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MUKPO®JIIOUJHOE YCTPOMCTBO "OPI'AH-HA-UUIIE"
C MOPUCTON MEMBPAHOM AJs1 JJAUTEJBHOI'O
KYJBTUBUPOBAHUA KJIIETOK

B Hactosmee Bpemst MEKpO(IIIONAHBIE YCTPOMCTBA "OpraH-Ha-4uIle” pacCMaTpHBAIOTCS B KaU€CTBE albTEPHATHUBHI
JUISL TECTUPOBAHMS JIEKapPCTBEHHBIX MPETIapaToB B X0J€ MPOBEACHHS JTOKIMHUYECKUX HCCIeIoBaHni. B HUX MOXXHO
MOJIETIMPOBATh CTPOEHHUE U (YHKIIMH OTJEIbHBIX OPTaHOB M CHCTEM OPTaHOB YEIOBEKa, TAKHX KakK JIETKHE, IeUCHb,
MOYKH, KMIIEYHUK M JIp., U TECTUPOBATh HAa HUX pa3HOOOpa3Hble BeuiecTBa. OJHUM W3 KIIOYEBBIX JJIEMEHTOB YCT-
poiicTB "opraH-Ha-uure" sBisieTcst rTiOKas mopucras MeMOpaHa, UCII0JIb30BaHUE KOTOPOH ISl pocTa KJIETOK 103BO-
JSIET U3y4aTh OTKJIMK KJIETOK Ha MEXaHHYEeCKHEe M XMMHUUECKHe CUTHaNbl. B HacTosei paboTe ObuT pa3paboTan mMe-
TOJ| M3TOTOBJICHHSI MUKPO]IIOMIHBIX YCTPOHCTB "opraH-Ha-4yuiie" ¢ rHOKOW MOJABEIICHHOH MOPHCTON MeMOpaHOH
U3 MONUAMMETWICHIIOKCAaHa C J100aBICHHEM MHOTOCTEHHBIX YIVICPOJHBIX HAaHOTPYOOK, IMOBBIMIAIOINX MEXaHHYe-
CKYIO TIPOYHOCTh MEMOpPAHBI M HE BIMAIOIINX HA €€ ONTHYECKHEe CBOWCTBA. Mcronp30BaHNe yriieposHBIX HAHOTPY-
00K ITO3BOJIMIIO YBENWYUTH IUIONIAb M3TOTaBIMBAEMBIX MEMOPaH W CHU3UTH BEPOSITHOCTh MX pa3pblBa B Ipolecce
M3rOTOBNCHMA. /711 pOCTa KIETOK B M3TOTOBJICHHBIX YCTPOWCTBAax "OpraH-Ha-dmme" HCIOJIb30BATACH ITACCHBHAs
CMEHa MUTATEJbHOW Cpellbl, OCHOBaHHAsl Ha MEPHOJNYECKOM M3MEHEHUH Yrila HaKJIOHA YCTPOMCTBA, PACIIOJIOKEH-
HOT'O Ha Ka‘laIOLlIeﬁcﬂ HﬂaT(i)OpMe. Taxkoit MOAXO0A MO3BOJIWII KYJBTUBUPOBATH KJIICTKU MOJC/IBbHBIX KJICTOUYHBIX JIN-
HUI B TeueHue Ooyiee 7 IHEW C )KU3HECHOCOOHOCTHIO Ooyice 95%. IlosyueHHBIE pPe3yabTaThl CBUICTEIBCTBYIOT
(6] xopomeﬁ 6I/IOCOBMeCTl/IMOCTl/I HCIIOJB3YyEMOI'0 KOMIIO3UTa U €T0 IMPUMEHHUMOCTU AJIs1 U3TOTOBJICHUA FI/I6KI/IX I10-

pHUCTBIX MeMOpaH B ycTpoiicTBax "opraH-Ha-uure".

Knouesuie crosa: MUKpOGIIIOUINKA, MUKPO(IIIOUAHOE YCTPOUCTBO, MUKPO(IIOUAHBIN YU, OpraH-Ha-duIle,
TKaHeBasi MH)KEHEPHs, TECTUPOBAHHUE JIEKAPCTB, MOJIUAUMETHICUIIOKCAH, TIOpUCTas MeMOpaHa

BBEJEHUE

OnHrM W3 KITIOYEBBIX STAloOB Pa3pabdOTKH JeKap-
CTBEHHBIX IPENapaToB SIBIACTCS MPOBEACHUE HCCIie-
noBaHUK A((HEKTHBHOCTH W TOKCHYHOCTH TI€PCIIEK-
TUBHBIX BEIIECTB Ha J1aOOpaTOPHBIX KUBOTHHIX. He-
CMOTPS Ha TO, YTO CYLIECTBYIOIIME TPeOOBaHUA
NPEANUCHIBAIOT MPOBOJIUTH JOKIMHUYECKUE HCCIIEN0-
BaHMsSI MMHUMYM Ha JBYX THIaxX J1aOOpaTOPHBIX >KH-
BOTHBIX, OJUH M3 KOTOPBLIX HC ABJIACTCA T'PBI3YHOM,
NoJy4aeMble pe3ylbTaThl 4acTo 0O0NagaroT HHU3KOU
NPEACKa3yeMOCTbI0 B OTHOIIEHHM CIEHU(PUIHOCTH
Y TOKCUYHOCTH TECTHPYEMBIX MIPENapaToB y YeloBeKa
W HE TO3BOJISTIIOT aJ€KBAaTHO Ipencka3ath 3PQeKTsl,
HaOJII0/JaeMbIe B KIIMHHMUYECKUX UcclieoBanusx [1, 2].
B ugacTHOCTH, ycnemIHbIe PEe3yIbTaThl UCTIBITAHUMN HO-
BbIX MpE€HapaTroB, MOJYYCHHBIC Ha XKMBOTHBIX MOJE-
75X Oone3Hu AJblreiiMepa M BOCTIAIHMTENBHBIX 3200-
JIeBaHUH, 3a4acTyl0 HE BOCHPOM3BOAITCS B KIMHHUYE-
CKHUX UCCJIEIOBAHUAX Ha JoAsX [3, 4]. Ogaum u3 sp-
KHX IPUMEPOB TAKOr0 IPOBaia SIBISETCS MOHOKIO-
HanpHOe aHtuTeno Conanesymad, KOTOpOE HE TOKa-
3a]10 HUKAKOW I(PQPEKTUBHOCTH B IJIEYCHUU OOJIE3HH
AnprreiiMepa B SKCIIEPUMEHTAX Ha JIOAX, HECMOTPSA
Ha OOHa/IEXMBAIOLINE PE3yJbTaThl B 3KCIIEPUMEHTAX
Ha )KUBOTHBIX [5].
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B nacrosmiee Bpemsi B CBSI3U C OTCYTCTBHEM pelie-
BaHTHBIX )KUBOTHBIX MOJIENEH JJIsl MHOTHX 3a0o0JieBa-
HUM HaOIIOAeTCsl aKTUBHBIN MOMCK aJIbTEPHATUBHBIX
METOOB U TEXHOJIOTUH, CIIOCOOHBIX 3aMEHUTH TPaIu-
LMOHHBIE TECTHI HA )XKMBOTHBIX. MUKpoQu3nonoruye-
cKue MHUKpo(dIounHbe ycTpoiicTBa "opran-Ha-unie"
(organ-on-a-chip) mMOSBMIKMCH Kak aJlbTEPHATUBHAS
wiatopma Uil TECTUPOBAHUS JIEKAPCTBEHHBIX IIpe-
I1apaToB in Vifro JJisl YCTPAHEHUs HENOCTATKOB CYILE-
CTBYIOIIMX AOKIMHUYECKHX Moneiei [6]. B ycrpoii-
cTBax '"opraH-Ha-uuie" BO3MOXHO CO37aBaTh KOH-
TPOJIMPYEMbI€ MUKPOCPEbI, B KOTOPBIX KIETKH MOT'YT
BOCTIPOM3BOJIUTH CIIOKHBIE aHATOMHYECKUE M (PYHK-
MUOHAILHBIE OCOOCHHOCTH JKUBBIX YEJIOBEYECKHX
TKaHed U opraHoB. IIpenmnonaraercs, 4ro Takue Mo-
JIeNTd TKaHed M OpPraHoB MOTYT MPEIOCTAaBUTH HCCIIe-
noBaTensiM OoJiee MOJHbIE U TOYHBIE IaHHBIE O peak-
OUSX HAa TECTHPYEMBbIE MOJIEKYJbl 10 CPaBHEHHIO
C pe3yibTaTaMu, MOJIYYEHHBIMH IPU HMCIHOJIb30BAHUU
TPATUITUOHHBIX TOKIUHUYECKUX METOIOB [6].

