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AHHOTaL KA. CKaHI/IPYIOH_[aH KaIlHuJJIsSIpHAad UJIW HOH-IIPOBOASAIN AL MUKPOCKOIIHU S ABJISAETCS YHHKAJTIbHBIM
HHCTPYMEHTOM, IIO3BOJISIOM KM IIOJIYIHTD 6eCKOHTAKTHBIM CIIocO60M 3D‘MOP(1)OJIOI‘I/IIO 6MOTOrUYeCKHUX
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(IJJIYOPQCI_IEHTHI)IE MeTKH HIIHN (I)I/IKCI/IPOBaTb 06P338L[. [maBHOE OCTOMHCTBO METOA — MOKHO OTCJIeKUBATh
AWMHaMHYeCKHe I[IPOLEeCChl >KMBbIX KJIETOK U TKaHeH. VCTpOfICTBO KaIlHuJIJISPHOIO MHUKPOCKOIIA I103BOJIsIeT
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Abstract. Scanning capillary or ion-conducting microscopy is a unique tool that allows one to obtain the 3D
morphology of biological objects in a natural environment in a non-contact manner. At the same time, sam-
ple preparation is simple - there is no need to introduce fluorescent labels or fix the sample. The most impor-
tant advantage of the method is that it is possible to monitor the dynamic processes of living cells and tis-
sues. The device of a capillary microscope allows not only delicate visualization of soft biological objects, but
also obtaining data on the biomechanical properties of the sample. This paper will discuss the intricacies of
a capillary microscope.
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BBEJLEHUE

[7IaBHBIA IPUHLUII CKAHHUPYIOIIEro KaIllu/IsSPHOIO
MuKkpockora (CKM), KoTopeliti 6611 n306peTeH [TosieM
Xancmou B 1989 rony [1], oTHOCHTeNbHO IPOCT.
Bepetcs uamka IleTpu c obpasmom, pasmeniaercs
1071 YCTAHOBJIEHHBIM HaJl HeH KaIlMJIISIpoM, cpefa
obpasia U KallMIIpa 3a0IHSIIOTCS IIPOBOAS UM
3/IeKTPOTTUTHYECKUM PACTBOPOM. B Kammuisip mome-
IaeTCsl OLMH 37IeKTPOJ, BTOPOM - B HalIKy [leTpH,
MeXAY 371eKTPOLaMHU IIOLAepP>KUBAETCS IIOCTOSH-
Has Pa3HOCTb IIOTEHIIHAJIOB U HU3MepPseTCsl HOH-
HBIHM TOK. KaK TOJIBKO TOK I1afaeT Ha AOJIH IIPOLIeHTa
(06p1uHO 0KO0JIO 0,5 %) OT Be/IMUKHBI TOKA Ha yaalie-
HHUU OT o6pasna, KalK/UISp OCTAHABIKWBAETCS HAJL
[I0BEPXHOCTBIO, IIPH 3TOM He OKa3bIBasl CHJIOBOLO
BO3JeHCTBUS. C IIOMOIIBIO TAKKMX MHOTOYHC/IEH-
HBIX HTepal MUy mnonydaercs 3D-KapTa [IOBepPXHO-
CTH Hccnenyemoro obbekTa. IlonpobHee MpUHIIUII
pabotsr CKM omumcaH B [2].

Kasasocs 6bl, BCe IPOCTO, HO AbSBOI B MeJIo4ax.
U BCce TOHKOCTH YCTPOMCTBA 3/IeKTPOHHUKH M MEXaHUKHU
KaIlHIISIPHOTO MUKPOCKOIIA, HIOAHCHI ITPOrPaMMHOTO
obecIieuyeHUs U peasn3alLys peXXHMOB YMHOIO CKa-
HHUPOBAHHS II03BOJISIIOT KAITM/UISPHOM MUKPOCKOIINH
OCTaBaThCsI B ABAHTApie TEXHUK BHU3YaIM3aI MU SKUBBIX
06bexTOB [3]. Ha yTH K CO3AAHUIO TAKHUX BBICOKOTOY-
HBIX U3MepHUTEeIbHBIX CHCTEeM KOHCTPYKTOPaM IIPHXO0-
IOUTCS pelliaTh psif HAyYHO-TeXHUYeCKUX 3a7ad.

