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BBIOKUBAEMOCTDb U TPAHCO®EKIUA KJIIETOK HeLa
ITPU KYJbBTUBAIIUMN HA INOBEPXHOCTHU
HoJIYNPOBOJHUKOBBIX HUTEBUJIHBIX HAHOKPUCTAJIJIOB

B cratee mpeacTaBieHs! pe3yabTaThl UCCIEJOBAHUS BEDKUBAEMOCTH KJIETOK KynbTypsl Hela mpu ux KyapTHBaLUU
Ha TOBEPXHOCTH BEPTHKAJIBLHOIO MAacCHBa IOJYNPOBOJHUKOBBIX HUTEBUAHBIX HaHOoKpuctawwioB (HHK). IToka3ana
BBDKHMBAaEMOCTh KJIETOK IpH pocte Ha nosepxuoctd HHK, chopmupoBannbix n3 dochuaa ramms co cpepHeid Juim-
HOU 4 m 8 MKM, a TaKKe apceHH/Ia TaJUIHsS CO CpeaHed IMUHON 2 MKM. JleMOHCTpUpYeTCsS BOZMOKHOCTh TPaHC(EK-
MM KJIIETOK NpH KyisTHBanuu Ha MaccuBe HHK myrem mpsiMoro BBeZeHUs Miaa3sMuABI B KYJIbTYPaIbHYIO CPEAy.
[Toxa3zana 3aBuCUMOCTH 3(h(heKTUBHOCTH TpaHCheKIun oT cpenHer mmuHsl HHK.

Knroueswie cnosa: HUTEBUAHBIC HAHOKPHUCTAJJIbI, TpaHC(i)eKLII/IH, KyJbTypa KJICTOK, HUTOTOKCUYHOCTDH

EDN: OCYABU

BBEJAEHUE

TpaHcdekuuss — mocTaBKa TE€HETHYECKOTO Mare-
pHasna B KJIETKU 3yKapuT — SIBISIETCS OHOM U3 BaX-
HEUIMX 3a7a4 COBPEMEHHBIX Hayk o xu3Hu [1, 2].
B Hacrosiee Bpems CyliecTBYeT MHOXKECTBO pellie-
HUi, MO3BOJISIONINX OCYIIECTBISATH JOCTABKY MoJie-
kya1 JHK u PHK B kieTku, 0HAKO BCE THIIBI TPaHC-
(dexuur MOXXHO pa3leNIuTh Ha JBa OONBIIMX Kiacca:
(usnueckue u xumuyeckue [3]. CymHoCTh XUMUYE-
CKUX METOJIOB 3aKJII0YaeTcsi B 00pa3oBaHUM CIOCOO-
HBIX K TPEOAOJIEHHIO KIETOYHOW MeMOpaHbI KOM-
IUIEKCOB PA3IMYHBIX MOJIEKYJI, KaK IIPABUIIO, TIOINME-
poB, oOiamalOmMX JTUMOPUILHBIME  CBOWCTBaMH,
C MOJIEKyJIaMH HYKIIEWHOBBIX KHUCIOT [4]. Duznye-
CKHE METO[bl, TaKhue Kak aJieKTporopauus [5] wiu
MHUKPOMHBEKIHS [6], 1OCTaBIISAIOT LEJIEBBIE MOJIEKYJIBI
B KJIETKH IIyT€M YacTUYHOTO U 0OpaTuMoro paspyiie-
HUSI KJIIETOYHOM MeMOpaHbl pa3nYHbIMUA (PU3UIECKH-
MU Bo3feHcTBUsIMH. OIHUM M3 CyLIECTBEHHBIX He-
JOCTaTKOB (PM3MUECKMX METOJOB TPAaHCQEKIIUHU SIBIISI-
€TCs  CIIOKHOCTh MAacIUTaOMpOBaHMS HPOLEAYPHI
Ha 0OJIBIIOE KOJTMUECTBO 00Pa3oB. AbTEPHATHBHBIM
crocoboM co3maHni (HU3WYECKOW CHCTEMBI TpaHC-
(hexu, MO3BONAOIUM 0e3 3aTpyqHEHHH pabdoTaTh
¢ OONBIIMM KOJIHYECTBOM OOpPa3loB, SIBISETCS MPH-
MEHEHHUE BEPTHUKAJIbHBIX MaCCUBOB HAHOIIPOBOJIOB.

HanonpoBosna, ninyM HUTEBHIHBIE HAHOKPUCTAIUIBI
(HHK) mpexacraBisttoT cobolf KBa3sMOJHOMEPHEBIE Ha-
HOCTPYKTYPBI C BEPTUKAJIIBHON I'€OMETPUEN, CUHTE3U-
pPOBaHHBIE Ha TOAJIOXKKAaX Ppa3IMIHOrO cocTaBa [7].
B 3aBucumoctu ot xenaemsix coiictB HHK moryt
OBITh COPMHUPOBAHBI U3 TOJYINPOBOAHUKOBBIX, M-
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SJICKTPUUYCCKUX HI/I6O MCTAJNIMYCCKUX MaTCpUuajioB
[8, 9]. CoBpeMeHHBIE METOIBI CHHTE3a, TAKHE KaK MO-
NeKynsapHo-y4KkoBas snuTakcus [10] u xumuyeckoe
ocakieHre u3 ra3oBoi ¢assl [11], TO3BONAIOT TOTY-
yatb HHK ¢ xoHTpoanpyemoit reomerpueii, ontude-
CKMMU M DJJICKTPOHHLIMHU CBOP'ICTBaMPI, Haxogsamue
IMPOKOE pUMeHeHHe B HaHohoToHuke [12] wmn u3-
TOTOBJICHUU PA3JHYHBIX ra3oBbiX ceHcopos [13]. Ilo-
MHMO 3TOT0, TaKM€ HAHOCTPYKTYpbl 00JafaioT IO-
TCHIHUAJIOM IMPUMCEHCHUA B O6H3CTI/I HayK O KH3HH,
BKITFOUasi cosfaHue OmomHTepdericos [14] Omoxummu-
YECKUX CEHCOPOB [15] Bu3yanuzammu kietok [16].