OmHUM W3 TIEPBBIX MHUKPOQIIOUIHBIX yCTPONCTB,
MOJEJUPYIOINX (DYHKIHHU LIEJIOr0 OpraHa, SBISETCS
YCTPOUCTBO  "NMerkoe-Ha-uuime", MpeacTaBICHHOE
B 2010 1. [7]. C ero mosBICHUEM CBS3BIBAIOT M BO3-
HUKHOBEHHE CaMOro TepMUHa '"opraH-Ha-uurme'.
B manpneitmem Obputm pa3paboTaHBl yCTPOWCTBA, MO-
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Jenupyomme QyHKINOHATLHOCTh CaMBIX Pa3HBIX Op-
T'aHOB B YCJIOBUSIX in Vifro, TAKHX Kak IedeHs [§], mou-
ku [9], xumeunuk [10], cepmue [11], mo3r [12, 13]
u ap. Taxke wccieoBaTeNd TPUIATAIOT OOJbIIHNE
yeunust Uil OOb€AMHEHHUs MOJENe HECKOIBKHX Op-
TaHOB B OJIHOM MYJbTHOPTaHHOM YCTPOMCTBE, MOJY-
YUBIIEM Ha3BaHue "YeoBeK-Ha-uuIle", IS MCCIEI0-
BaHUs MX B3aMMOJCHCTBHA MEXAy coOoi M aHamm3a
HUX COBMECTHOI'O OTKJIMKAa Ha BBEIECHHE JIEKApPCTBEH-
HBIX TIpenapaToB [14]. PazpaboTanHsie Ha ceroHsII-
HUU JIEHb MOJIEIN TAKUX YCTPOMCTB MOTYT BKJIFOUATh
oT 2 10 10 pa3auyuHBIX MOJIeNel OpPTaHOB U CITOCOOHBI
o0ecreynBaTh MMUTALMIO CIOXHBIX (usnonoruye-
CKMX M NaTo(U3MOJOTMYECKHX pEeaKUHid, HarmpuMep
MOJIETTMPOBAHNE PETYJIAINN CeKpeuy nHeyauHa [1].

B nacrosimee Bpems pa3paboTKOil W MPOU3BOJCT-
BOM YyCTpoOHcTB '"opraH-Ha-uumne" 3aHUMAlOTCS He
TONBKO 0Opa3oBaTeNbHBIE W  HAay4HO-HCCIIEIOBa-
TEJNbCKHUE OpPraHU3alMy, HO U KOMMEpYECKHEe KOMIIa-
HuM, Takue Kak Insphero, Mimetas, Emulate, Hespe-
rosInc., TissUse, Bi/ond, NETRI, BiomimX, Cherry-
Biotech u AxoSim. OHM aKTUBHO BBIBOJSIT Ha PHIHOK
XOPOILO 3apEKOMEH/IOBABIINE ce0sl B UCCIIEAOBaHUAX
yCTpoiicTBa, KOTOpbIe (hapMalleBTUIECKUE KOMITAHUH
HAYMHAIOT BHEAPSTH B Mpolecc pa3padoTKU JIeKapeT-
BEHHBIX Npenapatos. HanpumMep, KIMHUYECKHUE UCIIBI-
TaHWs IIpernapara OT XPOHUYECKOW BOCHAIUTEIbHOU
nemuenuHU3upytome momuueiponatnn  (Clinical
Trial NCT04658472) Obuin omoOpeHbl Ha OCHOBE
JNAHHBIX, MOJYYEHHBIX C MCIIOJIb30BAHUEM MHUKPO-
¢mrongHOTO yeTpOoiicTBa "yenoBek-Ha-uniie" [15]. Bee
3TO MO3BOJIWIO YIPABJICHUIO 10 KOHTPOJIIO KaueCTBa
MUILEBBIX TNPOAYKTOB M JIEKAPCTBEHHBIX CPEICTB
CIIA (Food and Drug Administration, FDA) B 2025
T. BHECTH yCTpOWCTBa "opraH-Ha-uumie" B JOPOXKHYIO
KapTy CHIKEHHsS WCTIONB30BaHHS >KUBOTHBIX B JIOK-
JUHUYECKUX HCCIIEIOBAaHUAX JIEKAPCTBEHHBIX Mperna-
patos [16].

OnHuUMH U3 KIIIOYEBBIX KOMIIOHEHTOB YCTPOMCTB
"opraH-Ha-uune" SBIAIOTCS THOKHE TOJIMMEPHBIC
MeMOpaHbl, KOTOPbIE MO3BOJISIOT MOJCIHPOBATH TKa-
HEBBbIE Oapbepbl B OpPraHU3ME, TaKHe KaK reMaTodH-
nedanuieckuii, reMaTooTaIbMUUECKHUA, TeMaTOILIa-
LEHTapHbIA, a3pOreMaTU4YeCKUuid, I[IOMEPYJISpHBINA
u np. 6apoepsl [17]. UccnenoBanue pa3BUTHS KIETOK
Ha MOPUCTHIX MeMOpaHax B TaKUX YCTPOMCTBAax IIO-
3BOJIIET M3Y4aTh, KaK JBWKEHUE JKUIKOCTH, MEXaHU-
4yeckas aedopManus 1 XUMHUUECKHE CUTHAIBI BIUSIOT
Ha pa3BHTHE TKaHEW M OpraHoB. MeMOpaHBI MOTYT
W3TOTAaBIIMBAThCS W3 TAaKUX PACIPOCTPAHEHHBIX TO-
JUMEPHBIX MaTepUalioB, KaK IOJIMKAapOOHAT, IOJHU-
stunentepedtanar (I19T), nmomuanmeTnIcuaOKCaH
(ITIMC), mommnaktun (PLA) u ap. [18]. KimtoueBsimu
MPEeUMYIIeCTBAMH, TAKUMHU KaK ONTHYECKas mpo3pad-
HOCTb, PacTsHKUMOCTh, ONOCOBMECTUMOCTb U XUMHUE-
CKas WHEPTHOCTh, OOJIAJAIOT ITOPUCTHIE MeMOpaHbI
u3 [IIMC, u3rotoBieHHbIE METOIOM "MSATKON" JTUTO-

rpa¢un. [lo3ToMy OHM HIMPOKO HCHIONB3YIOTCA NPH
W3TOTOBJIIEHWH yCTpoiicTB "opran-Ha-umme" [19].
OpHaKo 0 cUX TOp JI0 KOHIIA He PemieHbl MPoOIeMbl
C MAaCCOBBIM M HAaJACKHBIM H3IOTOBJICHHEM yCTpOﬁCTB
C TakUMH MeMOpaHaMu, IOBBIIIEHHMEM KOJMYECTBA
OJTHOBPEMEHHO aHaJH3HPYEMbIX 00pa3loB U BOCHPO-
W3BOJIMMBIM PA3BUTHEM M POCTOM KJIETOK B HHX, YTO
MO3BOJIMIIO OBl BaJIMAMPOBATh KaK CaMU YCTpPOWMCTBa
"opran-Ha-uune", TaKk ¥ METOAWKH TECTUPOBAHUS Jie-
KapCTBEHHBIX IpemnapatoB [20].

Henbto nanHo# paboThl siBIseTcs pa3paboTka Ha-
JEeKHOTO METOAA M3TOTOBJICHHSI MHKPOQIIIOUIHBIX
YCTPOUCTB "opraH-Ha-yurne" ¢ rMOKOW MOBEIICHHOM
mopuctorr [IJIMC-memOpaHo#t Il MCCIIEOBaHUS
BJIUAHUA MCEXAaHUYCCKUX M XUMHYCCKUX CTUMYJIOB
Ha POcCT KieToK. st aToro 66u10 TIpeIokeHo 100aB-
naTh B coctaB [1JIMC-memMOpaH MHOTOCTEHHBIC YTJie-
pOIHBIE HAHOTPYOKH, BBICTYMAIOIINE B KA4YECTBE ap-
MHUPYIOLIETO MaTepHana, YKPEIUISIOIIEro MaTepHal
MemOpanbl. s pocra knerox Ha [IAMC-memOpane
B MHUKPO(QIIOMIHOM YCTPOMCTBE HCIOJIB30BaJIach
MacCHBHAs CMEHAa IMUTATEIbHOU Cp€abl, OCHOBaHHAaA
Ha NEPHOANYECKOM M3MEHEHHH yIJIa HaKJIOHA 4YHMIIa,
PAacIoNIOKEHHOT0 Ha Kavaromieics miatdopme. Takoi
MOJXOJ TO3BOJMI KyJbTHBUPOBATh KJIETKH MOJEIb-
HBIX KJIETOYHBIX JHWHWUI B TedeHUe Ooiiee 7 IHEH
¢ JKu3HecnocoOHocThIO Oomee 95%.

1. MATEPUAJIBI 1 METObI

1.1 Uzeomoenenue Mukpo@uiouonwix
ycmpoucme

MuxkpodionaHoe ycTporcTBO "opraH-Ha-yure"
COCTOUT U3 TPEX CJIOEB: BEPXHUM U HMKHHUUA CIIOU CO-
JepKaT 1Mo OAHOMY MHKPOKaHaly, KOTOpble B TOTO-
BOM YCTpOMCTBE OyAyT pacmosiaratscsi ApyT Haja Ipy-
TOM, pa3/ielieHHble CPEIHUM CIIOEM, IMPEICTaBISIO-
M co00# THOKYIO MIOPHUCTYI0 MEMOpaHy TOJIIIWHON
50 mxm c¢ puamerpom mop 10 mMxM (cMm. puc. 1).
B BCPXHEM W HMKHEM CJI04X KaHaJlbl OKPY’KCHBL
¢ 00enx CTOPOH ABYMsI HOJIBIMH KaMepaMH, epUoIu-
9YecKoe 3al0JHEHUE KOTOPBIX CXKATBIM BO3IYyXOM Jie-
(dhopMUpyeT TIOPUCTYI0O MEMOpaHy M MOXeT obecrtie-
YMUBaTb MCXAHUYCCKYIO CTUMYJIALUIO KJIIETOK, pacCIlio-
JIO’KEHHBIX Ha MeMOpaHe.

