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AHHOTaLHs. Pa3pa60TaHa ABYXCTYIIeHYaTasl CHCTeéMA HAHOIIO3MITHOHH POBAHH S I1I0 TPEM KOOPAKMHATAM X, Y
U Z c TouHOoCThIO 10 0,1 HM. CricTeMa HaHOIIO3MIMOHHPOBAHU A ITpeAHA3HaYeHa /I HCIIOJIb30BAHHU S B CKaHH-
pymmeﬁ SOHI[OBOI;I MHKPOCKOITHNH, OIITUYEeCKOM MHUKPOCKOIINH CBEPXBBICOKOTO pa3pelieHrs i MUKPO/JIHH30-
BOM MHKPOCKOITHH. B cTtaTtpe PaccMOTpeH IIpHMep IIOCTPOEHK S CKAaHUPYIOIEro KaliuJJIsspHOro MHKPOCKOIIa
Ha OCHOBe pa3pa60TaHH0171 CHUCTEMBI ITPEINH3HMOHHBIX Hepememem/ui.
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Abstract. A two-stage nanopositioning system has been developed along three coordinates X, Y and Z with an
accuracy of 0.1 nm. The nanopositioning system is intended for use in scanning probe microscopy, ultra-high res-
olution optical microscopy, and microlens microscopy. This paper considers an example of constructing a scan-
ning capillary microscope based on the developed system of precision movements.
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BBEJAEHUE

KomMmakTHas MHHHATIOpHAas CHUCTeMa HaHO-

nepeMelleHHUN BocTpeboBaHA BO MHOTUX IIpHU-

JTOKeHHUAX (GU3HMYECKOrO OSKCIOEepHMeHTa.

[IpennosKkeHHOe pellleHHe MOKeT ObITh YCIIeIIHO

IIpHMeHeHO B CKaHUPYIOIlel Kalk/IapHOU (MOH-

nposogsimen (1, 2]) MUKPOCKOIIMHK. B 3ToM ciy-

yae MCCIeLyeMbl obpasel] pa3sMeniaeTcs Ha JHe
yamky [leTpu, Oyoy4u HNOrPy>KeHHBIM B COJle-

BOM pacTBOP. B KauecTBe 30HAA BBICTYIIaeT HaHO-

KaIOU/ASIp C KOHYycoobpa3sHBM OKOHUYaHHEM

U BBIXOJHBIM OTBepCTHeM 0Ko0JIo 30-50 HM. B cKa-

HUPpYoOLeM KAaOUJAASPHOM MUKPOCKOIIE OCYy-

IIeCTB/ISAETCS PEerucTpalsa HOHHOTO TOKA MeXKAY

OBYyMsl XJlopcepeOpsiHBIMHU 3JIeKTpofaMu. OLUH

M3 HUX PaCIIOJIOKeH B HaHOKAIIMJ/JIsApe, 3aI0JI-

HeHHOM 3/IeKTPOJIMTOM, a BTOPOI — B COJIeBOM

pacTBope B yamke IleTpu. IIpu npubiuxeHuuU

KaIlMJIsgpa K IOBePXHOCTH 06paslia MOHHBIN TOK

nagaeT. YMeHbIIeHHEe HOHHOTO TOKAa B HaHOKa-

IIHJIJIIpe COOTBETCTBYET PACIIONIOKeHUIO HaHOKa~

MHIAsIpa Ha/l IIOBePXHOCTbI0 06pas3iia IpUMepHO

Ha PacCTOSHUHU, PABHOM JHAMETPY BBIXOJHOIO

OTBEPCTHUSA HAHOKAIMM/IAPaA, TO €CTh Ha PaCcCTOos~

HHH 30-50 HM.

BenvuyKrHA HOHHOIO TOKA Yepe3 HAHOKAIIUJ/IIAP
3aBUCHUT OT CJIEAYIOM KX GaKTOPOB:

* reoMeTPHMHM HAHOKAINH/Igpa, ompelensercs
B OCHOBHOM JJHaMeTPOM BBIXOAHOIO OTBEPCTUS
To;

* IIPHJIOKEHHOTIO0 3JIeKTPHUYECKOTo HanpsxkeHusa U
MeKAY ABYyMS 3J1eKTpogaMu. YacTo 3TO HaIlps-
SKeHMe YyCTaHaBJIMBaeTCs paBHBIM 200 MB;

* YyAeIbHOIO COIIPOTHUBJIEHUS P HMCIIOJIb3YEeMOTO
3JIeKTPOAUTA (PacTBOpa COMH).

