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AHHOTaLIUS. CKaHI/IPYIOI.LlaH KaIluJIJISpHas MUKPOCKOIIN A (I/IHI/I CKaHUDpYIOllas HOHTIPOBOASIIa s MI/IKpOCKOHI/Iﬂ) —OdHa
K3 MeTOOHK CKaHI/IPYIOH_IEI;I BOHHOBOI;I MUKPOCKOITIHMH, OCHOBAHHA Ha HCII0/Ib30BAHHH HAHOKAIIHJIISIPOB. BaskHBIM Iipe-
HMYIIEeCTBOM CKM riepeq oCTa/IbHbIMH METOaAMHU ABJISI€TCS HECHJIOBOE BOB,ELEI;ICTBI/IE Ha 00BbeKT HCCIIeJOBaHHS B ITPO-
Lecce U3MepeHus, 4 TAK>Ke BO3SMOKHOCTD ITPOBOAXTDH MCC/I€NIOBAHU S B eCTeCTBeHHOM cpene — B>KHUAKOCTH, BC/IEACTBHE
Yero 3Ta MEeTOAH KA CTa/Ida AKTHBHO HCIT0/Ib30BAThCS B OMOTOTMYeCKUX U MeOUILIMHCKUX UCCIeI0BaHUX. Ellle oqHUM OpHu-
T'MHaJIPHBIM ITPEHMYILIECTBOM CKM sBI1geTCs UCTIONb30BaHUE OBYXKAaHA/JIbPHbBIX KAITUJIJISIPOB, YTO I103BOJISIE€T IPUMEHATH
3Ty METOAMKY B Ka49eCTBe CEHCOP4, HaIIpUMeD, AJ151 H3MEPEeHH I AKTUBHBIX (I)OPM KHC/I0pOoaa BOJIMI3U KJIIETKH.
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Abstract. Scanning capillary microscopy (or scanning ion-conductance microscopy) is a scanning probe micros-
copy technique based on the use of nanocapillaries. Important advantages of SCM over other methods are its non-
violent action on a studied objects during measurements and a possibility to conduct studies in the natural envi-
ronment (in liquid). Therefore, this method has become widely used in biological and medical research. Another
unique advantage of SCM is the use of dual-channel capillaries which allows the technique to be used as a sensor,
e.g. for measuring reactive oxygen species close to a cell.

Keywords: scanning capillary microscopy, mesenchymal and mesenchymal-like phenotype, morphological pro-
file, cancer cells, human carcinoma
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BBE/JLEHUE
CkaHHUPpyoOLas KaluaaspHas MuKpockonus (CKM)
YCIIeIIHO KCIIONb3YyeTCsl /ISl UCCIef0BaHUS MeXa-
HHUYeCKUX peaKLHUH KUBBIX KJIeTOK, HallpUMeD,
IJ1s1 OLleHKH 06beMa JKHUBBIX SHI0TeTHaIbHBIX Kile-
TOK IIOJ] BJIMSIHHeM reMOAHHAaMHUYeCKOIO CABHUIO-
BOTO HaIIpSKeHHU S B KPOBEHOCHBIX cocynax [1] u mns
OLIeHKH >KeCTKOCTH IJIa3MaTH4eCKON MeM6paHbl TP
MIPHUIOKeHHOM FH/IPOCTaTH4YeCKOM JaB/IeHUH [2].
Vcnonb3oBaHHe KallM/IIPa B KadyecTBe pe3epByapa
HMeeT II0TeHI|Ma/IbHOe IPHMeHeHMe A1 JOCTaBKH
OIlpeJie/IeHHBIX MOJIEKYJI U TepaIlleBTHYeCKHX CPe/ICTB
B KOHKPETHYIO KJIeTKY H/IH CyOKIeTOYHYI0 0671acTh.
B 3TOM OTHOLIeHHWH ABYyXKaHa/bHble KaIlHU/JISPHI
y>Ke HCII0JIb30BAJIMCh IJIS1 JOCTAaBKH MHKPOYaCTHI] [3]
U [IOIMepOoB [4] B >KHBbIe KJIeTKU KOPHEHN pacTeHUH.
B pabote [5] mpencTaBieHa MeTOLHMKAa HU3LOTOB-
JeHUS YIJIepOAHBIX HAaHO3/JeKTPOLOB [ BHY-
TPHUKJIETOYHBIX 3JIEKTPOXMMHUUYECKHX HCCIe0Ba-
HHI, B YaCTHOCTHU, MOAUPHUKALIKS HAHO3JIeKTPOZa
C IIOMOIIBIO TIJIATHHEI [1I03BOJIM/IA 3aPerUCTPUPOBATh
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Puc.1. Onmuueckue CHUMKU CKAHUpyembix obaacmell s0ep
kaemok HelLa (A) u (B) c ygeauyeHuem 40x. Cmpeakamu (C)
u (N) ommeyeHbl KOHYUK KANUAASIpA, KOMOpbili eudeH CK803b
0bpaseu, U KAemo4Hoe S10pbILKO COOMBemCcmaeeHHO