YcrpoiictBo "opraH-Ha-uuniie" ObLIO H3TOTOBJICHO
n3 OHMOCOBMECTHMOIO, 3JIaCTUYHOIO W ONTHYECKH
MPO3PaYHOTO CHJIMKOHOBOI'O KOMIIAyHJA MOJIMANME-
tuicwiokcana Sylgard 184 (ITAMC, DowCorning,
Midland, CIHIA) ¢ WHCIONB30BAaHUEM TEXHOJOTHH
"msrkas" nurorpadus [21]. Ero BepxHuil M HIKHUHA
CJIoU OBUTH COPMHUPOBAHBI ITyTEM OTBEPXKIACHUS Ie-
ra3supoBaHHONW CMECH OCHOBBI, CMEIIAHHBIX B TMpO-
nopuuu 10 : 1. IToaroroBneHHass cMech 3ajlMBa-
Jlach Ha MOMENIEHHY!O B yaiky [lerpu macrep-popmy

HAVYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 3
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Puc. 1. [IpunHuunuanpHas cxema MUKpOQIFOUIHOTO yCTpOUCTBa "opraH-Ha-uure".
a — cxema cOopkH; b — 3D-Mozenb KaHaNoB; ¢ — NPUHLUIT U3TOTOBJICHHS IIOPUCTOW MEMOpaHBI

U BbIAEpKUBasack 4 4 pu temmeparype 65 °C. Mac-
Tep-hopMa TpeaCcTaBisIa COOON KPEeMHHEBYIO TIO-
JIOKKY, Ha TTOBEPXHOCTH KOTOpPOH MeToloM (OTOoNH-
torpagur B doropesucre SU-8 2025 (Kayaku
AdvancedMaterials, USA) Obmn copmupoBaHb
mukpokanansl [22]. [locie otBepxaenus [IIIMC pe-
IUIMKa OTAENAIach oT (OpMBI M pa3pes3anach Ha OT-
JieNbHbIe ycTpoiicTBa. C TIOMOINBI0 TIPOOOHHMKA IS
OMOIICHU KOXH B PEIUIMKAX ObUIN ClIeIaHbl BXOIHBIE U
BBIXOJHBIC OTBECPCTUA JUAMETPOM 2 MM.

J1s M3roTOBIEHNS TOPUCTONH MEMOpPaHBI METOIOM
(dhoTonuTorpad UK U peaKTUBHOTO MOHHOTO TPABJICHUS
OBlIa co3aHa KpeMHHEBas MacTep-popma, comepxa-
asi MACCUB LWJIMHIPHUUECKUX MUKPOCTOJIOMKOB JHa-
MeTpoM 10 MM, BbICOTON 50 MKM U MEXUEHTPOBBIM
pacctostnueM 40 Mxm. [Jlns yMEHbIUEHUs aare3uu
[NAMC k macrep-popMe oHa ObUIa MOKPHITA CIOEM
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (Sig-
ma-Aldrich, 'epmanusi) B BakyymMHOH Kamepe NpHU
KOMHATHOH TeMmIiiepaType B TeueHue 12 4. Ha mactep-
(hopmy nomemanocs ~ 1 T THIaTeNbHO MepeMeIaHHO’
B cooTHomieHuu 10 : 1 u merazupoBaHHOM cMmecH Oc-
HOBBI W oTBepautens Sylgard 184. Ilocme »storo
Ha MacTep-popMy HAKIIABIBAICS MPSIMOYTOJbHBIN
ook u3 IIJIMC, Ha KOTOpOM pacmomnaraics rpy3 mMac-
coii ~ 1 kr. OTBepkIaeHne MeMOpaHbl OCYIECTBIIS-
nock npu Ttemneparype 75 °C B Teuenue 4 4. Coot-
HOLIEHHWE OCHOBHI M oTBepauTens B [I[IMC-01oke —

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 3
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Trichloro(1H,1H,2H,2H-perfluorooctyl)silane. Ilomy-
yuBIIasics MeMOpaHa aKKypaTHO OTAeJsUIach OT Mac-
tep-popmer u ot IIJIMC-6110ka B €MKOCTH C 3THIIO-
BbIM CITUPTOM.

Coopka  mukpodarongHoro  "oprana-Ha-yuie"
OCYILIECTBIISUIACh IIyT€M MOCIIE0BATEIBLHOTO COeIu-
HEHUS BCEX CJIOEB MOCJEe 00padOTKH TMOBEPXHOCTEH
KHCIIOpOAHOW Tura3Moi B ycraHoBke V15-G (PINK
GmbH Thermosysteme, ['epmanus). Hanoxenue u
BBIDABHUBAHUE CIIOEB JAPYI OTHOCHTENFHO Jpyra
OCYIIIECTBIISUIOCH Cpa3y IMOCIe MIa3MeHHONH 00paboT-
K{ TTIOBEPXHOCTEH C KOHTPOJIEM COBMEIIEHHS B OITH-
yeckuid MUKpockorn. CoOpaHHass KOHCTPYKIHS BbI-
nepkuBanack npu Ttemmeparype 75 °C B TedeHme
12 4.

Jiid  TOBBIIEHMS  MEXaHWYECKOM  IMPOYHOCTH
[NAMC-MeMOpaHbI ¥ CHIDKEHHUS! BEPOSITHOCTH €€ pas-
pBIBa B Ipoliecce OTAETCHUSI 0T MacTep-(QopMBbI B ee
coctaB ObUTH JO0aBIEHB MHOTOCIIOIHBIE YTIIEPOTHBIC
HanotpyOku (YHT) (Kuraii), dopmupyromme apmu-
PYIOIIYIO0 CeTKy B Martepuaie. [l CO3MaHusl TaKOro
KOMITO3HUTa TOTOBHUTCS CYCIEH3UsI HAaHOTPYOOK B M30-
MPOIWJIOBOM criupTe B KoHueHTparuu 0.02 r/mi, xo-
TOpas TIIATEIBHO MepeMenTnBaeTcs U 00padaThIBaeT-
cs B yJIbTpa3BykoBOM BaHHe B TeueHue 4 4. [locne
00paboTKM HAaHOTPYOKM OCaKIAIOTCS HAa MeTaJuInde-
CKYIO IOJUIOXKKY, 8 U3JIHIIKH W30TPOIUIOBOTO CIIHP-
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Ta YOAJIAIOTCH. HOJ’Iy‘II/IBH_[aSICﬂ KOHUOCHTPpHUPOBaHHAA
cycrieH3us nobasisiercs B ocHOBY Sylgard 184 B xoH-
neHrpauuu ~ 5% (1mo Macce), TIIATEIbHO MEepeMeIH-
BaeTcs U jaerasupyercs B TeueHue 12 4. Ilomyuus-
IIasiCSl CMECh OCHOBBI C YTJIEPOAHBIMH HaHOTPYOKaMu
MOXET XPAaHWUTHCS IPU KOMHATHOM TeMIleparype
10 ucnosk30Banus. [lepex u3roroiaeHneM MeMOpaHbI
JaHHAsl CMECh CMEIIUBAETCS] C OTBEPJUTENEM B COOT-
vomenuu 1 : 10 (o macce), THIATENBHO TMEPEMEIIH-
BaeTcsd M Jera3upyercs, IMOcie Yero HCIOoJIb3yeTcs
COTJIACHO MPOTOKOITY, IPUBEICHHOMY BBILIIE.

'eomerpuyeckue pasMepsl BCeX IOJNyYEHHBIX
MHUKPOCTPYKTYp OBIIM OMpelieieHbl C MOMOIIBIO Ofl-
THYecKOr WHCTeKInoHHon cranmuu INM 100 (Leica
Microsystems, ['epmanHus), CKaHUPYIOLIETO JJICK-
TpoHHOTO MHKpockomna Supra 25 (Carl Zeiss, ['epma-
HUS) U crwirycHoro npoduinomerpa XP-1 (Ambios
Technology, Canrta-Kpyc, Kanmudopuus, CIIA). ns
OLICHKH BIHMSHHS YTJIEPOAHBIX HAaHOTPYOOK Ha OITH-
yeckue cBorictBa [IJIMC-meMmOpaH HCHONIB30BAICS
cnextpodoromerp Evolution 300 (Thermo Fisher
Scientific, CILIA).

1.2. Knemounsie Kyn1omypoi

B kauecTBe MOZACJIbHBIX KJIIECTOYHBIX KYJIBLTYp HJIA
TECTUPOBAHUS yCTPOWCTB "opraH-Ha-uymie" HCIOIb-
30BAINCH aJI'€3MOHHBIC OIyXOJICBbIE JIMHUM aJleHO-
KapIuHOMBI TosicToi kumku mein CT26-eGFP, skc-
MPECCUPYIOIE 3elIeHbIH (DIyOpecleHTHBIH OeloK,
U KapuuHOMBI mieiiku maTtku yenoBeka Hela. Kyib-
Typsl ObUTM TONMydeHBbl U3 Poccuiickoil KoiuteKuuu
KJIETOYHBIX KYJIBTYP IIO3BOHOUYHBIX MHCTHTYTa LUTO-
noruu PAH (Cankt-llerepoypr). Knerku CT26-eGFP
KynbTHBHpOBanuCh B cpee RPMI (buoJlot, Poccus),
a xietkn HeLa — B cpene DMEM (buoJlot, Poccus).
B o06oux ciydasix B cpeny Obutn qobasnensl 10% de-
TagpHON Obrubeit cerBopoTku (Hyclone, CIIA) u an-
THOMOTUK reHTaMunmH (40 Mkr/mi). Kietku KynabTu-
BUPOBAJIMCH B MHKYyOaTope, B yBIaKHEHHOH aTMocdepe,
cozmepxare 5% CO,, npu Temneparype 37 °C.