PaccMOTPHUM IIPOCTeHIIyI0 TeOMeTPHIO HAaHOKa-
MHIpa B BUJe BepXHeUr UIHNHIPHUYeCKOH YacTH
IJIHHOK L ¢ BHYTPeHHHM pPaJHyCcoOM I U KOHHUUe-
CKOM YacCTH, AJIUHOU L, C BLIXOLHBIM OTBePCTHEM
panmuycom 1, (puc.l).

IToniHOe conpoTHBIeHHe R BHYTPeHHeM 4YacTH
KaIHUIasipa, 3all0JIHEHHOH 371eKTPOJIMTOM, COCTa~
BUT BEJIMUYUHY:

R = pL/(ntr?) + pL,/(mrr,). 1)

st Kanuaasipa yoadHoH GopMBbl CIIpaBe/IHBbI
CllefyoUHe BeJIMUUHBL:

r=0,25mMmMm; L=40 MM
I,=25HM; L, =10 MM.

BcnencTBue CyIeCTBEHHOIO Pa3lUuuMsg MeXIy
rur, (r/t,=10000) mepBbIM C/IaraeMbIM B BeJIMUHHe

()
N

Ag/AgCl

Puc.1. MpuHyunuanbHas cxema 0Asl pacyema conpomusne-
HUSI HAHOKanuAAspa. L — 0AuHa eepxHel LuAuHOpu4eckol Ya-
CMu € BHymMpeHHUM paduycom r; L, - 0AuHa KoOHU4ecKkol yacmu
C 8bIXOOHbBIM OMBepcmuem paduycom r,; a = Y20 mexoy eep-
MUKanblo U 0bpasyroueli KOHYCa HAHOKANUAASIPA. | = UOHHbIL
mok, npomekatow,ut mexoy Ag/AgCl-anekmpodamu; U - 3nex-
mpuyeckoe HanpsbkeHue mexoy 0symsi Ag/AgCl-anekmpodamu
Fig.1. Principle diagram for calculating resistance of a nano-
capillary. L is the length of the upper cylindrical part with inner
radius r; L, is the length of the conical part with an outlet with
radius r,; a is the angle between the vertical and the cone shape
of the nanocapillary. | - ionic current flowing between Ag/AgCl
electrodes; U - electric voltage between two Ag/AgCl electrodes

INTRODUCTION
A compact miniaturised nanodisplacement system is in
demand in many applications of physical experiment.
The proposed solution can be successfully applied in scan-
ning capillary (ion-conducting capillary [1, 2]) micros-
copy. In this case, the studied sample is placed at the bot-
tom of a Petrie dish, being immersed in a salt solution.
The probe is a nanocapillary with a cone-shaped end and
an outlet opening of about 30-50 nm. In a scanning cap-
illary microscope, the ionic current between two silver
chloride electrodes is recorded. One of them is located in a
nanocapillary filled with electrolyte and the second one is
located in a salt solution in a Petrie dish. As the capillary
approaches the sample surface, ionic current decreases.
The decrease of ionic current in the nanocapillary corre-
sponds to the nanocapillary location above the sample
surface at a distance equal to the nanocapillary outlet
diameter, i.e. at a distance of 30-50 nm.

