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QJIEKTPOXUMHUNYECKOE NJETEKTUPOBAHUE OJAWMHOYHbIX
MOJIEKYJI JHK C MOMOIIbIO TBEPJOTEJBbHOM HAHOIIOPHI

B paboTe npoaeMoHCTpHUpOBaHa BO3MOXKHOCTH AJIEKTPOXMMHUECKOTO JETEKTHPOBAHMS OAMHOYHBIX Moyekyn JJTHK
C TIOMOIIIBIO TOHKOH SiN-MeMOpaHbl ¢ HHTETPUPOBAHHON HAHOPAa3MEpHOW MOPOH. BplM MPOBEAEHBI IKCTIEPUMEHTHI
M0 PErucTpalMid HOHHOTO TOKa Juis OydepHoro pacreopa 6e3/c nobdasnenuem mounekysn JHK 10000, S000 u 500
map ocHoBaHHH (11.0.). 1A aHaNMM3a MOMYYEHHBIX JAaHHBIX pa3paboTaH alTOPHTM MOWCKA COOBITHH TPaHCIOKAIMN
OIMHOYHBIX MOJIEKYJI depe3 HaHOmopy. Takoi aJropuTM MO3BOJISICT aHAJIM3MPOBATh aAMIUIUTYIY, AIUTEIBHOCTH
1 9acTOTy 0OHapyXECHHBIX COOBITH ¢ IeNbI0 aHalIn3a JieTeKTHpyeMbIx Monekys. s JJTHK 5000 u 500 m.o mokasa-
Ha HENWHEWHask 3aBUCHMOCTh MPOAOJDKUTEIBHOCTH MTPOXOXKICHHUS MOJIEKYJ OT MX JUIMHBIL. [IposeMoHcTpupoBaHo,
YTO NMPH YMEHBUIEHUHU JUIMHBI MOJIeKyJ B 10 pa3 mpoAoKUTENBHOCTh TpaHCIoKaluil cHuxkaercss Ha 35%. Ilpoxe-
MOHCTPUPOBaHHAsI BO3MOXKHOCTb JIETEKTHPOBAHUS TPAHCIOKAIMN CO3/1aeT OCHOBY ISl CO3/IaHUSI TBEPAOTEIBLHOIO
HaHOIIOPOBOT'O CEHCOPA.

K. cn.: nHaHOTIOpa, TBEPAOTENBbHAS HAHOTIOPA, MUKPODIIIONINKA, HOHHBIN TpaHCIOPT, SiN-MeMOpaHbI, OMOCEHCOPHI,

JHK, tpancnokanus JHK

BBEJIEHUE

B Hacrosimee Bpemsi HaOMIOAAETCS MOBBIILICHHBIH
WHTEpEC K MEXKIUCIUILUTMHAPHBIM HCCIEOBAHUSAM,
HalpaBJICHHBIM Ha pPa3pabOTKy HOBBIX YCTPOICTB
C HHTETPUPOBAHHBIMH MHKPO- W HAHOCTPYKTypaMHu
JUTST OMOMeMIMHCKUX TipuioxkeHuit [1]. Hns peann-
3al[UH MTOJ0OHBIX YCTPOMCTB MPUMEHSETCS] COYeTaHHE
METOJIOB MHUKPO- U HAHO(MIIOUAWKH C TEXHOJIOTHUSIMHU
MHUKPO3JIEKTPOHHUKH, YTO TO3BOJISIET CO3AAaBaTh BHICO-
KOYYBCTBUTENbHBIE CEHCOPHI [2], MPUHIAIT ASHCTBUSA
KOTOPBIX OCHOBAH Ha B3aUMOJEHCTBUU HCCIIETyEMOTO
00BeKTa € TBEPIOTEIbHBIMH  HAaHOpPAa3MEPHBIMHU
cTpykrypamu. OmHUM W3 HanboJiee MepCHeKTUBHBIX
HaIpaBlIeHUH pa3BUTHSA TaKOTO TIOAXONA SBISETCS
(dopMupoBaHNE HAHOPa3MEPHBIX OTBEPCTUH (HaHO-
MOp) B TOHKHX, HEMPOHUIaeMbIX MeMOpaHax [3]. M3-
TOTOBJIEHHE HAHOTOP C XapakTepHBIMH BEITMYNHAMHU
nuaMetpa/anuabl oT 1 1o 100 HM OTKpBIBaeT MmHpO-
KM CHEKTp BO3MOXHOCTEM [UII UX IPUMEHEHUS
B OMOMeIUIIMHE: KOHIIEHTPAIlUd W BBIJICIICHUS HYK-
neunoBwix kuciot (HK) [4, 5], ananuza u nerextupo-
BaHUS OJMHOYHBIX OMOMOJIEKYI [6], CEKBEHUPOBaHUS
HK [7, 8].