Lenpto maHHOW pabOTHI SBISIETCS HWCCIENOBAHUE
OMOCOBMECTUMOCTH U CITOCOOHOCTH K TpaHchuuupo-
BAaHUIO KJIETOK MaCCHBAa HUTCBUIHBLIX HAHOKPHUCTAJI-
JIOB W3 TONYMpOBOAHWKOB THma A3B5 Ha mpumepe
GaP u GaAs. BeiOop Takux MaTepuanoB o0yCJIOBIICH
ONTHYECKUMH M 3JEKTPUUECKHMHU CBOWCTBAMH TaKUX
HHK, mno3BonsiomumMu TMOTEHIIMAIBHO CO3/1aBaTh
Ha UX OCHOBE HE TOJIbKO HOBBIE MHCTPYMEHTHI LIS
TpaHC(EKIMH, HO U ONTHYECKHUE U DIIEKTPUIECKHE
AaTYUKW JJIs1 HU3YUYCHHA COCTaBa BHYTpHKHCTOqHOﬁ
cpensbl.

MATEPHAJIBI U METO/IbI

Pocm numesuomnvix HAHOKpucmauiios
u ux xapakmepusayus

Poct HHK mnpoBoamncs Ha yctaHoBke Veeco
GEN III MBE system (Veeco, CIIA). Poct HHK
MPOBOJWIICA II0 ABTOKATAJIUTUYCCKOMY MEXaHU3MY
(Tap—KUAKOCTh—KPHUCTAIIT) HA KPEMHHUEBOW TIOIIIOXK-
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Ke, cofiepKalleil cioit moBepxHocTHOro okcuaa SiO.
[TonpoGHBIE ycmoBusi pocta omucanbl B padore [17].
Jnsi manbHENIIero MCCieNoBaHUs BBDKUBAEMOCTH H
TpaHCHEKIMH KIETOK MPUMEHSUIOCh TPU THIIA IIOJ-
noxku: GaAs HUTEBUIHbIE HAHOKPUCTAIJIBI C Xapak-
tepHoil amunoit 2 mxM, GaP HHK co cpenneit miu-
Hoi 4 Mxm m  GaP HHK co cpenneit anunoit

8 mxMm. Cpemnuit quamerp HHK cocrasmisier ot ~160 HmM
y MOJIOKKHN 1 ~150 HM OKOJIO KOHIIEBOH yactu. M3o-
OpaXeHHs COOTBETCTBYIONIUX IMMOJIOKEK, ITOIy4eH-
HbIC METOJIOM CKaHUPYIOUICH 3JIEKTPOHHOW MHUKPO-
CKOITUH, TIpe/icTaBIeHsl Ha puc. 1. Mopdomorus Opuia
0XapaKTepU30BaHa Ha CKAHHMPYIOIIEM 3JICKTPOHHOM
Mukpockorie Supra 2 (Carl Zeiss, ['epmanns).

Puc. 1. M3o0paxkeHnss NMpUMEHSEMBIX B padOTe HUTEBUAHBIX HAHOKPHUCTAJUIOB, IIOJyYEHHBIE C MOMOIIBIO

CKaHUPYIOIIETO YIEKTPOHHOI'O MUKPOCKOIIA.

a, 0 — HHK u3 apcenmnna ramwms co cpenneit anmuao# 2 MkM; B, T — HHK u3 gocduaa rammms, cpensss mmHa
4 MxMm; 1, e — obOpazery HHK ¢ocduma rammms, cpennsis nnimaa 8 MKM
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Kynemypa xnemox

B xozxe paboTh! UCTIONB30BATMCH KIETKH KYJIbTYPBI
HeLa (kapuuHoma meiku MaTku denoBeka). KynbTy-
pa Oputa morydeHa B Poccuifickol KOJITEKIINN KIIETOY-
HBIX KYJIBTYp MO3BOHOYHBIX MHCTHTyTa IMTOJIOTHH
PAH, Canxr-IlerepOypr. Kinerku KymbsTHBHPOBAIHCH
B cpene DMEM (buoJlot, Poccust), ¢ mobaBneHueM
10% deranpHoit Obrubeid coiBopoTku (Hyclone,
CIIIA), B mpHCYTCTBHM aHTHOMOTHKA T'€HTAMHIIMHA
(40 mxr/mi). KieTkn KynbTHBHPOBAIUCH B HHKYOATO-
pe, B YBI@KHEHHOH armocdepe, coxepxameit 5%
CO,, pu Temmepatype 37°C.