B cny4ae 371eKTPOHUKH KAaIlMJJISPHOTO MHUKPO-
CKoITa HeobXogUMo pa3paboTaTh pelleHHe, KOTOPoe
CII0COOHO IapaienbHO CYUTHIBATD U OTIIPABISATH
Ha YIIPaBJSIONINI KOMIIBIOTEP U MeXaHHUKY MHUKPO-
CKOITa Cpa3y HeCKOJIbKO CUTHAJIOB, IIPUYeM C HAMMeHb-
MU 3aJep>KKaMU. MeXaHUYeCKHe KOMIIOHEHTHI
MHKPOCKOIIA, IOMHMO IIPelIM3UOHHBIX IlepeMelre-
HHUH 06pa3na u Kanmwuispa (30H1a) B IIpoLiecce U3me-
PEeHUH, TOJIKHBI OCYIIeCTBISITh BBICOKOCKOPOCTHOM
IIOABOZ, KAIIMJIZIIPA U3 BO3/lyXa, I/ie IIPOUCXOAHUT ero
YCTAaHOBKA, K SKHUIKOCTH, TZie ITPOBOASITCS U3MepeHHs,
a TaK>Ke ITO3BOJISITH IIepeMelaTh obpasel] B TOPHU30H-
TaJIBHOM TUIOCKOCTH /IJ1s BbIOOpa MHTepecyomen obna-
CTH U3MepeHH . [paMOTHO pa3paboTaHHas 371eKTPO-
HHKA U IIPorpaMMHoe obecrieueHre MUKPOCKOIIA CTa-
HOBSITCSI PeIlaoIKM GaKTOPOM B OIIpefie/IeHUH YHUCI
I0JIy4aeMbIX B e JUHHUIy BpeMeHH CHHUMKOB 3a/JlaH-
HOTO KaueCTBa - OJHOT'O M3 KJIIOUEBBIX [IapaMeTpPOB
30H/IOBBIX MUKPOCKOIIOB.

INTRODUCTION

The basic principle of the scanning capillary micro-
scope (SCM), which was invented by Paul Hansma
in 1989 [1], is relatively simple. A Petri dish with a
sample is taken, placed under a capillary mounted
above it, the sample and capillary media are filled
with a conductive electrolytic solution. One elec-
trode is placed in the capillary, the second electrode
is placed in the Petri dish, a constant potential
difference is maintained between the electrodes
and the ionic current is measured. As soon as the
current drops by a fraction of a per cent (usually
around 0.5 %) of the current away from the sample,
the capillary stops over the surface without exert-
ing any force. With these multiple iterations, a 3D
map of the surface of the object under investiga-
tion is obtained. The principle of SCM operation is
described in detail in [2].

It would seem that everything is simple, but the
devil is in the detail. All the subtleties of capillary
microscope electronics and mechanics, software
nuances and implementation of smart scanning
modes allow capillary microscopy to remain at the
forefront of techniques for visualizing of living
objects [3]. On the way to creating such high-
precision measurement systems, designers have to
solve a number of scientific and technical problems.

In case of capillary microscope electronics, it is
necessary to develop a solution that is capable of
reading and sending several signals to the control
computer and microscope mechanics in parallel with
the shortest delays. The mechanical components of
the microscope, in addition to precise movements
of the specimen and capillary (probe) during
measurements, must provide high-speed supply of
the capillary from the air, where it is installed, to
the liquid, where measurements are carried out, as
well as allow moving the specimen in the horizontal
plane to select the area of interest. Properly designed
electronics and microscope software become a
decisive factor in determining the number of images
of a given quality obtained per unit time - one of the
key parameters of probe microscopes.