The ionic current magnitude through the nanocapil-
lary depends on the following factors:
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COIPOTHUBJIEeHUS R MoxkHO nmpeHebpeub. Torma
rosiydyaeM NpUOIHKeHHYI0 QOPMYILy:

R =pL,/(nrr,). ()

9Ty opMyay MOXKHO IIpeobpa3oBaTh, UCIIOIb3YS
yrojl Me>XXJy BepTHKaJbIo K 06pa3yroler KOHyca
HAHOKAIIMJIsipPa A, IIOCKOJBKY OTHOIIEeHHe I/L,
MpaKTH4YeCKHU PaBHSIETCSI TAHTeHCY yIaa o (tga):

R = p/(nr tga). (3)

PaccMOTpHUM Clay4daH 3alOMHeHUS KaIlH-
nspa (GH3HMOJOCHMYECKHM PacCTBOPOM.
®H310JI0OrHYeCKUH PAaCcTBOP — 3TO BOAHBIH pac-
TBOp xylopuza Hatpus (NaCl) c maccoBomt monen
w(NaCl) ~ 0,9%. YgenbHOe CONPOTHUBIIEHHUE
dU3HM0IOrMYeCcKOro pacTBopa p = 120 OM-cM nIpu
Temmoepartype B 20°C. [y Kanluaasgpa C OIU-
HOM KOHHYEeCKOH 4YacTu 10 MM Ha4daJIbHBIM
pamuycoMm B 0,25 MM M pPagHyCOM BBIXOJHOTIO
OTBEPCTHSA B 25 HM COIIPOTUBJIEHUE COCTABIISALT
R =300 MOM.

Takum o6pa3om, BeJIMUKMHA HOHHOTO TOKa IIPU
HAaIpsS>KeHHHU MeXAy 3jIeKTpogaMu B 200 MB
COCTaBHT:

I=U/R=0,67 HA. 4)

MATEPWA/JIbl U METO/Lbl

Jisg OpUTOTOBJIEHU S HAHOKAIIMJI/ISIPa HCIIOJIb-
3yeTCsl CTeK/sIHHAS 3aroToBKa - Tpybouka Aiu-
Ho¥ 100 MM C Hapy>XHBIM JHaMeTpoM 1 MM
U BHYTPeHHHUM nuameTrpom 0,5 MmMm. M3 ogHOM
3arOTOBKH I10/1y4aeTCs ABa paBHOLEHHBIX HAHO-
Kanuisgpa. HaHOKAIIU/JIAP U3rOTaBIMBARTCS
Ha nny/iepe P-1000 uau P-2000 koMITaHKMH Sutter.
B OTKPBITOM JOCTYIIe UMEeTCs PeKPacHO HaIlK-
caHHoe KomIaHHen Adair Oesterle pykoBoacTBO
[0 BBITSITMBAHHIO HAHOKAINUJIISIPOB - Pipette
Cookbook 2018 P-97 & P-1000 Micropipette Pullers,
Ref F, Sutter Instrument Company (108 c.).

B CKaHUpYIOIeM KallHUJIJISSPHOM MUKPOCKOIIE
HaHOKAIIMJ/IJIAP COBepllaeT BepTUKAJIbHOe IIepe-
MellleHHe BBepX WM BHHU3 B JUalla30He LeCciaT-
KOB MHUKPOH. Takoe mepeMelleHHe I103BOJISIET
Hab/100aTh >KHBbIe KJIETKH, B TOM YHCJIe HeHPOH-
Hble CeTH, IMeperaj 10 BbICOTe KOTOPHIX MOXKET
COCTABJISITh AeCSITOK MUKPOH. Obpasel] B HalIKe
I[leTpu pasmelnaeTcsa B JepsKaTelb CHCTEMBI
HaHOIIO3ULIMOHUPOBAHHS.

CucreMa HAaHOMNO3SUIIMOHHPOBAHUSI HMeeET
nBe cTymneHHU (puc.2). [lepBasi U3 HUX BBIIIOJ-
HeHa C UCIOJIb30BAaHHEM JHHEHNHbIX HallpPaB-
ASOMKUX W IIAaTOBBIX ABHUraTeleHn. Jluamas3oH
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« nanocapillary geometry determined mainly by the out-
letdiameterr,;
« applied electrical voltage U between the electrodes.

This voltage is often set equal to 200 mV;

« resistivity p of the electrolyte used (salt solution).

Let us consider the simplest geometry of a nanocap-
illary in the form of an upper cylindrical part of length
L with inner radius r and a conical part L, and an out-
let of radius r, (Fig.1).

The total resistance R of the inner part of the capil-
lary filled with electrolyte will be equal to:

R = pL/(nr?) + pL,/(nrT,). 1)
The following values are valid for a good capillary:

r=0,25mm; L=40 mm

r,=25nm; L, =10 mm.

