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PA3PABOTKA BUOCOBMECTUMOW MY/IbTUSNIEKTPOAHOM
AYENKU ANS UCCNEAOBAHUS XXUBbBIX cngﬂ HEWPOHOB
METOJJOM CKAHUPYIOLWLENA KAMUANSAPHON MUKPOCKOMUU
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AHHoTauus. PaspaboTaHa U oxapakTepH30BaHAa MHHOBALIMOHHAsI 6LOCOBMECTHMasi MY/IbTHUIIeKTPOAHAS
siYerKa, HHTeTPUPYIOIAs TeXHOJIOTMH PeTUCTPALMH JIeKTPUYECKON aKTHBHOCTH HEHPOHOB C BO3MOXKHO-
CTSIMH BBICOKOPA3pellaroniell CKaHUPYIONel KalUIISPHON MUKPOCKOIUH. IIpe/iyioskeHHAsI KOHCTPYKIHS
BKJIIOYAET IOJIOKKY M3 ITO-IIOKPBITOrO CTEKJIA C Ia3epHO-TIaTTePHHUPOBAHHBIMH 3JIeKTPOAAMU, U30JIUPOBAH-
HBIMH CJIOeM ITapuieHa U QYHKIIMOHATHU3HPOBAHHBIMU MeHO-30/I0TBIMHU MHKPO3IEKTPOAAMHU C MEMPUCTOP-
HBIMH CBOMCTBaMHU. [IpoToTHII JIeMOHCTPUPYeT MPEHMYIIecTBa OZTHOBPeMEeHHOM PerruCcTpaliUH 3JIeKTPHUUeCKO
AKTUBHOCTU U MOPHOIOTHYECKUX U3MEHEeHHU T HeMPOHOB, OTKPbIBAsI HOBBIE BO3MOSKHOCTH [IJIs1 KCCIIeJOBAHHUS
HeNPOHAIBHOM IVIACTUYHOCTH, CTPYKTYPHOTO pacIipe/ie/ieHHs] HEPBHOM TKAaHHU U CKPUHHUHTA HEHPOAKTHBHBIX
COeUHeHU.
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Abstract. An innovative biocompatible multielectrode cell integrating neuronal electrical activity recording tech-
nologies with high-resolution scanning capillary microscopy capabilities has been developed and characterized.
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The proposed design includes an ITO-coated glass substrate with laser-patterned electrodes insulated with
a 180 nm thick parylene layer and functionalized copper-gold microelectrodes with memristor properties. The
prototype demonstrates the advantages of simultaneous recording of neuronal electrical activity and morpho-
logical changes, opening up new possibilities for studying neuronal plasticity, structural distribution of nervous

tissue, and screening of neuroactive compounds.
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BBE/JLEHUE

flueitkn ans 3D-BU3yanusauumn 1 NeKTPOPU3N0NOruN.
0630p

CoBpeMeHHBbIe Helpobuosoruyeckue HccjaesoBa-
HHUS TpebyIOT MHTerpallluy 3]1eKTPOPHU3HOIOIU-
YeCKUX U MUKPOCKOIIMUYEeCKUX MeTOJ0B JJIsI KOM-
IIJIEKCHOTO aHa/IK3a CTPYKTYPHO-QYHKIMOHAIBHBIX
CBOMCTB HeHPOHHBIX ceTel. CyLleCTBYIOLIHe pellle-
HUS B 3TOM 06/71aCTH UMEIOT pa3IHMyuHble IperuMyIle-
CTBa M OTPaHUYeHHUS.

KomMepyecKHe MYJIbTHI/IeKTPOJHBIe CHCTeMBI
(Multielectrode Arrays, unu MEA-CHCTeMBI) C IIPO-
3pauyHbIMU IIOJIOKKaMHU, TakHe Kak MEA2100-System
ot Multichannel Systems, mo3BonsoT cOBMeCTUTH
3JIeKTPOPH3HO0NIOTNYeCKY0 PeTUCTPALIUIO C HHBep-
TUPOBAHHOM OIITUYeCKOM MUKpOCKomHeH [1]. OgHako
3TH CHCTeMBl C TPYAOM COBMeCTHMBI C MeTOJaMH
MHKPOCKOITMH BBICOKOTO Pa3pelleHH s U3-3a 60/IbII0k
TOJIIIMHBI TOJ/IOKKH K CJIOKHOM CUCTeMBI perucTpa-
LIMH 3JIeKTPUYeCKOro CUTHaja, a TAKKe BBUJY HaJIH-
Y 3HAUYUTEIBHOT0 pabodero pacCTOSHUS.

IKCIepUMeHTa bHble Pa3paboTKU BKJIOYAKOT
CHUCTeMBI C HHTeTPUPOBaHHBIMH OIITOBOJIOKOHHBIMH
JaTYHMKaMH, MO3BOJSAKIIMMH IPOBOLUTh OINTH-
YeCKYI0 CTHUMY/ISIIIMIO U PeruCTpalluio Hellocpes-
CTBEHHO B 0671aCTH pacronoskeHHst MEA-371eKTpozoB.
Takue CUCTeMBbI 06ecIIeYrBaIOT IIPOCTPAHCTBEHHO-
COBMEIIeHHYI0 37]eKTPHYeCKYyI0 M ONTHYECKYI
PerucTpaiMo, O4HAKO UMEIOT OTPAaHUYeHHOe IIPOo-
CTPAHCTBEHHOe pa3pelleHHe U TPebyIT CIOKHBIX
TeXHOJIOTHUeCKHUX IIPOLIeCCOB /IS U3TOTOB/IeHH .