Fig.1. Optical images of scanned regions of HeLa cell nuclei (A)
and (B) at 40x magpnification. Arrows (C) and (N) mark the capil-
lary tip visible through the sample and cell nucleous, respectively

INTRODUCTION

The scanning capillary microscopy (SCM) has been suc-
cessfully used to study mechanical response of living
cells, e.g., to assess the living endothelial cells volume
under hemodynamic shear stress in blood vessels [1] and
to evaluate plasma membrane stringency under applied
hydrostatic pressure [2].

Use of the capillary as a reservoir has potential appli-
cations for delivery of certain molecules and therapeu-
tic agents to a specific cell or subcellular region. In this
respect, double-channel capillaries have already been
used to deliver microparticles [3] and polymers [4] to liv-
ing plant root cells.

In [5] the technique of making carbon nanoelectrodes
for intracellular electrochemical studies is presented, in
particular, for modification of nanoelectrode with plati-
num allowed to register concentration of reactive oxygen
species near and inside hippocampal cells.

Precise deposition of biotinylated DNA on a streptav-
idin-coated glass substrate and protein G on a positively
charged glass substrate were carried out [6]. It is also pos-
sible to precisely apply femto- and attolitre drops of water
onto a substrate whereby a high uniformity of the feed
rate is achieved and, consequently, addition of the equal
portions of water is possible; furthermore, addition of
reagent from a capillary is possible while maintaining
the volume of the drop [7].

In addition to material delivery to the surface, the cap-
illary also allows single-cell nanobiopsy by extracting
a small amount of material from inside the cell, which
is then subjected to further analysis [8, 9]. Such extrac-
tion is valuable because the subsequent analysis can be
linked to the cell location or used to compare properties of
anumber of cells in a group.

When applied to cancer cell research, capillary micros-
copy can provide essential information for further
treatment.

Cancer has the ability to develop resistance to conven-
tional treatments, and the increasing prevalence of these
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KOHLIEHTPALIMIO aKTUBHBIX $OPM KHCI0poJa BOIH3HU
Y BHYTPH KJIeTOK TUIIIIOKaMIIa.

C BBICOKOM TOYHOCTBIO OCYIIECTBJISIIOCh HaHece-
HUe OHMOTHUHUIKNpPOBaHHON JITHK Ha CTeKISIHHYIO
MO/IOKKY, MOKPBITYIO CTPENTaBUAKMHOM, U IIPO-
TerHa G Ha IOJIOKUTeJIBHO 3aPSIKeHHYI0 CTeK/ISIH-
HYI0 IOAJI0OKKY [6]. Tak>Ke BO3MOKHO IIPeljHM3HO0H-
HOe HaHeCeHHe Ha MOJJIOKKY ¢eMTO- U aTTOTUTPO-
BBIX KaIle/ib BOABI, IIPX KOTOPOM JOCTHUIAETCS BBICO-
Kasl pABHOME@PHOCTb BeJIMYHHBI [10Ja4H, U, KaK CIe/-
CTBHe, BO3MOXKHO Io6aBIeHHe OJMHAKOBBIX ITOPIIUH
BoZBI; 6oslee TOro, BO3MOXKHO J0b6aBIeHHe peareHTa
M3 KaIlU/UIsIpa IIPU COXpaHeHUH obbeMa Kariu [7].

