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AHHoOTanusi. KOHTpoIHpyeMoe MaHUIIyJIMPOBaHHE KYJIbTHBUPYEMBIMU KIeTKaMH H JIOKa/JIbHAs JOCTaBKa
MaKpPOMOJIEKYJI U BeIleCTB SIBJISIIOTCS 10 CHUX II0P HepellleHHBIMHU 33a/lauaMU 3KCIIepHMeHTaIbHOM OHOIOrUH.
BHYTpHUK/IETOUHOe BBefleHHe Pa3IUYHbIX TepalleBTHUYeCKHUX CPe[CTB, BKIOUYas 61onoruyeckye mpernaparsl
Y CyIIpaMoJIeKy/IsipHBIe areHThl, CJIOKHO peajn3yeMa 13-3a eCTeCTBeHHBIX OHoIoruyeckrx 6aprepoB, HeobXoqu-
MBIX J/ISI 3aIIUThI KJIETKH. GdeKTUBHAS JOCTaBKa HYKI€MHOBBIX KHC/IOT, 6€JIKOB, IIeNITHI0B K HAHOUACTUL] UMeeT
pelaroliee 3HaYeHHe J151 KIMHHUYeCKOro BHeJIPeHU S HOBBIX TeXHOJIOTH I, KOTOPble MOTYT IIPUHECTH I10/1b3Y JIede-
HUIO 3a00/IeBaHUI C IOMOIIIbIO TeHHOM 1 KJIeTOUHOM Teparuy. Hcronb3ys Kallasp, MOXKHO JI0Ka/IbHO HAHECTH
Ha KJIeTKy Tpebyolleecs BellleCTBO UJIH JIaske BBECTH €ro BHYTPb KJIETKH, a B Ja/IbHeHIIeM OLIeHUTb ero BIHUsSHUe
Ha MOP®OJIOTHIO C IIOMOIIBIO MHCTPYMEHTOB CKaHUPYIOLIeH KaIllk/UISIPHOM MUKpocKokuu (CKM). 3TH BO3MOXKHO-
CTH JleJIal0T MEeTOJ, KaIlHJI/IIPHOM MUKPOCKOIIKMHU IIepCIIeKTUBHBIM JIJIS1 Lieslek OMOMe UL HBL.
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Abstract. Controlled manipulation of cultured cells and local delivery of macromolecules and substances are
still unsolved problems in experimental biology. Intracellular injection of various therapeutic agents, including
biologics and supramolecular agents, is difficult due to natural biological barriers required to protect the cell.
Efficient delivery of nucleic acids, proteins, peptides and nanoparticles is critical for clinical implementation of
new technologies that can benefit the treatment of diseases using gene and cell therapy. Using a capillary, it is
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possible to locally apply a desired substance to a cell or even introduce it into the cell, and then evaluate its effect
on morphology using scanning capillary microscopy (SCM) tools. These capabilities make the capillary micros-

copy method promising for biomedical purposes.
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BBEJEHUE

KieTka Hage/leHa JUHAMUYHBIM MEXaHH3MOM,
JIOCTYII K KOTOPOMY CTPOTO PeryJIKMPyeTCs BHYTPUKIIe-
TOYHBIMHU IHIpoLieccaMu. KjleTKH mepenaioT HHPOP-
MalHIo OPYT Apyry dyepes moiekyasl, JHK Kogupyet
PHK u 6enku, benxku IepefaloT CUTHAJIBI 1 IeHCTBYIOT
KaK CTPOHUTeJIbHBbIe OJT0KHU KJIETOYHOH CTPYKTYPHI,
nUOnuAb 06pas’yoT MeM6paHy U XpPaHST SHEPruio.
TpamuIIMOHHBIE METOABI LOCTABKU BeIlleCTB MOLYT
Hapymarh QYHKIHUU KIETOK, YTO OTpaHUYMBAET
HMX IPUMEHHMOCTh. BBeZleHHe MOJIeKYJI U BellecTB
B KJIETKY SIBJISI€TCS Ba’KHBIM 3KCII€PHMEHTAJIbHBIM
IIaroM B IIOHMMAaHUH ee QYHKUHHU, B yIIPaBIeHUU
KJIETKOL U1 [TepellpOrpaMMHUPOBAHHUH ee [TI0BeJeHU .