I mpeono/ieHHs ONTHYeCKHUX OTPaHUYeHHUU
npezaokeHbl MEA Ha 0CHOBe IIPO3pavyHbIX IIPOBO-
OAIUX MaTepuasoB. Tak, Park u coaBTOpsI pa3pabo-
Tanu MEA c rpadeHOBBIMU 3/IeKTpofaMHU, obecrievyu-
BAIOIIMMHU OIITUYECKYIO IIPO3PauHOCTh >90% B BUJU-
MOM AuxamnasoHe [2]. OQHAKO HUCIIOIb30BAHHBIE I'Pa-
deHOBBIE 31eKTPOJbl UMeIOT OTHOCHTETbHO BBICOKHH
umrenasc (>1 MOM Ha yacToTe 1 K['11), YTO OTPaHU-
YMBaeT UX IPUMeHeHHe [I/IsI PpeTUCTPAaLluKl HU3K0aM-
IUIMTYJHBIX CUTHAJIOB.

INTRODUCTION

Cells for 3D imaging and electrophysiology. Review
Modern neurobiological research requires integration
of electrophysiological and microscopic methods for
a comprehensive analysis of the structural and func-
tional neural networks properties. Existing solutions
in this field have various advantages and limitations.

Commercial Multielectrode systems,
like Multielectrode Arrays or MEA systems,
with transparent substrates, such as the MEA2100-
System from Multichannel Systems, allow electro-
physiological recording to be combined with inverted
optical microscopy [1]. However, these systems are
hardly compatible with high-resolution microscopy
techniques due to the large substrate thickness and
the complex electrical signal recording system, as well
as a significant working distance.

Experimental developments include systems
with integrated fibre optic sensors that allow optical
stimulation and recording directly at the area where
the MEA electrodes are located. Such systems provide
spatially coupled electrical and optical recording, but
have limited spatial resolution and require complex
manufacturing processes.

To overcome optical limitations, MEAs based on
transparent conducting materials have been proposed.
For example, Park etal. developed MEAs with graphene
electrodes providing optical transparency >90% in
the visible range [2]. However, the used graphene elec-
trodes have a relatively high impedance (>1 megohm
at 1 kHz), which limits their application for recording
low-amplitude signals.

A promising direction is integration of MEA
with scanning probe microscopy methods. Systems
combining MEA registration with atomic force micros-
copy make it possible to study correlation between
morphological and electrical changes in neurons.
However, these systems have limitations related to the
geometry and electrical isolation of AFM probes. There
is also some difficulty in combining the measuring
system (usually optical) of AFM with the liquid
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IlepcrieKTUBHBIM HallpaBleHHeM SIBJISIeTCS UHTe-
rpanusgs MEA ¢ MeToZaMH CKaHHUPYIOLIeH 30HM0-
BOH MHUKpPOCKOOHHU. CHUCTeMBbI, coyeTaromue MEA-
PerucTpalyio C aTOMHO-CHJIOBOKM MHKPOCKOIIHeH,
MI03BOJISIIOT MCC/IelOBaTh KOPPeISIIUI0 MeXXIy MOp-
$ONOruYeCcKMMHU H 371eKTPUYeCKMMHU H3MeHeHUSIMH
HeHPpOHOB. O HAKO 3THU CUCTeMBl KMeIOT OrPaHHYe-
HUS, CBSI3aHHBIE C TeOMeTpHeH 1 371eKTPOU 30 Her
ACM-30H70B. ECTh M HEKOTOPasI CJIO’KHOCTb COBMelle-
HU S U3MepUTeNTbHON CUCTeMBbI (KaK IIPaBHUJIO ONTH-
yeckor) ACM ¢ KU KOM Cpe/lor KyJIbTHBHUPOBAHHUS.
B 3TOM KOHTeKCTe pa3paboTraHHast 6ocoBMeCcTHMAas
A4YerKa IpefJjaraeT NPUHIMIIKNAJIbHO HOBBIU IIOJ-
X0, COUYeTANHH IpeuMyllecTBa KalU/IsPHOM
MHKPOCKOITMH U BBICOKOIIZIOTHBIX MEA.

PA3PABOTKA SYEAKW AN151 3D-BU3YAIU3ALIUM
BMOOBbEKTOB C OAHOBPEMEHHDIM MPOBEAEHUEM
INEKTPOOU3UONIOrMYECKUX U3MEPEHUH

Mopnoxka v 3NeKTpOAHas cucTemMa

PaspaboTaHHas 6HOCOBMECTHMAs MY/IbTU3IEKTPOJ-
Hasl g4elKa OCHOBaHAa Ha CTeKJISSHHOM IIOJJIOKKe
pasmepom 50x50x1 MM3 c HAHeCEHHBIM ITIOKPHITHEM
U3 okcuaa uHAug-onosa (ITO, Indium Tin Oxide).
Bri6op ITO 06yc/ioB/IeH ero ONTUYeCKOH Ipo3pau-
HOCTBIO (>85% B BUAMMOM JHalla30He) B COYeTaHUHU
C XOpOIllel 371eKTPHUUeCKOk IIPOBOLUMOCTBIO (IIOBEPX-
HOCTHOe COIIpoTHBIeHHe <10 OM/KBazapart), 4To obe-
CIle4HrBaeT COBMeCTUMOCTD C METOAAMH OIITHYeCKON
MHUKPOCKOIIUH [3-5].

dopMHUpOBaHHE CTPYKTYpPhl 3/1eKTPOLHOU
CHUCTeMBl OCYIeCTB/ISAETCS METOLOM JIa3epHOro
OTKHTIa C UCIIONb30BaHHEM yCTaHOBKHU SharpLase
SHARPMARK 20-F ¢ Nd:YAG Ja3epoM (A=1064 HM,
MOIIHOCTS 20 BT) B HMIIYJIbCHOM PesXXKHMe C OoInLuen
High contrast. JaHHBIH MeTo obecriedrBaeT IIpo-
CTPaHCTBeHHOE pa3pelleHue MO3UIIMOHUPOBAHU A
~10 MKM, 4TO JOCTAaTOYHO /IS CO3MAHUS IIPEeLU3HOH-
HBIX MHUKPO3/JIeKTPOAHBIX CTPYKTYP. IIperMy1ecTBom
J1a3epHOro OTXKUTIa MaKpO3/IeKTPOAOB Ilepe/ Tpasu-
LMOHHON QOTONUTOrpaduen SBJIsIeTCS 3HAYUTeIb"
Has 3¢ PeKTUBHOCTh METOAKMKH U BBICOKAsI CKOPOCTh
H3rOTOBJIEHHUSI IIOZJI0KeK 6e3 MCII0Ib30BaHU L XMMHU-
YeCKHX peareHToB.