Hceneoosanue scuznecnocobnocmu Kiemox

Hns uccnenoanus BiausHuss HHK Ha xusnecno-
COOHOCTh KJIETOK B IJIyHKH 24-TyHOYHOTO KYJBTY-
PaJIBHOTO IIIaHIIEeTa TOMEIANHUCH 00pa3ibl KpeMHHe-
BBIX MOJJIOKEK CO c(DOPMUPOBAHHBIMHU Ha MX MOBEPX-
Hocty MaccuBamu HHK paznuynoii reomerpuun u co-
cTaBa. B kauecTBe KOHTPOJIBHOTO 0Opa3lia UCIIONB30-
BAJIMCh YUCTbIE KPEMHHUEBBIE TOMTIOXKKU. B HOopmaib-
HOM COCTOSHHUU IIPHU KOHTAKTC C BO3AYyXOM IIOBEpPX-
HOCTb IOJUIOKKH ITOKPBITA CJIOEM TUOKCUAA KPEMHHUS
U, TaKUM 00pa3oM, MO CBOMM CBOWCTBAM SIBJISCTCS
ONMM3KOM K CTEKISHHBIM IOBEPXHOCTSM MJISI pOCTa
kinetok. Ilmomanp kaxkmoro oOpasma cocraBisiia
~ 20 mm’. Kakmas jyHKa, COAEpIalias MOJIOKKY,
C menblo crepuiamsanuu obpadateiBasiack 70% pac-
TBOpOM 3TaHona B TeueHue 20 muH. [locne 3toro nig
yIaleHus: COupTa o00pasipl TPHUXKIBl OTMBIBAINCH
CBEXeW KynbTypalbHOM cpemoil. 3areM B KaXIyro
JyHKY BHOcmiIoch 500 MKII CyCHEH3UH, coAep Kallen
KJIeTKH ¢ KoHIeHnTpamumeii 1 x 10° kietox/mn, n ras-
mieT nomemaics B uHkyoatop. Yepes 24 4 B niepByro
JMYHKY, COAEpXKaIyro oOpaszer, 100aBisuicS KpacH-
tenb Hoechst 33342, npenna3zHaueHHbIH 111 KOHTpa-
CTUPOBAHMS siIpa BCEX KIETOK, a TaKXKe HOAUCTBIN
MPONUJIUN Il KOHTPACTHPOBAHUS sJpa MEPTBBIX
kieTok. KoHmnenTpanus 0o00ux KpacuTeneld coCTaBIIs-
na 2 mxr/min. OOpa3ipl MHKYOUPOBAINCH B TEUEHHUE
15 MuH, 3aTeM NMPOMBIBAIUCH CBEXKEH Cpeioi, mepe-
HOCWJINCh Ha MOKPOBHOE CTEKJIO U aHAJIM3UPOBAIIHCH
Ha MHBEPTHPOBaHHOM MHUKpockome Axio Observer.Z1
(Carl Zeiss, I'epmanuns) ¢ KOH(OKaIBHBIM MOIYIIEM
YokogawaCSU-X1 (Yokogawa, Smonust). Ilporeny-
pa moBTOpsIack yepe3 3, 5 u 7 IHEW mocie Hayaia
JKcrepuMenTa. [l KOJIMYEeCTBEHHOM XapakTepu3a-
JRR%0%¢ )KI/ISHCCHOCO6HOCTI/I KIJICTOK MOACYHUTHIBAJIOCH
KOJINYECTBO JKMBBIX KIJIETOK, OKPACHBLIMXCSI TOJIBKO
kpacutenem Hoechst 33342, a Ttakke KOJIUYECTBO
MEpPTBBIE KIIETOK, OKpacuBmmxcs kak Hoechst 33342,
TaK U WOJUJIOM MNponuaus. BpDKMBaeMOCTb KIIETOK
HOJCYUTHIBAJIACH COTJIACHO (OopMyIIe:
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KOHTPOJIb

TIIE Mogpasen — KOJIMYECTBO JKUBBIX KIETOK B 0OpasIe,
Towrpon, — KOJMYECTBO JKMBBIX KIJIETOK B KOHTPOJIE
COOTBETCTBYIOILLIETO JTHS AKCIIEPUMEHTA.

Tpancghexyus

[lepBoHavanpHas MOATOTOBKA KJIETOK W 00pPa3iloB
COBIIa/Iajla C MPOTOKOJIOM, OMUCAHHBIM B TPEABIAY-
meM paszzgene. Yepes 24 4 mocne pacceBa KIETOK
Ha TIOJJIOKKHA POCTOBAsl Cpella yJaisiiach W3 JYHOK
Y TIOCJIE TPEXKPATHOM MPOMBIBKH (POC(HaTHO-COJICBBIM
OydepoM 3ameHsIach Ha OECCHIBOPOTOYHYIO CpEIy
DMEM. Ilocne 3Toro B cpeny 100aBisuiach IuIa3Mu-
na, KOAMPYIOMIasi 3eeHbId (IyOpecHeHTHBIN OeloK
GFP, B konnentpanuu 1 ur/mi. Uepes cyTku nHKyOa-
MY si7Ipa KIETOK OKparuBainchk kpacurenem Hoechst
33342 wu uccnenoBauCh Ha KOH(OKAIBHOM MUKPO-
CKOTIE.

Cmamucmuuexas obpabomka pe3yibmamos

Jist craTUcTH4ecKo 00paOOTKH TaHHBIX MCIIOINb-
3oBaiach mporpamma GraphPadPrism 8.0.1. [us pac-
yeTa CpelIHUX 3HA4YeHWH, CpPEIHEKBaJpaTUYHBIX OT-
KJIOHEHUH U JOCTOBEPHOCTU PA3NHUYUN BCE SKCIEPHU-
MCHTBHI IO HCCICAOBAHUIO BBDKMBAEMOCTU U TpPaHC-
q)eKHI/II/I 6I>IHI/I BBIIIOJIHCHBI TPWIXX/bI, IJId pacyeTa
3HAYEHUH P,y TPUMeEHsICA t-TecT CThIOZeHTA.

