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CoBpeMeHHble MeToAbl CKaHUPYIOWEA 30HAOBOW MWKPOCKOMWUM MNO3BOJAIOT  MOJNYYUTH
OeTaJIbHYI0 KAapTUHY TOMOJIOT MU XUBbIX K/IETOK, B TOM 4YMCJIe PaKOBbIX KJ1€TOK, C HAHOMETPOBbIM
NPOCTPAHCTBEHHbIM pa3pelleHUemM B NpoLecce Ux pocta. PasBMTue MeToA0B BbICOKOCKOPOCTHOM
aTOMHO-CU/I0BOA  MUKPOCKONUM  Jaso BO3MOXHOCTb MojsyvyaTb U306paxeHuMe  KIeTok
C  MMUIIUCEKYHAHbIM MPOCTPAHCTBEHHbIM pa3speweHueM. BmecTe C TeM CKaHupylowas
KkanunnapHas (MoH-NMpoBoAAWAA) MWUKPOCKONUSA MO3BONSET MUCCAeAOoBaTb LIEPOXOBaTYIO
NOBEPXHOCTb XMBbIX K/IeTOK 3a CYeT WU3MeHeHMs MNpoTeKalowero MOHHOro Toka, MpU 3TOM
npakTU4YecKM WUCKIOYas CUIoBOe BO3[ENCTBME Ha KJeTKy. Mcnosb3oBaHWe CKaHupylowen
KanuaiipHOA MUKPOCKOMUMU B UCCIEA0BAHUM PAKOBbIX KJ1€TOK OTKPbIBAeT HOBbleé BO3MOXHOCTU
ONS CKPUHUHra nekapcts, A/ MOJYYEeHUS HOBbIX AAHHbIX O BJIMSIHUN U3MEHEHUS BHELHUX
YCNOBUIA HA KUHETUKY POCTa ONYyXO0/U, AaHHbIX O XU3HeAeaTeNbHOCTHU K/IeTOK.

Modern methods of scanning probe microscopy make it possible to obtain a detailed pattern of
the vital cells topology including cancer cells with a nanoscale spatial resolution during their
growth. The development of high-speed atomic force microscopy enabled to produce images of
cells with millisecond spatial resolution. Besides, it is possible to study a rough surface of vital
cells by changing the ion current flow without force action on a cell using scanning capillary
microscopy (ion-conducting microscopy). The use of scanning capillary microscopy in the study
of cancer cells opens up new opportunities for drugs screening in order to obtain new data on the
influence of external conditions changes on the kinetics of tumor growth and the new data on
the vital activity of cells.
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HacTosllee BpeMs CyIecTBYeT MHOXeCTBO BOIIPO-
COB B 00/1aCTH aHTUPAKOBOH MeJHUIMHEL. B yacT-
HOCTH, Cpe[M HepelleHHbIX, HO OYeHb BaXKHBIX

3a/lav CTOAT CIeAyolue:

+ obHapy>KeHHUe OINYXO0JIeBBIX MapKepoOB B KJET-

Kax UK B KUAKOCTH, TaKHUX KaK MHUKpoPHK

B CBIBOPOTKE;

* BBIIBJIeHHE PEeHOTHIIOB PaKOBBIX KJIETOK B OTBET
Ha MHKPO3HBHPeHTa/IbHbIe CTUMYJIHI i Vitro, TaKue
KaK POCT KJIeTOK, ITOJBUKHOCTH KJIETOK, MeTabo-
JIM3M KJI€TOK, CeKPeLiys KJIeTOK U T.[,.;

e oIlpefesieHHe KJIeTOYHOTO OTBETA Ha HHU3KOMO-
JIeKyIsapHble JTeKapCTBeHHBIe CPeACcTBa, KOTO-
pble HeJlaBHO 6blIM pa3paboTaHbl B COOTBETCTBUHU
C IIATOJIOTHYECKUMHU MeXaHHU3MaMHU,

* H3y4eHHe MeXaHH3Ma J1eKapCTBeHHOM yCTOMYHBO-
CTH IIpU JIeYeHHUH paKa.