DNIeKTpPOAHAS CUCTeMA BK/IIOYAeT YeThipe MaKpo-
3nekTpona (5x10 MM) o nmepudepuu IOAIOKKH
O7s1 ©HTepderca C perUCTPUPYIOIHUM 0b60pyro-
BaHMEM, TOKOBeAyLIHe NJOPOKKH C 3a30poM 1 MM
Me>KAy HUMH M MaKCHUMaJIbHOU IJIOIIAa b0 ITOKPbI-
THS [/ yBeJIH4YeHH s CYMMapHOU eMKOCTH SIUeHKH,
YMEHBIIEHH S COITPOTUBIEHU I Ka>kKI0T0 U3 3JIeKTPO-
I0B, a TaK>Ke YeThIpe MUKpPo3nekTpoma (300 MKM)
B LIeHTPAJIbHOM YaCTH BePXHETO CJI0S1 SYeHKH.

Koudourypanusa >5JIeKTPOLOB ONTHMUH3HU-
poBaHa Aasg obecmedyeHHUS MaKCHMaJbHOTO
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medium of cultivation. In this context, the developed
biocompatible cell offers a fundamentally new
approach combining the capillary microscopy advan-
tages and high-density MEA.

DEVELOPMENT OF A CELL FOR 3D VISUALISATION

OF BIO-OBJECTS WITH SIMULTANEOUS
ELECTROPHYSIOLOGICAL MEASUREMENTS

Substrate and electrode system

The developed biocompatible multi-electrode cell
is based on a 50x50x1 mm? glass substrate coated
with indium tin oxide (ITO, Indium Tin Oxide).
ITO was chosen due to its optical transparency (>85%
in the visible range) combined with good electrical
conductivity (surface resistivity <10 Ohm/square),
which ensures compatibility with optical microscopy
methods [3-5].

The electrode system structure is formed by laser
annealing using SharpLase SHARPMARK 20-F
with Nd:YAG laser (A=1064 nm, power 20 W) in pulse
mode with "High contrast” option. This method pro-
vides spatial resolution of positioning ~10 pm, which
is sufficient for production of precision microelec-
trode structures. The advantage of laser anneal-
ing of macroelectrodes over traditional photolithog-
raphy is significant efficiency of the technique and
high speed of substrate fabrication without the use
of chemical reagents.

The electrode system includes four macroelec-
trodes (5x10 mm) at the periphery of the substrate
to interface with the recording equipment, current
carrying tracks with a 1 mm gap between them and
maximum coverage area to increase the total cell
capacitance, reduce the resistance of each electrode,
and four microelectrodes (300 pm) in the centre
of the top layer of the cell.

The electrode configuration is optimised to provide
maximum spatial resolution while minimising
electromagnetic interference between recording
channels.

Insulation and operating of electrodes

The 180 nm thick parylene-C layer is used
to electrically isolate the current carrying tracks and
define the active zones of the microelectrodes (Fig.1).
The parylene layer was deposited by surface poly-
merisation in the gas phase using an SCS Labcoater
PDS 2010 vacuum sputtering system. The PDS
2010 converts a parylene dimer (2,2-paracyclophane or
its derivatives) into a gaseous monomer. The material
polymerises on the substrate when it is applied
at room temperature. At the vacuum levels used,
the conductive layer of the substrate was uniformly
treated with the gaseous monomer followed by depo-
sition, resulting in a durable protective coating.
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NPOCTPAHCTBEHHOI0 pa3pelleHHUs NP MUHUMH3A-
LMY 3/IeKTPOMaTHUTHBIX ITIOMeX MeXAYy KaHaJllaMH
perucTpalmu.