CONSTRUCTION OF THE FEMTOSCAN Xi MICROSCOPE
In developing our own capillary microscopy plat-
form, our Living Systems Physics group has managed
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KOHCTPYKLMSI MUKPOCKONA “"®EMTOCKAH Xi"

ITpu pa3paboTke cob6CTBEHHOM I11aTGOPMBbI KaIlK/LISIP-
HOIl MHKPOCKOIIMU Hallled IpyIie GHU3UKHU KHUBBIX
CHCTeM y[aJIOCh COBMECTUTh BCe 3TH JOCTOMHCTBA
B YIQYHOM M KOMIIAaKTHOM peajn3allul MHUKPOCKOIIA
"®emroCKaH Xi" (puc.l).

B cxeMe caMoro MHUKpocKomna (pHc.2) 3a/lelCTBO-
BaHBbI:

1. KoHTposiep aJis yrpaBieHHss MUKPOCKOIIOM.

JNeKTPOHKKA MHKPOCKOIIA IIOCTPOeHa Ha 6ase
[IPOrpaMMHUPYyeMOH JIOTHYeCKOM HHTeTrPaIbHON
cxeMmbl (ITNIMC unu FPGA B MHOCTPaHHBIX UCTOY-
HHuKax) Spartan (Xilinx), ympaBisiemoil Hamu-
caHHBIM HaMH I1O [4]. OHa ocyIecTBsIeT CBS3b
C [10/1b30BaTe/IbCKUM HHTepdericoM Ha YIIpaBIIsi-
IollleM KOMIIbIOTepe, MpUHUMaeT 1 0b6pabaTsl-
BaeT CUTHAJI C YCUJIMTeJIs TOKA U II0JaeT CUTHAJIbI
Ha [1be30MaHHUITY/IATOPhI U ITOJBUKKH.

CucreMa yrpas/ieHU [1be30MaHHUIIYIATOPAMHU.

JlJ1s1 KaueCTBEHHOM BH3Yyaln3aluu 61000beK-
TOB HeobX0IH MBI 1be30MaHHUITYISITOPBI C 60/Ib-
MMM AHalla30HOM IepeMellleHHH. Ha MHKpoO-
cKorte "®eMTOCKaH Xi" yCTaHOB/IEHHI [IJIAHAPHBIE
IIbe30MaHUITY/ISITOPBL, paboTalolye B I1ape C yCU-
NuTesIeM C 06PaTHOM CBSI3BIO.

ITbe30MaHUIIYIATOP 30H/A II0 OCH Z C JHUATIa30HOM
repeMeleHUH B 30 MKM.

[Ibe30MaHUMYASTOP 06pasLa AJis IepeMeleHuU st
B IJIOCKOCTH XY C AHalla30HOM IepeMelleHHH
B 50 MKM I10 06eHM OCSIM.

5. MexXaHUYeCKHUH ABUTATE/b I10 OCH Z C AHalla30-
HOM IIepeMelleHUH B 5 MM OCYILEeCTBJIseT I10[IBO/,
KaIlW/IIgpa U3 BO3yXa B KUIKOCTb.

CucTteMa MeXaHHYeCKHX JABUIaTe/IeH B IVIOCKOCTH
XY ¢ jyMamna3oHoM nepeMemeHI/Iﬁ B 12 MM I103BO-
75ieT JUCTAHIIMOHHO IlepeMelaTs o6paselr, BbIOK-
path 0671aCTh U3MEPeHUS U UCC/IeI0BATh Pa3Inyd-
HBIe y4acTKU obpasiia.

7. IlpemycunnTe/b MOHHOIO TOKA.
MHBepTUPOBAHHBIN BUAEOOKYISP AN Habmro-
OeHUM HcciegyeMoro obpasia B OINTHKY, C €ro
IIOMOIIBIO Y0OHO IOACTPaKBaTh HHTEPECYIONIYIO
0b6macTh U3MepeHUH.

YepHBIMU ITMHUAMU Ha CXeMe OTPasKeHbl Iy TH CHUT~
HaJIOB MeXXJy KOHTPOJIJIEPOM H yIIpaBaseMbIMU UM
6110KaMHU, CepbIM ~ MeXKAYy 6110KaMU K GYyHKIIHOHAIb-
HBIMHU 3/IeMeHTaMH MUKpOcKora. CILIONIHOM JINHUen
OTpaskeHbl CUTHAJIBI, BRIXOAAIIKME U3 KOHTPoJIepa,
MIyHKTUPOM ~ CUTHaJI, IPUXOASIIUE B HETo OT IIpefy-
CHJIMTE/ISI MOHHOIO TOKa.