[NosBnsomuecs JaHHbIe CBULETEILCTBYIOT O TOM,
YTO MHOIME THUIIBl PAKOBBIX KJIETOK MMEIOT IIOBBI-
IIeHHBIN yPOBEHb aKTUBHEIX PopM Kucnopona (APK)
[0 CPAaBHEHHUIO C HOPMa/JAbHBIMH KJIeTKaMHu [1, 2].
ITepexuck Bogopoaa (H,0,) siBisieTcss OAHOM U3 HaU-
6onee BaxkHBIX ADK U CBsI3aHA C pa3/IMUHBIMU I1aTO-
JIOTUYEeCKUMHU U pHU3HOJIOTHYECKMMHU IIPOLlecCaMu.
Kpome Toro, upesmepHoe KoniudecTtso H,O0, MoxkeT
BbI3BATh IOBPEKIEHHUE 6enkoB, nunumoB u JHK
B KJIeTKax, BBI3BIBAsl pa3/lM4Hble 3abomeBaHusg,
TaKHhe Kak pak, 6ome3sHp AnblrermMepa, cepaed-
Hble IPUCTYIH U 6ose3Hb [IapkuHCOHA [3, 4]. Kpome

TOrO, M3-3a TOT'O, YTO PaKOBble KJIeTKH FeHepUPYIOT
ype3MepHoe Konu4decTBo H,0, 10 CpaBHEHUIO C HOP-
Ma/bpHBIMHU KJIeTKaMu, H,0, MOKeT UCII0/1b30BaThCA
B KadecTBe 6MoMapKepa A/l OLeHKH CII0COOHOCTH
OKHCJIIUTebHOIO CTpecca B Pa3/IMYHBIX KjIeTKax
Y BBISIBJIEHHUSI PAKOBBIX KJIETOK [5]. C/emoBaTenbHoO,
3pdexTHBHOE U TOUHOe obHapykeHHe H,0, Heobxo-
JFIMO JI/11 MOHUTOPUHTIA ero KOHI[eHTPAallMH B JKUBBIX
KJIETKaX ¥ TIOHMMaHHUS COOTBETCTBYIOIUX 610I0rU-
YeCKHUX IIPOLIeCcCoB.

Oco6eHHOCTb KAITUJIISIPHOM MUKPOCKOIIMH 3aKIII0-
YaeTcsi B HeKOHTAKTHOM MeTOoJe CKaHUPOBAHMUS
115l TIO/1y4YeHU sl Tonorpaduy IOBePXHOCTU KJIETOK,
TeM CaMBbIM MOXXHO IIPaKTHUYeCKH UCKIIOYUTD BIHS-
HUe MeToJla M3MepeHHUs Ha pe3yabTaThl 3KCIIepH-
MeHTa. B KallM/AsIpHOM MUKPOCKOIIUH, B OTJIHUHe
0T aTOMHO-CHJIOBOH, UCII0/Ib3YeTCsl KAlIUJ/LISP, KOTO-
PBII HAIOMHSETCS 371eKTPOIUTOM. B Hero momena-
eTcst Ag/AgCl anexTpon, BTOPOM 3/1eKTPOA IIOMella-
eTcs B 6ydep c o6pasuamu KiaeTok. C IIOMOIIBIO IIpe-
LIM3MOHHOM 3JIeKTPOHUKH OCYIIeCTBIISIeTCS IlepeMe-
IleHHUe Kallu/UIsipa Haf II0BePXHOCThIO KJIETKH, H3Me-
HeHHe MOHHOI'0 TOKa, IIPOXOJSIIero yepes KOHUUK
KaIlUJIsipa, [03BO/IseT KOHTPOJIHPOBATh I10JIOXKe-
HHe Kaluaspa HajJ obpa3omM. TeM caMBIM HUCKJIIO-
YaeTCs BePOSITHOCTDb KaCaHUS KJIETKHU KallUJIISIPOM,
IIOCKOJIBbKY, KOTIa HOHHBIM TOK MUHUMAaJeH, KaIlkl-
NSIp pacmosnaraeTcs Ha MaKCHUMalbHO 6IHM3KOM pac-
CTOSSHUH OT KJeTKH. biarogaps JaHHOM MeTOJHKe

