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AHHoTauus. CKaHHUPYIOLAs 30HA0Bass MUKPOCKOIUS SIBISIeTCSI YHUKAJIbHBIM MeTOJLOM A5 Habniome-
HUS IPUPOAHBIX U UCKYCCTBEHHBIX HAHOCTPYKTYP, 00beKTOB KUBOM IIPUPOAHI - brioMakpomMoineKy, JTHK
u PHK, 6enkoB, BUpYcOB, 6aKTepUil, KIeTOK, HeMPOHHBIX CeTel U SKMBOM TKaHHU. HabnromeH1e 5BOTIOIHOH-
HBIX IIPOLIeCCOB C BBLICOKMM BPpeMeHHBIM pa3pelleHHeM SIBJIsIeTCSl HAMBa KHeH e 3aauel 1151 IOHUMaHHUs
XapaKTepa IIPOLIeCCOB B JKHBBIX CHCTeMaX, QYHKIIMOHHUPOBAHUS PA3/IMUHBIX CTPYKTYP B HAHO3JTeKTPOHUKe
u 6uoceHcopHUKe. [I/15 ee pellleHUsI HeobX0AMMO CO3/laHHMe CBepXObICTPOAE CTBYIOIIE N 3/IeKTPOHHUKH, IIPO-
rpaMMHoOro obecredeHHsI U CKOPOCTHBIX 3/IeKTPOMeXaHHUUeCKHX YCTPOMCTB. B HacTHOCTH, B HEHPOPHU3HOTIO-
TUU [715 YCTAaHOBJIEHHU S B3aHMOCBSI3H1 MeXK/y TOIIOJIOTHeH CeTH JKKBBIX HEHPOHOB U IIPOXOXK/IEHU S CUTHAJIOB
B HUX, IOHHMMaHHS IIPOLeCCOB CaM0oObyueHM s SKUBbIX HEIPOHHBIX CeTel Heo6X04 MO CYILIeCTBEHHO I1OBBI-
CUTb BpeMeHHOe pa3pellleHHe IIPU 3allUCcH U300paskeHU I HePBHOM TKaHU U CKOPOCTH 3aIIMCH KapT IIPOXOXK-
JeHUs 37IeKTPUYeCKUX CUTHAJIOB B HEH.
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HIGH-SPEED SCANNING PROBE MICROSCOPY:
ELECTRONICS AND SOFTWARE ISSUES

I.V.Yaminsky?’ 2, Doct. of Sci. (Physics and Mathematics), Prof. of Lomonosov Moscow State University,
Physical department, ORCID: 0000-0001-8731-3947 | yaminsky@nanoscopy.ru

Abstract. Scanning probe microscopy is a unique method for observing natural and artificial nanostruc-
tures and living objects - biomacromolecules, DNA and RNA, proteins, viruses, bacteria, cells, neural net-
works and living tissue. Observation of evolutionary processes with high temporal resolution present a cru-
cial task for understanding the nature of processes in living systems, functioning of different structures
in nanoelectronics and biosensor technology. This requires ultra-high-speed electronics development, soft-
ware and high-speed electromechanical devices. In particular, in neurophysmlogy, in order to establish the
link between the network topology of living neurons and signals transmission in them, and to understand
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the self-learning processes of living neural networks, time resolution in recording images of neural tissue
and speed of recording maps of the electrical signals transmission in it should be significantly increased.
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BBEJIEHUE

[TroHep BBICOKOCKOPOCTHOL aTOMHO-CHJIOBOM MHUKPO-
ckonuu npodeccop Tomro AHZIO YKa3al Ha MIHPOKHUH
CIIeKTP NPHUMeHeHHUs 3TOro HamnpasiaeHus [1]. Tax,
BBICOKOCKOPOCTHOM aTOMHO-CHJIOBOM MHKPOCKOIL
(ACM) 1103BO/IMII HAIIPSIMYIO BU3yaAU3KMPOBATh AU HA-
MHYeCKHUe IBJIeHHU S, IIPOHUCXOIALIHe B HAHOIIPOCTPaH-
CTBax B KUAKHUX cpeflax. B 6uonoruyeckon obnactu
MHKPOCKOIIHS MIHNPOKO MCIIONb3yeTCs A1 Habmrome-
Hus 32 benkamu, [JHK u [pyrumMu o6beKTaMHU B IIPO-
Lecce UX QyHKIIMOHAIBHOM aKTUBHOCTH. ACM TaKKe
HCIIONb3yeTCsl A1 HabnrogeHUs 3a Mopdooruye-
CKMMHU U3MEHEHMSIMHU KUBBIX KJIETOK U JUHaAMUYe-
CKUMHU IIPOLIeCCaMU, IIPOMCXOOAIIMMHU Ha KX II0BEPX-
HOCTH. B MaTepuasioBeJeHUM CKOPOCTHASI MUKPOCKO-
MM S UCIIOBb3yeTcs A/ HabnomeHHs 3a AUHAMUYe-
CKHMMHU IIPOLIeCCAMHM, IIPOUCXOOAIIMMU B CHHTETH~
YeCKHUX IIOJIMMEPHBIX LeMaX, JeTepPreHTax U HaHOoIly-
3bIpbKaX, a TAKKe [IJIs MCC/IeJOBaHH I KOPPO3HOHHBIX
PeaklMH Ha IPaHHUIIaX pasjiesia TBepAoe TeJ0KHU/-
KOCTb, IJ11 U3MepeHUs penbeda poTopesncTa, Habnro-
JeHMS KPUCTA/IM3aL MU HeOPTaHUYeCKUX U OpraHu-
4YeCKHX MaTepHasoB, 3eKTPOXMMHYECKUX PeaKIhi
U T.74. [Ipodeccop Tomro AHIO CIIpaBeaIMBO KOHCTA~
THPYeT, YTO BH3yalH3HUPOBAHHbIE TUHAMHUYECKHE
SIB/IEHU S IIPOCTHI, IOHSTHBI U YOe I TeIbHBI.