N3onauus u pyHKLUMOHANN3ALMS INEKTPOA0B
7151 371eKTpUYeCcKON H30ISILJUK TOKOBeIyIIHX J0PO-
JKeK U OIpeJle/leHHs aKTHUBHBIX 30H MHKPO3JIeK-
TPOJIOB KCIIOJIb3yeTCs CJIOM napuieHa-C TOMIIH-
Hou 180 HM (prc.1). IIaprIeHOBBIH C/I0H ObII HaHeCeH
MeTO[I0OM [TI0BepXHOCTHOMU IOJIMMepH3aliuH B Ta30BO1
dase c MCII0/b30BAaHHEM BaKyyYMHOM CHCTeMBI HaIlbl-
nenus SCS Labcoater PDS 2010. PDS 2010 mpeo6pasyet
AUMep MapueHa (2,2-nmapanukaodaH UK ero Ipor3-
BOJIHBIE) B Ta3000pa3HbIl MOHOMep. MaTepuas MoIu-
MepH3UPYyeTCs Ha IIOJJIOKKe IIPHU ero HAaHeCeHU U IIPU
KOMHATHOM TeMIlepaType. IIpy MCII0/Ib3yeMBbIX YPOB-
HSIX BaKyyMa IIPOBOJSIIIHU CJIOM IIOJJIOKKH paBHO-
MepHO 06pabaTsiBajcs ra3006pa3HEIM MOHOMEPOM
C MOC/IeAYWIIKNM OCaKAeHHEM, B pe3yjbTaTe 4ero
I10JIy4ajIoCh IIPOYHOE 3alMTHOE IIOKPEITHeE.
OYyHKIIMOHA/IBHEIE MUKPO3JIKTPOAL GOPMUPY-
IOTCSI METOLOM MarHeTPOHHOI'O HAIIbl/IeHHU S I10C/IeI0-
BaTeJIbHO MeJH U 30J10Ta Ha IIOBEPXHOCTh [IapUjieHa
Jepe3 MacKy € OTBepCcTUsIMH 300x300 MKM. [TepBBIi
CJIOM HaIlblJIEHHU S IPOM3BOAUTCS MebI0 TONIIHHON
0Ko0J10 300 HM 14 IoCIeAyoInero GopMUpPOBaHU S
dunaMeHTa B IapUIeHOBOM cjioe. [lepedncieHHbIe
BBIIIIe MeTaJI/IbI OBIIH BBIOPAHBI M3-32 UX HIMPOKOTO
NIPUMEHeHHUS B 3JIeKTPOHHOM TeXHHKe, B TOM YHCIIe
IIPH M3rOTOBJIEHUH MeMPHCTHBHBIX YyCTPOUCTB [6].
30710TO BEIOPAHO KaK 3/1eKTPOJHBIN MaTepua b1aro-
Tapsi ee BBICOKOH 6IOCOBMECTHMOCTH, KOPPO3HOHHOK
CTOMKOCTH B QH3HMOJIOTMYeCKUX PACTBOPAX U HU3-
KOMY HMIIeZIAHCY Ha TPaHHUIle "37IeKTPOJ, - 31eKTPO-
nuT'. Meab BeI6paHa B KaueCTBe 37TeKTPOXHUMHUUYECKHU
aKTHBHOTO MeTaJjljia Jis1 QOPMUPOBAHU S QUIaMeH-
TOB CKBO3b CJIOM IIaPHJIEHOBOIO M30/51TOpa II0 aHa-
JIOTUHU C TeXHOJIOTHeN GOPMHUPOBaHUS QHUIaMeHTOB
IIPYU U3TOTOBJIEHUH HeHPOMOPOHBIX cucTeM [7].
HMHHOBAIIMOHHBIM aCIIeKTOM pa3paboTaHHOH
S4YelKH ABIgeTCs IPUMeHeHHe TeXHOJIOTUU Ppop-
MHPOBAaHHUS NMPOBOASLIHUX QUIAMEHTOB [JIs CO3-
JAaHUS 3IeKTPHUYECKOT0 KOHTAaKTa MeXIy IlJa-
TUHOBBIMM MHKPO3JeKTPOAAMHU KU HHKeJlexka-
muMu ITO-3/1eKTpofgaMU dyepe3 CI0M IapHIeHa.
JaHHBIN IPOLLeCC OCYILeCTBISeTCS IMyTeM MpH-
JIO’KeHH I KOHTPOIUPyeMOoTro HanpsikeHus (5-7 B)
MeXy IJIATHHOBBIM MUKPO3JIEKTPOJIOM M COOTBET-
cTByOIIUM ITO-KOHTAaKTOM C OTPAHUYEHHEM TOKa
Ha ypoBHe 100 MKA. TO IPUBOAHUT K JIOKAJTbHOMY
3/IeKTPHUYeCKOMY ITPoboro mapuaeHa U GoOpMHUPOBa-
HUIO HAHOMETPOBOTO IIPOBOASIIEr0 KaHala C yIIpaB-
JsIeMOI OMUYeCKOM XapaKTepPUCTUKOM [8].
OcobeHHOCThIO CHOPMHUPOBAHHBIX GUIAMEHTOB
ABJISI€TCS BOSMOYKHOCTb KOHTPOJIMPYeMOI'0 U3MEeHeHH s

200 MKM | m
-—

IS
Cu/Au KOHTaKTbI O @ =
Cu/Au contacts I 3
O
S
n
MapwuneH
Parylene
]__ 180 HM|Nm
ITO 200 HM | nm
Crekno 1MM|mm

olass \
50 MM | mm 50 MM | mm

Puc.1. Modenb gueliku 6uounmepelica. HuxxHul caoll — cmek-
A0 1 mm, cpedHull caoll — nokpbimue ITO 200 HM, Ha Hez20 Ha-
HeceH cAol napuneHa, moaujuHol 180 HM. Ha napuaeHo8om
Cnoe U306paxkeHbl Memanauyeckue 3neKmpoobl

Fig.1. Biointerface cell model. The bottom layer is 1 mm glass, the
middle layer is a 200 nm ITO coating, and a 180 nm thick layer of
parylene is deposited on it. Metal electrodes are shown on the par-
ylene layer

The working microelectrodes are formed by
magnetron sputtering of copper and gold sequen-
tially on the parylene surface through a mask with
300x300 pm holes. The first sputtering layer is
made by copper with a thickness of about 300 nm
for subsequent filament formation in the parylene
layer. The above metals were chosen because of their
wide application in electronic engineering, includ-
ing the fabrication of memristive devices [6].
Gold was chosen as the electrode material due
to its high biocompatibility, corrosion resistance
in physiological solutions and low impedance at
the electrode-electrolyte interface. Copper was cho-
sen as an electrochemically active metal to form
the filaments through the layer of parylene insula-
tor by analogy with the technology of filament for-
mation in the manufacturing of neuromorphic
systems [7].