XKuznecniocooHocth kietok CT26-eGFP B mpo-
IIecce pocTa B YCTpoiicTBax "opraH-Ha-uume" OIEeHH-
Bajach 1O MHTCHCUBHOCTH (IIyOPECUEHIIUU 3€JICHOTO
(bayopecueHTHOTO Oenka B muTormiazme. s KoHTpa-
CTUPOBAHHUA SAEP MEPTBBIX KIETOK B KIETOYHYIO Cpe-
Iy J00aBIISIICS HOAUCTHIN MPOMUANN B KOHIICHTPAIAN
2 Mkr/mit. [Ins oneHku B3anmoaercTeus ITJIMC Mem-
OpaHbl C LUTOCKEJIETOM HCIOIb30BAINCh KIIETKU
Hela, szipa KOTOpbIX OKpPAIIMBAIUCH C HOMOUIBIO
¢dayopecuentaoro kpacurenss DAPI (Sigma-Aldrich,
CIIA), a akTHHOBBIE (UIAMEHTHI — C TIOMOIIBIO
(dayopectieHTHO MeueHHOTO (Qaivtouanna (Invitrogen,
CIIA) B xoHmeHTpanuu 1 MKI/MI (B COOTBETCTBUU
C IpOTOKOJIOM Tpou3Boautens). Ilepen oxpammBaHu-
€M KIETKH (PUKCHUpOBalNCh B KaHajle MUKPOQIIIOWI-
Horo ycrtpoiictBa B 4% pactBope napadopmaibIeru-
na. [Tocne dukcanuu KIETOK BEpXHUH KaHAll yCTPOM-

CTBa 3alOJHAJICS CMEChIO (IIyOPECHEHTHBIX KpacuTe-
neit u mHKyOupoBancs B tedenne 15 mun mpu 37 °C.
[Tocne okpammBaHus Bce 00pa3ibl aHATM3UPOBAIHNCH
Ha MHBEPTHPOBAHHOM MHUKpockorie Axio Observer Z1
(Carl Zeiss, I'epmanusi) ¢ KOH(OKATBHBIM MOJyJIEM
Yokogawa CSU-X1 (Yokogawa, Slnonus).

1.3 @ynxyuonanuzayus memopanvl u 3a2py3Ka
KAEMOK 8 yCmpoucmea

C uenbio TOBBIMICHUS aAre3uu kietok Kk ITJMC-
MeMOpaHe OHa MOKpbIBajach clloeM KoiareHa. Pac-
TBOPp KOJUIar€éHa roToBUJICA IMYTEM CMCHIMBAHUA B CO-
OTHOUIEHUH 9 : | mpeaBapUTEIbHO HATPETOU JO TEM-
neparypbl +37 °C cpenst DMEM/F12 co cTokoBBIM
pacTBOPOM MBIIIMHOTO KoJutareHa | (KoHIEHTparus
0.7 mr/mm) B 0.2 M ykcycHoO# kuciore. CTOKOBBIH
pacTBOp MBIIIMHOTO KojutareHa | Obul mpemocTaBieH
nmaboparopureit KJIeToYHbIX OmoTexHonornii UHCTHTY-
ta uuronorun PAH (Cankt-IlerepOypr). Ilepea 06-
paboTKOW MeMOpaHBl KOJUIAT€HOM MHKPOQIIONIHOE
YCTPOMCTBO OBLIO TOBTOPHO 0OpabOTaHO KHCIOPO-
HOM TuTa3MoM. 3aTeM ero KaHajbl 3aloHSIIUCh MpH-
TOTOBJIEHHBIM PacTBOPOM KOJUIAr€Ha ¢ KOHLEHTPALHU-
eit 0.07 mr/mi, Tociie 4ero ycTpoicTBO HHKyOHpOBa-
mock 1 4 B Tepmoctate mipu temmeparype 37 °C. Ilo-
CJIC OKOHYaHHA I/IHKy6aHI/II/I KaHaJIbl IPOMBIBAJIUCH
cpenoit DMEM/F12, umeBmieii temmeparypy 37 °C.
J11st 3arpy3KH KJIETOK B MUKPO(DIIOMIHOE YCTPOMCTBO
B €ro BepXHUH kaHai BBojwiIock 50—100 MKi cycneH-
3UM KIETOK ¢ KOHIeHTparmed ~ 1 muma/miu. [ns 3a-
KpETUIeHHsI KJIETOK Ha MeMOpaHe yCTpPOHCTBO HMHKY-
oupoBanoce B CO,-nHKkyOartope B TeueHue 12 1 6e3
CMEHBI nuTaTenbHol cpeabl. [locie sToro kierouynas
cpezna 3aMeHsJIach Ha CBEXYIO.

1.4 Ilepuoouueckas cmena numamenbHOU cCpeosl

Tak xak 00beM KaMephI C KJIETKaMH B MAKPOQITO-
WJHOM YCTpPOWCTBE COCTaBIsieT ~ 1.5 MK, TO ist -
(EeKTUBHOTO POCTAa KJIETOK B TEUEHHE AJIUTEIBHOTO
BpPEMEHHU B HEM HE00X0AUMO 00eCIeUnTh MepruoIuye-
CKYI0 CMEHY NMTaTeJIbHOH Cpefpl C NMEPUOIOM B He-
ckosbko gacos [23]. st aToro ycTpoicTBO pacmosna-
rajloch Ha CICIUAIBHO pa3pabOTaHHON Kayaroliewcs
miatdopme, obecrieunBaroIel IEPHOTUIECKOE H3Me-
HEHHE yTJIa HAKJIIOHa YCTPOMCTBA IO 3aJJaHHOMY aJIro-
putMy. IIpy n3MeHeHun yria HaKkJIOHA IPOHUCXOANIIO
NepeTeKanre XHUIKOCTH U3 OJHOTO pe3epByapa MUK-
POQITFONTHOTO yCTPOKCTBA B APYTOM 3a CUET Pa3HUIIBI
TUIPOCTATUYECKUX JIABJICHUN B HUX (CM. puc. 2, a).
B kauecTBe pe3epByapoB HCIIOIB30BAIKCH TIACTHKO-
BbIE KOHHEKTOPHI 00beMOM 1.5 M, M3rOTOBIIEHHBIC
Ha 3D-mpuntepe Formlabs 3B+ (FormLabs, CILIA).
IIpy n3MeHeHMH yria HakjoOHa IUIATGOPMBI BpeMsi
TEUYEHUS KUJKOCTH B MHUKPOQIIIOMTHOM YyCTPOICTBE
He npeBblacT 5 MuH. [lonHas 3aMeHa cpensl B pesep-
Byapax yCTPOHCTBa MPOBOANIIACH KaXK/IBIE 1BA JTHSI.
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Puc. 2. Cucrema nepnoIudeckoil CMEHBI TUTATENLHON cpe/ibl B MUKPO(DIIOMIHOM YCTpoiicTBe "opraH-Ha-uure.
a — TIPUHIMITHANBHAS CXeMa CMEHBI Cpellbl; b — o0muii BuA Kavaromencs miaTgpopMbl ¢ MEKPO(IFOMIHBIM YCT-

poiicteom B CO, unkybaTope

PazpaboranHas kadatomasics miaTdopma oonagaer
KOMITaKTHBIMH TabapuUTHBIME pa3mepamu 139 x 101 x
x 53 MM U criocoOHa paboTaTh aBTOHOMHO B YCIIOBH-
ax atmocepsr CO, unky6aropa (5% CO,, Temmnepa-
typa +37 °C) (puc. 2, b). [Tnardpopma coaepkuT mia-
TOBBIH 3JIEKTPO/IBUTATENb, MHUKPOKOHTPOJLIED
Arduino Nano, OLED-mucruieli u »HKOIEp, MO3BO-
JSIFOILME 3a/1aBaTh AJITOPUTM M3MEHEHHMS YIJla HaKJIO-
Ha iatdopmbl B nuana3zone +400 U BBITOJHATH €ro
B TEUEHHE [UINTEILHOIO BpeMEHH paboThl yCTPOHCTBA
(Gonee 7 gHeir).

2. PE3VJIBTATHI

2.1 Uzeomoenenue u xapakxmepusayus
MUKDODIIOUOHBIX YCMPOTICE

OCHOBHBIM (PYHKIIMOHATIBHBIM 3JIEMEHTOM MUK-
podmronnHOrO YCTpoOiicTBa "opraH-Ha-4yuiie" sBIsIeTCS
rubkas mopucras MeMOpaHa, Ha KOTOPOH 3aKpersis-
I0TCSl ¥ pacTyT KieTku. braronapst cBoeii OuocoBmec-
TUMOCTH, XMUMHYECKOM HHEPTHOCTH W ONTHYECKOU
npo3paunoctu, nojuaumerwicuiokcan (ITJIMC) sB-
JSIeTCs. OJHMM M3 OCHOBHBIX MaTepHajoB, KOTOPBIE
NPUMEHSIIOTCS IS CO3JaHus THOKHX MeMmOpaH.
B mpomecce u3roToBieHUs MUKPOQIIOHIHOTO YCT-
poiicTBa MeMOpaHa COeIMHSETCS C BEpXHEH 1 HIKHEH
YacTSIMU yCTPOMCTBA, BBICTYNAas Pa3leIUTENeM MEX-
Iy ABYMsI KaMepaMH, K KOTOPBIM IOABEIEHbI MUKPO-
KaHaJIbl JJIs1 BBOJA KJICTOK, NUTaTEIbHON CpCbl U aK-
TUBHBIX OWOMOJIEKYJ, a Takxke OTOopa cpembl i
aHaJIM3a TPOJYKTOB JKHU3HENESTEIbHOCTH KIIETOK.
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Nzobpaxenne MUKpO(DITIONIHOTO yCTPOHCTBA B cOope
MPUBEIEHO Ha pUC. 3, a.