[ToMHMMO BO3MOXKHOCTH LOCTaBKH MaTepHaa
Ha II0BePXHOCTb, KaIIUJIJISIP TaK>Ke [I03BOJISeT BBIIIOJ-
HSITb OJIHOKJIETOUHYI0 HAHOOHOIICHIO ITyTeM H3BJIe-
YeHH s HeGOJIBIIOro KOJMYeCTBA MaTepHaa U3HY-
TPH KJIETKH, KOTOPasl 3aTeM I10/|BepraeTcs falbHer-
meMy aHanu3sy [8, 9]. Takoe H3BIeYeHHUe SIBISLTCSA
LIeHHBIM, II0CKOJIbKY ITOC/AeAYIOINH aHaTH3 MOXKeT
OBITH MIPUBSI3aH K MECTOIONOXEHHIO KJIeTKH MU
HCII0/Ib30BaThCS /IJ1S1 CPAaBHEHM S CBOMCTB psifla Kjle-
TOK B I'PyIIIIe.

[IpEMeHHMO K HCCIe0OBAaHHUIO PAKOBBIX KJIETOK
KaIlM/ISIPHAsl MUKPOCKOIIHSI MOKeT ATk CyIeCTBeH-
HYyI0 HHQOPMAIIUIO /151 Ja/IbHEHIIero ledeHU .

PakoBoe 3aboneBaHMe obnasaeT ClIOCOOHOCTHIO
Pa3BUBATh YCTOMYKUBOCTD K TPAJAHUILMOHHBIM METO-
JaM JeveHUSs, U pacTyllas paclpoCcTPaHEeHHOCTh
3THX JIEKAPCTBEHHO-YCTOMUYUBEIX QOPM OHKOJIOTUU
TpebyeT manbHEHIINUX YINyOIeHHBIX UCCIeLOBAHUN
Y pa3paboTKu 3¢ PeKTUBHBIX METOHOB JIeUeHH.

XoTsI MHOTHe BU/bl OHKOJIOTUM M3HA4YaJIbHO II0J-
BepsKeHBbl XMMHOTePaIllH, CO BpeMeHeM OHU MOI'YT
Pa3BUTh Pe3UCTEHTHOCTH C IIOMOIbIO MyTaLiuu JJHK
U MeTabonnYeCcKUX U3MEHEHUI, KOTOphle CII0Co6-
CTBYIOT HHTHOMPOBAHUIO U leTpaJalllH JIeKapCTBEH-
HOTO CpefiCTBa.

IIpu HCCIefOBaHUHU JIOJEH C PakoM MOJIOY-
HOM >KeJie3bl O6bIJIO IIOKA3aHO, YTO MALIUEeHTHI C OIIy-
XOJISIMH, 3KCIPeCCHUPYOUMMU BBICOKHE YPOBHU
ZEB1 (6eoK LIMHKOBOIO ITaJiblia), IIJIOXO Pearupo-
BaJIM Ha XUMHUoTepanuio [10]. B sanHOM ciydae CKM
[03BOJIsSIeT MCCJIeJ0oBaTh Me3eHXHUMaJbHBIN WU
Me3eHXHMOIIOL0OHBI N GeHOTUII U CGOPMHUPOBATH
MOp®OIOTHYECKUI IIOPTPET OIYXO/IeBbIX KIETOK,
olpene/NUTh TaKHe IPHU3HAKH, Kak popmMma, LIepo-
XOBATOCTb, pa3Mephl KJIETOK U S1Ipa, PACIIONIOKEHHe
saep (Halu4ue CKy4YeHHOCTH s11ep), KOJTUYeCTBO BHY-
TPHUKJIETOUHOIO BeLlleCTBa U Jp.