Hambonee pacmpocTpaHeHHBIH NPUHIMIT HAHOMO-
POBOTO JIETEKTUPOBAHMA 3aKJIHOYAETCS B PErHCTpaluu
MOHHOTO TOKa, MPOTEKAOMIETO Yepe3 HAHOIOPY MO
JIEMCTBUEM BHEIIHETO 3JieKTpuyeckoro nous [9]. He-
TEKTUPOBAHUE TPOUCXOAUT B HM3MEPUTENBHOM 3JIeK-
TPOXMMHYECKOW siuelike, TPEICTABISIONEH coOon
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He3aBUCHUMBIE (CiS U trans) 00bEMBI, MEKAY KOTOPBIMH
¢dukcupyercst TOHKas MeMOpaHa ¢ WHTETPUPOBAHHOM
Ha”Honopoil. IlpunokeHHOE 3JEeKTpUUYEcKoe IIoNe
(dbopMHpyeT HaNpaBICHHBIH TPAHCIOPT HUCCIIEAYEMBIX
MOJIEKYJI U3 cis-o0beMa B trans-o0beM uepe3 BHYT-
penHuii o0beM HaHomopsl. IIpomecc mnepemerieHus
MOJICKYJI depe3 HaHOMOpy (COOBITHE TPaHCIOKAIINH)
COINPOBOX/IAETCS CKAaYKOOOpa3HBIM M3MEHEHHEM (MO-
IyJSAIe) YpOBHS PEerucTpUpyeMOro MOHHOTO TOKa.
Ammmtyna 1 gopma cOOBITHSL TPAHCIIOKAMU 3aBU-
ciaT OT (OpMBI M pa3MEpoB ACTEKTHPYEMOW MOJIEKY-
JBl, @ TAK)KE OT €€ JKECTKOCTH, 3apsiia U KoHdopma-
IIMOHHBIX CBOMCTB [10].

[IpsMBIMH KOHKYypEHTaMH TBEPAOTENbHBIX HaHO-
MOp MPUMEHUTENIBHO K CEKBEHHUPOBAHUIO SBISIOTCS
Oononornyeckue HaHomopsl [11], mpencraBmgromme
cO0O HCKYCCTBEHHO CHHTE3MPOBAHHBIC TPAaHCIIOPT-
uele Oenku (a-HL, AeL, ClyA) [12], uHTerpupoBan-
HbIE B JIMNHUIHBIE MeMOpaHnbl. HecmoTpst Ha TO, 9TO
OMOJIOTHYECKHE TIOPbl aKTHBHO MPUMEHSIOTCS JUIs
cexBenupoBanus JIHK [13] u uccmenoBanms Tpanc-
MeMOPaHHOTO TPaHCHOPTa OUOJIOTMYECKUX MOJIEKYJ,
OHM O0JIAZIATOT PSIIOM CYIIECTBEHHBIX HEIOCTATKOB,
TAKUMH KaK OTpPaHMYCHHBIH CPOK CIYKObl M CTpOTHE
TpeOOBaHMsI K YCIOBHSIM OKCIUTyaTallul, XpaHEHUs
(Temmeparypa, KoHIIEHTpanus stekrponuta u pH) [9],
YTO 3HAYUTENBHO CY’KaeT BO3MOKHOCTH MX NMPHUMEHE-
Hus. B CcBOIO ouepens TBepHOTENBHBIE HAHOIIOPHI
W HaHOKaHANbI SBISIOTCS MEPCHEKTUBHBIM aHAJIOTOM,
MMOCKOJIBKY 00J1a/1aloT XOpolIeld MeXaHU4ecKoi, Tep-
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MHYECKOH M XHMHYECKOH crabuiapHOCTBIO [14, 15],
HIMPOKUMH BO3MOXKHOCTSAMHU 10 MOJU(DUKALUU HUX
CEHCOPHBIX W CENIEKTUBHBIX CBOWCTB [16], a Takke
XOPOIIUM TEXHOJIOTHYECKUM TOTEHIHAJIOM JIsl ce-
PUHHOIO MPOU3BOICTBA.