Hnst w3rotoBnenuss mnop B I1JIMC-memOpanax
Ha KPEMHHEBOH MOJJIOKKE METOAOM (OTonUTOrpa-
¢uM 1 pPeakTUBHOIO MOHHOTO TPaBJEHUs OBLT M3TO-
TOBJIEH MAacCCHB LWIMHAPHUYECKUX MHKPOCTOJIOUKOB
nmuamerpoM 10 MkMm 1 BbIcOTOM 50 MKM (cM. puc. 3, b).
[Tpu orBepxxnenun [1IMC Ha Takoi MOATIOKKE B IT0-
mygaemoit [IJIMC-tutenke TonmuHOW MeHee S50 MKM
00pa3yrTCsl CKBO3HBIC OTBEPCTHS, 00CCIICUMBAIOIINC
TPAHCIOPT BELIECTB MEX/y BEPXHEN U HUKHEH Kame-
pamu yctpoiictBa (cM. puc. 3, c—e). [Ipu aTom paszmep
op B MeMOpaHe MEHbILIE XapaKTepPHOro pa3Mepa Kiie-
TOK MJICKOITUTArONIHX (~ 20 MKM), TO3TOMY MeMOpaHa
CIIy’)KUT ONPEAEICHHBIM 0apbepoM ISl epEeMEIIECHUs
KJIETOK M3 O/THOM KaMephbl B IPYTYIO.

Usrorosnenue [1JIMC-memMOpan TONIIUHON MEHEE
50 MKM COOpSKEHO C BBICOKOW BEPOSITHOCTBIO HX
paspblBa TMpH OTIENIEHHMH OT KPEMHHEBOW MacTep-
¢dbopmer u ot npmwxkumatomero [IJIMC-6moka, 4ro He
MO3BOJISUIO  BOCIIPOM3BOAMMO IONy4YaTh MeMOpaHbI
oo Gosee (5 X 5) Mm>. J{is yirydieHHs Ipoy-
HOCTU MEMOpaH ObUIO TPE/JI0KEHO X U3rOTaBJIUBAThH
W3 HAHOKOMIIO3MTA, MOJIY4aeMOro IMyTeM J100aBICHHs
B [IIMC MHOTOCTEHHBIX YTIIEPOIHBIX HAHOTPYOOK.
JobGaBnenne yriaepoaHbIX HaHOTPYOOK YBEIMYHMBAET
monaynb FOura IIJIMC u mpenen mpodHOCTH Ha pas-
PbIB, @ TAKXKC NPUBOAUT K YBCIMYCHUIO KOHTAKTHOI'O
yria BOAbl Ha IOBEPXHOCTH W CHIDKACT YZIEIbHOE
AJIEKTPUYECKOE COMPOTUBIEHHWE Matepuana [24, 25].
Taxke yriaeponHsle HaHOTPYOKHM, pa3MEILEHHbIE
Ha TIOJUIOKKE, B IOJAABIAIONIEM OOJIBLIMHCTBE HC-
CJIeJIOBaHNI HE MPOSBISIFOT TOKCHYECKOTO JICHCTBUS
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Puc. 3. Mukpodmrongaoe ycTpoicTBo "opran-Ha-qurne".

a — TOTIOJIOTHSI KaHaJIOB ycTpoicTBa (1 — BepXHUH KaHal, 2 — HIKHUH KaHall, 3 — KaMepbl Il MEXaHUIecKoH nedop-
Manuu MeMmOpansl), Macmtab — | MM; b — MaccuB MHUKPOCTPYKTYp Ha MacTep-(popme Aisi U3TOTOBICHUS MEMOpPaHBI,
Mmacmrad — 30 MkM; ¢ — ¢parmMeHT MeMOpaHbl, MacTad — 50 MkM; d — HonepeyHoe ceueHne MeMOpaHsbl, MacTad —
50 MKM; € — MOTIEPEYHOE CCUCHHE MUKPOQIIFOUIHOTO YHTIA.

Bce MeMOpaHsbl, IpUBEAEHHBIE HA H300paXkeHUSX, COepKaau 5% MHOTOCTEHHBIX yIJIEPOAHBIX HAHOTPYOOK, MacuTad —
200 MxM

Ha KJIETKH, YTO KpalHe Ba)XXHO ISl JJIUTEIHHOrO
KyJIFTUBUPOBaHUs KJIETOK B yCTpoiicTBax '"opraH-Ha-
gure" [26]. OnHako mo0aBieHUE YTIIEPOAHBIX HAHO-
TpYOOK MOKET yXyALIUTh ONITHYECKUE XapaKTEPUCTHU-
K1 MeMOpaHbl B BUJIUMOM CIIEKTPaIbHOM JHana3oHe,
YTO MOXKET CKa3aThCsl Ha IPUMEHHMOCTH METOAOB
ONTUYECKOW MUKPOCKOIHMH JJIsi MOHUTOPHHTA (U3HO-
JIOTHYECKOTO COCTOSIHMA KiIeToK. [l muccienoBaHus
JaHHOTO 3((eKTa OBUTH MTPOBEICHBI U3MEPEHUS CIIEK-
TpoB omnrtuueckoro mnponyckanus [1IAMC-memOpan
C COIEpKaHUEM YIJIEPOIHBIX HaHOTPYOOk 2.5-10%,
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pe3ynbTaThl KOTOPBIX NpHuBeneHsl Ha puc. 4. Ilpen- Amna sontbl, HM
CTaBJICHHbIE JAHHBIE IOKA3bIBAIOT, YTO B BHIUMOM Puc. 4. CrHekrpbl NpPOIyCKaHHS
criektpasibHoM jguanazone 400—750 HM moOaBieHMe [IJIMC-1uieHOK TOMIMHOA 50 MKM
YIJIEPOOHBIX HAHOTPYOOK CHIDKaeT KO3(QUIMEHT B 33aBHCHMOCTH OT KOHILEHTPALUH
MPOITyCKaHus MeMOpaHbl ToNIHON 50 MKM He Ooee MHOTOCTCHHBIX YTJICPOIHBIX HaHO-
yeM Ha 8%, YTO HE JODKHO YXY/AIIMTH KaueCTBO I10- Tpybox (YHT).

Jy4aeMbIX MHUKPOCKONHUYECKUX Hn300pakeHud. B cBa-
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34 C 3THM JJIsSi U3TOTOBJICHUS MEMOpaH YCTpPOWCTB
"opran-Ha-uune" O0buI0 BeIOpaHO no6aBisaTh B [IIMC
5% yrnepoaHBIX HaHOTPYOOK IO Macce, YTO I03BO-
JIUJI0 BOCTIPOM3BOIMMO IONy4aTh MeMOpaHbI IJIOMIA-
1610 (35 % 20) Mm”.

2.2 Hccnedosanue pazsumusi K1emox
Ha nopucmotu memopane 8 MUKpOpIouoHoM
ycmpoucmee "opean-na-uune"

B cBs3u ¢ tem, uro ITIJIMC sBasercs ruapodo0-
HbIM MaTepHajoM, ajare3usi KJIeTOK K HeMy CYyIIecT-
BEHHO XYX€, YeM K CTaHAapTHOMY Ja0opaToOpHOMY
macTuky [27]. Jlis MOBBIMIEHHS aare3un KIETOK I10-
BepxHOCTh [IJIMC MoxHO 00pabarhiBaTh (PUOPOHEK-
THHOM, KOJIJTAT€HOM, ATLOYMHHOM H JIPYTUMHU O€ITKaMH

Puc. 5. Mopdonoruss kimerok CT26 Ha MOBEpXHOCTU
[NAMC-mem6OpaH.

a — HatuBHas MeMmOpana, macitad 1000 mxm; b — mem-
OpaHa, TIOKpBITas TUICHKOW KoJulareHa, MacmTad 1000 Mxm.
N3o0paskeHust MOTydeHbI Ha 4-if IeHb KYIbTHBUPOBAHHS
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BHEKJIETOYHOro Matpukca. s obpadotku T1JIMC-
MeMOpaHbl B MUKPO(IIFOMTHOM YCTpOicTBe "opraH-
Ha-gunie" OB BBIOpaH MBIIIMHBIN KoJutareH | Tuma.
OKCIIEpUMEHTHl 0 POCTY KIETOK Ha MeMOpaHax
B MHOTI'OJIYHOYHOM IUIAHIIETE IOKa3aJid, YTO Ha Ha-
tuBHOU moBepxHoctu [IJIMC xnerku CT26 dopmu-
PYIOT TpeXMEpHbIE KJIETOYHBIE arperaTbl M3-3a IJIO-
XOU aJiIre3uu K MOBepXHOCTH (cM. puc. 5, a). OaHako,
Ha MeMOpaHax, HOKPBITBIX KOJIJIAT€HOM, KJIETKH paB-
HOMEPHO paclpeAeNiiuch 1O BCEH MOBEPXHOCTH
W 3aKpeNWINCh Ha Hel, mpruoOpeTsi BBITSHYTYIO (op-
My, YTO CBHJIETEIBCTBYET O XOPOLIEH afre3uu KIeToK
K MoBepxHOCTH (pHC. 5, b).

Ha ocHOBaHMM NOJy4eHHBIX Pe3yIbTAaTOB BO BCEX
SKCIEPUMEHTaX MeMOpaHbl MHUKPO(MIIOMIHBIX YCT-
POICTB mepes 3arpy3Koil KIIETOK MOKPBIBAJIUCH CI0EM
komarena. [locie 3arpy3ku M 3aKperuieHHUs! KIETOK
Ha MOBEPXHOCTH MEMOpaHbl yCTpOWCTBa "OpraH-Ha-
gune" pasmemanuck B CO,-nHKyOaTOpe Ha Kadaro-
mielicst miargpopme ais nepuoaudeckoi (1 pas B gac)
CMEHBI IUTATENbHON cpeabl. Uepes ceMb THEH HHKY-
OupoBaHMs Ha MeMOpaHe yCTpoHcTBa ObUT chopMu-
pOBaH KIJIETOYHBIA MOHOCIOH. JlaHHBIE ONTHYECKOM
MUKpPOCKOIIMM  TOKa3bIBalOT, u4To Kietku CT26
n Hela ycnemHo 3akpenwinch Ha MOBEPXHOCTH
[TAMC un coxpansin >ku3HecriocoOHocTs 6onee 95%
B TE€UEHHE BCEro Mepuojia MHKyOarmu (cM. puc. 6, a—).
Oxpacka nurockenera kiaerok HeLa (cm. puc. 6, d)
noKasasna, 4yTo OOJBIIMHCTBO KIETOK MpHOOpeH BbI-
TAHYTYI0 Qopmy, pacmiacraBmuck Ha I1IJIMC-mem0-
paHe, 4TO CBUAETEILCTBYET 00 WX YCHEIIHOM IpH-
KperieHuu K Heil. [lonydyeHHble pe3ybTaThl MOKa3bl-
BalOT, YTO B pa3pabOTaHHBIX MUKPOMIIOUIHBIX YCT-
poiicTBax "opraH-Ha-uuiie" BO3MOXHBI JIMTEIHHBIN
POCT M pa3BUTHE KIETOUHBIX KYJIBTYD.