PE3VYJIBTATBI

Buiorcusaemocms u srcuznecnocobnocms Kiemox

B pabore ObuH TONyYeHBI TaHHBIE, CBUIETEIHCT-
ByIoIIMe 0 Bhicokol OmnocoBmectumoctd HHK Ha oc-
HOBe (pocduma rayums U CyImeCTBEHHO Ooliee HU3KOH
BBDKHMBAEMOCTH KJIETOK TIPH KYyJBTHBAIMM Ha IMOBEpX-
HOCTH apceHuia rauvs. B ciaydae KynbTHBaLMK KIETOK
Ha KOHTPOJIbHOW MOJUIOXKKE (pUC. 2, a-T) yJIBOEHHUE
KOJINYECTBA JKMBBIX KJIETOK HaOironaercs mpuoin3u-
TeJTpHO Yepe3 Kaxaple 48 4 (puc. 2, k). HabmomaeTcs
pPOCT OT €IUHUYHBIX KJIETOK, pAaBHOMEPHO pacmpere-
JICHHBIX 10 MOJUIOXKKE, Yepe3 24 4 MHKyOaluH BIJIOTh
710 00pa3oBaHMsI MOHOCJIOS Ha 7-i leHb pocta. Ha 5-i
JeHb HaOJIOAAIOTCS OJUHOYHBIE MEPTBBIE KIIETKH,
OJIHAKO Ha 7-U JI€Hb 3KCIEPUMEHTA MEPTBbIE KIIETKU,
T.€. KJIETKH C SIAPOM, OKPALICHHBIM HOAMCTBIM IPO-
nuaMeM, He HaOmonarorcs. VcuesHOBEHHE MEPTBBIX
KJIETOK Ha 7-U JIeHb MOYKHO OOBIACHUTH JOCTUKEHUEM
KOH(JIFOGHTHOCTH, T.€. 3allOJJHEHHEM BCEro cBoOOI-
HOTO TPOCTPAHCTBA KUBBIMH KJIETKaMH, YTO TPHBO-
IUT K OTKPEIUIEHHIO MEPTBBIX KJIETOK OT IOBEPXHO-
CTH.
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B CjIydya€ KYJbTHBAllMM KIICTOK HAa IMOBCPXHOCTU
HHK ux BBDKHMBaEMOCTb W CITOCOOHOCTH K IpoiHde-
pamyu 3aBUCHT KaK OT MOP(OJIOTHH IMOMJIOXKKH, TaK
U OT €e XUMHUYECKOro coctaBa. Yepes 24 4 mocnie pac-
ceBa KJIETOK BO BCEX CIydasX HAOIOJaeTcs CHIKe-
HUE KOJIMYECTBA >KUBBEIX KIETOK 10 40% oT KOH-

BeipkuBaemocTtb, %
(4]
o
1

L HHll HHa HHD

1cytkm 3 cyTkm 5cyTkM 7 CYTKM

Ea KoHTtpone EA GaP 4 Mk

= GaP 8 mkm

TponbHOTO oOpasua. OgHako HaloJaeMoe KoJnyie-
CTBO MEPTBBIX KJIETOK Majo u coctaBmsier ~ 10%
oT oO0mero KommyecTBa KieTok (puc. 2, m). Takum
00pa3oM, BO3MOXHBIM OOBSCHEHHEM JBYKPATHOTO
YMEHBIIEHNS! KOJIMYECTBA KIJIETOK SIBIIETCS HE WX TH-
0eIb, a HEeBO3MOXKHOCTB 3aKPEIUICHHsI Ha TOBEPXHOCTH

JuBbIX KNeTok Ha Kagp

(=]
L

1 cyTkn

3 cyTkmn

S5cytkm 7 cyTKm

ma GaAs 2 MKm

Puc. 2. BepkuBaeMocTs KiIeToK KynsTypsl HelLa nmpu xynpTuBanum Ha noepxHoctd HHK pasmiranoit Mmopdosorun u co-

cTaBa B TeUCHUE 7 CYTOK.

a-T: BU3YaJIM3alli¥ KOJHMYECTBa KJIETOK Ha MOBEPXHOCTH KOHTPOJBLHOTO oOpasma depe3 1, 3, 5, 7 cyTOK KyJIbTHBAIHH;
J1—-3: BU3yaJIM3allii KOJMYECTBA KJIETOK Ha MOBEpXHOCTH 8 MkM GaP HanokpucTaiios uepes 1, 3, 5, 7 cyTOK KyJIbTHUBALUH.
Ceembie msaTHA — siipa KieTok (okpammBanue Hoechst 33342), 6onee nHTEHCUBHBIN OBl IIBET HA J, € — KOMOUHAIHS
kpacureneit Hoechst 33342 u iionuna nponuays, OKpalnBaroIero MEpTBbIE KIETKH.