YcTaHOBKAa MHKPOCKOIIA IIOMeIaeTCcs B KaMepy
dapajges, KoTopas 3KpaHHPYyeT CUCTEMY, a BMecTe
C Hell 1 pabo4yro 06/1acTh MHKPOCKOIIA C ITpelyCHIUTe-
JIeM TOKa OT BHEIIHUX IToMeX. KOMITaKTHOCTh MHKPO-
CKOIla I103BOJIsIeT TaK>Ke MO Aep>KUBaTh BHYTPHU 60oKca
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Puc.1. CkaHupyowut KanuarspHbil mukpockon "®emmoCkaH Xi"
Fig.1. FemtoScan Xi scanning capillary microscope

to combine all these advantages in a successful and
compact realisation of the FemtoScan Xi microscope
(Fig.1).

The scheme circuit of the microscope itself (Fig.2)
involves:

1. Controller for microscope control.

The microscope electronics is based on a
programmable logic integrated circuit (FPGA)
Spartan (Xilinx), controlled by software written
by us [4]. It communicates with the user
interface on the control computer, receives and
processes the signal from the current amplifier
and gives signals to the piezo manipulators and
slides.

2. Piezo manipulator control system.

Piezo manipulators with a large range
of motion are required for high-quality
visualisation of biobjects. The FemtoScan Xi
microscope is equipped with planar piezo
manipulators working in conjunction with a
feedback amplifier.

3. Piezo probe manipulator in the Z-axis with a

movement range of 30 pm.

4. Sample piezo manipulator for movement in the
XY plane with a movement range of 50 pm in
both axes.

A mechanical motor in the Z-axis with a range of

movement of 5 mm leads the capillary from air to

liquid.

6. A system of mechanical motors in the XY plane
with a movement range of 12 mm, allows to

v
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IIOCTOSIHHBIE YC/IOBHS OKPY>KAIOIIeH Cpefbl, UTO 0CO-
OeHHO Ba’kHO 151 IIOAAePKaHHU S KU3HelesSTelbHO-
CTH HcclenyeMblX 61000beKTOB. B xome AauTenb-
HOT0 Hab/IIofeHU s SKUBBIX KJIeTOK BO BHEIIIHEk cpefie
OOJIKHBL MOALePKUBATHCS MOCTOSHHBIE TeMIlepa-
Typa (Hampumep, 37 °C 415 KJIeTOK OpraHKU3Ma 4eno-
BeKa) U KOHILIeHTPalKs YIJIeKUC/I0ro rasa (as 6ob-
IIMHCTBA KJIETOK Ha YpoBHe 5 %). CKM ¢ CHCTeMO¥ IIoJI-
Jep>KaHU S SKHU3HeoesTe/IbHOCTH (CIT’K) ky1eToxk MOTYT
OBITH HCIIONIBb30BAHBI [/I51 BU3ya/lM3allMd JUHAMUKHU
deHOTHIIA SKHUBBIX HELPOHOB, IIOCKOJIbKY BU3ya/lH3a-
Mg PUKCHUPOBAHHBIX 00pa3lioB He OXBaThIBaeT BCIO
CJIOKHOCTb IMHAMHUYeCKHUX COOBITHI, KOTOPBIe IIPO-
HCXOAST BO BpeMsI Pa3BUTH S U pereHepallii HePBHOU
cucteMsl [5]. Ha JaHHBIN MOMEHT BHeJIpeHUe IIepesio-
BBIX METO/0B BH3ya/IM3allMHU B HEBPOJIOTHH BCe elle
HAXOOHTCS B 3a4aTOYHOM COCTOSIHHH.