Hecmotpst Ha psii IpeuMyIecTB, TBEPIOTEIbHbBIC
HAHOIIOPHI elle He MPOJAEMOHCTPHPOBAIIA CEHCOPHBIE
CBOICTBa, HeoOXoauMbIe it cekBenuposanus JJHK.
OCHOBHBIM TIPEIMSATCTBUEM 3TOMY BBICTYIAIOT BBICO-
Kasg CKOpPOCTh TPAHCIOKAIIMH MOJEKYJ B COYETaHUHU
CO CIIO)KHBIM MEXaHHW3MOM B3aUMOJICHCTBHS MEXKIY
monekynoit JIHK (comepkameit kak ruapodoOHbIe
OCHOBaHMS, TaKk W TUAPOPUIBLHYIO OCHOBHYIO IICTIB)
YU TIOBEPXHOCTBIO TOPHL. IOTH 3PGHEKTH MPUBOISLT
K PETUCTPAllUM KOPOTKUX CHUTHAJIOB C HU3KOM COOT-
HOIICHUEM CHUTHAJI/IIIYM, YTO HE MO3BOJISICT PEalin3o-
BaTh A(PQPEKTUBHYIO HICHTHUPHUKAINIO OTIEIbHBIX
nykneotunos B JIHK. Pa3paboTka TBepIOTENBHBIX
HAHOIIOPOBBIX JAaTYMKOB, CIIOCOOHBIX TOJHOCTHIO
0XapaKTepU30BaTh JACTEKTUPYEMbIC OHOMOJICKYIIBI,
SIBJISIETCS CJIOAKHOM 3ajilaueld h3-3a BHICOKOM CKOPOCTH
anekrpodopernyeckoii Tpanciaokanuu [17], BbI3BaH-
HOW CWJIBHOM JIOKAJIW3AIlUEH JJICKTPUICCKOTO ITOJIS
B oOxactu mopsl. CHITBHEIE TIOJIST 0OYCIIOBIIEHBI HAaHO-
pasMepaMy CTPYKTYPbl M SIBIISIOTCS HEOOXOTUMBIM
¢akTopom mnsi pOpMHPOBAHUS YPOBHS TOKA, MPEBBI-
HIAIOUIETO TEIUIOBOH IIyM, B TO BpeMs Kak JUIsl Ipe-
omoseHus 6aphepoB, OMpENEIIEMBIX KOH(MOPMAITMOH-
HOW SHTPOMHEHN, IEKTPOCTATUYECKUM OTTAIKUBAHU-
€M M DJIEKTPOOCMOTHYECKHM TIOTOKOM, TpeOyercs
MPUJIOKUTh HANPSHKCHHE CMEIICHUs TOpsAKa HE Me-
Hee 20-60 MB [18].

Tunuunsle ckopoctu TpaHcinokauuu HK uepes
TBEPJOTENLHBIC HAHOMOPHI COCTABIISIIOT | OCHOBaHUE
B 10-1000 uc [19]. Ilpm Takmx BBICOKHX CKOpPO-
CTSX KOPOTKHE (hParMeHThl HYKICHUHOBBIX KHCJIOT
(<100 map ocHOBaHHWH, I1.0.) 9aCTO HEBO3MOXHO 00-
HapyXuTh. TakuM 00pa3oM, JUIsi PETUCTPAIMH CUTHA-
Ja HeoOXOoJMMa IIMPOKasl I0JI0Cca MPOIMYCKaHHUs CHT-
Hama (>1 MIm), 4ro B CBOW oOYepeab NPUBOIUT
K YBEJIMUCHHUIO YPOBHSI TEIIOBBIX IIIYMOB M 3aTPYIHS-
eT JeTeKThpoBaHue. YacTo IS CHIKEHUS CKOPOCTH
TPAHCIOKAIUN TPUMEHSFOTCSI JOMOJHUTEIbHBIC Me-
XaHU3MBI, TaKue KaKk M3MEHEHHE BA3KOCTU JJIEKTPO-
nuta [20], UCIIOIB30BaHKUE ONTUYECKOTO MUHIIETA WU
MJIa3MOHHBIX CTPYKTYp [21].

[TomMmuMoO onTUMHU3ALMKM YCIOBUM 3KCHEPUMEHTA
U METOAOB JETEKTUPOBAHHUS peIlarollee 3HaueHHE
uMeeT 00paboTKa MOJTYUYEHHBIX CHUTHAJIOB W OIIpeje-
JIeHWe COOBITHS TPaHCJIOKAlMU. BoJbIIMHCTBO cylie-
CTBYIOIITUX METOAOB OOHApPYXCHHsI COOBITHUH TIpeI-
CTaBISIOT cO00M MACHTH(PUKALUIO CKauKOOOpa3HBIX
W3MEHEHU YpPOBHSI MOHHOTO TOKa. MI3MEHeHMs Toka
BBIUUCIISIFOTCS/PAHKAPYIOTCS U OTCEKAIOTCS TIPU JI0C-
TW)KEHUH  OMNPEAEJICHHOTO IOPOTOBOTO  3HAYCHHUS
(Tpurrep). Takne MeToABl MOUCKA COOBITHII MOXKHO
pa3ienuTh Ha BE KaTETOPHHU: KIACCHYECKUH MOAX0A
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ompeJieNieHHs MOJIb30BaTeNIeM MOPOrOBOrO 3HAUCHHS
C TIOMOIIBIO TAKHUX Tporpamm, kak MiniAnalysis [22],
Easy Electrophysiology [23] u Clampfit [24], u Gonee
MPOJIBUHYTBIE METOJBI, WUCTONB3YIONINE aJalTHBHBIC
WIN JIOKaJbHbIE IIOPOTU, HCXOIS M3 IOJIY4YEHHBIX
JaHHBIX, IMpearosaras, 4Tto 0a30BBI TOK CTaOMIICH
BO BPEMEHH, pEaJIM30BaHHbIE B  IPOTrpaMMax
OpenNanopore [25], MOSAIC [26], Transalyzer [27],
EasyNanopore [28].