3. BBIBO/IbI

Takum oOpa3oMm, B paMmKax HacTosied paboThI
OBLT pa3padoTaH METO/ W3TOTOBICHUS MHUKPOQIFOUI-
HBIX YCTpOWCTB "opraH-Ha-umne" ¢ THOKOW MmojBe-
IIEHHON IMOPUCTOW MeMOpaHo! I pocTa KIETOK.
MemOpaHa BBITIOJHEHA W3 TMOJUWAUMETHIICHIOKCAHA
(ITIMC) c mobaBierneM 5% MHOTOCTEHHBIX YTIie-
POIHBIX HAHOTPYOOK. MeToIOoM MSTKOW JUTOrpaduu
C TOMOUIIBI0O KpeMHHEBOW MmacTep-popMbl B Hei
cthopMHpOBaHbl CKBO3HBIE TOPHI quameTpoM 10 MKM
C MEXIEHTPOBbIM pacctosiaueM 40 mrMm. JlobaBienue
B COCTaB MEMOpaHbI YTIIEPOAHBIX HAHOTPYOOK ITOBHI-
[IaeT ee MEXaHWYECKYI0 MPOYHOCTh U CHHXKAeT BEPO-
STHOCTh Pa3pbiBa B MPOLIECCE OTIEJIEHHUSI OT MacTep-
(hopMbI. DTO MO3BOJIUIO CTAOMJILHO IOJY4aTh MEM-
Opanbl TONIMMHONW ~ 50 MKM u Twomaneto (35 X
x 20) mm?. Ilpu stom nobGasieHue 5% HaHOTPYOOK
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Puc. 6. Pazurue kietok CT26-eGFP u Hela na [1JIMC-meMOpane B MUKPOGITIOMTHOM YCTpOiicTBe "opran-Ha-une".

a — xietkn CT26 Ha 7 neHb KyJIbTUBHPOBAHHS B PEKMME CBETIIOTO IOJISI, COBMEIICHHOTO ¢ (hIyOPECLEHTHBIM H300paxe-
unueM B kaHane GFP, macmrab 200 mkMm; b — ¢uryopecuentHoe nzobpaxenune B kaHane GFP xmeroxk CT26, macmrabd
200 MxM; ¢ — ¢uryopecueHnus kinetok CT26 B kanane HoaucToro nmponuaus, macmrabd 200 mxm; d — duryopecuieHTHOE
n3obpaxenne xietok Hela Ha 7 neHb KynpTHBHpOBanus, MacmrTad 100 MkM

M0 Macce HE3HAYUTEIbHO CHIKACT €€ ONTHYECKOe
mporyckanne — He Oonee yeM Ha 8% B BHIUMOM
criekTpanbHOM nuamnazone 400-750 HM.
OKCIIEpUMEHTANBHO OBLIO MOKa3aHO, YTO KIIETKH
CT26 u HelLa umeror Huskyto aaresuto k ITJIMC-
MeMOpaHe C YriiepoJHbIMH HaHOTpyOKaMu U QopMu-

PYIOT Ha €€ TMOBEPXHOCTH TPEXMEpPHBbIE KIIETOUHBIE
arperatbl. O0paboTKa MOBEPXHOCTH MEMOpaHbI KOJI-
mareHoM | Tuma mMOBBIIIAET KIETOYHYIO aATE3UI0
U IPUBOIUT K 00pa3zoBaHMIO MOHOCHOs KieTok CT26
n HeLa B nponecce kynpTuBHpOBaHUs. s JuinTensb-
HOTO KYJIFTUBHPOBaHUs KIIETOK B yCTpOHCTBax "op-
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rad-Ha-uumne" ObUTa pa3paboTaHa KOMIIAKTHAs Ka-
yaromasicss miargopma Uil MACCUBHOW Iepuouye-
CKOW CMEHBI NMUTATEIbHON CPEllbl B KaMepe ¢ KIIETKa-
MU 3a CYCT BO3HUKHOBCHHA PAa3HOCTHU T'HAPOCTAaTUYC-
CKUX [JaBJIEHUH MPU W3MEHEHUM YIJla HaKJIOHA YCT-
potictBa. Takoii cnoco® cMeHBl MUTATEIBHON Cpeabl
MIO3BOJISIET KYJIBTUBHPOBATH KJIETKH MOJICJIBHBIX KIle-
touHbix JuHUK CT26 u HelLa Ha MmeMOpaHe B MHKpO-
(hmronmHOM ycTpolcTBe "opraH-Ha-uniie" B TEUYCHHE
Oomee 7 nmHeH c >ku3HecmocoOHOCThIO Oosee 95%.
ITonyuyeHHbIE Pe3yNIBTATBl CBUAETEILCTBYIOT O XOPO-
el GMOCOBMECTUMOCTH HCIIOJIB3YEMOTO KOMIIO3UTa
U €ro NpuMCHUMOCTH JIs1 U3TOTOBJICHUA FI/I6KI/IX Io-
PUCTBIX MEMOpaH B yCTpoiicTBax "opran-Ha-uurne'".
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MICROFLUIDIC ORGAN-ON-A-CHIP DEVICE WITH POROUS
MEMBRANE FOR LONG-TERM CELL CULTIVATION

L. A. Altynbaev', P. S. Pleshakov', N. A. Filatov', A. S. Bukatin'-*

'Alferov University, St. Petersburg, Russia
*Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

Currently, microfluidic organ-on-a-chip devices are considered as an alternative for drug testing in preclini-
cal studies. They can simulate the structure and functions of individual human organs and organ systems, such
as lungs, liver, kidneys, intestines, etc. for screening various substances. One of the key elements of organ-on-a-
chip devices is a flexible porous membrane. Cell growth on such membranes allows studying the cellular re-
sponse to mechanical and chemical stimuli. In this research, we developed a method for fabricating microfluidic
organ-on-a-chip devices containing a flexible suspended porous membrane made of polydimethylsiloxane
(PDMS) with the addition of multi-walled carbon nanotubes, which increase the mechanical strength of the
membrane and do not affect its optical properties. The use of carbon nanotubes made it possible to increase the
surface area of the obtained membranes and reduce their rupture during production. For cell growth in the or-
gan-on-a-chip devices, a passive change of the nutrient medium was used. It was based on periodic changes in
the tilt angle of the device located on an oscillating platform. This approach allowed growing cells of model cell
lines for more than 7 days with a viability of more than 95%. The results obtained indicate good biocompatibili-
ty of the used material and its applicability for the fabrication of flexible porous membranes in organ-on-a-chip
devices.

Keywords: microfluidics, microfluidic device, microfluidic chip, organ-on-a-chip, tissue engineering, drug testing,
polydimethylsiloxane, porous membrane
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INTRODUCTION

One of the key stages of drug development is con-
ducting studies of the efficacy and toxicity of promis-
ing drugs on laboratory animals. Despite the fact that
existing requirements dictate preclinical studies on at
least two types of laboratory animals, one of which is
not a rodent, the results obtained often have low pre-
dictability with respect to the specificity and toxicity
of the tested drugs in humans and do not allow ade-
quately predicting the effects observed in clinical tri-
als [1, 2]. In particular, successful results of testing
new drugs obtained on animal models of Alzheimer's
disease and inflammatory diseases are often not re-
produced in clinical trials on humans [3, 4]. One of
the striking examples of such a failure is the monoc-
lonal antibody Solanezumab, which has shown no
efficacy in the treatment of Alzheimer's disease in
human experiments, despite encouraging results in
animal experiments [5].

Currently, due to the lack of relevant animal mod-
els for many diseases, there is an active search for al-
ternative methods and technologies that can replace
traditional animal tests. Microphysiological micro-
fluidic organ-on-a-chip devices have emerged as an
alternative platform for in vitro drug testing to elimi-
nate the shortcomings of existing preclinical models
[6]. In organ-on-a-chip devices, it is possible to create
controlled microenvironments in which cells can re-
produce the complex anatomical and functional fea-
tures of living human tissues and organs. It is assumed
that such tissue and organ models can provide re-
searchers with more complete and accurate data on
reactions to test molecules compared to the results
obtained using traditional preclinical methods [6].

One of the first microfluidic devices simulating the
functions of an entire organ is the lung-on-a-chip de-
vice, presented in 2010 [7]. Its appearance is also as-
sociated with the emergence of the term organ-on-a-
chip. Later, devices were developed to simulate the
functionality of a wide variety of organs in vitro, such
as the liver [8], kidneys [9], intestines [10], heart [11],
brain [12], [13] etc. Researchers are also making great
efforts to combine models of several organs in one
multi-organ device, called human-on-a-chip, to study
their interactions with each other and analyze their
joint response to the introduction of drugs [14]. Mod-
els of such devices developed to date can include from
2 to 10 different organ models and are capable of si-
mulating complex physiological and pathophysiologi-
cal reactions, such as modeling the regulation of insu-
lin secretion [1].