CyllecTBYIOT pa3Hble CIIOCOOBI JOCTaBKHU BellecTB
B KJIeTKH MJIEKOIIMTAMUIKX: C IIOMOINBIO JTHITH"
HBIX Be3UKY/I K BHPYCONOAOOHBIX YAaCTHUL], IIyTeM
XUMHYeCKON TpaHCOeKLHH, 3JIeKTPONOopaLiuu
Y1 MHKPO- U HAHOMHBEeKIHUH.

HaHoMHBEKI M ~ 3TO IPOLECC BHYTPHUKIIETOY-
HOM JOCTaBKH C HCII0JIb30BaHHeM HaHoHuria [1-3].
HaHourael, Kak IpaBU/IO, He BPeAHBI AJisg KJe-
TOK, B TOM UHCJIe [J1s1 HeHPOHOB, KapAHOMHUOLIMTOB
1 UMMYHHBIX KJIeTOK [4-6]. HaHOMHBeKI 1S [1OBbI-
maeT 3¢ PeKTUBHOCTh TPAaHCOEKLUHU MIa3MUIHOU
JHK (nIHK) B TpygHOTPaHCOULIUPYEeMBIX KiIeTKax [7].

J1s1 MHBeKIIUK MOXKHO HCII0/Ib30BaTh He TOJIbKO
HaHOMIJIBI, HO M CTeK/ISHHBbIe KaIlU/IAPHL C JHaMe-
TPOM BBIXOZHOTO OTBEPCTHS MUKPOHHOIO pasmepa
JIJI MeXaHHUYeCKOro IIPOHUKHOBEHMS yepes IjlasMa-
THUYeCKyIo MeMOpaHy, YTO TaK>Ke [103BOJISIET JOCTABISATh
MoreKky/bl. OmHaKo 60/bIION pa3Mep KOHUHMKA KaIlHiI-
nsipa (06sr4HO 0T 0,5 10 75 MKM I10 BHEIITHEMY JHAMETPY)
OTHOCHTE/ILHO Pa3Mepa KJIeTKU MOXKET JepopMUPOBaTh
MeM6paHy BO BpeMsi UHBbeKIIUH, Hapyllasi aKTUHOBBII
LIMTOCKeJIeT U U3MEeHS S MOP)OJIOTHI0 KJIIETKH.

C momompio mymiepa (Hanpumep, P2000, Sutter
Instruments) MO>KHO H3rOTOBUTD KaIlHUJ/LISIPBl C MUHH-
MaJIbHBIM PaZHyCOM BBIXOJHOIO OTBEPCTH S ~ [0 10 HM.
C IIOMOIIIBIO JIEKTPOAA, IIOMEIEHHOI0 B KaIllHJLIAP,
MO>KHO KOHTPOJIMPOBATh TPAHCIIOPT MOJIEKYJI IIPHJIO-
SKeHHEeM IOAXOJAIero HalpsskKeHUs U U3MepeHHeM
KMOHHOIO TOKa. ITo/IIpHOCTD ¥ BeJIMUKHA HAIIPSKeHH
3aBHCAT OT 3apsifia LOCTABIIsIEMON MOJIEKY/Ibl, IPUYeM

INTRODUCTION

The cell is endowed with a dynamic mechanism,
and access to it is strictly regulated by intracel-
lular processes. Cells transmit information to
each other through molecules, DNA encodes RNA
and proteins, proteins transmit signals and act
as building blocks of cellular structure, lipids
form the membrane and store energy. Traditional
methods of substance delivery can interfere with
cellular function, limiting their applicability.
Introducing molecules and substances into cells
is an important experimental step in understand-
ing its function, in controlling the cell and repro-
gramming its behaviour.

There are different ways to deliver substances
into mammalian cells: by lipid vesicles and virus-
like particles, by chemical transfection, electro-
poration and micro- and nano-injections.

Nanoinjection is an intracellular delivery pro-
cess using nano-needles [1-3]. Nano-needles are
generally not harmful to cells, including neu-
rons, cardiomyocytes and immune cells [4-6].
Nanoinjection increases efficiency of plasmid
DNA (pDNA) transfection in hard-to-transfect
cells [7].

Not only nano-needles can be used for injection,
but also glass capillaries with micron-sized exit
hole diameters can be used to mechanically pen-
etrate the plasma membrane, which also allows
delivery of molecules. However, the large size of
the capillary tip (typically 0.5 to 75 pm in outer
diameter) relative to the cell size can deform the
membrane during injection, disrupting the actin
cytoskeleton and altering the cell morphology.