JlanHast paboTa MOCBSILEHA HCCIEIO0BAaHUIO BO3-
MOYKHOCTH JETEKTUPOBAHUSI OJUHOYHBIX MOJICKYJI
JHK pa3nnuHoil IIMHBI C TOMOILBIO HAHOPA3MEPHOU
SiN-nopsl, a TaKke CTaTUCTHYECKOMY aHalIHu3y COOBI-
TUM TPaHCJOKALMK C IeJIbI0 U3YUYEHUS] MEXaHU3MOB
npoxosxaenus mosiekyn JJHK yepe3 BHyTpeHHHI 00B-
€M HaHOIIOPBHI.

MATEPHAJIBI U METO/IbI

B pabote ucnonb3oBanbl 00pa3ibl, NPeACTABISIO-
mme coboil cBoOonHO mozBenieHHY0 SiN-MemOpany
TONKHON 40 HM C OAMHOYHON HAHOMOPOW AMAMET-
pom ~5 HM. Ha mepBom 3Tame CuUHTE3a CTPYKTYpBI
cnoit SiN tommuHoi 40 HM (opMmHpoBaics Ha OTO-
JFOKEHHOH Si-NOJUI0KKE METOIOM XHMHUYECKOIo 0oca-
KIEHUA U3 ra30BOH (a3bpl IpU MOHWKEHHOM JaBlie-
Huu (LP-CVD). Jlanee ¢ ucnonb30BaHHEM METOIIOB
IUIA3MOXUMHUYECKOTO M aHU30TPOIHOTO TPaBJICHUS
Si-mognoxkka ypansuach, GOpMHUpPYsS CBOOOAHO IOA-
BemenHylo SiN-MemOpany miomanbio ~900 MKM.

KomuuectBo

4 5 6 1 8
Jluametp nop, HM

Puc. 1. [IDM-n3o0paxenus tpex SiN-HaHONOp ATHHOU
40 HM ¥ TMAMETPOM ~5 HM U paclpe/ie]IeHHe JUaMEeTpPOB
(bopMHpYEMBIX HAHOIIOP 110 pa3Mepam
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®dopMupoBaHHE HAHONOpP B IOJyYCHHOM MeMmOpaHe
MPOMCXOAMIO METOAOM TpaBJICHUsI COKYyCHPOBAH-
HBIM 3JIEKTPOHHBIM ITyYKOM C IOMOILBIO MPOCBEYH-
BAaIOIIETO 3JeKTPOHHOTO Mukpockomna (IIOM). Jlan-
HBI METOJ] TIO3BOJISIET (POPMHUPOBATH TBEPIOTEIHHBIE
HAHOTOPbI HEOOXOAMMBIX Pa3MEpPOB C XOpOLIEeH BOC-
MIPOU3BOIUMOCTEIO (pHC. 1).

B skcnepumeHTax Mo JAETEKTHPOBAHUIO MOJEKYJI
JIHK wucnons3oBanack pa3paboTaHHAsh HAMU W3MEPH-
TeJIbHAs siueiika, mpeicTaBisonias coOoi 1Ba Hesa-
BUCUMBIX Cis- M trans-o0bema, QOpMUPYyEeMbIC METO-
nmom ¢orononaumepHorr 3D-neuatn. B sueliky ycra-
HaBiuBanuch Ag/AgCl anmexTponsl Al MPOBEICHHUS
W3MEPEHUN MO JBYXIEKTPOAHOM CXEMe, a TaKkKe
cUcTeMa KallWUIBIpoB Uil HoAayn/oTBoAa OydepHoro
pacTtBopa ayeKTponuTa. MeMOpaHa ¢ WHTETPHPOBAH-
HOW HaHOIOPOW TepMETHYHO (PUKCHPOBAIach B sSUEH-
K€ C TOMOIIbI0 AJIACTHYHBIX MPOKIAN0K, COCTUHSISA
cis- U trans-o0beMbl. B mpomecce 3amonHeHus 0y-
(epHBIM PacTBOPOM H3MEpUTENIbHAsl SUYeiKa MPoXo-
JWIa TIpOoLeAypy Hera3aliy Ui TPEeIOTBpPAICHUS
0o0pa3oBaHMsl MHUKPOITy3bIpell BO31yXa BOJNM3M HaHO-
mopel. MeTo/inka 3amoiHeHHs s9eikn Obuta o0Tpabo-
TaHa W HOAPOOHO OIMCAaHA B MPENBIAYLIMX padoTax
[29].

B kauectBe OydepHOTo 3JIEKTPOIMTA HCIOJIB30-
Bascst pacteop 0.1 M KCl u 1X PBS (1:1), pH = 7.4.
W3mepennss HOHHOTO TOKa MPOBOAMIINCH C ITOMOIIBIO
HUCTOYHMKA-U3MEPUTENS HaNpsKEHHUS W TOKa, MO3BO-
JISTIOTIIETO TIPOBOJIUTE U3MEpeHus ¢ gactoToi 50 I .
HccnenyeMplMH MOJEKyJaMH B 3KCIIEPUMEHTaX BBI-
crynanu ayxuenodeunsie JIHK pasHOW AMWHEL
10000 m.o0., 5000 1.0. u 500 .o (3A0 "CUHTOJI").