owadays there exist a large

number of problems in the

field of anti-cancer medi-
cine. In particular, the most impor-
tant, but unsolved tasks are the
following:

e detection of tumor mark-
ers in cells or in fluid, such as
microRNA in serum;

« identification of the pheno-
types of cancer cells in response
to microenvironmental stimuli
invitro, such as cell growth, cell
mobility, cell metabolism, cell
secretion, etc.;

+ determination of the cellular
response to small molecule drugs
that have recently been developed
in accordance with pathological
mechanisms;

« studying the mechanism of can-
cer development, such as drug
resistance in cancer treatment.
The emerging data indicate that

many types of cancer cells have an

elevated level of reactive oxygen spe-
cies (ROS) compared to normal cells

(1, 2]. Hydrogen peroxide (H,0,) is

one of the most important ROS that

is associated with various patho-
logical and physiological processes.

Besides, overstock amount of H,0,

can damage proteins, lipids and

DNA in cells that causes various dis-

eases such as cancer, Alzheimer’s,

heart attacks and Parkinson’s dis-
ease [3, 4]. Moreover, cancer cells
generate an excessive amount of

H,0, comparing to normal cells,

so H,0, can be used as a biomarker

to estimate the ability of oxidative
stress in various cells and to detect
cancer cells [5]. Hence, an efficient
and accurate detection of H,0, is
essential for monitoring its con-
centration in vital cells and under-
standing the corresponding biologi-
cal processes.

Peculiarity of capillary micros-
copy consists in the contactless scan-
ning method used to obtain the cell
surface topography thereby practi-
cally eliminating influence of the
measuring method on the experi-
mental results. In contrast to the
atomic force microscopy, the capil-
lary microscopy uses a capillary filled
with an electrolyte. The first Ag/
AgCl electrode is inserted into it and
the second one is placed in a buffer
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Puc.1. "®emmoCkaH Xi" ¢ ycmaHo8AeHHbIM MOOYAeM OASl 30H-
0080l MuKpockonuu
Fig.1. FemtoScan Xi with installed probe microscopy module

BO3MOXKHO OCYIIECTBI/ISITh CKAHHPOBAHHe KUBBIX 00B-
eKTOB B eCTeCTBeHHOM Cpefie U I0oly4aTh u3obpaxe-
HUs 6e3 ormaceHUsI HAHeCTH Bpex 06pasiy, 0ocobeHHO
eCc/IM 3TO KacaeTcsl TAKMX MATKHUX 06pa3IjoB, KakK
SKHBBIE KIIETKH.