Using a puller (e.g., P2000, Sutter Instruments),
capillaries with a minimum exit hole radius of
up to 10 nm can be fabricated. Using an electrode
placed in the capillary, the transport of molecules
can be monitored by applying a suitable voltage
and measuring the ionic current. The polarity and
voltage value depend on the charge of the delivered
molecule, and the voltage value should not exceed
+1V [8, 9]. Moreover, the small size of the capillary
tip relative to the cell allows not to deform the cell
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BeJIMYMHA HAIIPSDKeHU I He JOJIKHA IIPeBbIIIaTh +1 B (8,
9]. Bosee TOoro, Majblk pa3Mep KOHUHMKa KaIlH/ISIpa
OTHOCHTEJIPHO KJIETKH I103BOJIeT He AePOpPMHUPO-
BaTh KJIETOUHYI0 MeMbpaHy. TpaHC/IOKALIUsI OJHOM
MaKpPOMOJIEKYJIbI Yepe3 KOHYMK KaIlH/IIIpa IPUBOJUT
K 00Hapy>KMBaeMOMY H3MeHEHUIO H3MepsieMOro HOH-
HOTO0 TOKa, KOTOPBIA MOXKHO KCII0/Ib30BaTh JIS1 XapaK-
TepPHUCTUKHU U KOJTHYeCTBeHHOH OLleHKH 4HC/a MoJjle-
KYJI, IPOXOASIIHX Yepe3 Kanuuisp (10, 11].

B pabote [12] onuckiBaeTcs maardopma, KOTopast
KCIIOIb3yeT KaIllUJ/IISAPBL A/ JOCTABKHU OIlpeje/ieH-
HOI'0 KOJIM4YeCTBAa MaKPOMOJIEKYJI B Ky/JIbTUBHUPYeMble
KJIeTOYHbIe TMHUM U [IePBUYHbIE KJITKH C pa3pelie-
HHeM Ha yPOBHe OJJHOH MOJIeKY/Ibl. KallH/IIsIp UCII0JIb-
3yeTCsd U KaK 30H[ CKAaHHUPYIOIIEro KaIllKu/IJIsSpHOTO
MMKPOCKOIIA, U KaK MI/Ia I UHbeKIUHU. C IIoMO-
mpi0 CKM ocyiecTBisgeTCs 03U MOHHUPOBAHME HA,
[IOBEPXHOCTHIO KJIETKH IIepes TeM, KaK KalHJIgp
OyZeT BBelleH Ha 3a/IaHHYIO ITIyOKHY B OIIpefie/leHHOe
MecTo K/1eTKH. C IIOMOIIbIO 3TOM YCTAHOBKH II0Ka3aHa
KOJIHYecTBeHHas focTaBka JHK, rnobynspHeix ben-
KOB U 6e/IKOBBIX GUOPHUIII B KJIIETKHU C pa3pelleHHeM
Ha yPOBHe O HOK MOJIEKYJ/IBL. A TaK>Ke IIPOAeMOHCTPH-
POBaHO, YTO JOCTaBKa IIPUBOAUT K U3MEHEHHIO peHO-
THIIA KJIeTKH.

Taxk>ke M3BeCTHBI pe3yJbTaThl IO IIpHUMeEHe-
HHUIO CKAaHUPYOLeH KalU/AsIPHON MUKPOCKOIIUH
IIJIs JIOKAJIBHOM JOCTaBKHM HaHOYaCTHUII (13, 14]. B 3T011
CBSI3M BCTAaeT BOIIPOC IIOACYeTa UX YHCJIA, IIPOLIes-
Iero Yepe3 0TBePCTHS HaHOKAIMLIspa. TaKou Iof-
X0 II03BOJIMT IIPOBOJHTD He TOJIBKO JIOKA/IbHYI0, HO
M BBICOKOTOYHYIO JOCTABKY HAHOYACTHIL K [IOBEPXHO-
CTH KJIETKH.

B pamKkax pa3paboTKy HaHOKAIIUJ/IISIPHOM I1eYaTH
Halllell IPyIIION BblpaboTaHa MeTOAMKa IOJCUeTa
YMCIa OCasKAAeMbIX YaCTUL. MeTol COCTOUT B ITOA-
bope oTBepCTHUS KAIlMJIISIPa, COPAa3MEPHOI0 0CTaB-
nsieMbIM (0Ca>KIaeMbIM) YaCTHLIAM, IIPU 3TOM BBIXO],
HaHOYACTHUIIBl U3 KalMJIAspa (IIof JeHCTBHUeM IIpH-
JIO>KeHHOM Pa3HOCTH IIOTeHIIKaIoB) OyAeT COIpoBO-
SKIAThCS CO3JaHKMeM CBOEro pojia Iperpajbl Ajs IIPo-
XOXK/JeHUsI HOHOB, 3HaueHHe HMOHHOTO Toka bymeT
YMEHBIIAThCA.