U, K — TUCTOTPaMMBbI, IEMOHCTPUPYIOUINE BHDKUBAEMOCTh M KOJUYECTBO KJIETOK HAa KaAp TPU KYJIbTHBAIMH KIETOK

Ha Pa3IMIHBIX MOJI0XKKaX; mKana — 100 MM

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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maccuBa HHK. Ha tpetmii neHp skcmnepumeHnrta Ha-
Omrofaercsl maJeHue BBDKMBAEMOCTH KIIETOK Ha II0-
BepxHOCcTH oOpasuna GaAs no 4%, B TO BpeMms Kak
KJICTKH, PaCTyIIUe Ha MOBEpXHOCTU oOpa3noB GaP 4
1 8§ MKM, IEMOHCTPHPYIOT BeDKHBaemoctr 67 = 11%
u 28 + 13% ot xouTponsi. Takum 0Opa3zoM, MOKHO
CeNaTh BBIBOJ O KPUTUYECKOM BIMSHUH MaTepHaja
HHK na BeDKMBaeMOCTh KJIETOK. Ha HATHIN eHb dKC-
NepUMEHTa HAOII0AaeTCs IJIAaBHOE CHMKEHHME BBDKU-
BaEMOCTH KJIETOK Ha oOpasuax GaP 4 u 8 Mxm 1o 54 +
+ 42 u 20 + 11%. HecmoTpst Ha CHUXKEHHE BBIKUBAae-
MOCTH OTHOCHTEIIFHO KOHTPOJIBHOTO 00pasia, obiee
KOJIMYECTBO JKHMBBIX KIJIECTOK YBCJIWYMBACTCA: Ha 3-i
J€Hb KyJbTHBALMM IUIOTHOCTh KJIETOK COCTaBHJIa
275+ 47 u 11.5 = 5.2 Ha xagp s obpazuoB GaP
co cpenHelt HoM 4 u 8§ MKM cooTBeTcTBeHHO. Ha 5-¢
CYTKH IJIOTHOCTH KJIETOK Ha STHX 00pa3lax cOCTaBH-
ma 32 £25.3 u 12.3 + 6.4 xierok Ha kanp. Ha 7-e cy-
TK{ 3KCIIEPUMEHTa MPOIOJDKAETCS MOCTENEHHOE CHU-

50 ym

o
s | r p <0.0005

E 80 |

M -
2 60-

o

o Z
% 55,115
c 40 %

g 227
S

= =) %

A

R =,
ey KonTponn 485 358

EA KowTtpons
B GaAs 2 mkm
GaP 4 MKm
GaP 8 mim

JKCHUEC BBIKHBACMOCTU KIICTOK HpI/I KYJII)TI/IBaHI/II/I Ha
noBepxHoctd GaP HHK, oxnako xonmndecTBo KIIeTok
MPOJI0JDKAeT yBeNMW4unBaThes. lIpeacraBneHHble HaH-
HBIC IIO3BOJIAIOT CACJIaTh BBIBOJA, YTO HHTCBHIHBIC
HaHOKPHUCTAIUIbI C JUIMHOU JO 8 MKM, XOTS U CHUXKAIOT
BBIDKHUBACMOCTb HpI/I KYHI)TI/IBaIII/II/I KJICTOK Ha HUX IIO-
BEPXHOCTH, HO HE BBI3BIBAIOT THOENH CYIIECTBEHHOU
qacTu HOHyJ’I}IHI/II/I.

Tpancgexyus

Bo3moxHOCTh TpaHcheKIuu KIETOK NpU UX KYyJIb-
tuBaru  Ha TmoBepxHocT HHK wuccnemoBanach
Ha npumMmepe KynbTypbl HeLa. KneTtku kynbTUBUpOBa-
JIUCh Ha moBepxHOocTH oOpasuoB GaP 4 u 8 MM
n GaAs 2 MKM, a TakKe KpEMHHEBOW ILIaHAPHOW
MOJIJIOKKH, UCTIONB3YyeMO B KaueCTBE KOHTPOJIHHOIO
oOpasua. IlomydeHHble pe3ynabTaThl INPEACTABICHBI
Ha puc. 3.

Puc. 3. Tpancdexnus kinerok HeLa npu kyneruanuu Ha nosepxaoctt HHK pasnuuHoit Mopdonoruu u cocrasa.

a — KOHTpOJbHBINA oOpaszew; 6 — GaAs HHK c xapakrepnoii jummHoit 2 Mmxm; B — GaP HHK ¢ xapakrepHoit jnHO#N
8 Mmkm. CBeTiible MsAiTHa — siipa KIeTok, npokpamenHsie Hoechst 33342, spko-Oenble nsiTHa — 3€JIeHbIH (IIyopeceHTHBIH
6enox GFP TpanckpuOupyrommiicst B KJIETKe IOCIe MONaAaHus UIa3MHIbl; T — THCTOTPaMMa, I€MOHCTPUPYIOLIAs Mpo-
LEHT TPaHC(HUIMPOBAHHBIX KJIETOK Yepe3 24 4 rmocie BBEACHUS MIa3MUAbI B KYIbTYpPaIbHYIO CPENy; I — TPEeXMepHas pe-
koHCTpykums kinetkn Hela, kympruBupyemoit Ha moBepxHoctH § MkMm GaP HHK; maGmiomaroTcst mpoxoisl MeMOpaH®Hl,
(opmupyromIIe 00paTUMBIE MOPHI, Yepe3 KOTOPHIE IUIA3MHUJIA MTONA/IAET B KIETKY