METO/bl UCCNIEAOBAHUA

JIJ151 TIOBBIIIEHU ST CKOPOCTH CKAHHUPOBAHH S B aTOMHO-
CUJIOBOM MHUKPOCKOIIMH HCIIO/Ib3YIOTCS OBICTPOMENCT-
BYIOII[[Ie CKaHePbl Pa3/IMYHbIX KOHCTPYKIIHM, IIPUMe-
HSIIOTCS KAHTH/IeBePbl yMeHbIIIeHHbIX Pa3MepOB C BbICO-
KOM pe30HaHCHOK YaCTOTOH.

YBenuUeHHe CKOPOCTH 0COOEHHO aKTyaJIbHO
IJ151 CKAaHUPYIOIel KallU/ISIPHOM MHUKPOCKOIIUH [2].
CKaHUpyoIas KallKi/UISIPHASI MEKPOCKOIIK S B BBICIIEE
CTelleHH YCIIeNIHO NPUMeHseTCsl B OMoPHU3UYeCcKUX,
OHOMeIULIMHCKHX 1 610CEeHCOPHBIX ITPHIIOKEHUSIX [3].
[Ipu KCII0Nb30BAHHMU MHOTOKaHA/IBHBIX KaIlU/LISIPOB
yIIaeTCcsl OMHOBPeMEeHHO HCCIe0BaTh Kak MOPGOIOTHIO
SKHBOM KJIeTKU (3D-TTpodHIIb, MeXaHHUYeCKHe CBOKCTBA),
TaK U IIPOBOJUTH 37IeKTPOPH3HOIOrHUecKre H3Mepe-
HMSL: OIIpefie/IATh PACIIONOKeHHe U IIPOBOSMMOCTb HOH-
HBIX KaHaJIOB, U3MepsITh KOHIIeHTPAllMH aKTUBHBIX
dopM KuCI0poJa KakK CHapy>KH, TaK M BHYTPH KJIeTKH.

INTRODUCTION

The pioneer of high-speed atomic force micros-
copy, professor Toshio Ando, pointed out a wide
range of applications for this field [1]. For exam-
ple, the high-speed atomic force microscope (AFM)
has made it possible to directly visualize the
dynamic phenomena occurring in nanospaces in
liquid media. In the biological field, microscopy
is widely used to observe proteins, DNA and other
objects during their functional activity. AFM is
also used to observe morphological changes in liv-
ing cells and dynamic processes occurring on their
surface. In materials science, high-speed micros-
copy is used to observe dynamic processes in syn-
thetic polymer chains, detergents and nanobub-
bles, to study corrosion reactions at solid-liquid
interfaces, to measure photoresist topography, to
observe crystallization of inorganic and organic
materials and electrochemical reactions, etc.
Professor Toshio Ando, rightly noted that visual-
ized dynamic phenomena are simple, clear and
convincing.

RESEARCH METHODS

To increase the atomic force microscopy scanning
speed, the fast scanners of different designs are
used, and smaller high resonance frequency can-
tilevers are applied.

The increase in speed is especially relevant
for scanning capillary microscopy [2]. The scan-
ning capillary microscopy is highly successful in
biophysical, biomedical and biosensor applica-
tions [3]. Multichannel capillaries can be used to
study simultaneously both the morphology of a
living cell (3D profile, mechanical properties) and
to provide electrophysiological measurements: the
location and conductivity of ion channels, concen-
trations of reactive oxygen species both outside
and inside the cell can be determined. The scan-
ning capillary microscope opens up new possibil-
ities in the local transfer of low and high molec-
ular weight substances, in molecular 2D and 3D
nanoprinting, mobility determination of bio-
macromolecules, and nucleic acid (RNA and DNA)
sequencing.
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CKaHUPYIOIIHUH KallUJUISIPHBIM MHUKPOCKOII OTKPBIBAeT
HOBBIE BO3MOYKHOCTH B JIOKAJIbHOM II€PeHOCe HU3KO-
Y BBICOKOMOJIEKY/ISIPHBIX BeILIeCTB, B MOJIEKYJISIPHOM 2D-
U 3D-HaHOIIeYaTH, OIlpefe/IeHU Y ITI0ABUKHOCTH 6roma-
KPOMOJIEKY/I M CEKBeHUPOBAHU U HYK/I€MHOBBIX KHUCJIOT
(PHK u JHK).

JOCTH>KeHHe BBICOKOM CKOPOCTH CKAaHHPOBAHHUS
IIpebsIB/ISIET CTPOrHe TpebOBaHMUS K IIOBBILIIEHUIO Pe30-
HaHCHOM YacCTOTHl KaK MeXaHHUYeCKHX CHCTeM, TaK
M CAaMHUX 30H/I0B ~ KAHTHUJIEBEPOB. B 3TOM HallpaBJIeHHUH
HabJ1o1aeTcsl CyeCTBEHHBII ITPorpecc.