Vi3BecTHEIe pe3ynbTaThl [15-17] 110 ONIHMCAaHHUIO [10Be-
JeHMs TOKa Yepes arepTypy HaHOKAIIMJL/ISAPA IT0Ka3bl-
BaIOT, YTO B IIHMPOKOM JHalla30He pasMepa KOHIEBOro
OTBEPCTHUSA TOK Yepe3 Hero MoXKHO OIIMCaTh 3aKOHOM
OmMa. BeiMuMHa HOHHOI'O TOKA, IIPOTEKAIOIEro yepes
OTBEPCTHE B KAIIMJIAPe, OIlpee/iseTCs BbhlpaskeHUeM:

Ie(z)=1g /1 +;, 1)

raoe Isat — TOK HAaCbhIIIIeHH A (Ha yAa/leHHH OT [IOBEPXHO-
CTHU o6pa3ua), Z — pacCTosiHHEe OO0 IIOBEePXHOCTH
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membrane. Translocation of one macromolecule
through the capillary tip results in a detectable
change in the measured ionic current, which can
be used to characterise and quantify the number
of molecules passing through the capillary [10, 11].

In [12], a platform is described that uses capil-
laries to deliver specific amounts of macromol-
ecules into cultured cell lines and primary cells
with resolution at the single molecule level. The
capillary is used both as a probe of a scanning
capillary microscope and as a needle for injec-
tion. The SCM is used to settle over the cell sur-
face before the capillary is inserted to a predeter-
mined depth into a specific location in the cell.
With this setup, the quantitative delivery of DNA,
globular proteins and protein fibrils into cells has
been demonstrated with resolution at the single
molecule level. And it is also demonstrated that
delivery leads to a change in the phenotype of the
cell.

The results on application of scanning capil-
lary microscopy for local delivery of nanoparticles
are also known [13, 14]. In this regard, the ques-
tion of calculating their number that has passed
through the holes of the nanocapillary arises.
This approach will allow not only local but also
high-precision delivery of nanoparticles to the cell
surface.

EXPERIMENTAL RESEARCH

In order to develop the nanocapillary printing
techniques, our group present a technique for
counting the deposited particles number. The idea
consists in selecting a capillary opening commen-
surate with the particles to be delivered (depos-
ited), in which case the nanoparticle exit from the
capillary (under the action of the applied potential
difference) will be accompanied by the forming of
a kind of barrier to the passage of ions, the value
of the ionic current will decrease.

The known results [15-17] on the current behav-
iour description through the nanocapillary aper-
ture show that over a wide range of end aperture
size, the current through it can be described by
Ohm’s law. The magnitude of the ionic current
flowing through the aperture in the capillary is
determined by the expression:

A
IDC (Z) = Isat / 1 +; ’ (1)

where I, - saturation current (away from the sam-
ple surface), z - sample surface distance, A - coef-
ficient, taking into account the capillary geome-
try, determined through the relation [17]:
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obpasna, A - K03dPULIMEHT, yIUTHIBAIOIIHUE reoMe-
TPHUIO KalUAAsgpa, OINpefesseMBbN uepes
cooTHoIIeHHe [17]:

A= 1n(iéJdido L, )

1

rae d, - BHEIIHUI JUaMeTp anepTypsl, d, - BHyTpeH-
HHUI JHMaMeTp alepTypsl, L - paccTossHHe OT TopLa
KaIluIasgpa o0 371eKTPojJa, PACIIONOKeHHOTO BHYTPHU
Kanuuisipa. ToK HachllleHU s, IIPOTeKaloIIHI dyepe3
HAaHOKAIIWLJISP Ha 60JIBIIOM PacCTOSSHUM OT 0bpasiia,
ompenesgeTcsd B OCHOBHOM Yepe3 COIPOTHUBJIeHHE
Kanuispa R, uepes 3akoH Oma:

L.=U/R,, 3)

roeU - HaIlps>KeHHe MeXXY 3JIEKTPOgaMH.
s COIIPOTHUBJ/IEHU S HAHOKAIIKUJ/I/IAPa CIIpaBe-
JINBO COOTHOIIEHHE:

R, =(mortga) ', 4)

rZle 0 - 9JIeKTPOIIPOBOLHOCTD 3JIeKTPOIUTA CPenHl,
I, - BHYyTPeHHUH pPafUyC Kaluaaspa, & - yrol IpU
BepIIMHE Kalluisipa (B cpefHEM COCTaBIIsIeT OT 3°
1o 5°).