SKCIHHEPUMEHTAJIBHBIE NCCJIEJOBAHUA

Ha mepBom srame Obuta WccieqoBaHa BO3MOXK-
HOCTh HAHOIIOPOBOI'O AeTeKTupoBaHust Monekya JJHK
10000 m.o. [y 3Toro OBIT MPOBEAEH SKCIEPHMEHT,
HaTpaBJICHHBII Ha OOHApy)KEHHE TPAHCIIOKAIMH T0-
cie nobasnenust monexkyn JAHK B uncteiii Oydepnsbiii
pactBop. CHavayia ObTa TIpOAHATU3UPOBAHA CTAOMITH-
HOCTh MOHHOTO TOKa B YHUCTOM Oy(epHOM pacTBOpe
no nobaenenust JJHK. M3mepenns Toka ocymiecTsisi-
JUCh B MOTEHIHOCTATHYECKOM DPEXHUME (IIPHUI0KEH-
Hasl pa3HOCTh MOTEHIUAIOB (PUKCHpPOBaHA BO BpeMe-
HU). Ha mony4eHHOH MOTEHIMOCTATHYEeCKON KPHUBOM
3aBUCHMOCTH TOKa OT BPeMEHH HaOII0aJICsl YPOBEHb
ToKa 244.9 mA Tnpu cpenHEKBaaPATUIHOM OTKIIOHE-
Huu (CKO) 10.6 nA (U = 0.1 B), 4T0 TOBOpUT O BBI-
COKOM YHCTOTE pacTBOpa, 00ECICUNBAIOICH OTCYTCT-
BHE TApa3WTHBIX COOBITHH TpaHCcioKanui. Jlanee,
B 00BEM STUCHKHU, BKIIOYAIOIINI B c€0sl OTPHUIIATEIHLHO
3apsOKEHHBIN 3JeKTpoa (cis-00beM cM. puc. 2), ObuI
nobasneH Oy(epHbIi pacTBOp, COlEpKalIHid MOJIEKY-
et JJHK mmao#t 10000 m.0. B KOHIICHTpAIUU
~0.1 ur/mka. Ilox neiicTBueM NPHIIOKEHHOTO 3JIEK-

JI. B. JIEBEJIEB, A.C. BYKATUH u xp.
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Puc. 2. Cxema sKcnepuMeHTa IO JCTEKTHPOBAHMIO
oanHo4HbIX Mosiekya JJHK

TPUYECKOTO TOJSI OTPHULIATENIEHO 3apsHKEHHBIE MOJe-
kynel JIHK mepememianiice depe3 HaHOMOPY W3 Cis-
B trans-o0bem (puc. 2). [Ipu 3TOM cpenHuil ypoBEHB
rnoHHOro toka cocrasui 218.3 nA, npu CKO 7.5 nA.
[locne wuero OBUIM 3aperUCTPUPOBAHBI KOPOTKHE
CKa4K00Opa3HbIe W3MEHEHUS YPOBHS HOHHOTO TOKa
(coOBITHS TpaHCIIOKAIU), YTO TOBOPUT O BO3ZHHKHO-
BeHMH TpaHcnopTa moinekyn IHK yepe3 BHyTpeHHUI
00bEM HaHOTIOPHI.

BropeiM 3TanomM paboThl CTalo MCCIeI0BaHUE 3a-
BHCHUMOCTH TIPOJIOJKUTEIHHOCTH COOBITUH TpaHCIIO-
kanui ot JummHbl MoJiekys JIHK. DkcnepuMeHT ObLn
MPOBEJICH aHAIOTUYHO TIEPBOMY D3Taly I MOJEKYI
JHK pgmunoit 5000 u 500 m.o. B KOHIICHTpaLUAX
1.25 ar/mxn u 3.3 HI/MKI COOTBETCTBEHHO. [l yBe-
JMYCHHUS OTHOLICHMS CUTHAII/IIYM B JaHHOM 3KCIIe-
puMeHTe ObuTO0 TpuiiokeHo Hampsbkenue 0.3 B. [l
oOecrieueHUs] YUCTOTHI OAKCIIEPUMEHTa W3MEpPEeHUs
OBUIH TIPOBEJICHBI HAa Jpyrom obpasiie SiN-HaHOMOPbI
JUaMETPOM ~5 HM.