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 1



52

C. B. LIMAKOB wu np.

Ha manensx a—B mpencraBiieHsl MEKpodoTorpadun
KJIETOK 4yepe3 24 4 1ociie BBEACHUS B KYJIbTypaJbHYIO
cpeay IUIa3MUBI, KOAUPYIOUIEH TeH 3eJeHoro (iyo-
pecuertHoro 6enxka GFP. B cmywae koHTpompHOTO
oOpa3siia ria3mMua He Croco0Ha MPeo0JeTh ia3Ma-
THYECKyI0 MeMOpaHy, W 3eneHas (hIyopecreHITHs
B KJETKax OTCYTCTByeT. IIpuM KyNbTHBAalMU KJIETOK
Ha noBepxHocTH GaAs HHK c xapakrepHoit amuHON
2 MKM HaOJro1aeTcs TPAHC(EKIUS €IMHIUYHBIX KIICTOK.
Haunyumuii pe3ynprar ObUT JOCTUTHYT TPH HCTIOJb-
30BaHMM B KayecTBE MOMJIOXKKHU Uil pocTa obpasua
GaP 8 mMxM. B stom cnywae adpdektuBHOCTH TpaHC-
¢exnmu cocraBmia 52 + 17%. B ciiygae kynpTuBanuu
Ha noBepxHoctH GaP HHK c xapakrepHoit amuHON
4 MKM TpaHC(hEeKIHs MPaKTUIeCKH He HaOIromanach.
Takum 00pa3oM, Kak U B cly4ae ¢ aHaJIU30M BBIKH-
Ba€MOCTH KJIETOK, MOXKHO 3aKJIIOYUTh, YTO Hapsmy
¢ MOP(OJIOTHUECKUMH XapPAKTEPUCTUKAMHU, B YACTHO-
CTU CpEJHEW JJIMHON HUTEBHUIHBIX HAHOKPUCTAILIOB,
3¢ (HeKTUBHOCTh TPaHCQEKIMH 3aBUCUT OT XHMHYe-
ckoro cocraba HHK. Ha puc. 3, a, mpencraBieHa
TpexXMepHasi peKoHCTpykuus knerku Hela, KyiabTH-
BUpYIOIIeiicsS Ha noBepxHOCTU oOpaszia GaP 8 mkm,
MOJy4YEeHHasi METOAOM KOH(OKaIbHOW MHUKPOCKOIIHU.
Ha n3o0paskeHnH BUAHBI MHUKPOWIJIBI, IPOKAJIBbIBAIO-
IMe KJIETKY. DTO MO3BOJISAET MPEANOIOKHUTh, YTO Me-
XaHNU3M YBEJIWYEHHUS NPOHHUIAEMOCTH IIJa3MaTHye-
CKOil MemOpaHbl, mMo3BOJIsONIMI Mojiekynam JIHK
MPOHMKHYTh B KJIETKY, 3aKirodaerci B (opMHpOBa-
HUM 00paTHMBIX MOp Ha MecTe MPOKoyIoB. CpaBHUBAS
MOJIy4YEeHHBIE Pe3yJbTaThl C JAHHBIMH, NPOAECMOHCT-
pPUpPOBaHHBIMHU B TpeAplAymmx pabdorax [20, 21], mo-
CBAIICHHBIX M3y4eHHI0 TpaHcdekimu kietok Ha HHK,
ClIeAyeT NOJUYEPKHYTh, UTO TPAHC(EKIHUS JOCTUTAETCS
MyTeM MPSAMOTO J00aBICHUS TUIa3MUABI B KYyJbTY-
pPaIBHYIO Cpely B CPaBHEHHM C IpEIBapUTEIbHBIM
HaHeceHHeM Iua3Muabl Ha moBepxHocTh HHK mmbo
IPU 3JEKTPOIIOpaluy, B Clydae KOTOPOW HAaHOKpH-
CTaJUTbI BBICTYTIAIN B POJI MUKPOAJIEKTPOIOB.
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VIABILITY AND TRANSFECTION OF HeLa CELLS
ON THE SURFACE OF SEMICONDUCTOR NANOWIRES
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The article presents the results of a study of the viability of HeLa cells during their cultivation on the surface
of a vertical array of semiconductor nanowires (NWs). The viability of cells during growth on the surface of
NWs formed from gallium phosphide with an average length of 4 and 8 um, as well as gallium arsenide with an
average length of 2 pum, is shown. The possibility of transfection of cells during cultivation on an NW array by
direct introduction of a plasmid into the culture medium is demonstrated. The dependence of transfection effi-
ciency on the average NW length is shown.

Keywords: nanowires, transfection, cell culture, cytotoxicity
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INTRODUCTION

Transfection — delivery of genetic material into
eukaryotic cells — is one of the most important tasks
of modern life sciences [1, 2]. Currently, there are
many solutions that allow the delivery of DNA and
RNA molecules into cells, but all types of transfection
can be divided into two large classes: physical and
chemical [3]. The essence of chemical methods lies in
the formation of complexes — capable of overcoming
the cell membrane — of various molecules, usually
polymers with lipophilic properties, with nucleic acid
molecules [4]. Physical methods, such as electropora-
tion [5] or microinjection [6], deliver target molecules
into cells by partial and reversible destruction of the
cell membrane by various physical effects. One of the
significant drawbacks of physical transfection me-
thods is the difficulty of scaling the procedure to
a large number of samples. An alternative way to
create a physical transfection system that allows one
to work without difficulty with a large number of
samples is to use vertical arrays of nanowires.

Nanowires (NWs) are quasi-one-dimensional na-
nostructures with vertical geometry synthesized on
substrates of various compositions [7]. Depending on
the desired properties, NWs can be formed from sem-
iconductor, dielectric, or metallic materials [8, 9].
Modern synthesis methods such as molecular beam
epitaxy [10] and chemical vapor deposition [11] make
it possible to obtain NWs with controlled geometry,
optical, and electronic properties, which are widely
used in nanophotonics [12] or the manufacture of var-
ious gas sensors [13]. In addition, such nanostructures
have potential for use in life sciences, including the
creation of biointerfaces [14], biochemical sensors
[15], and cell imaging [16].