B Hamel 3aMeTKe MBI 3aTPOHEM BOIIPOC ONTHMHU-
3alMHU U JaJIbHEHIIero pa3BUTHS OBICTPOJEICTBYIO-
el 3JIeKTPOHUKH KU COOTBETCTBYIOIEIro IIPOrPaMM-
Horo obecredeHus. Mcrmonb3oBaHHe IIPOrpaMMHU-
PYeMBIX JIOTHUeCKUX UHTerpaibHbIX cxeM (ITIHC) cTa-
HOBHTCSI Hauboslee IOMIY/ISIPHBIM U YCIIEITHBIM pellle-
HMeM 3TOr0 BOIIpoca. PaHee Mbl 0OTMeYaJIH, YTO B IIOBbI-
IIeHUH CKOPOCTH IIPOX3BOAKMMBIX H3MepeHHHU KJIoYe-
BbIM MOMEHTOM SIBJISI€TCS pallOHA/IbHOE IPUMeHeH e
ITJIMC B coueTaHMHU CO CKOPOCTHBIMHU LIUPPO-aHAJIOTO0-
BeIMU (LJAII) 1 aHaoro-Iu$poBEIMHU I1peobpasoBare-
nsmu (ALII), cuHTe3aTopaMu 4acToT (CY), CHHXPOH-
HBIMH JeTeKTOpaMu U T.n. ITJIHC mo3BossgeT chopMu-
POBaTh HEIIOCPeACTBEHHO U3 JIOTMYeCKUX g4YeeK, pac-
IIOJIOYKEHHBIX Ha OLHOM KPHUCTaJljie, KaK CaM IIpoLec-
COP, OCYIIeCTB/ISIIOIINK Pea/l3aliI0 BBICOKOYPOBHe-
BBbIX aJITOPUTMOB YIIpaB/IeHM s MOLYIAMU MUKPOCKOIIA
1 06paboTKU JAaHHBIX, TaK U HU3KOYPOBHEBbIe MOAYIIH,
Heobxof1Mble 17151 YOPMUPOBAHU S yIIPAB/ISIONINUX CHUT-
HasioB LIATI, ALITI, CY 1 IpOYHX YCTPOKCTB. TaKoH Moz~
XO[, pasrpyskaeT LieHTpa/bHBIHI IIPOLIeCCOp, paclapal-
JIeJIMBaeT MCIOHeHHe 3a7a4 3IeKTPOHUKH MUKPO-
CKOIIa, a TAK>Ke I103BOJIseT COKPATUTh YMCJ/IO BHEITHHX
CHUTHAJIbHBIX COeITMHEHU I U KOMIIOHEHTOB B YCTPOM-
CTBe, [IOBBIIIAsl TAKUM 06pPa3oM ITPOH3BOSUTETBHOCTD
crcTeMbl. Takske 60s1bIIast FTHO6KOCTH B ITPOrpaMMHEPOBa-
HHMHU 1 OTCYTCTBHE GUKCHPOBAHHOK CUCTeMBI KOMaH/I,
KaK B MHKPOKOHTPOJIIepax, I03BOISeT C IIOMOIILIO
[IJIMC ocymiecTBsATh 6osiee CIOKHYI0 06paboTKy CHTHa-
JIOB, a BO3MOXKHOCTb II€PeIIporpaMMHPOBaAHU S II03BO-
J5ieT PacIIUPATh CUCTeMy 6e3 3aMeHBbI IIPOLIECCOPHOTI0
YCTPOMCTBA, CYIeCTBEHHO S5KOHOMS IeHe>KHbIe Cpefl-
cTBa. TakuUM o6pa3om, HeCMOTPs Ha 6ojlee BBICOKYIO
CTOMMOCTb 1 He0b6X0IMOCTb B 6071ee Tpy10eMKOM ITPO-
Liecce MporpaMMHMPOBAHUS, YIIOMSHYThIE BBIIIIE 1010~
SKUTEe/IbHBIe CTOPOHBI e/Ial0T CUCTeMY Ha ocHoBe ITJIMC
bo/ee ONTHMAJIBHBIM pelleHHeM B JOATOCPOYHOM
[IepCIIeKTHUBe.

IIpu mcmonb3oBaHUU I1JIMC HOSABAAIOTCA Cylle-
CTBeHHBIe yoo6CcTBa U NpeuMyIecTsa. IIJIMC mo3so-
J51eT IIOCTPOUTH 60JIbIII0e KOTHUYeCTBO IIOPTOB BBOJA-
BBIBOZIA, YTO BeCbMa aKTya/IbHO B CKAHHPYIOIIEL 30H-
J0BOM MUKpOCKoIHH (puc.l). Tak, B COBpeMeHHOL Bep-
CUM CKAaHUPYIOUIMX 30HJO0BbIX MHUKPOCKOIIOB CEPUH
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Achievement of high scanning speeds places strin-
gent demands on increasing the resonance frequency
of both mechanical systems and the cantilever probes
themselves. Significant progress is being made in this
direction.

In this paper, we will address the issue of opti-
misation and further development of high-speed
electronics and related software. The use of field
programmable gate arrays (FPCAs) is becoming
the most popular and successful solution of this
problem. We noted earlier that the key to improv-
ing speed measurement made is the rational use
of FPCAs in combination with high-speed digital-
to-analog (DACs) and analog-to-digital converters
(ADCs), frequency synthesizers (FSs), synchronous
detectors, etc. FPGA allows of making both a proces-
sor itself, which implements high-level algorithms
of microscope modules control and data processing,
and low-level modules, necessary to form the control
signals of DAC, ADC, FSs and other devices directly
from logic cells located on one crystal. This approach
offloads the CPU, parallels execution of microscope
electronics tasks, and reduces a number of external
signal connections and components in the device,
thereby increasing system performance. Also,
greater programming flexibility and absence of a
fixed instruction system, like in microcontrollers,
enables more complex signal processing to be carried
out using the FPGA, while the ability to reprogram
allows to expand the system without replacing the
processor device thereby saving considerable funds.
Thus, despite the higher cost and the need for a more
time-consuming programming process, the positive
aspects mentioned above make the FPGA-based sys-
tem a better solution in the long term.