Bocmonb30BaBIIUCh TaKKe BBIPAKEHUSIMHU
LIS OIlpefie/ieH sl Pa3Mepa U COIIPOTHBIIeH U KaIlHI-
nspa (3, 4) u Toka B61M3K noBepxHOCTH (1) U IpeHe-
bperasi MOCTOSHHBIMHU COCTABJISIIOMIMMHU, HECJIOKHO
IIPUUTH K COOTHOIIEHHUIO /ISl TOKOB B IIPUCYTCTBUU
YacTULBI U 6e3 Hee:

R 5 R6e3 5 rinpu I-T

1 YaCTHUIBL
= = =~ . 5
IGes RoPH L 6e3 . ( )

1 1

ITpoMJIIOCTPUPYEM METOAMKY Ha IIPUMepe KaIlu/I-
asipa ¢ paguycom oTBepcTus 100 HM (puc.l). Ilpu
pacueTe i YACTUIBL C Tyyeqyyy = 50 HM IIOJyYaeM
RIPH/RO€3 ~ 2 pOCT COMPOTHUBIIEHUS B [BA pasa, 4To
BJIeueT 3a cobor afieHre BeJIMUHHBI TOKa Ha 50%!

B mpolecce HAaHOKANM/ISPHOH IIedyaTH, KOIZAa
KaIlWIISP HaXOOUTCS BOIM3K [TOBEPXHOCTH obpaslia,
a IIPBIKKOBBIK PeKHM ero repeMelleHH s BBIK/IIOUEH,
3To afieHue b6yzeT 6e3 Tpyna 3adHKCHPOBAHO CHCTEMOL
0OpaTHOM CBS3H, YTO II03BOJIUT TOUHO IIPOBOLUT I1OA-
CYeT B IIPOLIECCe JIOKAJILHOIO OCaKAeHH sl HAHOYACTHII,.

JaHHas cXeMa UMIIEME@HTHPOBaHAa B YIIPaBJIsIO-
miee 10 cKaHUPYIOIIEro Kau/IIpPHOr0 MUKPOCKOIIA
"®emToCKaH X lon" [18], perucTpupylomiee COOTBET-
CTBYIOIIME M3MeHeHUs B CUTHAJIe C YCUIUTe/ s HOH-
HOTO TOKA, IPOTEeKAILIero Yepes anepTypy Kallui-
JIsipa KOHHOIO TOKa.

CKaHHUPYOIIHNH KallU/UISIPHBIA MUKPOCKOII MOXKET
KMCII0/Ib30BAaThCSA M [Jisg JIOKAJIBHOTO HaHECeHHU I

©

Ag/AgCl

rwacmubl

Puc.1. SK8usaneHmMHas npuHYUNUAAbHAS cxema 0As 06BsIC-
HeHUs NadeHusl 8eAUYUHbI pezucmpupyemozo UOHH020 MoKa
mexoy Ag/AgCl anekmpodamu 8 Kanuaasipe u 8 cpede npu
NPOX0XK0eHUU HAHOYACMULUbl Yepe3 omaepcmus KanuAAspa.
R, ompaxcaem conpomusAaeHue cpedbl KanuaAgpad, r; = 8Hy-
mpeHHUU paduyc Kanuaaspa, r - paduyc yacmuupl,
a = Y20/ Npu 8epuiuHe KanuaAspa

Fig.1. Equivalent circuit diagram to explain the drop in the mag-
nitude of the recorded ionic current between Ag/AgCl electrodes
in the capillary and in the medium as the nanoparticle passes
through the capillary openings. R, reflects the resistance of the

yacmuubl

capillary medium, r;— inner radius of the capillary, r .., ~ radius
of the particle, a - capillary apex angle
=1 %o |ad

A=ln 7 |dido /L (2)

where d, - aperture outer diameter, d, - aperture
inner diameter, L - distance from the capillary end
to the electrode inside the capillary. The satura-
tion current flowing through the nanocapillary at
a large distance from the sample is mainly deter-
mined through the capillary resistance R, via
Ohm’s law:

L,.=U/R,, (3)
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Puc.2. TpuHuunuanbHas cxema npouecca HaHeceHus Kanenb
3AeKmMpoAUMa Ha CMaqugaemyto N0OA0XKKY

Fig.2. Schematic diagram of the electrolyte droplet deposition pro-
cess on a wetted substrate