Due to significant difference between r and r,
(r/t, = 10000), the first summand in the resistance
value R can be neglected. Hence, we obtain an approx-
imate formula:

R =pL /(rirT,). )

This formula can be converted using the angle
between the vertical and the nanocapillary cone for-
mation a, since the ratio r/L, is almost equal to the
tangent of angle a (tga):

R = p/(nr,tga). A3)

Let us consider the case of capillary filling with
physiological solution. Physiological solution is an
aqueous solution of sodium chloride (NaCl) with mass
fraction w(NaCl) ~ 0.9 %. The specific resistance of
physiological solution is p = 120 Ohm-cm at normal
temperature (20 °C). For a capillary with the conical
partlength of 10 mm, an initial radius of 0.25 mm and
the radius of the outlet equal to 25 nm, resistance is
R =300 MOhm.

Thus, the ionic current magnitude at voltage of
200 mV between the electrodes is:

I[=U/R=0,67nA. )

MATERIALS AND METHODS

To prepare a nanocapillary, a glass blank is used
with the 100 mm long tube with an outer diameter of
1 mm and an inner diameter of 0.5 mm. Two equiva-
lent nanocapillaries are obtained from one blank. The
nanocapillary is fabricated on a Sutter P-1000 or P-2000
puller. Adair Oesterle’s company excellently written
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Puc.2. Cucmema HAHONO3UUUOHUPOBAHUS: 1 — nepeasi 08yxXKo-
O0pOUHAMHAs MexaHu4eckas cmyneHb ¢ 0UANA30HOM nepeme-
weHus 12 mm no ocam X u'Y; 2 = 08yXKOOpOUHAMHbIU Nbe30-
MaHUNyASImop Mo4H020 NO3ULUOHUPOBAHUS C OUANA30HOM 8
50 mkm no ocsim X u'Y; 3 —yawka Nempu 0As1 ycmaHo8Ku 06-
pasua; 4 - onmuyeckas cucmema ¢ pezyaupyembim paboyum
paccmosiHuem 0As1 HabAdeHus 06pa3ua U NOAOXKEHUS! HAHO-
Kanuaasipa

Fig.2. Nanopositioning system: 1 - first two-axis mechanical
stage with a moving range of 12 mm in X and Y axes; 2 - two-
axis precision piezo manipulator with a range of 50 ymin X and Y
axes; 3 - Petrie dish for a sample; 4 - optical system with adjust-
able working distance for observation of sample and position of
nanocapillary

nepememeHHN no ocamM X U Y - 12 mMM.
MUHHMaJIbHBIH LIal BapbHUpyeTCcs B IIpefesax
ot 0,16 10 2,5 MKM.

Ha mepBol MexaHH4YeCKOH CTyNeHM pacIiona-
raercs TpeXKOOpAMHATHasd Ibe30KepaMHyYecKas
njaaTGopma co CIeAYIOIUMU XapaKTepUCTUKAMHU:
e NHAIla30H OBUKEHUS 10 0CIM X U Y: 50 x50 MKM;
e paspemreHue 1o ocaMm X 1 Y: 0,05 HM;

* pe3oHaHCHas 4YacToTa I10o ocH X: 3000 I';
* pe3OoHaHCHAas 4acCToTa I10 ocH Y: 2000 I'1r.

HOnsg mepeMelleHWs HaHOKAIMHM/IAgpa MOXKHO
HCII0JIb30BaTh JIMHEHNHBIN IIbe30MaHHUIIYISITOP
C AMaIa30HOM JBUXeHHS B 30 MKM M TOYHOCTBIO
B 0,03 HM, n1ub0 CTyIeHb Z B COCTaBe TPEXKOOPAHU-
HaTHOTO Hbe30MaHUIynaATOpa XYZ. [I714 OnTHYe-
CKOTO KOHTPOsi o6paslia 1 MOJIOXKeHH s HaHOKa-
IIHUJIJIIpa B CUCT@MY HAHOIIO3UIIMOHUPOBAHU I BHE~
IpeH ONTHYeCKHUH MHKPOCKOI C aBTOMAaTHU3HUPO-
BaHHOH QOKYCHPOBKOH.