PE3YJIbTATDBI

s uneHTH(UKAIME COOBITUI TPAHCIOKALUN ObI-
JI0 HEOOXOAUMO TPOBECTH aHAIN3 PE3yJIbTATOB HAHO-
MMOPOBOTO MOJIEKYJSIPHOTO JerektupoBanus. C 3Tou
IIEeTIBI0 M3MEPEHHBIC 3aBHCHMOCTH TOKA OT BpEMEHU-
OBUIM OXapaKTEPH30BAaHBI B TPU 3Tama: MOCTPOCHUE
Y BBIYUTaHUE 0a30BOW JIMHHUH, TIOUCK COOBITHIA TpaHC-
JIOKAIMid 10 MTOPOTOBOMY 3HAYEHUIO TOKa, (HIBTpa-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4
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st COOBITUI M MOCTIEAYIOUMHA aHaN3 JOCTOBEPHBIX
JTAaHHBIX.

Crauana, ucnonms3yst [1IO OriginLab, 3amaBanach
0azoBast uHHUA TOKa MeTonoM (punbrpoM) CaBHIKO-
ro — l'omes [30], mpuHIMI AEWCTBUS KOTOPOTO 3a-
KJIIOYAaeTCs B MPOBEIECHUH JIOKATBHON MOJIMHOMHAIb-
HOW perpeccuu BOKPYT KaKIOW TOYKHW (3HAYEHHUS TO-
Ka) U CO3JaHWU HOBOTO CIJIQ)KEHHOTO 3HAYEHUS IS
tux Touek. Meton Casuiikoro — I'oses mo3Bosiser
COXPaHWUTh AaMIUIUTYAY U UINTEIBHOCTb KOPOTKHUX
COOBITHII TpaHCIOKAIMM, MPU STOM HHUBEIUPOBATH
BJIMSIHUE JJHUTENbHBIX U3MEHEHUH YPOBHS TOKA, CBS-
3aHHBIX C 3JEKTPOXMMHUYECKUMH OCOOCHHOCTSIMH H3-
MEPEeHHH MOHHOTO TOKa MO JBYXAJIEKTPOTHOU CXEMe.
ITocne criaakuBaHus KpUBOM 3HaueHue 0a30BOM M-
HUM BBIYMTAIIOCH M3 3HA4YEHHs TOKa, (popmupys mac-
CHUB JJAHHBIX, yIOOHBII 1J11 aBTOMAaTHYECKOT'O ITOUCKA
COOBITUH TPAHCIIOKAIHIA.

Ha BTOpOM 1mare, Cc TOMOIIBIO TPOrPaMMBI
Clampfit (Molecular Devices) npoussoauicst aBToma-
THYECKUN TTOUCK COOBITUH TpaHCIIOKAITUH, YIOBIIC-
TBOPSIIOIIMX 3aJaHHBIM TMapaMeTpamM. MUHHMaIbHO
HEOOXOAMMEBIe TIapaMeTphl OOHAPY>KEHHUS] COOBITHI
BKJIIOYAIOT B ce0sl 3HaUeHUs 0a30BOW JIMHUM M 3Haye-
Hue tpurrepa (trigger). IlockonpKky MBI HCCIELyeM
CIJIaKCHHbIE JaHHbIC, 3HaYCHHE 0a30BOH JIMHUM yC-
TaHaBnuBaercs, paBHoe 0. Tpuceep — 3TO MOPOTrOBOE
3HaYEeHME TOKa, 3ajJaBaeMoe Kak [, = SD -x, rae SD —
CPEAHEKBaIPaTUIHOE OTKJIOHEHHE, X — MPOU3BOJIBHBIN
k03(h(uImeHT, 3Ha4eHNne KOTOPOro BIHAeT Ha 3(ek-
THUBHOCTb JICTEKTUPOBAHUSI COOBITHH TPaHCIIOKALNU.
CnumkoM MalleHbKOe 3HaueHue Koddduiuenrta npu-
BOIUT K JECTEKTUPOBAHHUIO Iapa3UTHBIX CUTHAJIOB,
B TO BpeMs Kak CIHIIKOM OOJbIIOe MPUBOAUT

K TMOTepe JOCTOBEPHBIX COOBITHH TpPaHCIOKALUH.
Hcxons u3 3THX COOOpakeHUi, HaMu OBbLTO BHIOpaHO
ONTUMAaJIbHOE 3HaueHue x = 4.5.

JlomoTHUTENbHBIE MTapaMeTPhl MOMOTAIOT TOYHEE
HACTPOWTH MOWCK. 3HaueHHe Re-arm, ONpeeNnsionee
OKOHYaHHE COOBITHSA, YCTaHABIMBAIOCH PAaBHBIM
1 mA: manHOe 3HavyeHHe HambOoiee OIM3KO K 3Hade-
HUIO 0a30BOW JIMHUM, YTO HEOOXOIMMO JUIS JIOCTO-
BEPHOTO OIpEJeNCHHsI TPOJIOKUTEILHOCTH COOBI-
Thi. 3HaueHne Rejection (OTKIIOHEHNE) UCTIOIB3YETCS
JUTSE OTCEYCHUS COOBITHI OOJIBIION aMIUTUTY/IbI, CBSI-
3aHHBIX C BHEIITHUMHU HaBOJKAaMH W/WIM apTeakTaMu
n3MepeHuid. J[omoTHUTENbHO yCTaHABIMBAJINCh 3Ha-
YeHusl Tpe-Tpurrepa (pre-trigger) M TOCT-TpUTTEpA
(post-trigger), momoraiomue A00aBUTh (PUKCHPOBaH-
HBIE YYaCTKH /IO W TIOCNIe COOBITHS NSl TMOTyYeHUS
nHpopMaru o (opMe OOHApPYKEHHOTO CHTHAIA.
B namem cnydae Tpe-pigger = Ipost-trigger = 2 MC. B pe-
3yJibTaTe MOWCKA TpaHCIOKaUui (GopmMupoBaics mac-
CHB JIaHHBIX, COAEpKaIluii MHPOPMALUIO O KaXIOM
00HApPY>KCHHOM COOBITHH.