The use of the FPGA ensures significant conve-
nience and advantages. An FPGA allows forming a
large number of I/O ports which is very relevant in
the scanning probe microscopy (Fig.1). For example,
the current version of the FemtoScan series of scan-
ning probe microscopes features a whole family of
different modes, among them:
 contact and resonance atomic force microscopy,

in air and liquid;

+ scanning friction microscopy in air and liquid;

+ scanning conductive microscopy;

 scanning photo-conductive microscopy;

+ scanning piezoelectric microscopy;

 scanning electrostatic microscopy;

+ scanning magnetic microscopy;

+ scanning tunneling microscopy;

« nanolithography (contact and resonant, power
and current);

e atomic balances mode;

« flirt mode for delicate scanning in air and liquid;
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MMKPOCKOIIHSI;

* CKaHHUpyoOIlasg TyHHeJIbHas
MMKPOCKOIIHSI;

¢ HaHonuTorpadus (KOHTAKT-
Hasg U pe30HaHCHasi, CHIOBas
U TOKOBas);

* PeXUM aTOMHBIX BECOB;

¢ GIUpT-MOAA [AeNTUKATHOTO CKa-
HUPOBAaHHUS Ha BO3JyXe U B
SKUIKOCTH;

* PeKUM CHJIOBOIO KAPTHPOBAHMSI IIOBEPXHOCTH;

* PEeXHM TeMIIepaTypHOro Harpesa obpasiia.

Jist TIJIMC eCcTb MHOTO aJITOPUTMOB LIPOBOLL 06pa-
OOTKM CHUTHAJIOB, B TOM 4HC/Ie IUPPOBOK 06paTHO
CBSI3M, UTO aKTyasbHO JJIsl CKAHUPYIOIIEH 30H/I0BOK
MUKPOCKONHUHU. IIpy 3TOM XapaKTepHa BbICOKAsI CKO-
POCTb Iepelaul JAHHBIX U BO3MOXKHOCTb KPHUIITOTpa-
duyecKkoMr 3alIUTHI MlepeaBaeMorl MHOOPMAIHUU.
B 3/1eKTpOHHKe MHKPOCKOIA OJJHOBPEMEHHO MOKeT
6bITH cpa3y HecKonbKo IIIMC st CHHXPOHHOM obpa-
OOTKH pa3THUYHBIX HHPOPMALILOHHBIX [I0TOKOB.

B CKOPpOCTHOM aTOMHO-CHJIOBOM MHKPOCKOIIe
"®emtoCkaH X" mas cBg3u ¢ [IJIMC u obpaboTku
NAaHHBIX, IOCTYMNAIOIUX U3 371eKTPOHHOTo 6y0Ka
yepe3 BBICOKOCKOpocTHoe Ethernet-coenmmHeHmue,
HCIIO/Ib3yeTCs KIMeHTCKoe QUTIPU/IOKeHHe.

B pa3BuBaeMoll HAMH KOHIIeIIIHMH IPOrPAaMMHOI0O
obecriedeHHUsI Ha CKAHHU YOI 30H/I0BBIF MEKPOCKOIT
"®eMTOCKAH" BO3/IAraeTCs CyIeCTBEeHHO OOJIbIIIe II0JTHO-
MOYHI, UeM ITPOCTO CKaHHPOBaHHeE [I0BEPXHOCTH B Pa3-
JTUYHBIX peKUMax.

B wacTHOCTH, MBI pa3pabaTeiBaeM HOBbIE GpYHKI[HO-
HaJTbl Tpubopa:

* KOHTPOJIb HaJl TeMIIepaTypol, OCBellleHHeM BIasKHO-
CTH B IIOMeIlleHU U U/UIH B U3MePHUTEe/IbHOM KaMepe.
IIpy Hab/MOIeHUH KJIETOYHBIX CTPYKTYP HE0OX0AHMO
MOAIeP>KUBATh YPOBEHDb COMEeP>KaHUS YIIeKHCIOr0

Puc.1. Pabouee okHO ynpasaeHus ckaHuposaHuem. B cucmemy o6pabomku nocmy-
naem gocemb KaHAA08 UHGOPMALUU 8 COOMBEMCMBUU € NaHeAbk cAesd. [Tpu 3mom
nos18A51emcs1 603MOXHOCMb 8b160pa K03 dULUEHMA ycuAeHUs! N0 8bI6PAHHOMY KAHA-
ny 18-paspsioHoz2o AL

Fig.1. Scanning control working window. The processing system receives 8 channels of
information according to the panel on the left. The amplification factor in the chosen
18-bit ADC channel can be selected

« force mapping mode of the surface;

» sample heating mode.

There are many algorithms for digital signal
processing for the FPGAs, including digital feed-
back which is relevant for the scanning probe
microscopy. This is characterised by high data
transfer rates and possibility of cryptographic
protection of the transmitted information. The
microscope electronics can simultaneously con-
tain several FPCAs for synchronous processing of
different information streams.

The FemtoScan X high-speed atomic force micro-
scope uses a Qt client application to communi-
cate with the FPCA and process data coming from
the electronics unit via a high-speed Ethernet
connection.

In the software concept that we are develop-
ing, the FemtoScan scanning probe microscope
is entrusted with much more than just scanning
surfaces in different modes.

In particular, we are developing new function-
alities for the device:

« control of temperature, illumination, humidity
in the room and/or in the measuring chamber.
When observing cellular structures, the level of
carbon dioxide in the atmosphere must be main-
tained. This is important as any changes in these
parameters can affect the experimental data.
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rasa B aTMocdepe. ITO BaskKHO, II0CKOJIbKY H3MeHe-

HHe 3THUX IIapaMeTPOB MOXKeT 0Ka3bIBaTh BIUSHUE

Ha JaHHbIe 3KCIIepHMEHTa;

e CO3/laHHe UHTeJJIeKTyalbHON aBTOMAaTH3UPOBAH-
HOM CHCTeMBbl XpaHeHHUS JaHHBIX. MHOTONeTHHUH
OIIBIT [TOKAa3bIBAET, YTO MHOTHE JIaske OIIBITHBIE [10JIb-
30BaTeJIU I0AYac He eS0T JOIKHOTO BHUMAHHUS
COPTHPOBKE, COCTABAEHUIO KaTajora U AeTaJIbHOMY
OIMCaHUIO [TOJIyYeHHBIX 3KCIIePUMeHTalbHbIX JaH-
HBIX, CTPyKTYyPHUPOBAHUIO GAKIOBBIX 3aIIMCEH U T.II.
A 3TO B KOHEUHOM HTOre IIPUBOAUT K CYIIeCTBEHHOMY
CHIReHHUI0 3dQeKTUBHOCTH paboThl, KaK UHAKBU-
IyaJIbHOM, TaK M KOJIJIEKTHBHOM. [IporpaMMmHoe obe-
CIledyeHMe IPHU3BAaHO IOMOYb B OPTaHU3aL MU PallHo-
HaJIPHOTO U YI0OHOT0 XpaHeHH sl JaHHBIX;