An innovative aspect of the developed cell is appli-
cation of conductive filament formation technol-
ogy to make an electrical contact between plati-
num microelectrodes and underlying ITO electrodes
through a parylene layer. This process is carried
out by applying a controlled voltage (5-7 V) between
the platinum microelectrode and the corresponding
ITO contact with current limitation at 100 pA. This
leads to a local electrical breakdown of parylene and
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Puc.2. iumezpayus myabmu3snekmpooHoU s4eliku ¢ cucmemoll
nepdy3uu u GYHKUUOHAABHBIMU OmeepcmusiMu 0AS1 3AeKmpo-
008 CKAHUPYIOW,e20 KANUAASIPHO20 MUKPOCKONd

Fig.2. Integration of the multielectrode cell with the perfusion sys-
tem and functional holes for electrodes of the scanning capillary
microscope

HUX IIPOBOAKMMOCTH B 3aBHCHMOCTH OT IIPHJIOXKeH-
HOT'0 HaIIPSIKeHHUSI, YTO MOKeT OBITh HCIIOTb30BAHO
IJISI UMUTALM U CHHANITUYeCKOM IIAaCTUYHOCTH IIPU
paspaboTke 6HMOMUMeTUYECKUX HEHMPOUHTepden-
coB. KpoMe Toro, HeJIMHeKMHas IPOBOAKMMOCTD QHIa-
MeHTOB obecreYrBaeT eCTeCTBEHHYIO QUIBTPALUIO
BBICOKOYACTOTHBIX COCTABIISIIOIIUX PETUCTPHPYEeMBIX
CHUTHAJIOB, YJIy4YIlas OTHOLIEHHe CUIHAJI/IIYM IIpH
3aIIKCH [TOTeHIIHaJIOB JeHCTBUS. [IpH 9TOM MapuJieH
obrazaeT BaKHBIMH CBOMCTBAMH GHOCOBMECTHMOCTH,
SIBJISI€TCSI XUMHUYeCKH MHePTHBIM U 06/1afjaeT FTHOKUM
HabopoM QYHKIIMOHAIBHBIX CBOKCTB [9].

NHTerpaums KynbTypanbHoii Kamepbl

[l co3MaHUS KYAbTypPaabHOM KaMepPbl UCIIOIb3Y-
eTcst MoAUGUIIMPOBAHHAS IIOJIUCTHUPO/IOBAS YallIKa
[TeTpu guameTrpoMm 40 mMm (puc.2). MoaudUKaI U
MIPOM3BOAUTCS IIyTeM MeXaHHYeCKOro yaaaeHUs JHA
YaIIKH MeToLOM abpa3uBHON 06paboTKU U MOCIeny-
Ioler GUHUIITHON NOBOAKU XHUPYPruueCKHUM CKaJlb-
nesieMm 1151 obecrieueHUs POBHOIo Kpasi. [lonydeHHOe
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preparing of a nanometre conductive channel with a
controlled ohmic characteristic [8].

The peculiarity of the formed filaments is possibil-
ity of controlled change of their conductivity depending
on the applied voltage, which can be used to simulate
synaptic plasticity in development of biomimetic neu-
rointerfaces. In addition, the nonlinear conductiv-
ity of filaments provides natural filtration of high-fre-
quency components of recorded signals, improving
the signal-to-noise ratio when recording action poten-
tials. At the same time, parylene has important prop-
erties of biocompatibility, is chemically inert, and has
a flexible set of functional properties [9].

Integration of the cultural chamber

A modified 40 mm diameter polystyrene Petri dish is
used to make the cultural chamber (Fig.2). Modification
is performed by mechanical removal of the bottom
of the cup by abrasive blasting and subsequent fin-
ishing with a surgical scalpel to ensure an even edge.
The obtained polymer ring is fixed on the surface
of the electrode substrate using UV-curable acrylic
resin, which, due to its biocompatibility, is success-
fully used in development of commonly available com-
mercial cell variants [10]. The curing process is carried
out using UV radiation (A=365 nm, power 100 mW/cm?)
for 10 minutes, which ensures complete polymerisation
of the adhesive and minimises the amount of unreacted
monomers.

The height of the culture chamber is 5 mm, provid-
ing a total available volume of about 6 mL with a cul-
tivation area of ~12.6 cm?. This configuration is opti-
mised to maintain a stable volume of culture medium
while minimising the gap between the medium sur-
face and the microscope objective, which may be impor-
tant for high-resolution optical microscopy techniques
for initial probe alignment.

Integration of the neuronal viability maintenance system
For long-term invitro studies of living neural networks,
it is important to reproduce physiological conditions,
including the temperature regime (37 °C) and gas com-
position of the medium (5% CO,) [11].

The system of gas environment maintenance is
based on continuous supply of prepared gas mixture
through the cell with culture. The gas flow is regulated
by a rotameter connected to a cylinder with a reducer,
which allows precise dosage of gas composition and
speed of its supply to the cell. Continuous gas supply
provides maintenance of constant CO, concentration
in the contact zone between liquid and gas medium
and allows to compensate for leaks occurring through
the technological holes of the capillary microscope.

The microfluidic system includes a MasterFlex C/L
peristaltic pump, a thermostated buffer tank, and
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[I0JIMMePHOe KOJIbIO0 QUKCHUPYETCS Ha IOBEPXHO-
CTH 3JIeKTPOJHOU IOMAJIOXKH C HCIOJb30BaHHEM
Y®-oTBepKAaeMOoM aKpHUI0BOk CMOJIBI, KOTOpasi, b1a-
rogaps ee 6MOCOBMeCTUMOCTH, YCIIEIIHO HCIIONb-
3yeTcsi Ipu pa3paboTKke 06meIOCTYIIHEIX KOMMeEp-
4YeCKHX BapUaHTOB f4eek [10]. ITpomecc oTBepxkae-
HHM S IIPOBOJUTCS C UCII0/Ib30BaHUeM YO-H31yYeHU
(A171=365 HM, MomHOCTb 100 MBT/cM2) B Teye-
Hue 10 MUH, 4To obecreunBaeT MOJHYIO IIOTHMe-
pHu3anMIo afare3yvBa U MUHHUMHU3HUPYET KOTUYECTBO
HeIlpopearupoBaBIIKX MOHOMEPOB.