Currently, not only educational and research or-
ganizations, but also commercial companies such as

Insphero, Mimetas, Emulate, HesperosInc., TissUse,
Bi/ond, NETRI, BiomimX, CherryBiotech, and Axo-
Sim are developing and producing organ-on-a-chip
devices. They are actively bringing to market devices
that have proven themselves at the research stage and
that pharmaceutical companies are beginning to im-
plement in the drug development process. For exam-
ple, clinical trials of a drug for chronic inflammatory
demyelinating  polyneuropathy  (Clinical  Trial
NCT04658472) were approved based on data obtained
using a microfluidic "human-on-a-chip" device [15].
All this allowed the US Food and Drug Administra-
tion (FDA) to include organ-on-a-chip devices in the
roadmap for reducing the use of animals in preclinical
drug trials in 2025 [16].

One of the key components of organ-on-a-chip de-
vices are flexible polymer membranes that allow
modeling tissue barriers in the body, such as the
blood-brain barrier, blood-ophthalmic barrier, blood-
placental barrier, air-blood barrier, glomerular barrier,
and others [17]. Studying the development of cells on
porous membranes in such devices allows us to study
how fluid movement, mechanical deformation, and
chemical signals affect the development of tissues and
organs. Membranes can be made of such common
polymeric materials as polycarbonate, polyethylene
terephthalate (PET), polydimethyl sidoxane (PDMS),
polylactide (PLA), etc. [18]. Porous PDMS mem-
branes produced by soft lithography have key advan-
tages: optical transparency, stretchability, biocompati-
bility, and chemical inertness. Therefore, they are
widely used in the manufacture of organ-on-a-chip
devices [19]. However, the problems of mass and reli-
able production of devices with such membranes, in-
creasing the number of simultaneously analyzed sam-
ples, and reproducible development and growth of
cells in them, which would allow validation of both
the organ-on-a-chip devices themselves and drug test-
ing methods, have not yet been fully resolved [20].

The aim of this work is to develop a reliable me-
thod for the fabrication of microfluidic organ-on-a-
chip devices with a flexible suspended porous PDMS
membrane to study the effect of mechanical and
chemical stimuli on cell growth. For this purpose, it
was proposed to include multi-walled carbon nano-
tubes into the PDMS membranes, so that the former
act as a reinforcing material that strengthens the
membrane material. For cell growth on the PDMS
membrane in the microfluidic device, a passive
change of the nutrient medium was used, based on
periodic changes in the tilt angle of the chip located
on a rocking platform. This approach allowed cell cul-
ture of model cell lines for more than 7 days with
a viability of more than 95%.



1. MATERIALS AND METHODS

1.1. Fabrication of microfluidic devices

The microfluidic organ-on-a-chip device consists
of three layers: the upper and lower layers contain one
microchannel each —in the complete device they are
located one above the other, separated by a middle
layer, which is a flexible porous membrane 50 pm
thick with a pore diameter of 10 um (see Fig. 1). In
the upper and lower layers, the channels are sur-
rounded on both sides by two hollow chambers, the
periodic filling of which with compressed air deforms
the porous membrane and can provide mechanical
stimulation of the cells located on the membrane.

The organ-on-a-chip device was fabricated from
a biocompatible, elastic and optically transparent sili-
cone compound Sylgard 184 polydimethylsiloxane
(PDMS, DowCorning, Midland, USA) using soft li-
thography technology [21]. Its upper and lower layers
were formed by curing a degassed base mixture mixed
in a 10:1 ratio. The prepared mixture was poured
onto a master mold placed in a Petri dish and kept for
4 h at a temperature of 65 °C. The master mold was
a silicon substrate on the surface of which microchan-
nels were formed using photolithography in SU-8
2025 photoresist (Kayaku Advanced Materials, USA)
[22]. After curing the PDMS, the replica was sepa-
rated from the mold and cut into individual devices.
Input and output holes with a diameter of 2 mm were
made in the replicas using a skin biopsy punch.

Fig. 1. Schematic diagram of the organ-on-a-chip
microfluidic device.

a— assembly diagram; b — 3D model of channels;

¢ — principle of manufacturing a porous membrane

To fabricate the porous membrane using photoli-
thography and reactive ion etching, a silicon master
mold containing an array of cylindrical micropillars
with a diameter of 10 um, a height of 50 um, and an
intercenter distance of 40 pm was created. To reduce
the adhesion of PDMS to the master mold, the latter
was coated with a layer of Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma-Aldrich, Germany) in
a vacuum chamber at room temperature for 12 h.~1 g
of a thoroughly mixed and degassed mixture of the
base and the Sylgard 184 hardener in a ratio of 10 : 1
was placed on the master mold. After this, a rectangu-
lar block of PDMS was placed on the master mold, on
which a load weighing ~ 1 kg was placed. The mem-
brane was cured at 75 °C for 4 h. The ratio of the base
and curing agent in the PDMS block was 15 : 1; the
surfaces were coated with a layer of Trichlo-
ro(1H,1H,2H,2H-perfluorooctyl)silane. The resulting
membrane was carefully separated from the master

mold and the PDMS block in a container with ethyl
alcohol.

The assembly of the microfluidic organ-on-a-chip
was carried out by sequentially connecting all the lay-
ers after treating the surfaces with oxygen plasma in a
V15-G installation (PINK GmbH Thermosysteme,
Germany). The layers were superimposed and aligned
relative to each other immediately after plasma treat-
ment of the surfaces with alignment control in an opt-
ical microscope. The assembled structure was kept at
a temperature of 75 °C for 12 h.

To increase the mechanical strength of the PDMS
membrane and reduce the likelihood of its rupture
during separation from the master mold, multilayer
carbon nanotubes (CNTs) (China) were added to its
composition, forming a reinforcing mesh in the ma-
terial. To create such a composite, a suspension of
nanotubes in isopropyl alcohol at a concentration of
0.02g/ml is prepared, thoroughly mixed and
processed in an ultrasonic bath for 4 h. After
processing, the nanotubes are deposited on a metal
substrate, and excess isopropyl alcohol is removed.
The resulting concentrated suspension is added to the
Sylgard 184 base at a concentration of ~ 5% (by
weight), thoroughly mixed and degassed for 12 h. The
resulting mixture of the base with carbon nanotubes
can be stored at room temperature until use. Before
the membrane production, this mixture is mixed with
the hardener in a ratio of 1 : 10 (by weight), thorough-
ly stirred and degassed, and then used according to the
protocol given above.

The geometric dimensions of all the obtained mi-
crostructures were determined using an INM 100 opt-
ical inspection station (Leica Microsystems, Germa-
ny), a Supra 25 scanning electron microscope (Carl
Zeiss, Germany) and an XP-1 stylus profilometer
(Ambios Technology, Santa Cruz, California, USA).
To evaluate the influence of carbon nanotubes on the
optical properties of PDMS membranes, an Evolution
300 spectrophotometer (Thermo Fisher Scientific,
USA) was used.

1.2. Cell cultures

The adhesive tumor lines of mouse colon adeno-
carcinoma CT26-eGFP expressing green fluorescent
protein and human cervical carcinoma HelLa were
used as model cell cultures for testing the organ-on-a-
chip devices. The cultures were received from the
Russian Collection of Vertebrate Cell Cultures of the
Institute of Cytology of the Russian Academy of
Sciences, St. Petersburg. CT26-eGFP cells were cul-
tured in RPMI medium (buoJlot, Russia), and HeLa
cells in DMEM medium (buoJlot, Russia). In both
cases, 10% fetal bovine serum (Hyclone, USA) and
the antibiotic gentamicin (40 pg/ ml) were added to
the medium. The cells were cultured in an incubator in



a humidified atmosphere containing 5% CO, at a tem-
perature of 37 °C.

The viability of CT26-eGFP cells during growth in
the organ-on-a-chip devices was assessed by the fluo-
rescence intensity of green fluorescent protein in the
cytoplasm. To contrast the nuclei of dead cells, propi-
dium iodide was added to the cell medium at a con-
centration of 2 pg/ml. To assess the interaction of the
PDMS membrane with the cytoskeleton, HeLa cells
were used, the nuclei of which were stained with the
fluorescent dye DAPI (Sigma-Aldrich, USA), and
actin filaments were stained with fluorescently labeled
phalloidin (Invitrogen, USA) at a concentration of 1
pl/ml (according to the manufacturer's protocol). Be-
fore staining, the cells were fixed in the channel of the
microfluidic device in a 4% paraformaldehyde solu-
tion. After fixation of the cells, the upper channel of
the device was filled with a mixture of fluorescent
dyes and incubated for 15 min at 37 °C. After stain-
ing, all samples were analyzed on an Axio Observer
Z1 inverted microscope (Carl Zeiss, Germany) with a
Yokogawa CSU-X1 confocal module (Yokogawa,
Japan).

1.3. Functionalization of the membrane
and loading of cells into the devices

In order to increase cell adhesion to the PDMS
membrane, it was covered with a collagen layer. The
collagen solution was prepared by mixing
DMEM/F12 medium preheated to +37 °C with a stock
solution of mouse collagen I (concentration
0.7 mg/ml) in 0.2 M acetic acid in a 9:1 ratio. The
stock solution of mouse collagen I was provided by
the Laboratory of Cell Biotechnology, Institute of Cy-
tology, Russian Academy of Sciences, St. Petersburg.
Before treating the membrane with collagen, the mi-
crofluidic device was re-treated with oxygen plasma.
Then its channels were filled with the prepared colla-
gen solution with a concentration of 0.07 mg/ml, after
which the device was incubated for 1 h in a thermostat
at a temperature of 37 °C. After incubation, the chan-
nels were washed with DMEM/F12 medium at a tem-
perature of 37 °C. To load cells into the microfluidic
device, 50-100 pl of cell suspension with a concentra-
tion of ~ 1 million/ml were introduced into its upper
channel. To fix the cells on the membrane, the device
was incubated in a CO, incubator without changing
the nutrient medium for 12 h. After that, the cell me-
dium was replaced with fresh one.