* BIIpOrpaMMHOe obecriedeHue JOIKHO OBITh HHTEr PH-
POBaHO pacIMCcaHUe M0/Nb30BaTeNel. Begb MHOTHE
30H/I0Bble MUKPOCKOIIBIL — 3TO IIPUOOPHI KOMJIeKTHB-
HOT'0 [T0/1b30BaHU . BefleHHe 3aII1CH [T0Ib30BaTesIeH,
pacIucaHus, BpeMeHH pPeabHON PaboThl, 3aIIOMHHA-
HUe C1y>keOHO IlepefaBaeMor HHQOPMALIUH ~ BCIO
3Ty paboTy MOKeT BECTH CaMO IIporpaMMHoe obecrie-
4JeHHe, IIPHU 3TOM YIPOIIATh CUCTEMY KIHEHTCKOro
aIMHUHUCTPUPOBAHMUS;

e MHOIO JIeT MBI BeJH KOHKYPC H300paskeHHUH.
[IporpaMMHoOe obecriedeHre MOKeT CyIeCTBEHHO
YIIPOCTUTH IIPOLIeSYPYy OTIPaBKU HM3006paskeHUS
Ha KOHKYPC;

* B KOHIle KOHIIOB, IIPUBETCTBUS U C/I0BA IIOXBAJEI
T10JIB30BATEJTIO OT ITPOrPAMMHOr0 0becrieyeH s MOTYT
OBITH HEMaJIOBa>KHBI;

* OTZeNbHBIN 60/TBINON QYHKIIMOHAI KacaeTcsi BHepe-
HUS CTaBIIIEH MOHOM U ITOAYac 3pHeKTUBHOM TEXHO-
JIOTHMH UCKYCCTBEHHOro HHTesIeKkTa (MH) 1 HelpoH-
HbIX ceTell. PaHee HaMU GBI OITPO6OBAH ATOPUTM
WU f1st HAaCTPOMKU LIeNTU O6paTHOI;I CBSI3U B aTOMHO-
CHJIOBOM MHKPOCKOIIE,

OTmeNbHBIM HaIlpaBJieHHEeM SBJseTcs Inybo-
KOe MHTeIrpUpOBaHUe OINTHYEeCKON MHUKPOCKOIHUU
C MeToaMU 30HJ0BOM MHUKPOCKOIIMK. MHOroe B 3TOM
HaIlpaBJIeHUHU yKe clleslaHo. TpagHUIIMOHHOe pellle-
HHe - 3TO UCII0/Ib30BaHUeE IIPSIMBIX MU UHBEPTUPO-
BaHHBIX IPOYecCHOHANBHBIX OIITUYECKHUX MUKPOCKO-
TIOB [I715 pa3MellleHH s Ha HUX 30HJ0BBIX MHKPOCKOIIOB.
ITpy MHOTHUX IIPeUMYIeCTBaX eCTh U CYylleCTBeHHbIe
HeJlOCTaTKU. HanmpuMep, KoMMepueckre HHBEPTHPO-
BaHHBIe OIITHYeCcKHe MUKPOCKOIIBI, 06/1aiasi TPOMO3[I-
KOCTBIO 1 OOJIPIIMME pPa3MepaMU, CTAHOBSITCS 00y30H
JII1s1 KOMIIAKTHBIX 30HJOBBIX MU KPOCKOIIOB. B pe3yb-
TaTe [JIs1 yCTPaHeHH S BO3HUKAIOUIHUX IIYMOB U HecTa-
OMJIBHOCTH IIPUXOAUTCSI KCIIOTIB30BATh OOJIBIIHE AHTH-
BUOpAIIMOHHbIE CTOJIBI, CUCTEMBI 3aIIUTHl ¥ SKPaHU-
POBKH. B pe3ynbTaTe 30HAOBBIF MHUKPOCKOII IIpeBpa-
maeTcsi B 60IBIIOrO K OUeHb JOPOroro MoHCTpa. IIpu
3TOM CHCTeMBI BUIeOHAOMIOIeH U JAIOT CyLeCTBeHHOe
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« development of an intelligent automated data
storage system. Many years of experience have
shown that many even experienced users some-
times do not pay enough attention to sort-
ing, cataloguing and describing in detail the
experimental data obtained, structuring the
file records, etc., and this ultimately leads to
a significant decrease in efficiency of work,
both individual and collective. The software is
designed to help arrangement of the rational
and convenient data storage;

e a user schedule must be integrated into soft-
ware. After all, many probe microscopes
are collaborative instruments. Keeping user
records, schedules, actual operating times,
remembering service information - all these
activities can be accomplished by the software
itself, while simplifying the client administra-
tion system;

 for many years we have been running an image
competition. Our software can make it much
easier to submit an image for the competition;

- after all, greetings and words of appraisal to a
user by the software can be important;

+ a separate important feature concerns imple-
mentation of trendy and sometimes effective
artificial intelligence (AI) and neural network
technologies. Earlier, we tested an Al algorithm
for tuning the feedback loop in an atomic force
microscope.