The aim of this work is to study the biocompati-
bility and cell transfection ability of an array of nano-
wires made of A3B5 semiconductors using GaP and
GaAs as an example. The choice of such materials is
due to the optical and electrical properties of such
NWs, which make it possible to potentially create not
only new transfection tools but also optical and elec-
trical sensors for studying the composition of the
intracellular environment.

MATERIALS AND METHODS

Growth of nanowiresand their characterization

NW growth was performed using a Veeco GEN III
MBE system (Veeco, USA). NW growth was per-
formed using an autocatalytic subsequence (vapor —
liquid — crystal) on a silicon substrate containing
a layer of surface oxide SiOx. Detailed growth condi-
tions are described in [17]. For further study of cell
survival and transfection, three types of substrate were

used: GaAs nanowires with a characteristic length of 2
um, GaP NWs with an average length of 4 um, and
GaP NWs with an average length of 8 um. The aver-
age diameter of the NWs is ~160 nm at the substrate
and ~150 nm near the end part. Scanning electron mi-
croscopy images of the corresponding substrates are
shown in Fig. 1. The morphology was characterized
using a Supra 2 scanning electron microscope (Carl
Zeiss, Germany).

Fig. 1.Images of NWs used in the work, obtained
using a scanning electron microscope.

a, 6 — NWs from gallium arsenide with an average
length of 2 pm; B, r — NWs from gallium phosphide,
average length 4 um; 1, e — a sample of NWs from
gallium phosphide, average length 8 pm

Cell culture

Cell culture HelLa cells (human cervical
carcinoma) were used in the study. The culture was
obtained from the Russian Collection of Vertebrate
Cell Cultures, Institute of Cytology, Russian Academy
of Sciences, St. Petersburg. The cells were cultured in
DMEM medium (BioLot, Russia) supplemented with
10% fetal bovine serum (Hyclone, USA) in the
presence of gentamicin antibiotic (40 pg/ml). The
cells were cultured in an incubator in a humidified
atmosphere containing 5% CO, at a temperature of 37
°C.

Cell viability study

To study the effect of NWs on cell viability,
samples of silicon substrates with NW arrays of
various geometries and compositions formed on their
surface were placed in the wells of a 24-well culture
plate. Pure silicon substrates were used as a control
sample. In the normal state, during contact with air,
the substrate surface is covered with a layer of silicon
dioxide and, thus, by its properties, is close to glass
surfaces for cell growth. The area of each sample was
~ 20 mm’. Each well containing the substrate was
treated with a 70% ethanol solution for 20 min for
sterilization. After this, the samples were washed
three times with fresh culture medium to remove
alcohol. Then 500 pl of a suspension containing cells
with a concentration of 1 10” cells/ml were added to
each well, and the plate was placed in an incubator.
After 24 h, Hoechst 33342 dye intended for
contrasting the nuclei of all cells was added to the first
well containing the sample, as well as propidium
iodide was added to contrast the nuclei of dead cells.
The concentration of both dyes was 2 pg/ml. Samples
were incubated for 15 min, then washed with fresh
medium, transferred to a cover glass, and analyzed
using an Axio Observer.Z1 inverted microscope (Carl



Zeiss, Germany) with a Yokogawa CSU-X1 confocal
module (Yokogawa, Japan). The procedure was
repeated 3, 5, and 7 days after the start of the
experiment. To quantitatively characterize cell
viability, the number of living cells stained only with
Hoechst 33342, as well as the number of dead cells
stained with both Hoechst 33342 and propidium
iodide, were counted. Cell viability was calculated
according to the formula:

noGpaseu

Y%viability = %100,

nKOHTpOJ’Ib

wherengspasen 1S the number of living cells in the
sample,fgommporsiS the number of living cells in the
reference of the corresponding day of the experiment.

Transfection

The initial preparation of cells and samples was the
same as described in the previous section. After 24 h
of seeding the cells on the substrates, the growth
medium was removed from the wells and, after three
washes with phosphate-buffered saline, replaced with
serum-free DMEM. After that, the plasmid encoding
the green fluorescent protein GFP was added to the
medium at a concentration of 1 ng/ml. After 24 h of
incubation, the cell nuclei were stained with Hoechst
33342 and examined using a confocal microscope.

Statistical processing of results

GraphPadPrism 8.0.1 was used for statistical
processing of the data. All survival and transfection
experiments were performed three times to calculate
the mean values, standard deviations, and significance
of differences; Student's t-test was used to calculate
the Pvalue.

RESULTS

Cell survival and viability

The data obtained in the work indicate high
biocompatibility of gallium phosphide-based NWs
and significantly lower cell survival when cultivated
on a gallium arsenide surface. In the case of cell
cultivation on a reference substrate (Fig. 2, a-r),
a doubling of the number of living cells is observed
approximately every 48 h (Fig. 2, k). Growth is
observed from single cells uniformly distributed over
the substrate after 24 h of incubation up to the
formation of a monolayer on the 7th day of growth.
Single dead cells are observed on the 5th day,
however, on the 7th day of the experiment, dead cells,
i.e., cells with a nucleus stained with propidium
iodide, are not observed. The disappearance of dead
cells on the 7th day can be explained by the
achievement of confluency, i.e., filling all free space

with living cells, which leads to the detachment of
dead cells from the surface.

Fig. 2.Survival of HeLa cells during cultivation on
the surface of NWs of different morphology and
composition for 7 days.

a-T: visualization of the number of cells on the
surface of the reference sample afterl, 3, 5, 7 days of
cultivation;

n—3: visualization of the number of cells on the
surface of 8§ um GaP nanocrystals afterl, 3, 5, 7 days
of cultivation.

