S-area occupied by the object in projection to the XY
plane;

« RMS - dispersion of the object height (roughness);

+ Form Factor 1 (FF1) is the ratio of the radius of the
circle of equivalent area to the radius of the circle of
equivalent perimeter. For a circular object, this Form
Factor is equal to one. The more rugged the perime-
ter of the object, the closer its value is to zero;

« Form Factor 2 (FF2) is the ratio of the doubled
length of the object’s skeleton to its perimeter. For
a thin thread this ratio is equal to one, for a circle
it is zero;

+ His the maximum height of the object;

« H_av - average height of the object.

Having collected such statistics on a sufficient sam-

ple of particles, it is possible to form a morphomet-

ric portrait of the sample, which will further allow
to identify objects when measuring particles of dif-
ferent sizes.

CONCLUSIONS

Software plays an essential role in the probe micros-
copy data interpretation. With the help of AFM it is
possible to evaluate the purity of samples, character-
istic geometric dimensions of particles, and propen-
sity of particles to fracture depending on the sub-
strate used. Understanding the algorithms of the
software, as well as the use of various functions,
maximises the amount of data that can be obtained
using this method.
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WHOOPMALNA O PELLEH3UPOBAHUU

Pemakuus 61arofapuT aHOHHMHOTO pelleH3eHTa
(peLeH3eHTOB) 32 UX BKJIAaJ B pelileH3UPOBAHHE
3ToN paboThl, a Tak>ke 3a pa3MelleHHe CTaTeHn
Ha CaMTe XXypHaja U lepefavyy UX B 37IeKTPOHHOM
Buge B HO6 eLIBRARY.RU.

Jekaapauus o KOHPAUKMe UHMepecos. Asmopbl 3098~
Asilom 06 omcymemauu KOHPAUKMO8 UHMepecos UAU AUMHbLX
0MHOWeHUil, Komopble MozAu bbl no8AuAMb Ha pabomy, nped-
cmasAexHyto 8 daHHo(l cmambe.
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