BricoTa KyJAbTypalbHOK KaMepbl COCTaB-
nseT 5 MM, 4uTo obecrieunBaeT O6IMM NOCTYIHBIN
06beM mopsiika 6 MJI IPH IJIOLWALH KyJIbTHUBHPOBA-
Hus ~12,6 cM?. Takast KOHOUTYpaLIUsI ONTUMHU3HPO-
BaHa J15 Mo Jep>KaHU s CTabunpHOro o6beMa KyJib-
Typa/bHOM CpeJbl IPY MUHUMHK3aLlUK PACCTOSIHUS
MesKy ITIOBePXHOCTBIO Cpefibl U 06beKTHBOM MHUKPO-
CKOITa, YTO MOKeT OBITh BaKHO JI/I1 MEeTOZ0B OITHYe-
CKOM MHKPOCKOIIHH C BBICOKKMM pa3pellleHHeM IIPH
HavyajabHOM IOCTHPOBAHHUH HU3MEPUTE/IbHBIX 30HI0B.

WHTerpaums cuctembl NoAAepXKaHNS XXU3HECNOCO6HOCTH
HeMpoHOB

J7151 I/INTeIbHOTO HCC/IeJOBAHU S SKUBbIX HEHPOHHBIX
ceTeH in vitro Ba>KHO BOCIIpOM3Be/leHHe QU3HOIOTU-
YeCKHUX YCJIOBHH, BK/IIOYasi TeMIlepaTyPHBI pexkUM
(37 °C) mra3oBsl¥ cocTaB cpensl (5% CO-) [11].

CucTteMa mofJep>KaHUs Fa30BOM Cpefibl OCHOBaHa
Ha HeIlpepBIBHOM II0faye 10 TOTOBJIEHHOM Ia30BO1
CMecH 4epes3 SSUYeHKy C KyJAbTypoH. I'a30BbIH IIOTOK
peryiupyercs poTaMeTpoM, IOAKIIOUYEeHHBIM K 6a-
JIOHY C PelyKTOPOM, UTO I103BOJISeT TOYHO JO03HPO-
BaTh COCTaB ra3a M CKOPOCTD €ro ImoJadH B SYeHKY.
HemnpepbIBHas Mofava rasa obecredunBaet moagepska-
HUe [IOCTOSHHOU KoHIleHTpaliuu CO: B 30He COIPH-
KOCHOBEHH I JKU/IKOCTH C Fa30BOM CPeJIOH 1 I103BOJISeT
KOMIIEHCHPOBATh yTeUKH, BOSHHUKAIOLIKe Yepe3 TeXHO-
JIOrMYeCKHe OTBePCTHS KaIllMJIISPHOIO0 MUKPOCKOIIA.

MuxpodnoraHas CUCTeMa BKJIIoYaeT [IepPUCTalb-
TH4YeCKHUI Hacoc MasterFlex C/L, TepMOCTaTHUPOBaH-
HBIH 6aK /151 6ydepa 1 3aMKHYTBIA KOHTYP LIPKYJIS-
nuu 6rocoBMecTUMBIX TPybok FedroTek. Harpes pacrt-
Bopa 210 37 °C 0CyIeCTB/ISLeTCS. U30/IMPOBAHHBIM 3J1e-
MeHTOM C ITMI-peryasaTopoM, YTO HCK/IHYaeT TeMIIe-
paTypHble IPaJHeHThl 1 II03BOJISeT CO3JaTh CUCTEMY
C BBICOKOK TOYHOCTBIO TeMIIepaTyPHOK CTabHIH3al 1.
[TepycTanbTHKA obecriedrBaeT MyIbCAI[UI0 IIOTOKA CO
CKOpOCThI0 50200 MKJI/MHH, UMUTHPYS €CTeCTBeHHYIO
repdy3HIo TKaHeH, IIPYU TOM 00beM STUeHKHU U YCTPOH-
CTBO BXOJSIIHX-BBIXOASIIUX KIAaIlaHOB B obbeMe
SYeHKH I103BOJISIeT CO3JaTh JAMHHAPHBIM IIOTOK, YTO
SIBJISIETCS KPUTHYECKM BaKHBIM [IJ1S1 COXPaHeHU S YK 3~
HeCIocobHOCTH KJIETOUHBIX KY/IbTyp. MHTerpamnus
0benXx MOACHUCTEM B MUKPOCKOIIHMYECKHU I KOMIITEKC

a closed circulation loop of FedroTek biocompatible tub-
ing. The solution is heated to 37 °C by an isolated ele-
ment with PID control, which eliminates tempera-
ture gradients and allows for a system with high pre-
cision temperature stabilisation. Peristalsis provides
pulsatile flow at a rate of 50-200 pl/min, mimicking
natural tissue perfusion, with the cell volume and
inlet/outlet valve arrangement within the cell volume
to make laminar flow, which is critical for maintain-
ing cell culture viability. Integration of both subsystems
into a microscopic complex allows long-term monitoring
of morphofunctional dynamics of neurons without dis-
turbing physicochemical parameters of the medium.

CONCLUSIONS

The developed biocompatible multi-electrode cell opens

new possibilities to study the neural network dynam-

ics invitro. Key advantages of the system:

1. Multimodal recording: Synchronous recording
of electrical activity (10 kHz sampling rate) and
SCM imaging with electrical bandwidth in the
range 0-10 kHz, (1 frame in 5 minutes at a field of
50x50 pm?) allow real-time correlation of functional
and structural changes.