B aHINOS3BIUHOMN JUTepaType AAaHHBIM MeTO[
[OJIyYUJ/I Ha3BaHUE HOH-IIPOBOAAILIAS MHUKPOCKO-
nus (SICM). IIpu KMCIONB30BAHUHU [ByXKaHaIbHBIX
KaHJIAAPOB MOXKHO II0J1y4aTh He TOJIBKO JaHHBIe
o Tonorpaduu, HO U IPOBOAUTH 37IeKTPOXUMHUYECKUH
aHanu3. Bropol KaHaa MOKeT MCII0Ib30BaThCs KaK
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CEeHCOp MJIM KaK CPefiCTBO OCTaBKU. B 3ToM ci1yuae
MBI IMeeM JIe/I0 C 31eKTPOXUMHUUYeCKON MUKPOCKO-
nuen (scanning electrochemical microscopy, SECM).
OfMH KaHaJl 3aM0NHIeTCs 3TeKTPOJIUTOM U I0CTaB-
NsleMBIMH MOJIEKYJIaMH, depe3 3TOT KaHaj TaKxke
OCyIIeCTBJSIeTCS] MTO3ULIMOHHUPOBAHHE KAMIMJIISAPA
Haz obpasiom. BTopoil KaHal nmpeAcTaBiseT coboi
YIJIePOAHBII 3/1eKTPOJ, KOTOPBIK M3MepsieT JIOKaJIb-
HYI0 KOHIIeHTPAlLlMI0O U MOTOK IoflaBaeMbIX depe3
KaHay MoseKys [6]. JIokaapHas ZOCTaBKa OCYIeCT-
BJISIeTCS 3a CYeT YIIpaBIeHHU s [T0aBaeMbIM HaIIpsiKe-
HHeM, UTO [103BOJIsSeT YBeJTHUUKUBATh UJIH YMEHBIIATh
KOJIMYeCTBO [0oJjaBaeMbIX Uepe3 KaIlJIISpP MOJIeKYII.
B paborte [7] mpescTaB/leHa MeTOAKKA H3rOTOBAEHUS
yIJ1epOAHBIX HAaHO31eKTPOJOB A/ BHYTPUKIETOU-
HBIX 3/IeKTPOXMMHYECKHUX UCCAeIOBAHUM, B YaCTHO-
CTH, MOOHUUKALIUS HAHO3IEKTPOAA C IIOMOIIBIO I1JIa-
THUHBI [T03BOJIMJIA 3aPeTUCTPHUPOBATh KOHIIEHTPALIHIO
aKTHUBHBIX GOPM KHCIOPOAa BOMU3U U BHYTPH KJIETOK
TUIIIIOKaMIIa. M3MeHeHHUs yPOBHEeH aKTUBHBIX popM
Kucnopoga (reactive oxygen species, ROS) 1 aKTUBHBIX
dopm asota (reactive nitrogen species, RNS) aBis-
I0TCSI MHANKATOPAMHU PAKOBBIX KJIETOK B IIOMY/ISIIHH.
OueBUIHO, YTO JAHHAS MeTOAMKA UMeeT bo/nblIne
MepCIeKTUBLI AJIs1 JOCTABKU JIEKaPCTB U CKPUHUHTA.
BcTpeuaeTcss IpUMeHeHHe YIJIePOSHBIX KaIlHIs-
POB, Ille TOK, BOSHUKAIONUUI IIPU 31eKTPOXUMHUUe-
CKOM OKMC/JIeHHHU / BOCCTAHOBIEHUH OKUCIUTEIbHO-
BOCCTAHOBUTEJIBHBIX MOJIEKY/I HA IIOBEPXHOCTH yIJIe-
poza, pearupyer Ha llepeMellleHHe YacTHI] [8].

Ozel u xonneru [9] HcIONb30BANTK KANIUJIISIPHL,
GYHKIIMOHANH3KUPOBAHHbBIE B KaueCTBe CEHCOPOB
Ha TJIIOKO3y MyTeM KOBaJIleHTHOM HMMMobuimn3a-
LIMH TTI0K0300KCHAa3bl (GOX) Ha KOHYHMKe KaMHJI-
nAsipa. B3aumopmencTBHe II0OKO3B ¢ GOX NPUBO-
OUT K KaTAJIUTHYECKOMY OKHUCIeHHUIO B-D-TII0K03BI
1,0 D-TIIOKOHOBOM KUCJIOTBL, YTO MOXKeT ObITh H3Me-
pPeHo Kak M3MeHeHHe MMIleflaHCa H3-3a MaJleHUs
pH-cpenbl Ha KOHUYMKe Kanuwaspa. CeHcop Ha IJIIo-
KO3y KOJIM4YeCTBEeHHO OIlpefiesii BHyTPUKIeTOUHbIe
YPOBHH IJIIOKO3BI B pubOpob1acTax yenoBeka, a TAKKe
B METACTaTUYeCKUX IMHHUIX Paka MOJIOYHOH 5KeJle3bl
MDA-MB-231 u MCF7. Bbl710 06Hapy>KeHO, YTO paKo-
Bble KJIeTKU JeMOHCTPHUPOBAIU BOCIPOHU3BOAKMOE
Y TOYHOe IOBBIIIeHHe YPOBHS IJIIOKO3bl 110 CpaBHe-
HUIO C He3JI0KaueCTBeHHBIMH KjleTKaMH. C moMo-
IbI0 KAMIHJUISIPHOM MUKPOCKOIIMHU 6Bl pa3paboTan
ceHCOp Ha pH A4 HCcCIeqoBaHUS OKUCIEHUS BHe-
KJIETOUHOTI'O IIPOCTPAHCTBA OOBIYHBIMHU U PAKOBBIMU
KIeTkaMH [10].