Tpernit mar o0paOOTKM MOJYYEHHBIX JaHHBIX
TpeIcTaBIsAeT co00i PUIbTpaIio HaiiICHHBIX COOBI-
Tuil. {71 3TOro Bpy4yHYIO YIaisUIMCh KIacTepbl LIy-
MOBBIX COOBITHH, a TaK)Ke aBTOMATHYECKHU yAANSIINChH
apredakTbl IOUCKAa M COOBITHSA, YIOBICTBOPSAIOLINE
COOTHOIIEHUIO Ipeqk > 2aniipear- TaKOE COOTHOIIECHHE
HEOOXOIUMO JIJIsl YAAJICHUSI CHMMETPUYHBIX COOBITHH,
SBJISIFOILMXCS CIIEICTBHEM DJIEKTPHUECKUX TIOMEX.

B xone ananm3a cOOBITHN TPAHCIOKAITAN MOJIEKYJI
JHK 10000 m.o. 6bu1a mocTpoeHa 3aBUCHMOCThH aM-
TUIMTYAbl TPAHCIOKAIMA OT MX MPOJOJIKHUTEIHLHOCTH
(puc. 3), AeMOHCTpUPYIOIIAsT BO3MOKHOCTH OIHOMO-
JIEKYJIIPHOTO IE€TEKTUPOBAHUS.

Puc. 3. 3aBHCHMOCTH THKOBOM aMIUIATY-
Il TPAHCIOKAIMH OT MPOAOJKHUTEIBHO-
cTi TpaHcinokauui ans monekyn JHK
10000 m.o. mpu U=0.1 B

50 4 Do pobasneHus OHK, +100 mB
/N 0.06 cobbiTuii/c
Mocne ao6aenexua AHK, +100 mB
% 0.25 cobbiTuit/c
T < 40
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MpoaomKkMTENbHOCTb TPAHCNOKaUUN, MC

Yacrora coObiTHii mo/mocie aodasiacHus JHK u3-
menmiack ¢ 0.06 coosrtue/c no 0.25 cobwitue/c. Kpo-
Me Toro, coOwiTust mocne mobaeneHus JJHK xapakre-
pusytorcs 0oyiee TMPOJOLKUTEIHHBIMA TPAHCIOKA-
[USMH, YTO MOYKET YKa3bIBaTh HA MTPOXOXKICHUE Yepe3
MOpPY KPYIMHBIX MOJEKYJSIPHBIX COCOUHEHUH. 3HAYU-
TENBHBIA Pa30pOC aMIUIUTYIbI M JUTUTEIHFHOCTH TPAaHC-
JIOKAIMK JJIE MOJICKYJI OJHOW JUIMHBI MOXET OBITh
CBs3aH C pa3IU4HON KoH(popmanued (TOTHOCTHIO
paciiyTaHHasi ¥ YaCTUYHO 3aIlyTaHHAs) MOJIEKYJ B MO-
MEHT MPOXOXKICHHS Yepe3 BHYTPEHHHUH 00BhEM MOPHI.

AHanM3 3KCTIEpUMEHTAJbHBIX JTaHHBIX, TOIYYeH-
HBIX B XOJI¢ 3KcniepuMenTta ¢ monekyiamu JHK amu-
Hamu 5000 u 500 1m.0., TOKa3aa HETMHEWHYIO 3aBHCH-
MOCTb MPOJOKUTEIBHOCTH TPAHCIOKALUUN OT AJIMHBI
Mosiekyn (puc. 4). MemuanHoe 3HAUYCHHE BpPEMEHH
Tpancnokauuit ang 5000 u 500 n.o. coctaBuio 1.7 mc
u 1.09 MC COOTBETCTBEHHO, 4YTO XapaKTepU3YET
yMeHbIIIEHHEe BPEeMEHH TPaHCIOKAMW I 0ojee Ko-
pPOTKHMX MoJieKys Ha 35%. DTo MOXeT OBITh CBSI3aHO
CO CJIOXHBIM W HE JI0 KOHIIa H3yUYCHHBIM MEXaHH3MOM
npoxosxaenust mosiekyn JIHK yepe3 BHyTpeHHHI 00B-
€M TIOpHI, B KOTOPOM CYIIECTBEHHYIO pPOJb HTPAIOT
MPOLIECCHl  B3aUMOJICHCTBUS MOJICKYJ CO CTEHKaMH
nopel. MOXHO NPEANOIOKUTh, YTO B3aUMOJICHCTBUE
Monekylnl JJHK co creHkamu HaHOMOpBHI OKa3bIBaeT
JTIOMUHHUPYIOIIEE BIUSHUEC HA ITUTCIBHOCTh TPAHCIIO-
KaIlwii 110 CPaBHEHHIO C JITTHHOW MOJICKY L.