MATEPUA/JIbI U METOA bl UCCNEAOBAHUSA

YctanoBka CKM cobpaHa Ha 6a3e MHBepPTHPO-
BAHHOI'0 ONTHYeCcKoro Mukpockomna Nikon Ti-U.
B cxeme caMOro MHKPOCKOIIA 3a/eHCTBOBAaHBI:

oM e 33—
HAHO MHAVCTPUA Tom 15 Ne3-42022

1000 HM | nm
—

Puc.2. 2D-monozpadus ckaHupyembix obaacmel, pKo-Ken-
MblM UB8EMOM NOKA3aHa 06Adcmb KNemo4vyHo20 10pblwKa
Knemku Hela

Fig.2. 2D topography of scanned areas, bright yellow shows HelLa
cell nucleous

drug-resistant forms of cancer requires further in-depth
research and effective treatments development.

Although many cancers are initially susceptible to
chemotherapy, over time they can develop resistance
through DNA mutation and metabolic changes that con-
tribute to inhibition and degradation of the drug.

When examining people with breast cancer, it
has been shown that patients with tumours express-
ing high levels of ZEBI (zinc finger protein) responded
poorly to chemotherapy [10]. In this case, SCM makes
it possible to examine the mesenchymal or mesenchy-
mal-like phenotype and form a morphological portrait
of tumour cells, to determine features such as shape,
roughness, cell and nucleus size, nuclear arrangement
(presence of nuclear crowding), amount of intracellular
substance, etc.
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BBICOKOBOJIPTHBIN YCHUJIHTE/b, IOLAMIINN CUTHAT
Ha IIbe30KepaMHYeCcKHe IMOJBHUKKH; BBICOKOUYB-
CTBHUTEJbHBIN YCHIKUTeNIb HOHHOI'O TOKA, CO3Jal0-
KM Pa3sHHUILY IOTeHIIHAJI0B MeXY 3JIeKTPOoLaMH
Y U3MepSIONIUH HaIpsKeHHe TeKyIero HOHHOIOo
TOKa (yCHJIUTeIb HMeeT PeryssiTop, I03BOJISIOMHUHI
MOJCTPauBATh KO3PPUILIMEHT Tpeobpa3oBaHUSI TOK-
HamnpspkeHue ot 0.5 101000 MB/IIA) 1 L HGpPOBOU KOH-
Tposiep (610K yIIpaBaeHH ) MUKPOCKOIIA, IIPUHU-
MAIOIKUK CUTHAJ C YCUIUTeNsI TOKA U IOJAIHHI
yIpaBJsIONMe CUTHAJIBL HA BBIXOJHOU YCUIHUTEb,
IULSL IOAAY M HAIIPSKeHHU S Ha IIbe30KepaMUYeCKHUH
MaHHUIIYISATOP.

KJyIeTKHM KapLIHHOMBI YejIoBeKa (HeLa, Poccurickas
KOJIZIeKLIH S KJIETOYHBIX KY/IbTYP UeloBeKa, SKUBOT-
HBIX U pacTeHHH, MHCTUTYT nuTONOrUM, CaHKT-
[TeTepbypr, Poccus) BeIpamuBanu B cpefe JMEM
(ITandKo0, MockBa, Poccus) ¢ gobasneHuem 10% tep-
MOHWHAKTHBHUPOBAHHOMN QeTaNbHOMN OBIYbeH ChIBO-
potku (HyClone, Logan, UT, CIIIA), 2 MM L-rmyTaMuHA
(ITardK0, MockBa, Poccus) U pacTBOpa aHTHOHO-
TUKa-aHTUMUKOTUKA (Gibco, Waltham, MA, USA).
dukcanus KIeTOK IIPOBOAMIACH B 3,7 % mapadop-
Manpperuze (PFA) B TeueHHe 10 MHHYT, Jajlee KIeTKH
OTMBIBaNHUCh B puspacTtBope (0,9 M NaCl), kotopsrit
B aJIbHEHIIeM CJIYKHUI K B KaueCTBe 37IeKTPOIUTH-
4eCKOM Cpefibl B IIpoliecce CKAHUPOBAHHSI.