2. Biomimetic interface: Memristor filaments mimic
the non-linear properties of synapses, enabling two-
way interaction with the neural network.

3. High reproducibility: all components to build the cell
are commercially available.

Promising applications include:

+ Development of biochips for Alzheimer’s disease drug
screening with ability to track f-amyloid-induced
synaptic dysfunction;

+ study of the mechanisms of epileptogenesis through
spatial and temporal analysis of the spread of patho-
logical activity;

+ development of new generation neurointerfaces with
feedback based on morphofunctional parameters.
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HAHOTEXHO/OrUU

[103BOJIsIeT IPOBOAUTD JOJITOCPOYHEIN MOHUTOPHUHT
MopdoPyHKIIMOHAIBHOM JUHAMHUKH HEHNPOHOB 6e3
HapyLIleHU s QU3UKO-XMMHYECKHUX [TapaMeTPOB CPefbl.

BbiBOJbl

Pa3paboraHHas 6HMOCOBMeCTUMAasl MYJIbTHIIEK-

TpoLHas sSuelka OTKpbIBaeT HOBble BO3MOXKHOCTH

[lJI UCCIelOBAaHUS JHMHAMUKH HEeHMPOHHBIX CeTel

invitro. KyitoueBble IPeMMYIIeCTBA CHCTEMBL:

1. MyasTHUMOnaNnbHas perucrpauus. CHHXPOHHAs
3aIIMCh 3/IeKTPUYECKON aKTUBHOCTH (4acTOTa LHUC-
kpeTu3anuu 10 k') u CKM-BU3yanu3al U C [10JI0-
COM IPONYCKAaHHUS 3/JeKTPUYeCKOro CHIHalla
B nuamna3soHe 0-10 kT (1 Kafgp 3a 5 MUH IPU HoJIe
50x50 MKM?) II03BOJISIIOT KOPPEIHPOBATH GPYHKIIKO-
HaJIbHbIe U CTPYKTYpPHBbIe U3MEHeHUS B PeajlbHOM
BpPeMeHH.

2. BuoMHMeTHYeCKHI HHTepderic. MeMPUCTOPHBIe
bunaMeHTE HMUTUPYIOT HeJIMHENHbIe CBOMCTBA
CHHAIICOB, obecIieurBasi IBYCTOPOHHEee B3aKMOJeH-
CTBHe C HEPOHHOMU CeThIO.

3. BpIcOKas BOCIPOH3BOAHMOCTD. Bce KOMIIIEKTYIO-
IMKe /151 CO3IaHUS STUeH KU SIBISIOTCS KOMMepye-
CKHU JOCTYIIHBIMH.

[lepcriekTHBHEIe HallpaBjleHUs IIPUMEHeHHUS

BKJIIOYAIOT:

e co3maHMe OMOYMUIIOB ISl CKpUHHUHTA [IPelapaToB
npoTuB bone3Hu AnbpLreliMepa ¢ BO3MOKHOCTBIO
OTC/IeXKUBAaHUS B-aMUIOUI-UHAYLHPOBAHHOU
CHHAIITHUYeCcKOHN AUCPYHKIIUU;

* MCCJIelOBaHHe MeXaHHM3MOB 3IIHJIeIITOreHe3a Yyepes
[IPOCTPAHCTBEHHO-BPeMeHHOM aHa/IH3 PacIIpocTpa-
HEeHUS [IaTOJIOTUUYEeCKOM aKTUBHOCTH;

 pa3paboTka HeMPOUHTepPdericOB HOBOI'O IIOKOIEHH SI
€ 06paTHOM CBsI3bI0 Ha OCHOBE MOPPOPYHKIIHOHAIIb-
HBIX IIapaMeTpOB.

BJIATOAAAPHOCTHU

HccnemoBaHUe BHIIIOJIHEHO B paMKaX rocyaap-
CTBeHHOro 3agaHus MI'Y umenu M.B.JlIomoHOcCOBa.
10 "®emToCKaH OHNIAHH" IPeLOCTABIEHO
OOO HIIII "LleHTp NepCcIeKTUBHBIX TEXHOIOT U .
www.femtoscan.ru.

NHOOPMALIUA O PELLEEH3MPOBAHUK

Pepmakuus 61arofapUuT aHOHHMHOIO pelleH3eHTa
(pelLieH3eHTOB) 3a UX BK/IaJ, B peLleH3POBaHUe 3TOk
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CalTe
SKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BH e B HOB
eLIBRARY.RU.

Jekaapauus o KoHpAuKMme uHmepecos. Asmopsl 3aa8Aat0M 06
omcymcmauu KOHPAUKITO8 UHMepecos UAU AUYHBLX OMHOLWEHU,
Komopble Mo2Au bbl n08AUSMb HA pabory, npedcmasAeHHyto 8 daH-
Holl cmambe.
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®ryn "LHUMXM" - HANPABNIEHUE HAYYHON REATENbHOCTH

[OCYAAPCTBEHHDIIA HAy4YHbLIA LeHTp GefepanbHoe rocyaapCcTBEHHOE YHU-
TapHoe npeanpusTue "LleHTpanbHLIA HAY4HO-MCCNeA0BaATENbCKUA MHCTH-
TYT XuMun v Mexanukn (OTYMN "LLHUMXM") Haxo4uTcs B BEZOMCTBEHHOM
nopgunHeHun OegepanbHoit CyXO6bl MO TEXHNYECKOMY 1 3KCMOPTHOMY KOH-
Tponto (OCTIK Poccun) 1 SBASIETCS OAHUM W3 Hambonee AUHAMUYHO pas-
BUBAIOWLMXCS MEPeOBbIX MPeAnpuATUIA 060POHHO-MPOMBILIIEHHOTO KOM-
neKca CTpaHbl.