A separate area is a deep integration of opti-
cal microscopy with probe microscopy tech-
niques. Much has already been done in this direc-
tion. The traditional solution is to use straight or
inverted professional optical microscopes to host
probe microscopes. While there are many advan-
tages, there are also significant disadvantages.
For example, commercial inverted optical micro-
scopes, being bulky and large, become a burden
for compact probe microscopes. As a result, large
anti-vibration tables, protection and shielding
systems have to be used to eliminate the result-
ing noise and instability. Finally, a probe micro-
scope becomes a large and very expensive mon-
ster. At the same time, video observation sys-
tems offer significant development with reduced
size, increased resolution and increased obser-
vation speed. Importantly, many of observations
and optical signal processing functions can and
should be carried out by an FPCA.

SOFTWARE FOR RESEARCH

Nowadays, the microlens optical microscopy [4]
offers additional possibilities, including overcom-
ing the diffraction limit.
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Pa3BHUTHe IIPH YMeHbIIeHHUH TabapHUTOB, yBeTHYeHHU
pa3pelleHUs U CKOPOCTH HabnogeHUN. BaskHO, 4TO
MHoOrHe QyHKIUHH HabmoneHHs: U 06paboTKU onTHYe-
CKHX CUT'HAJIOB MOSKeT U OJIKHO ITpoBoguTh [TJIHC.

NPOrPAMMHOE OBECIEYEHUE A1 UCCNIELOBAHUI

B HacTosIee BpeMsI IOIIOTTHUTE/IbHbIE BO3MOKHOCTH,
B TOM YHCJIe I10 [IPeooNIeHHUI0 ZUPPAKIIHOHHOIO IIpe-
Iesna, I03BO/IseT IOyYUTh MUKPOJIMH30BasI ONITHYe-
CKasi MUKPOCKOITH A [4].

CKaHHpYoOIAs 30HA0BAsI MUKPOCKOIIUS CTaIa
BOCTpeOOBAaHHBIM HHCTPYMEHTOM BO MHOTHX ITPaK-
THUYeCKUX MPUJIOKeHUAX. DTU NPeJIoKeHHs CTa-
BSIT OOJIBIION I1IACT HOBBIX 3a/a4 /151 IPOrPaMMHOTO
obecriedeHusl.

Tak, B MeJHLIMHe BO3HHKaeT HeOOXOAHUMOCTB,
HanpuMep, B 0OHAPy>KeHUHU Ha II0y4aeMBbIX H30-
OpaskeHHUSIX BUPYCHBIX YACTHL UK HHAKTHBUPO-
BaHHBIX BUPHOHOB, BBICTYIIAIOIIMX B Ka4eCTBe BaK-
LMHBI, IIPH UX aJICOPOLIUY U3 SKUAKHUX CPef Ha IIOJ-
JIOKKH € bruocnenupruuecCKUMU CBOMCTBaAMU [6]. DTa
Ba’kKHas 3aJladya CTOMUT IIPU PaHHeM 0OHapy>KeHHUHU
BUPYCHBIX 3a60/eBanHui. [IporpaMmMHOe obecreye-
HHe JI0JIKHO T103BO/ISITh MUKPOCKOITY B aBTOMaTHYe-
CKOM pe>KMMe HaXOAHUTh Ha H306paskeHUU BUPYCHBIe
YaCTHLBI, IPOBOAUTH MOP(OIOTHYECKUH aHANTHU3,
H3MepSITh KHHEeTHKY COPOLIMH, OIIpefe/nsiTh MHTAKT-
HOCTb YaCTHI], PETUCTPHUPOBATD PeAKI[UIO HA Pa3IHy-
Hble BO3/IeNCTBUS (MeXaHH4YeCKHe, TeIyIoBble, 61o-
XUMHYeCKHe U 1p.). YI0OHBIM MOJIeIbHBIM 06'beKTOM
B BUPYCOJIOTUH CJy>KaT BUPYCHl PACTEHHUH, He IIpeJ-
CTaBJISIONIHE OTIACHOCTH JIJISI KiCCIe/IoBaTens (pHC.2).

I[Ipu aHaTH3e N300paskeHU I baKTepHaIbHBIX Kile-
TOK (puC.3) mepeJ NporpaMMHBIM obecredyeHHeM
MOSIB/ISIFOTCS 3afa4YM ITOMCKA, MOPGOIOTHUECKOTr0
aHa/IM3a, aHAJIM3a SKU3HEeHHOTO [[UKJ/Ia U XapaKkTepa
KonebaHHUM MeMO6paHBI KIeTOK. PerucTpupyemoe
IIporpaMMHBIM obecriedeHHEM H3MeHeHHe IT0JBHK-
HOCTH KJIETOYHOM CTeHKHU OaKTepHUi IIpPU BO3JeH-
CTBUHU Pa3IHUYHBIX MeIUKAMEHTOB co3faeT 3pdex-
THUBHBIN MeTOJ, OIIpe/ie/IeHUs] YCTOMYHUBOCTH baKTe-
PHI K BHEITHUM BO3JIeFICTBUSIM, B TOM YHCJIE [103BO-
JNSIeT ONpeeINTh UX aHTUOHMOTHUKOPE3UCTEHTHOCTb.
IIpy 5TOM PeIIUTh BOIIPOC YCTOMYUBOCTH HU/IH Hey-
CTOMYHMBOCTH 6AKTEPUI K aHTUOHOTHKAM C IIOMO-
IbI0 AJITOPUTMOB IIPOrpaMMHOr0 obecreuyeHHUs
I10 PerUCTPAIIMKU MOPPOIOTHH U CIIeKTPa KojaebaHU I
MOYKHO byzeT peann30BaTh 3a HECKOTIBKO MHUHYT, UTO
Ha HEeCKOJIbKO IIOPSIIKOB ObICTpee, YeM TPaAUIHOH-
Hoe HabnoJgeHMe 3a POCTOM KOJOHHUI 6aKTepum
Ha KyJIbTyPaJIbHOM Cpefie.