BbIBO/1bl
PaspaboTaHHAs CUCTeMa SIBISeTCSI 3pOeKTUBHBIM
MHCTPYMEHTOM JIJISl UCCIeJOBaHU I 6OIOrnuecKUX

guide to pulling nanocapillaries, Pipette Cookbook
2018 P-97 & P-1000 Micropipette Pullers, Ref F, Sutter
Instrument Company (108 pages), is publicly available.

In a scanning capillary microscope, a nanocapil-
lary moves vertically up and down in the range of tens
of microns. This movement allows observing the living
cells, including neuronal networks, whose height differ-
ence can be tens of microns. The sample is placed in a
Petri dish in the holder of the nanopositioning system.

The nanopositioning system consist of two stages
(Fig.2). The first of them is made using linear guides
and stepper motors. The movement range in the Xand Y
axes is 12 mm. The minimum step varies from 0.16 pm
to 2.5 pm.

The first mechanical stage has a three-axis piezo-
ceramic platform with the following characteristics:

« movementrange in Xand Y axes: 50x50 pm;
« resolutionin XandY axes: 0.05nm;

* X-axis resonant frequency: 3000 Hz;

« resonant frequency in the Y axis: 2000 Hz.

To move the nanocapillary, a linear piezo manipulator
with a movement range of 30 pm and accuracy of 0.03 nm,
or a Z stage as part of a three-axis XYZ piezo manipulator
can be used. For optical control of the sample and nano-
capillary position, an optical microscope with automated
focusing is implemented in the nanopositioning system.

leHepaTop TECTOBOro a3po3ons
ana npoeepku HEPA n ULPA-buneTpoB

KitAseptica DOP TEST®
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06BbeKTOB MeTOLAaMM 30HIOBOM, OINTHUYECKOU
Y MUKPOJIHMH30BOM MUKPOCKOIUHU 6€3 UCII0Ib30-
BaHUS METOK, YTO SIBJISIeTCSI KpalHe aKTyaIbHBIM
15 6MoIoTU Y ¥ OMOMeTUIIMHEI [3, 4].

BJIATOAAPHOCTHU

PaboTa SImuHCKoro M.B. mo ompejeneHHI0 Tex-
HHUYEeCKUX IIapaMeTPOB CHCTeMBbl HaHOIIO3M-
LMOHHPOBAHMKS BBINIOJHEeHA HPpU PUHAHCO-
BOI IofggepkKe dusmdeckoro pakyabrera MIY
uMeHU M.B.JlomoHocoBa (PerucrpaliuoHHAas
TeMa 122091200048-7). ABTOPBI 6;1aTOAapsIT MaTk-
cTpa pusuyeckoro paxkyaprrera T.0.CoBeTHHKOBA
3a IOATOTOBKY PHCYHKOB M MacTepa IIO TOY-
HBIM M CIeLHaJbHBIM IpuHbopaM XHUMHUe-
ckoro ¢pakynbrera A.H.IIpoxopoBa 3a H3ro-
TOBJeHHEe MaKkeTa 1 CTymeHHM CHUCTeMBI
HaHOIIO3HUIIHOHHUPOBAHMU .

WHOOPMAL WA O PELLEH3UPOBAHUU

Pemakuus 6arofapuT aHOHHMHOTO pelleH3eHTa
(pelieH3eHTOB) 3a UX BKJIAaJ B pelleH3UPOBAHHE
3To paboThl, a Tak>ke 3a pa3MelleHHe CTaTeHn
Ha CaMTe )XypHaa U Ilepefavyy HX B 3/IeKTPOHHOM
Buge B HOb eLIBRARY.RU.

Jekaapauus o KoH$AuKMme uHmepecos. Asmopul 3a28A510Mm
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAL AUYHBIX 0MHO-
wieHuil, Komopble mozAu bvl nosausme Ha pabomy, npedcmas-
AeHHYt0 8 0aHHOIl cmambe.
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CONCLUSIONS

The developed system is an effective tool to study the bio-
logical objects by probe, optical and microlens microscopy
methods without using labels, which is extremely rele-
vant for biology and biomedicine [3, 4].
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