Ha IOMJIOKKY MK B 0671acTh 06pasia MeapdyalIIux
Kallenb KUAKOCTH [19]. MexaHu3M paboThl POMII-
JIOCTPUPOBAH Ha pHUC.2. BelencTBHe KalKUISIPHOIO
3ddeKTa (3aKkoH Jlamaaca) Ha KOHUHKe 3aII0/THEHHOIO
371eKTPOIMTOM KaIlHJIIIpa 06pasyeTcss MUKPOKAILIS,
KOTOpasi IIPU MOABeIeHUH KAIIK/I/Isipa K IIPOBOJ Sk
TIO/IJIOKKE COIPHKACAETCS C HeHM K MeKY 37IeKTPOIOM
B Cpefie KaIlM/LIsIpa U 37IeKTPOJOM IIOAJIOKKH HauH-
HaeT IIPOTeKaTh TOK. [10sB/IeHHe TOKa PerUCTPUPYeTCs
CHCTeMOk 06paTHOM CBSI3H, UTO I103BOJISIeT OCTAHOBUTh
cbnuskeHHe M OTBECTH KAaIlUJI/ISp, IPHU 3TOM KaIljs
BCJIe/ICTBHE CMaUMBAaHU I OCTAeTCs HA [IOBEPXHOCTH.

JlaHHas TexHHUKa Oblla peasn30BaHa U Ha IJIaT-
dopMme CKaHUPYIOLIEro KAIIU/IISPHOT0O MUKPOCKOIA
"®emToCkaH X Ion" [20]. Ucmonb3oBanue CKM B maH-
HOM cj1y4ae 06yC/I0B/IeHO BBIIIEOIIMCAHHBIM MeXxa-
HH3MOM U HeoOXOZHMOCTBIO TOKAJIBHOIO U 103U~
POBaHHOIO HaHeCeHUsl Kalleab C MUKPOMeTPOBBIM
[IePHOIOM Ha FOPH30HTAJIbHOM II0BEPXHOCTH 06pa3sLa
(II0A/105KKH). B 3TOM OT/IMYHO [TIOMOraeT [1be30MaHU-
Iy/1TOP, obecreurBaOMINH IPelM3OHHOe [IepeMe-
IeHHe MO IOKKH.

B KauecTBe HAaHOCHMOM XUIKOCTH B3ST QHU3-
pactBop (0,9 M NaCl), mpoBosiiei Mo I05KKOM CIIy-
SKUJI KOHTAKT MicroSD/SD agamnTepa, MOKPBITHIH
30/I0TBIM HallblJIeHHeM. [IoATBepskAeHa CII0COOHOCTh
CUCTeMBbI 06PaTHOM CBSI3U PeTUCTPUPOBATH TOK IIPHU
COIIPHKOCHOBEHHU KaIl/IK C IIOAJIOKKOM M OCTaHaB-
JTHBaTh 0ABOJ 6e3 [MOJIOMKH KallUJLIsIpa.

B paboTe mcmonb3oBaicsi KalUASP C pa3sMme-
POM OTBEpCTHUS 0KO0JIO 1,5 MKM, IIPU 3TOM JTHHEH-
Hble pa3Mepsl 06pasyolerics Ha ero KOHUHKe KaIllx
MMeIOT aHAaJOTUYHBIN MOPSIOK BeTHUYHUHBI (pHc.3),
YTO I103BOJIsSIeT HAHOCHUTD KaIlJIu 06beMOM MOpsAKa
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where U - electrode voltage.
For resistance of the nanocapillary the follow-
ing relation is valid:

R, =(mortga) ', 4)

where ¢ - conductivity of electrolyte medium,
r, - inner radius of a capillary, a - capillary apex
angle (on average from 3° to 5°).

Using also the expressions for determining the
size and resistance of the capillary (3, 4) and the
current near the surface (1), and neglecting the
constant components, it is not difficult to arrive at
a relation for the currents in then presence of the
particle and without it:

e B R6e3 B rinpu ri _rqacruum
IGT: RTPH = ]_’,663 ~ I : (5)

i i

Let us illustrate the technique on the example
of a capillary with the radius of the hole 100 nm
(Fig.1). When calculating for a particle with
I yacrnus = 50 M, we obtain R"P¥/R%3 ~ 2, the resis-
tance value doubles, which entails a 50% drop in
the current value!

In the nanocapillary printing process, when
the capillary is close to the sample surface and the
hopping mode of its movement is switched off,
this drop will be easily detected by the feedback
system, allowing accurate counting during local-
ised nanoparticle deposition.