AHa/IX3 HepBHOM TKaHM - CeTH >KHBBIX HEHPOH-
HBIX KJIETOK — BBIJIBUTAET CI0’KHBIE TPebOBAHUS K ITPO-
rpaMMHOMY obecIiedeHHI0, IIOCKOIbKY He0bX0qMMO
C/IeIUTh KaK 3a U3MeHeHHeM MOpPQ)OIOruH HepBHOU

Puc.2. N306paxkeHue X supyca kapmodgeas.. AmomMmHO-CUA08asl
MUKpocKonus. 306paxceHue npusodumcs u3 [5]

Fig.2. Image of the potato virus X. Atomic force microscopy. The
image is taken from [5]

Puc.3. N306paxkeHue KonoHuu 6akmepud Klebsiella pneumoni-
ae. M306paxkeHue npusodumcs u3 [7]

Fig.3. Image of a colony of Klebsiella pneumoniae bacteria. The
image is taken from [7]

Scanning probe microscopy has become a
sought-after tool in many practical applications.
These proposals open a large set of new challenges
for software.

In medicine, for example, there is a need to
detect viral particles or inactivated virions act-
ing as a vaccine on captured images when they are
adsorbed from liquid media onto substrates with
biospecific properties [6]. This is an important
task for early detection of viral diseases. Software
should allow a microscope to automatically find
viral particles in an image, perform morphologi-
cal analysis, measure sorption kinetics, determine
intactness of particles, and record response to var-
ious influences (mechanical, thermal, biochemi-
cal, etc.). Plant viruses present a convenient model
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TKaHH, TaK U 32 XapaKTepoOM M MapIIPyTOM IIPOXOKAe-
HUSI HePBHBIX UMITY/IbCOB. DTH TpeOOBaHHU S BBIIBUTAET
COBpeMeHHast HepoQH3HOJIOTH S U HeHPOMeIUIIHHa.

JleTanbpHble UCCIeOBAHUS ONYXOJEBBIX KIETOK
(puc.4), onpefesieHHe UX peaKI[UH HAa MeJHKaMeHT03-
HOe BO3/IeHICTBHe - IPHOPUTETHBIe HAIIPABIeHHU I 30H-
TOBOM MUKPOCKOIIMH B PellIeHHH 33/1a4 COBPeMeHHO
OHKOJIOTHH. CKaHUPYIOMWAS KAIIU/UISIPHAS MUKPOCKO-
IIMSI ¥ aTOMHO-CHJIOBAst MUKPOCKOITHS JAOT LIEHHYIO
HHPOPMALIHIO 0 MOP)OIOTrUH KIETOK, IIEePOXOBATO-
CTH KJIETOYHOM CTEHKH, aiATe3UBHBIX U GPUKIIHOHHBIX
CBOMCTBAX. Bce M3MepeHHUSs IIPOBOASTCS B OydepHBIX
pacTBOpax, YTO II03BOJISIET CIeAUTD 3a SKU3HEHHBIMU
IIpoIieccaMU KJIeTKH ~ POCTOM, Jie/IeHHeM, peaKIuern
Ha BHeIIHHe BO3IEHCTBHUSI H IIP.

Oco6bIH ITPAaKTHYECKUE HHTepeC IIpeCTaBIIseT [0/
HOOQYHKIIMOHAIBHBIN aHATH3 KJIeTOK KPOBU ~ MOPO-
JIOTHUH, TeOMeTPHH, SKeCTKOCTH, aiTe3UBHBIX U PPHUK-
LIOHHBIX CBOMCTB IIOBEPXHOCTH U IIp. (PHC.5).

B HacTosiIee BpeMsi B HAYaIbHOM CTAJHUK HAXOMUTCS
Pa3BUTHE MeTO/OB MOJIEKY/ISIPHOM I1eYaTH 1 HAaHOJIH-
TorpadUH MeTOZaMHU 30H/IOBOM MUKPOCKOIIHHU, U B
IepBYyIO0 O4Yepeb aTOMHO-CHJIOBOM M KaIlKJIISIPHOM
MHKPOCKOITHH, [IJIs PellleHHs 3a7a4u pereHepaTHBHOM
MeUIIMHBI, MUKPOXHPYPIUH, IIACTHYECKOM XHUPYP-
THH U T.II. 3[eCh CTOAT 3aJa4H y ITPOrpaMMHOro obe-
crieyeHus 110 3D-Bu3yanusanuu, 3D-mmevyaTu, Hampas-
NeHHOM 3D-MOAMPUKALKHU MMOBEPXHOCTH KJIETOK
Y TKaHH II0]] AeCTBHEM MeXaHHYeCKOro, 3/eKTpHuye-
CKOT0, XMMUYEeCKOT0 ¥ OMOXHMMHIYECKOTr0 BO3IEHCTBHUS.

N1 350deKTHBHOTO HCIIOAb30BAHUS 30HI0BOU
MHKPOCKOIIMH B MeIMI[HHe Heo6X0oqMOo Jo61BaThCS
TOTO, YTOOBI HOTBIIMHCTBO PESKHMMOB PeasIi30BbIBATIOCH
B aBTOMAaTHYeCKOM PesKHMe C ITPefloCTaBIeHHeM pas-
BEPHYTHIX OTUETOB.

B HacTosimee BpeMst HIMPOKO HCIIOIb3yeTCs Ipo-
rpaMmmHoe obecrmedeHue "®emToCkaH OHIANH"
111 QUIBTPAIUK, 06paboTKU M aHAIM3a H300paske-
HUM U1 5KCTIePUMEHTa/IbHBIX JAaHHBIX 30H0BOM MUKPO-
ckoruH (10, 11]. ITpu 3ToM 6osbIIast 4acTb paboTsl Ipo-
BOJMTCS II071b30BaTe/leM B PeXHMe 3PUTeNbHOI0
HabmofneHus. [Ipy BHeIpeHUH aBTOMATH3UPOBAHHOIO
aHanM3a U306paskeHUN CTOUT 6oJbIIas U CIOKHAS
3ajja4ya PasBUTHS AJITOPUTMOB MALIMHHOIO 3peHHUS
C UCIIONb30BAHHEM IOMY/ISPHBIX U Pa3BHUBAIOIIHXCS
METO/IOB UCKYCCTBEHHOTO HHTEJIEKTA U HeHPOHHBIX
ceTer. HegaBHO HaM ynanoch 3¢ PeKTHBHO UCIIONb-
30BaTh AJITOPUTM HEHPOHHBIX CeTeH J15 II0KCKa bes-
KOBBIX HAHOYACTHI], Pa3Mepbl KOTOPBIX Ha H306paske-
HHU CPaBHUMEBI C ypPOBHeM Iiyma [12].