CKaHHUPOBaHHE INPOBOAUIOCH KAIUIISIPOM
C BBIXOOHBIM OTBepCTHeM O0KoJio 100 HM, aMIIJIK-
TyZla U 4acToTa KomebaHUM B peKHMe IIPephIBU-
ctoro KoHTakTa (hopping-mode) cocTaBnsanu 1 MKM
u 15T, cooTBeTCTBeHHO. KOHTpOIbHAS TOUKA ITazie-
HHS BeJIUYHUHBI HOHHOIO TOKa cocTaBasgna 1,2 %
OT BeJIMYHHBI TOKA Ha YAAIeHHH 0T obpasua. Pasmep
Kagpa 10,3x10,3 MkM?, pa3pemeHue 512x 512 To4eK.

[ToctobpaboTKa CHHMKOB IIpoBoLUIach B I10
demToCKkan OHnanH [11] mocpeACTBOM MeJHaHHOM
GUIPTPAllUU U BBIPABHUBAHMUS YPOBHS IIOAJIOKKH
1o BeIOPaHHBIM y4acTKaM IOAJIOXKHK Ha IOTydeH-
HOM H300paskeHuH.

PE3Y/IbTATDI

B MHBepPTHPOBAaHHOM OINTHYECKOM MMHKPOCKOIIe
Habaomanack OpraHU3al s KJIeTOYHBIX CTPYKTYP
Ha [OJJIOKKe: KIeTKH cOBUPaIoTCsl B OCTPOBKHU, IIPH
3TOM 3aMeTHBI XapaKTepHble OTPOCTKU B MeCTaX MpHU-
coeJMHEHMS KIeTOK K IofyIoxkKe (Puc.1).

Ha puc.2 npencraBiaeHbl U306pakeHUS KJIeTOK,
IIOJTyYeHHBIe C TOMOIIbIO CKAHHUPYIOIIEro Kalusp-
HOro MHpockora. Habaronaercst Mopdoorust KjaeTou-
HOM II0OBEPXHOCTH, KOTOPasi TaK>Ke IIPSIMO yKa3blBaeT
Ha OpraHu3al Mo cybMeMOpaHHBIX CTPYKTYP: Pa3iu-
YKMO SIPBIIIKO K/IeTKH (I0Ka3aHO JKeJIThIM I'Pa/IeH-
TOM), YUTO OTUETIMBO COOTHOCHTCS C JAaHHBIMU OIITH-
YeCcKOM MHUKPOCKOIIKH.
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Puc.3. 3D-monozpadus ckaHupyembix obaacmel, coomeem-
cmeayiouw,as puc.2
Fig.3. 3D topography of scanned areas corresponding to Fig.2

RESEARCH METHODS AND MATERIALS

The SCM is based on a Nikon Ti-U inverted optical
microscope. The microscope circuit itself includes a
high voltage amplifier that supplies a signal to the
piezoceramic slides, a high sensitivity ion current
amplifier that creates a potential difference between
the electrodes and measures voltage of the ion cur-
rent (amplifier has a regulator that allows to adjust
the current-voltage conversion coefficient from 0.5 to
1000 mV/pA) and a digital controller (control unit) of
the microscope that receives a signal from the ion-
current amplifier and supplies control signals to an
output amplifier to supply voltage to the piezoceramic
manipulator.

Human carcinoma cells (HeLa, Russian collection
of human, animal and plant cell cultures, Institute
of Cytology, St. Petersburg, Russia) were grown in
DMEM medium (PanEco, Moscow, Russia) with
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Ha puc.4 npencraBieHbl H306paskeHUS OTPOCTKOB
KJIeTKHY B 2D u 3D BHU €.

CkaHUpyIOIlasg KaOMW/JJIsIpHasgs MUKPOCKOIHUS
[103BOJISIeT He TOJBKO BH3YaIM3UPOBATH 00BEKTHI
B TpeXMepHOM MaciuTabe, HO K 1aeT BO3MOXKHOCTH
[10/Iy4aTh U HCIIONb30BATh P SKCIIePUMEHTAIbHBIX
JAHHBIX B IMAaTHOCTHYECKHUX Le/1aX. Ha ocHOBe moiy-
YeHHBIX HU300paskeHU N H3MepeHa CpeJHss IIepoXoBa-
TOCTbH [IOBEPXHOCTH KJIETOK, KOTOpasi B 00/1aCTH KJjle-
TOYHBIX SIIep COCTaB/seT I10 IoKa3aTesnio R, =0,4 MKM
(cpenHee o MOAYIIO), IO CpeJHEKBAAPATUUHOMY
OTKJIOHEHHIO IIIePOX0BATOCTh Rq coctaBuiaa 0,5 MKM,
a B obyiactu oTrpocTkoB 0,045 1 0,06 MKM COOTBET-
CTBEHHO, YTO IIPaKTHUYecKH B 10 pa3 MeHblIIe.