OnTHYecKHe HabMoIeHUs B HAllleM CJIydae peasu-
30BaHBI C IIOMOIIBIO CUCTEMBI C OIITUYECKHMM BH/IE0~
OKy/IsIpoM (PHC.2, O3UIK s 7). [l oA Jep>KaHHU s TeM-
nepartypel 06pasiia MOKHO HCIIOIB30BATh JIOKA/IbHBII
HarpeBaTe/lb pa3paboTaHHON HaMU OPUTHHATBHOM
KOHCTPYKIIMH, pacIiojiaraeMblil HeIloCpeICTBEHHO 10/,
yamnkou IleTpu c obpasiiom [6].

[ToMHMO KOMIIAKTHBIX rabapuToB, AJIS IpoO-
BeJleHHUsI IPOJOJIKHUTe/JbHEIX U3MepeHHU B pas-
JTUYHBIX y4YacTKax obpasma MHUKpocKkom obopymo-
BaH [ BYXCTYII€HYATOM CHUCTeMOM MO3HUIJMOHHUPOBa-
Hus. IlepBas CTyIIeHb BHIIIOJHEHA C MCII0/Ib30BaHHEM
JTMHENHBIX HAaIlPaBISOIIUX U IIATOBBIX JBHUTATe ek
(puc.2, mosunus 6), Ha Hee yCTaHOBJIeHa BTOpas CTY-
neHb - XY-TIbe30MaHUIYISTOP (PHC.2, O3UIIKS 4).

Cpenu mperMMYyINeCTB MHKPOCKOIA TaK>Ke CTOUT
OTMEeTHTb Pea/IM30BaHHBIM OllepallIOHHBIN YCUIUTe/b
HOHHOIO0 TOKa, HMEIOIIN I CpeHEeKBaPaTUYHBIH IIyM
Ha ypOBHe eJHUHHUI] IUKOAMIIEp, YTO COCTABJIsIeT MeHee
IIpOMUJIJIE OT BeJIMYMHBI PeTUCTPHUPYEMOro CUTHaIA.,
YIauHBIM MUKPOCKOIT OKa3bIBACTCS M C TOUKHU 3PEHU S
ronb3oBatessd. [IporpaMma yrnpaBiaeHUS MHUKPOCKO-
IIOM I103BOJISIET, C OLHOK CTOPOHBI, IPOBOJMTH HEII0-
CpenCTBeHHBIe U3MEPEeHUS B pesKUMe QIUPT-MOJBI
(BapuaHTe IIPBIKKOBOM TeXHUKHU, HCIIOIb3yeMOH IIPU
cKaHHpoBaHUU B CKM), ¢ Ipyrow - 0TC/IeXKHUBATh 110710~
sKeHHe 06paslia C OIITHYeCKOro OKYyJsipa, YIPaBIsiTh
IepeMellleHUSIMH 06paslia ¢ IIOMOIIBI0 MeXaHHYe-
CKMX JIBUTaTe/lel U CYUTBIBaTh CUTHAJIBI C HECKOJIBKHX
neprudepUMHbIX JAaTUHKOB, 33IeICTBOBaHHBIX B CIDK.
B0O3MOKHOCTE OTC/IESKHMBATh BCe MHTEPeCYIOIHe Olle-
parTopa rapaMeTpsl faeT CyIleCTBeHHOe YA06CTBO IIpU
[IPOBeleHHH ITPOJOIKUTE/IbHBIX H3MePeHHU 1 yBeIt-
YHBAET Pe3y/TbTAaTHBHOCTD SKCIIEPUMEHTA.

BblBO/Lbl
HoBas Bepcus Mukpockona "®emroCkaH Xi" aBis-
€TCSl HHTepPeCHBIM U JIOBOJIBHO YJAYHBIM BapHAHTOM

Puc.2. Cxema ycmaHo8KU KAnuAAsIpHO20 MUKpocKona
"®emmoCkaH Xi"

Fig.2. Schematic diagram of the FemtoScan Xi capillary micro-
scope setup

remotely move the specimen, select the mea-
suring area and examine different areas of the
specimen.

Ion current preamplifier.

8. Inverted video eyepiece for observing the sam-
ple under investigation in the optics, with its
help it is convenient to adjust the measure-
ment area of interest.