1.4. Periodic change of the nutrient medium

Since the volume of the chamber with cells in the
microfluidic device is ~ 1.5 pl, then for effective cell
growth over a long period of time, it is necessary to

ensure a periodic change of the nutrient medium with
a period of several hours [23]. For this purpose, the
device was placed on a specially designed rocking
platform that provided a periodic change in the tilt
angle of the device according to a given algorithm.
When the tilt angle changed, the liquid flowed from
one reservoir of the microfluidic device to another due
to the difference in hydrostatic pressures in them (see
Fig. 2, a).

1.5 ml plastic connectors manufactured on a For-
mlabs 3B+ 3D printer (FormLabs, USA), were used as
reservoirs. When the tilt angle of the platform
changed, the liquid flow time in the microfluidic de-
vice did not exceed 5 min. A complete replacement of
the medium in the reservoirs of the device was carried
out every two days.

Fig. 2. System of periodic change of nutrient medium
in microfluidic organ-on-a-chip device.

a — schematic diagram of medium replacement; b —
general view of rocking platform with microfluidic
device in CO, incubator

The developed rocking platform has compact di-
mensions of 139 x 101 X 53 mm and is capable of
autonomous operation in CO, incubator atmosphere
(5% CO,, temperature +37 °C) (Fig. 2, b). The plat-
form contains a stepper motor, Arduino Nano micro-
controller, OLED display and encoder, allowing to set
the algorithm of platform tilt angle change in the
range of £400 and execute it for a long time of device
operation (more than 7 days).

2. RESULTS

2.1. Fabrication and characterization
of microfluidic devices

The main functional element of the microfluidic
organ-on-a-chip device is a flexible porous membrane
on which cells are attached and grow. Due to its bio-
compatibility, chemical inertness and optical transpa-
rency, polydimethylsiloxane (PDMS) is one of the
main materials used to create flexible membranes.
During the fabrication of the microfluidic device, the
membrane is connected to the upper and lower parts
of the device, acting as a separator between two
chambers to which microchannels are connected for
the introduction of cells, nutrient medium and active
biomolecules, as well as for the output of the medium
for the analysis of cellular waste products. An image
of the assembled microfluidic device is shown in
Fig. 3, a.

To produce pores in PDMS membranes, an array
of cylindrical micropillars with a diameter of 10 um
and a height of 50 um was produced on a silicon sub-



strate using photolithography and reactive ion etching
(see Fig. 3, b). When PDMS is cured on such a sub-
strate, through holes are formed in the resulting
PDMS film with a thickness of less than 50 um, en-
suring the transport of substances between the upper
and lower chambers of the device (see Fig. 3, c—e). In
this case, the pore size in the membrane is smaller
than the characteristic size of mammalian cells
(~ 20 pum), so the membrane serves as a certain barrier
to the movement of cells from one chamber to anoth-
er.

Fig. 3. Microfluidic organ-on-a-chip device.

a — topology of the device channels (1 — upper
channel, 2 — lower channel, 3 — chambers for me-
chanical deformation of the membrane), scale —
1 mm; b — array of microstructures on the master
mold for membrane fabrication, scale — 30 pm; ¢ —
membrane fragment, scale — 50 um; d — membrane
cross-section, scale — 50 um; e — cross-section of
the microfluidic chip.

All membranes shown in the images contained 5%
multi-walled carbon nanotubes, scale — 200 pm

The production of PDMS membranes with a thick-
ness of less than 50 pm is associated with a high prob-
ability of their rupture when separated from the silicon
master mold and from the PDMS pressing block,
which did not allow reproducibly obtaining mem-
branes with an area of more than (5 x 5) mm’. To im-
prove the strength of the membranes, it was proposed
to produce them from a nanocomposite obtained by
adding multi-walled carbon nanotubes to PDMS. The
addition of carbon nanotubes increases the Young's
modulus of PDMS and the tensile strength, and also
leads to an increase in the contact angle of water on
the surface and reduces the specific electrical resis-
tance of the material [24, 25]. Also, carbon nanotubes
placed on a substrate do not exhibit a toxic effect on
cells in the overwhelming majority of studies, which
is extremely important for long-term cell cultivation
in organ-on-a-chip devices [26]. However, the addi-
tion of carbon nanotubes can degrade the optical cha-
racteristics of the membrane in the visible spectral
range, which can affect the applicability of optical
microscopy methods for monitoring the physiological
state of cells. To study this effect, we measured the
optical transmission spectra of PDMS membranes
with a carbon nanotube content of 2.5-10%; results
are shown in Fig. 4. The presented data show that in
the visible spectral range of 400-750 nm, the addition
of carbon nanotubes reduces the transmittance of a
50-um-thick membrane by no more than 8%, which
should not worsen the quality of the obtained micro-
scopic images. In this regard, for the manufacture of
membranes for organ-on-a-chip devices, we chose to

add 5% carbon nanotubes by weight to PDMS, which
made it possible to reproducibly obtain membranes
with an area of (35 x 20) mm”.

Fig. 4. Transmission spectra of 50 pm thick PDMS
films depending on the concentration of multi-walled
carbon nanotubes (CNTs).

2.2. Study of cell growth on a porous membrane
in an organ-on-a-chip microfluidic device

Since PDMS is a hydrophobic material, cell adhe-
sion to it is significantly worse than to standard labor-
atory plastic [27]. To enhance cell adhesion, the
PDMS surface can be treated with fibronectin, colla-
gen, albumin, and other extracellular matrix proteins.
Mouse collagen type I was chosen to treat the PDMS
membrane in the organ-on-a-chip microfluidic device.
Experimental cell growth on membranes in a multi-
well plate showed that CT26 cells form three-
dimensional cell aggregates on the native PDMS sur-
face due to poor adhesion to the surface (see Fig. 5, a).
However, on the membranes coated with collagen, the
cells were uniformly distributed over the entire sur-
face and attached to it, acquiring an elongated shape,
which indicates good adhesion of the cells to the sur-
face (Fig. 5, b).

Fig. 5. Morphology of CT26 cells on the surface of
PDMS membranes.

a — native membrane, scale 1000 pm; b — mem-
brane coated with collagen film, scale 1000 pm.
Images were obtained on the 4th day of cultivation

Based on the obtained results, in all experiments,
the membranes of the microfluidic devices were
coated with a collagen layer before loading the cells.
After loading and attaching the cells to the membrane
surface, the organ-on-a-chip devices were placed in a
CO, incubator on a rocking platform for periodic
(once per hour) replacement of the nutrient medium.
After seven days of incubation, a cell monolayer was
formed on the membrane of the device. Optical mi-
croscopy data show that CT26 and HeLa cells were
successfully attached to the PDMS surface and re-
tained more than 95% viability during the entire incu-
bation period (see Fig. 6, a—c). Staining of the cy-
toskeleton of HeLa cells (see Fig. 6, d) showed that
most of the cells acquired an elongated shape, spread-
ing out on the PDMS membrane, which indicates their
successful attachment to it. The results obtained show
that long-term growth and development of cell cul-



tures are possible in the developed microfluidic organ-
on-a-chip devices.

Fig. 6. Development of CT26-eGFP and HeLa cells
on PDMS membrane in microfluidic organ-on-a-chip
device.

a — CT26 cells on day 7 of cultivation in bright field
mode combined with fluorescence image in GFP
channel, scale bar 200 um; b — fluorescence image in
GFP channel of CT26 cells, scale bar 200 um; ¢ —
fluorescence of CT26 cells in propidium iodide chan-
nel, scale bar 200 um; d — fluorescence image of
HeLa cells on day 7 of cultivation, scale bar 100 um

CONCLUSIONS

Thus, within the framework of this work, a method
for the fabrication of microfluidic organ-on-a-chip
devices with a flexible suspended porous membrane
for cell growth was developed. The membrane is
made of polydimethylsiloxane (PDMS) with the addi-
tion of 5% multi-walled carbon nanotubes. Through
pores with a diameter of 10 pm and an intercenter dis-
tance of 40 pm are formed in it using the soft litho-
graphy method and a silicon master mold. Addition of
carbon nanotubes to the membrane increases its me-
chanical strength and reduces the probability of rup-
ture during separation from the master mold. This
made it possible to stably obtain membranes with

a thickness of ~ 50 um and an area of (35 x 20) mm?.
Addition of 5% nanotubes by weight slightly reduces
its optical transmittance by no more than 8% in the
visible spectral range of 400-750 nm.

It was experimentally shown that CT26 and HeLa
cells have low adhesion to the PDMS membrane with
carbon nanotubes and form three-dimensional cellular
aggregates on its surface. Treatment of the membrane
surface with type I collagen increases cellular adhe-
sion and leads to the formation of a monolayer of
CT26 and HeLa cells during cultivation. For long-
term cell culturing in organ-on-a-chip devices, a com-
pact rocking platform was developed for passive peri-
odic replacement of the nutrient medium in the cell
chamber due to the occurrence of a difference in hy-
drostatic pressures when changing the tilt angle of the
device. This method of changing the nutrient medium
allows culturing cells of the model cell lines CT26
and HeLa on a membrane in a microfluidic organ-on-
a-chip device for more than 7 days with a viability of
more than 95%. The results obtained indicate good
biocompatibility of the composite used and its appli-
cability for the manufacture of flexible porous mem-
branes in organ-on-a-chip devices.
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