B HacTosiIIeH 3aMeTKe TPUBe/ieHa THIIb HebobIas
YacTh 3a/1a4, KOTOPBIE CTOSIT Iepe]] IPOrpaMMHBIM
obecriedueHHeM B 30HJI0BOM MUKPOCKOIIMH. HO ¥ OHHU
TPebyIOT CyIeCTBEHHBIX YCHUIME CO CTOPOHBI IIPOrpaM-
MMCTOB, MH>KeHePOB U UCC/Ie[JoBaTe/IeH.
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Puc.4. ®pazmeHmbl KAemMOK KAPUUHOMbI 4Yenogekd.
CKaHUpyruas KanuaasipHas mukpockonus. M3obpaxeHue
npusodumcs u3 [8]

Fig.4. Fragments of human carcinoma cells. Scanning capillary
microscopy. The image is taken from [8]

object in virology which do not pose a threat to the
researcher (Fig.2).

When analysing images of bacterial cells (Fig.3),
the software faces the tasks of searching, morpho-
logical analysis, life cycle analysis and nature of
cell membrane fluctuations. The change of bac-
terial cell wall motility recorded by the software
when exposed to various medications creates an
effective method for determining resistance of
bacteria to external influences, including possi-
bility of determining their antibiotic resistance.
In this case, to solve the issue of resistance or
instability of bacteria to antibiotics using soft-
ware algorithms for recording morphology and
spectrum fluctuations, is possible in a few min-
utes, which is several orders of magnitude faster
than the traditional observation of bacterial col-
ony growth on the culture medium.

Analysis of the nerve tissue - a network of living
neural cells - places complex requirements on soft-
ware, as both the changing morphology of nerve
tissue and nature and route of nerve impulses
must be monitored. These are the requirements of
modern neurophysiology and neuromedicine.

Detailed examination of tumour cells (Fig.4)
and determination of their response to drug treat-
ment are the priorities of the probe microscopy
in modern oncology. Scanning capillary micros-
copy and atomic force microscopy provide valuable
information on cell morphology, cell wall rough-
ness, adhesive and frictional properties. All mea-
surements are carried out in buffer solutions,
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BJIATOAAPHOCTH

ABTOp BbIpa’kaeT UCKPEHHIOI0 6/1arofapHOCTD acIlH-
paHTy A.M.AXxMeTOBOI, Maructpam A.A.Biacosy,
O.B.MBaHOBY, H.E.MakcumoBoi, M.A.IlaB/I0BOH,
C.A.CeHoTpycoBoi, T.0.CoBeTHUKOBY, A.A.TpyxoBot
3a HeolleHHMYI0 ITIOMOIIb B pabore.

NHOOPMALUSA O PELLEH3UPOBAHUK

Pepmakuust 61arofapuT aHOHHMHOIO pelleH3eHTa
(pelLieH3eHTOB) 33 UX BK/aJ, B pelleH3UpOBaHUe 3TOM
paboTbl, a TaKsKe 33 pa3MellleHHe CTaTek Ha cakiTe Kyp-
HaJjla Y [Iepefaydy UX B 3JIeKTPOHHOM BHe B HIOb eLl-
BRARY.RU.

Jekaapauus o KoH(pAUKMe uHmepecos. Asmopbl 30884210 06
0mcymcmauL KoHPAUKITIOB8 UHMEpecos UAU AUMHBLX OMHOLWEeHUL,
Komopble mMo2Au bl N08AUAML HA paBomy, npedcmasAeHHyHo 8 daH-
Holl cmarmbe.
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Puc.5. AmoMHO-cuA08as MUKPOCKONUS 3pumpouuma 8 maske
Kposu. M306paxkeHue npusodumcs u3 [9]

Fig.5. Atomic force microscopy of an erythrocyte in a blood smear.
The image is taken from [9]

which makes it possible to monitor cell life pro-
cesses - cell growth, division, response to external
influences, etc.

Bu3yanbHbli KOHTPO/Ib YUCTOTbI NPOAYKUMK
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Of particular practical interest is a full-func-
tion analysis of blood cells - morphology, geom-
etry, stiffness, adhesive and frictional surface
properties, etc. (Fig.5).

The development of molecular printing and
nanolithography methods by the probe micros-
copy and, primarily, by the atomic force micros-
copy and capillary microscopy for regenerative
medicine, microsurgery, plastic surgery, etc., is
currently in its initial stages. Here are the tasks
of 3D imaging software, 3D printing, targeted 3D
modification of cell and tissue surface subjected
to the mechanical, electrical, chemical and bio-
chemical influence.

The effective use of probe microscopy in med-
icine requires that most modes be implemented
automatically with detailed reporting.

Currently, FemtoScan Online software is
widely used for filtering, processing and analy-
sis of image and experimental probe microscopy
data [10, 11]. At the same time, most of the work
is carried out by the user in the visual observa-
tion mode. When introducing the automated
image analysis, there is a large and challenging
task of developing machine vision algorithms
using popular and developing artificial intelli-
gence and neural network techniques. Recently,
we have been able to effectively use a neural net-
work algorithm to search for protein nanoparti-
cles which size in an image is comparable to the
noise level [12].

This paper presents only a small fraction of the
challenges facing software in the probe micros-
copy. But they also require considerable effort
on the part of programmers, engineers and
researchers.
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