Black lines in the diagram show the paths of
signals between the Controller and the units
controlled by it, grey - between the units and
functional elements of the microscope. The
solid line shows the signals coming out of the
Controller, the dotted line - the signal coming
from the ion current preamplifier.

The microscope is placed in a Faraday chamber,
which shields the system, and the working area
of the microscope with the current preamplifier,
from external interference. The compactness
of the microscope also makes it possible to
maintain constant environmental conditions
inside the box, which is especially important for
maintaining viability of the biosubjects under
study. During long-term observation of living
cells, the ambient temperature (e.g., 37 °C for
human cells) and carbon dioxide concentration
(5% for most cells) must be kept constant. SCM
with cell viability maintenance system (CVMS) can
be used to viewing the dynamics of the phenotype
of living neurons, as imaging of fixed samples
does not capture the complexity of dynamic events
that occur during developing and regenerating
of the nervous system [5]. At the moment,

~
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peanu3aluy CUCTeMbl CKAHUPYIOIIeH Kalu/IsSpPHON
MMKPOCKOIHH. OCHaIlleHHe YCTAaHOBKU CUCTeMOK IO~
Iep>KaHUSs SKU3HeAesTeIbHOCTH KIETOK OTKPBIBaeT
YHHKAJIbHBIe BO3MOXKHOCTH 151 [IPOBeJleHU s UCCIIefi0-
BAaHUH 115 Lielel OMOMeJUIIMHBI M HayK O SKU3HH.

BJIATOAAPHOCTHU

I[1I0 "®emToCKaH OHIANH"' HpPeAOCTABIEHO
OOO "HIIII "LleHTp nepCcreKTUBHBIX TeXHOJIOTHH",
WWW.Nanoscopy.ru

NHOOPMALIUA O PELLEH3UPOBAHUN

Pepmakuus 61arofapUT aHOHHMHOIO PelleH3eHTa
(pelLieH3eHTOB) 33 UX BK/IaJ, B PelleH3UpOBaHUe 3TOM
paboThl, a TaKk>Ke 33 pa3MellleHHe CTaTel Ha cakiTe Kyp-
Haja U [epefady UX B 3JIeKTPOHHOM BHe B HIb eLl-
BRARY.RU.

Jlekaapauus o KoHPAuKMe unmepecos. Asmopol 3aa8astoim 06
0Mcymcmauu KOHPAUKIMO8 UHMepecos UAL AUMHLIX OMHOWEHUL,
Komopble MozAu bbl nosAuAMy Ha pabomy, npedcmasAeHHyt 8 0aHHOLL
cmanbe.
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implementation of advanced imaging techniques
in neuroscience is still in its infancy.

Optical observations in our case are realised
using a system with an optical video eyepiece (Fig.2,
position 7). To maintain sample temperature, we
can use a local heater of our original design, placed
directly under the Petri dish with the sample [6].

In addition to compact dimensions, the microscope
is equipped with a two-stage positioning system for
continuous measurements in different parts of the
specimen. The first stage is made using linear guides
and stepper motors (Fig.2, position 6), the second stage -
XY-piezo manipulator (Fig.2, position 4) is mounted on
1t.

Among the advantages of the microscope it is also
worth mentioning the implemented operational
amplifier of ionic current, which has an RMS noise
at the | picoampere level, which is less than a ppm
of the recorded signal value. The microscope is
also successful from the user’s point of view. The
microscope control software allows, on the one hand,
direct measurements in the flirt mode (a variant
of the jumping technique used in SCM scanning),
on the other hand, tracking the specimen position
from the optical eyepiece, controlling the specimen
movements by means of mechanical motors and
reading signals from several peripheral sensors
involved in SPM. Ability to track all the parameters
of interest to the operator provides significant
convenience when making long measurements and
increases the results of the experiment.

CONCLUSIONS

The new version of FemtoScan Xi microscope is an
interesting and quite successful variant of develop-
ment of the scanning capillary microscopy system.
Equipping the system with a cell life support system
opens up unique opportunities for research in bio-
medicine and life sciences.
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