BbIBO/Lbl

CKM umeeT 0coby0 3HAUUMOCTh B KCCJIEJOBAHUH
SKUBBIX CHCTeM. B 6HONpUIIOKEeHUIX HUHTePeC MOTYT
[IpeCTaBIATh He TOJIbKO II0/IyYyeHHe HHPOPMaLluU
0 Mopdon0oruu 06beKToB, U3MepeHHe JTOKaIbHbIX
OMOTOKOB U T.ZI., HO U MeTOAUKHU aJ[peCHOM JOCTaBKHU
areHTOB K HcCaefyeMoMy obpasily, 4To II03BOJIsIET
HM3y4aTh eT0 peaKIHMI0O Ha BHeIIHee BO3JeHCTBHe
M, KaK CJle[CTBHe, I0Jy4yaTh KaYeCTBEHHO HOBYIO
1 6osee 3HAUUMYI MHOOPMALIKIO O IIpoliecce ero
SKU3HeLEeSATeTbHOCTH.

BJIATOAAPHOCTH

HccnenoBaHUe BBIIIOJIHEHO IPU QUHAHCOBOM IOA-
gepxke POOH u JIOHZOHCKOTO KoponaeBCKOTO
O6mectBa Ne 21-58-10005, PO®U, mpoexT N2 20-32-
90036. PaboTa BhIIOTHEHa IPU GUHAHCOBOM IIOJ-
nepkke PoHIA CONENCTBUS MHHOBALMSIM, IIPOEKT
Ne 71108, morosop 0071108. PaboTa BbIIIONHEHA IIpHU
coeCTBHUH KoMITaHUK OO0 "Jupmop" (MocKBa).

NHOOPMALIUA O PELLEH3UPOBAHMNK

Pemakuus 61arogapuT aHOHKMMHOIO pelleH3eHTa
(pelleH3eHTOB) 3a X BK/IaJ, B peLleH3HMPOBaHUe 3TOM
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CanTe
JKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BHU e B HOB
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Jekaapauus o KoHAuKMmMe uHmepecos. A8mopbl 3048~
Afl0M 06 omcymcemauu KoHPAUKMOB UHMepecos UAU AUMHbIX
omHouweHuil, Komopble MozAu bbl nosAusms Ha pabomy, nped-
CMasAeHHyko 8 0aHHOL cmambe.

RESULTS

In an inverted optical microscope the cellular struc-
tures organization on the substrate was observed:
cells clumped together in islands, with characteristic
filopodia visible where cells were attached to the sub-
strate (Fig.1).

Figure 2 shows images of cells obtained with a
scanning capillary microscope. Morphology of the
cell surface is observed, which also directly indi-
cates the organisation of the sub-membrane struc-
tures: the cell nucleous (shown in yellow gradient) is
distinguishable, which clearly correlates with opti-
cal microscopy data.

Figure 3 shows images of cell filapodia in 2D and
3D views.

The scanning capillary microscopy allows of not
only visualisation of objects in three-dimensional
scale but also gives an opportunity to obtain and use
a number of experimental data for diagnostic pur-
poses. Based on the obtained images, the average
roughness of the cell surface was measured, which
in the area of cell nuclei is R, =0.4 pm (modulo aver-
age), in the area of cell nuclei R, roughness was
0.5 pm, and in the area of filapodia 0.045 pm and
0.06 pm respectively, which is almost 10 times less.

CONCLUSIONS

The SCM is of particular importance in liv-
ing systems study. In bio-applications it may be
interesting not only to obtain information on the
object morphology, to measure local biocurrents,
etc., but also to targetedly deliver agents to the
studied sample, that allows studying its response
to external influence and, consequently, obtain
qualitatively new and more meaningful information
on its vital activity process.
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