KanunasipHas MUKPOCKOIIHS MOXKET ObITh HCIIOb-
30BaHa B KavyecTBe MNJIaTOOPMBI A/l HUCCAeL0BaA-
HUM paka M KJIUHHUYECKOI0 CKPUHUHTA, IIOMOYb
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06BSICHUTH PO/Ib FeTEPOreHHOCTH B TKAHSX IIepPBUY-
HOM OIYXO/IH U CUCTeMaTH4YeCKH OIpefeNuTh KpHU-
THUYeCKHe ITapaMeTPHl B IPOrpecCHpoBaHUU 3aboe-
BAaHUS U IIOTeHLIMA/TbHBIX MeTaCTaTHUYeCKHUX COCTOSI-
Hugx [11, 12].

KanunnsipHas MUKPOCKOIIHS MOXKeT OBITh HCIIOIb-
30BaHa /I U3MEepPeHUs IJIOTHOCTU IOBEPXHOCT-
HOTO 3apsfa U 3/1eKTPOXMMHUYECKON aKTUBHOCTH,
a TaK>Ke JIJISl JOCTaBKU BelllecTB. ®a3a mepeMeHHOr0
TOKa YYBCTBUTEJNbHA K I0OBEPXHOCTHOMY 3apsny,
II09TOMY CABMT pa3bl MOKET JaTh II0JIE3HYI0 HHPOP-
MalLlMIo [/l BU3YalHW3alluU 3apsifia O4HOBPeMeHHO
c Tororpadueli. Busyanusanus in vitro Mopponoruu
PaKOBBIX KJIETOK B IIpoliecce UX POCTa, MOJBHUKHO-
CTH, MeTab0NM3Ma U CeKPeLIuH J1aeT IPIMY0 UHPOP-
MaIlMIo O IIpollecce Pa3BUTHUS PaKoBBIX 3aboneBa-
HuM. CUI0BOe KAPTUPOBAaHHe [I0BEPXHOCTH C IIOMO-
b0 MEXaHHYeCKOr0 BO3/IeICTBU I CO CTOPOHBI 30H[a
aATOMHO-CHJIOBOIO MHUKPOCKOIIA M/IM UHAYLUPOBAH-
HOTI'0 MeXaHHU4eCKOro aBeHHUs Ha KJIeTKYy, Co3/laBae-
MoOe IIOTOKOM SKU/IKOCTH Yepe3 KaIlK/I/Isp HOH-TIPOBO-
IsIIero MUKPOCKOIIA, AaeT AeTaIbHYI0 HHGOPMALHIO
06 M3MeHeHUH JTOKATbHBIX MeXaHUYeCKUX CBOKCTB
KJIeTOK IIOJ, BO3[4eHCTBHUEM Pa3IHUHBIX BHEIIHUX
daKTOpOB, B TOM YHC/Ie XUMUYECKHUX U 6lOMeIULINH-
CKHX IIPerapaToB.