Light spots are cell nuclei (Hoechst 33342 staining),
a more intense white color inj, e is a combination of
Hoechst 33342 dyes and propidium iodide, which
stains dead cells.

u, kK — histograms demonstrating the survival and
number of cells per frame during cell cultivationon
different substrates; scale bar — 100 pm

In the case of cell cultivation on the NW surface,
their survival and ability to proliferate depend both on
the morphology of the substrate and on its chemical
composition. 24 h after cell seeding, in all cases,
a decrease in the number of living cells to 40% of the
reference sample is observed. However, the observed
number of dead cells is small and amounts to ~ 10%
of the total number of cells (Fig. 2, m). Thus,
a possible explanation for the twofold decrease in the
number of cells is not their death but the inability to
attach to the NW array surface. On the third day of the
experiment, a drop in cell survival on the surface of
the GaAs sample to 4% is observed, while cells grow-
ing on the surface of the 4 and 8 pm GaP samples
demonstrate survival rates of 67 £11% and 28 +13%
of the reference. Thus, it can be concluded that the
NW material has a critical effect on cell survival. On
the fifth day of the experiment, a smooth decrease in
cell survival on the 4 and 8§ pm GaP samples to
54 £42 and 20 +£11% is observed. Despite the decrease
in survival relative to the reference sample, the total
number of living cells increases: on the 3rd day of
cultivation, the cell density was 27.5 +4.7 and
11.5 £5.2 per frame for GaP samples with an average
length of 4 and 8 pum, respectively. On the 5th day, the
cell density on these samples was 32 £25.3 and
12.3 £6.4 cells per frame. On the 7th day of the expe-
riment, the gradual decrease in cell survival during
cultivation on the GaP NW surface continues, but the
number of cells continues to increase. The presented
data allow us to conclude that filiform nanocrystals
with a length of up to 8 um reduce the survival rate
during cell cultivation on their surface and do not
cause the death of a significant part of the population.



Transfection

The possibility of transfection of cells during their
cultivation on the NW surface was studiedusing the
example of the HeLa culture. The cells were cultured
on the surface of GaP 4 and 8 um and GaAs 2 pum
samples, as well as a silicon planar substrate used as
a control sample. The results obtained are shown in
Fig. 3.

Fig. 3. Transfection of HeLa cells during cultivation
on the surface of NWs of different morphology and
composition.

a — reference sample; 6 — GaAs NWs with a charac-
teristic length of 2 pm; 8 — GaP NWs with a charac-
teristic length of 8 um. Light spots — cell nuclei
stained with Hoechst 33342, bright white spots —
green fluorescent protein GFP transcribed in the cell
after plasmid introduction; r — histogram demon-
strating the percentage of transfected cells 24 h after
plasmid introduction into the culture medium; nq —
three-dimensional reconstruction of HeLa cell cul-
tured on the surface of 8 um GaP NWs; membrane
punctures are observed, forming reversible pores
through which the plasmid enters the cell

Figures a—B show micrographs of cells 24 h after
the introduction of the plasmid encoding the green
fluorescent protein GFP gene into the culture medium.
In the case of the reference sample, the plasmid is un-
able to permeate the plasma membrane, and green
fluorescence is absent in the cells. When culturing
cells on the surface of GaAs NWs with a characteris-
tic length of 2 um, transfection of single cells is ob-
served. The best result was achieved when using an
8 um GaP sample as a substrate for growth. In this
case, the transfection efficiency was 52 + 17%. In the
case of culturing NWs with a characteristic length of
4 um on the GaP surface, transfection was practically
not observed. Thus, as in the case of the cell survival
analysis, it can be concluded that, along with morpho-
logical characteristics, in particular the average length

of the nanowires, the transfection efficiency depends
on the chemical composition of the NWs. Fig. 3, n,
shows a three-dimensional reconstruction of a HeLa
cell cultured on the surface of an 8 um GaP sample
obtained by confocal microscopy. The image shows
microneedles piercing the cell. This suggests that the
algorithmfor increasing the permeability of the plasma
membrane, allowing DNA molecules to penetrate the
cell, is the formation of reversible pores at the punc-
ture sites. Comparing the obtained results with the
data demonstrated in previous studies [20, 21] devoted
to the study of cell transfection on NWs, it should be
emphasized that transfection is achieved by direct ad-
dition of the plasmid to the culture medium in com-
parison with preliminary application of the plasmid to
the NW surface or by electroporation, when the nano-
crystals acted as microelectrodes.

CONCLUSIONS

The work investigated the survival of Hela cells
on the surface of gallium phosphide nanowires with
characteristic lengths of 4 and 8 pm, as well as gal-
lium arsenide with a characteristic length of 2 um.
The dependence of cell survival on both the morpho-
logical characteristics of the NWs and their composi-
tion was shown: nanocrystals formed from gallium
arsenide have significantly higher toxicity. Shorter
GaP NWs have greater biocompatibility, but when
culturing cells on 8 um GaP, the survival rate ranges
from 41% after 24 hours of cultivation to 16% on the
7th day.

Transfection of cells growing on the surface of
NWs by direct introduction of a plasmid into the cul-
ture medium was demonstrated. In the case of 8 um
GaP NWs, the transfection efficiency was 52%.
A conclusion is made about the formation of reversi-
ble pores in the plasma membrane, a three-
dimensional reconstruction of a series of confocal opt-
ical sections is presented, demonstrating the poriza-
tion of the membrane by nanocrystals.