This registration is implemented in the of the
FemtoScan X Ion scanning capillary microscope
control software [18], which registers correspond-
ing signal changes from the amplifier flowing
through the aperture of the ion current capillary.

The scanning capillary microscope can also be
used for local application of tiny liquid droplets on
the substrate or in the sample area [19]. The mech-
anism of operation is illustrated in Fig.2. Due to
the capillary effect (Laplace’s law), a microdrop is
formed at the tip of the capillary filled with elec-
trolyte, which, when the capillary is brought to
a conducting substrate, contacts it and a current
starts to flow between the electrode in the cap-
illary medium and the substrate electrode. The
appearance of current is detected by feedback sys-
tem, which allows to stop convergence and with-
draw the capillary, while the droplet remains on
the surface due to wetting.

This technique was also implemented on the
FemtoScan X Ion scanning capillary microscope
platform [20]. The use of SCM in this case is due
to the above-described mechanism and the need
for local and metered application of micrometre-
period droplets on the horizontal surface of the
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demrTonuTpoB (MKM3=10"18 M3=10"15 ;1). BenuunHa
TOKA IIPYU KOHTAKTE C [IOJJIOKKOM COCTaBIIsLIA 6,5 HA.
KOHTPO/IUPOBAaTh 06'b€M HAHOCKMOM KAIl/TH MOXKHO
Pas3IUYHBIMU criocobaMu. IIepBBIM U3 HHUX MOXKET
OBITH BBIOOP KAIIH/IISIPA C ONIPe/Ie/IeHHBIM Pa3MepoM
BBIXOJTHOTO OTBEPCTH L. [Ipyrou criocob mpearonaraeT
KCIIONb30BaHUeE BHEIIHero AaBJIeHUs, [I0f4aBaeMOoro
C TIOMOIIIbI0 KOMIIPECCOPHOM CHUCTEMBI Yepe3 Bepx-
Hee CBOOOIHOE OTBEPCTHE KAIU/IIsIpa. BapbupoBath
IOCTAaBKY BEILeCTBA YIAeTCS TAK3Ke C [IOMOIIIO IIEK-
Tpodopesa - HallpaBIEeHHOI0 [I€PEHOCA 3aAPSIKEHHBIX
YACTHLI [10]] I€ACTBHEM 3JIeKTPHUUECKOTO 10151,

BbIBO/Lbl

BHYTpHUKJ/IeTOUHAS NOCTAaBKa SIBISETCS KIIOUeBbIM
IIaroM B COBpeMeHHBIX 6HMO0IOruUeCcKUX HCCleloBa-
HUSX U OTKPbIBAeT IIyTh AJIsI MHOTOUMC/IeHHBIX 610~
MeJUIMHCKUX OTKPHITUH. Cerdac J0CTaBKa BelleCcTB
B KJIETKH CTAaHOBHUTCS Bce 6osiee BasKHOM B IIPOMBIIII-
JTeHHBIX U MeJUILHUHCKUX IPHUJIOKEHUSIX, Hauk-
Hasi 0T 6MOIIPOM3BOACTBA K 3aKaHYMBas KJI€TOUHOM
TeparueH.

[T03TOMy CKaHUPYIOIAsl KallHU/IISPHAs MUKPOCKO-
nus npruobperaeT ocobpIl HHTepeC Kak MeTo[, Ucciie-
JOBaHMUSI MOPOOTIOTUHU, H3MepeHHU sl JIOKAIbHBIX 6110~
TOKOB M KaK MeTOJ, aZ[peCHOM [NO0CTaBKH BelllecTB,
YTO I103BOJISIeT U3y4aTh PeaKIMI0 KJIeTKU Ha BHeII-
Hee BO3/IeMICTBHeE U, KaK C/Ie[ICTBHe, I10/1y4aTh Kaue-
CTBeHHO HOBYIO U 6ojlee 3HAUKMMYI0 UHPOPMALIHIO
0 Ipollecce UX XHU3HelesiTeIbHOCTH.