Ycnexu KalHJ/UISPHOUW MHUKPOCKOIHMH B HCCIIe-
NOBAaHHUHU KMBBIX KJIETOK U UX MeTabonusma moa-
TBEPK/JAIOT HeOOXOAMMOCTD IIPOJOIKEHUS UCCTIe-
NOBaHUM BIUSHUS JIeKapCTB Ha eJUHHUYHBIE PAKO-
Bble KJIETKU [ pa3paboTku Haubosee repcreKTUB-
HOM CTpaTeruu je4deHUs. biaromaps TpexMepHOH

BH3yaJIM3aLHH in vitro MOPOIOTUH PAKOBBIX KJIETOK
C HAHOMeTPOBOM TOYHOCThIO M CHHXPOHHBIM H3Mepe-
HHeM JIOKaJIbHBIX CBOMCTB: JKeCTKOCTH, CII0COOHOCTH
K aJre3uu, MeTabonnyueckor aKTUBHOCTH U IPYTUX —
IIOSIBJISIETCSI HOBBIM aKTYyaJIbHBIM M BBICIIEH CTeIIeHH
MHPOPMATHUBHBEIN METOM, U3YUYeHHU S PAKOBEIX KJIETOK.

Paboma sbinonHeHa npu puHacosoll noddepskre Poccuiickozo
Hay4Ho20 poHda (npoekm N2 20-12-00389), u Poccuiickozo poHda
PyHdamernmanbHbix uccaedosaruil (npoexm Ne 20-32-90036).
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nitrogen species (RNS) levels are
indicators of cancer cells in the
population. Obviously, this tech-
nique holds great promise for drug
delivery and screening. There
is the use of carbon capillaries,
where the current arising during
the electrochemical oxidation /
reduction of redox molecules on
the carbon surface reacts to the
movement of particles [8].

Ozel and colleagues [9] used cap-
illaries as glucose sensors by cova-
lent immobilization of glucose
oxidase (GOx) at the capillary tip.
Interaction of glucose with GOx
leads to catalytic oxidation of 3-D-
glucose to D-gluconic acid, which
can be measured as a change in
impedance due to a drop in the pH
of the medium at the capillary tip.
A glucose sensor quantified intra-
cellular glucose levels in human
fibroblasts as well as in metastatic
breast cancer lines MDA-MB-231
and MCF7. Cancer cells were found
to show reproducible and accurate
increases in glucose levels com-
pared to non-cancerous cells. With
the aid of capillary microscopy,
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a pH sensor was developed to study
the oxidation of the extracellu-
lar space by normal and cancer
cells [10].

Capillary microscopy can be used
as a platform for cancer research and
clinical screening, to help explain
the role of heterogeneity in primary
tumor tissues, and to systematically
identify critical parameters in dis-
ease progression and potential met-
astatic conditions [11, 12].

Capillary microscopy can be
used to measure surface charge
density and electrochemical activ-
ity, as well as to deliver substances.
The AC phase is sensitive to surface
charge, so the phase shift can pro-
vide useful information for visual-
izing charge at the same time as
topography. In vitro visualization
of the cancer cell morphology dur-
ing their growth, motility, metab-
olism and secretion provides direct
information on the development of
cancer. Force mapping of the sur-
face using mechanical action from
the probe of an atomic force micro-
scope or induced mechanical pres-
sure on the cell created by the fluid
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flow through the capillary of the
ion-conducting microscope pro-
vides detailed information on the
change in the local mechanical
properties of cells under the influ-
ence of various external factors,
including chemical and biomedi-
cal drugs.

The successes of capillary micros-
copy in the study of living cells and
their metabolism confirm the need
to continue research on the effect
of drugs on single cancer cells in
order to develop the most prom-
ising treatment therapy. A new-
to-date and highly informative
method for studying cancer
cells appears thanks to three-
dimensional in vitro visualization
of the morphology of cancer cells
with nanometer precision and
simultaneous measurement of
local properties - rigidity, adhesion
ability, metabolic activity and
others. [
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