WHCTUTYT CYLLeCTBEHHO MOAEPHNU3MPOBAN COBCTBEHHLIA HAY4YHO-TEXHM-
Yeckui NOTEHLMaN 1 CO34aN COBPEMEHHYI0 MHOPACTPYKTYPY, MOBbILIAIOLLYIO
BO3MOXXHOCTM MHCTUTYTA MPY NPOBEAEHUN MPOPLIBHLIX MCCIEA0BAHNN, Pa3-
paboTke W BHEAPEHUI0 WHHOBALMOHHLIX TEXHOMOTWA, MPOEKTUPOBAHWIO
COBPEMEHHOI TeXHUKM onepexaloliero ypoBHs. OZHUM M3 HanpaBieHWi
Hay4HOW AesTeNbHOCTM ABAAIOTCA UCCIELOBAHNS 1 pa3paboTky B 06nacTyh
HAHOTEXHONOTWNA, CO3AAHMS HAHOMATEpUAN0B, HAHO- U MUKPOCUCTEMHON
TeXHUKM NS CUCTEM BE30MaCHOCTH.

Mpeanpusitue npoBoantT HWOKP u u3rotaBamBaer u3jenus Ha 6Hase
TEXHONOTUIA HAHO- ¥ MUKPOINEKTPOMEXaHUYeckux cuctem (MIMC) u HaHo-
CTPYKTYPUPOBAHHbIX MaTepuanoB. OCHOBHOW MPOAYKLMen SBAAOTCSA
MUKpOMEXaHNYeckne MHepLumuanbHble AaTYuKu W MOAYNN HA WX OCHOBe,
WHOpaKpaCHLIe AeTeKTOpbl, TOHKOMNEHOYHbIE MArHUTOMETPLI, CONHEYHbIE

TEJNIErPAM-KAHATN

HAYYHOIO U3OATEJ/IbCTBA «TEXHOCODEPA»

¢ OHNalH penopTamu C KPYNHEMLIWK BLICTABOK OTRacnM

¢ AHOHCH MEpPONPUATHA
C Y4aCTHEM TEXHHUYECKMX IKCNEepToB

¢ CHEWMAKW HAa #ypHanel w3gaTenecTea oo 25%

o KOHKypCbl M PO3bIrPbILWM OT BEAYLUMX KOMNaHWA

KHM¥HBIE HOBMHKM U Npe3eHTaumMK
HOBBIX BEANYCKOB AypHana

NOONUCBIBAWUTECH u ocTaBaiTech B Kypce cobbITUi

LaT4yuKN, MAEHOYHbIE TennoBble W3ny4yaTeny, TBEpAOTOMIMBHLIE MUKPO-
ABUTATeNN W NpoYue MpeLyu3nOHHbIe AATYUKN U aKTI0ATOpbl B MUKPOMU-
HWATIOPHOM WCMONHeHUU. TpUMeHeHue YKa3aHHLIX W3fenui obecneyw-
BAeT HOBbIE KA4ecTBa annapaTypbl W pelleHne 3afay UMMopTo3amelleHus
KOMMOHEHTOB MOTPeOUTENLCKOI INEKTPOHUKM, cucTeM HTepHeTa Bellen
1 [OMALIHeA aBTOMATU3aLuK, CUCTEM YNpaBAeHus U 6e30MacHOCTM aBTo-
MOBMABLHOTO, Xene3HOZOPOXHOTO U aBMUALMOHHOTO TPAHCMOPTA, CUCTEM
KOHTPONIS COCTOSHUS MPOMbIWNEHHBIX 3AAHMIA N COOPYXeHUI, a Takxke
C03[)aHNSA HOBLIX TWMOB ABTOMATWU3MPOBAHHLIX YCTPONCTB MeAULUHCKOrO
NpUMeHeHus.

TexHonornyeckas nuHug wm3rotosnedns MIMC no3songer OryM
"UHUNXM" peanusosath 4yBCTBUTENbHbIE 3n1emeHTbl MIMC-paTyunkos
W WCMONHUTENbHbIE 3N1EMEHTbI aKTIOATOPOB MO TeXHONOrusM 06bem-
HOM W  MOBEPXHOCTHOW  MWUKPOO6PaboTKM,  KPeMHMIA-HA-M30NSTOpeE,
C MCNONL30BAHMEM MONNMEPHLIX M HEOPraHW4eckux XepTBEHHbIX COeB.
MHoOroo6pasHble MeToAbl OCaXAeHUs CNoeB M3 ra3oBOi M Xuakon a3
no3BoAsioT (GopMUpoBaTb (GYHKLMOHANbHBLIE MOKPLITUS C BbICOKOW CTe-
MeHbl0 OfHOPOAHOCTW. DTO HAHECEHWe MNEHOK B MJa3Me MarHeTpoH-
HOTO Ppa3psfa, INeKTPOHHO-NyYeBOe, MNA3MOXMMUYECKOe, XWUMUYecKoe
11 31EKTPOXMMIYECKOe OCaXAEHNe. sl CO3AAHMS CYOMUKPOHHBIX CTPYKTYP
C ynpasnseMbiM Npoduaem TpaBneHNUS UCMOb3YIOTCA NAA3MOXMMUYeCKue
11 PeakTUBHO-MOHHbIE MeTodbl. C LieNbio YCKOPeHUs MpoLeccoB U3roToBe-
HWS 1 NPOBEAEHNS TEXHONOTMYeCKnx 06paboToK HA HOBOM YPOBHE aKTUBHO
BHEAPAITCA afAUTUBHbIE TEXHONOTMM, MPOTOTUMMPOBAaHUE W LN(pPOBbIE
LBOMHMKM.

HUWNXM

C 894 roaa
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