YHUKAJIBHOCTD JOCTABKU MOJIEKYII, 6enkoB U JHK
C IIOMOIIBIO KallMJIISIpa 3aK/II0UaeTCs B ee NOCTYII-
HOCTH, IPUMEHUMOCTH K Pa3HbIM THIIAM KJIETOK
C MUHHMAaJIbHBIM MOBPeXXJeHHeM KIeTOUHOM MeM-
OpaHBl U OTHOCHUTE/IBbHOM OBICTPOTE. DTOT METOJ
MO>KHO HCITI0/Ib30BaTh 151 30 OeKTUBHON AOCTaBKHU
Iepe/loBbIX TepalleBTUUYeCKHUX CPeCcTB (HaHOUMHBEK-
LLMSI) U JIs1 Hepa3pynarooniero orbopa npob (HaHobu-
OIICHSI), ITPHU 3TOM MOKHO Cpa3y >Ke IOYUYUTh HHPOP-
Manuio ob H3MeHeHUH GeHOTHIIA K/IeTOK BC/Ie[ICTBUe
[pOBeJeHHBIX MAaHUITY/ISIUH.

OpfHaKo yCIleIIHOe BHeJpeHUe 3TOM TeXHOIOI UK
TpebyeT 3HaHUS HEeCKOJBbKUX Hay4YHBIX obyacTen,
a TaKk’Ke IIHPOKOI0 PacIpoCTpaHeHHe CKaHUPYIOIek
KaIHWJUISPHOM MHUKPOCKOIIUH JJIsl BCeX, KTO HHTepe-
CyeTCsl BHYTPHUK/IETOYHOM JOCTaBKOM: /1Jisl 6HOJIOrOB,
HCCIeAYIOUUX KIeTOUHYI0 MeXaHHUKY U Mopdoiio-
T'HI0; XUMHKOB, pa3pabaThIBaIONIX HOBbIE BellleCTBa;
KJIETOUHBIX PH3HO0I0Tr0B U 6MOTEXHOJIOr0B, U3yydalo-
KX MeXaHHU3MBI JOCTABKH BeIIEeCTB B KJIETKY.

BNATOAPHOCTU

PaboTa BBIIIOJSIHEHA II0 FOC3aJaHHUIO IIpU PUHAH-
COBOH HoOAJepkKe du3udeckoro dakynaprera MIY
uMeHH M.B.JlomoHOCOoBa (PerucrpaliMoHHAS

Puc.3. Kanag Ha KoHYUKe KanuaAgpad. JJuamemp Kanau 0KoAo
10 mKkm

Fig.3. A drop at the tip of a capillary. The diameter of the drop is
about 10 pm

sample (substrate). The piezo manipulator, which
provides precision movement of the substrate, is
an excellent help.

Saline solution (0.9 M NacCl) was taken as applied
liquid, the gold plated MicroSD/SD adapter contact
served as the conductive substrate. The feedback
system ability to register current at contact of a
drop with the substrate and stop the supply with-
out breaking the capillary was noted.

A capillary with an orifice size of about 1.5 pm
was used in this work, and the linear dimensions
of the drop formed at its tip are of a similar order
of magnitude (Fig.3), which makes it possible to
apply drops with a volume of the order of femtoli-
tres (pm3=10"18 m3=10" litres). The current value
at the contact with the substrate was 6.5 nA.

There are various ways to control the applied
drop volume. The first is to select a capillary with
a specific outlet size. Another method involves
the use of external pressure applied by a com-
pressor system through the upper free opening
of the capillary. Electrophoresis, directed trans-
fer of charged particles under the electric field
influence can also be used to vary delivery of the
substance.
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CONCLUSIONS

Intracellular delivery is a key step in modern bio-
logical research and paves the way for numerous
biomedical discoveries. Nowadays, delivery of sub-
stances into cells is becoming increasingly impor-
tant in industrial and medical applications ranging
from biomanufacturing to cell therapy.

Therefore, scanning capillary microscopy
acquires special interest as a method of morphology
research, measurement of local biocurrents and as
a method of targeted delivery of substances, which
allows us to study reaction of cells to external influ-
ence and, as a consequence, to obtain qualitatively
new and more significant information about their
vital activity process.

The uniqueness of capillary-assisted delivery of
molecules, proteins and DNA lies in its accessibil-
ity, applicability to different cell types with min-
imal damage to the cell membrane and relative
rapidity. This method can be used for efficient deliv-
ery of advanced therapeutics (nanoinjection) and
for non-destructive sampling (nanobiopsy), with
immediate information on changes in cell pheno-
type due to manipulation.

However, successful implementation of this
technology requires knowledge of several scientific
fields, as well as wide dissemination of scanning
capillary microscopy to anyone interested in intra-
cellular delivery: biologists studying cell mechan-
ics and morphology, chemists developing new sub-
stances, cellular physiologists and biotechnologists
studying the delivery mechanisms of substances
into the cell.
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