3AKJIIOYEHHUE

B pabote Opima mposeMOHCTPHPOBaHA BO3MOXK-
HOCTBH JJICKTPUYCCKOTO ACTCKTUPOBAHUA OJWHOYHBIX

IT. K. AOOHUYEBA, H. B. BAVJIMH, A.B.JIEBEJIEB, A.C. BYKATHUH u np.

Puc. 4. Pactipenenenne coOBITHIT TpaHCITOKAIHIA
0 MNpojoJKUTENbHOCTH uig Mosiekyn JIHK
5000 u 500 1m.0.

20

mouiekyn JIHK B TBepaorensHoit HaHomope. C nmomo-
b0 pa3pabOTaHHOW U3MEPUTEIbHON siUCHKU ObUIH
MOJYYEHbl 3aBUCHMOCTH HOHHOTO TOKa OT BPEMEHH
s Oydepa 6e3/c mobasinennem JHK. Jlns ananuza
COOBITHH TPaHCIOKALMH HCIIONb30BAaH aJTOPUTM, 3a-
KIIIOYAIOMIMICS B OOHAPYKEHHH COOBITHH IO TOPOTO-
BoMy 3HaueHH10. C ero MmoMOmIbio OBIITH TPOaHAIN3H-
poBanbl coObITHst TpaHciokauid st JJHK 10000 m.o.,
MOCTPOEHA 3aBUCHUMOCTh aMIUTUTY/bl TPAaHCIOKALUH
OT MX UIUTEIBHOCTH M OLEHEHA 4acToTa COOBITHH.
[IpoBeneHs! AKCIEPUMEHTHI MO JIETEKTHPOBAHUIO MO-
nexyn JJHK 5000 # 500 m.o., oOHapy>keHa HelWHEH-
Has 3aBUCHMOCTb JUIMTEIILHOCTH COOBITHH TpaHCIIO-
Kanui OT JUIMHBI MoJieKyJibl. [TpojeMoHCTpupoBaHoO,
YTO NMPH YMEHBUIEHUH ATUHBI MosieKya B 10 pa3 mpo-
JOJDKUTEIIBHOCTD TPAHCIIOKAITNH CHIbKaeTcst Ha 35%.
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ELECTROCHEMICAL DETECTION OF SINGLE DNA MOLECULES
WITH A SOLID-STATE NANOPORE
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We demonstrated the electrochemical detection of single DNA molecules using a thin SiN membrane with
a nanopore. Experiments were aimed at a record of an ion current for a buffer solution without/with 10k, 5k, and
500 b.p. DNA molecules. Obtained data was analyzed by a developed algorithm for the detection of transloca-
tion events through the nanopore. This algorithm allows us to analyze the amplitude, duration, and frequency of
detected events in order to analyze the properties of the detected molecules. In the case of Sk and 500 b.p. DNA,
a nonlinear dependence of the translocation time on their length is observed. It is shown that a 10-fold decrease
in the length of molecules leads to a 35% decrease in the translocation time. The translocation detection possi-
bility sets the basis for the future development of a solid-state nanopore sensor.

Keywords: nanopore, solid-state nanopore, microfluidics, ion transport, SiN membranes, biosensors, DNA,
DNA translocation

REFERENCES 8. YangH.,LiZ.,Si W.,LinK.,MaJ.,LiK., Sun L., Sha J.,

. Liu H., Zhou Q., Wang W., Fang F., Zhang J. Solid-State
Nanopore Array: Manufacturing and Applications. Small,
2023, vol. 19, iss. 6, Id. 2205680.

DOI: 10.1002/smll.202205680

. Kan X., Wu C., Wen L., Jiang, L. Biomimetic nanochan-
nels: From fabrication principles to theoretical insights.
Small Methods, 2022, vol. 6, no. 4, 1d. 2101255. DOI:

41

Chen Y. Identification of single nucleotides by a tiny
charged solid-state nanopore. The Journal of Physical
Chemistry B, 2018, vol. 122, no. 32, pp. 7929-7935.
DOI: 10.1021/acs.jpcb.8b06056

. He Y., Tsutsui M., Zhou Y., Miao X.-S. Solid-state nano-

pore systems: from materials to applications. NPG Asia
Materials, 2021, wvol. 13, no. 1, Id. 48. DOI:
10.1038/s41427-021-00313-z

10.1002/smtd.202101255 10. Goto Y., Akahori R., Yanagi I., Takeda K.I. Solid-state
. Kang Q., Guo W. Biomimetic smart nanopores and nano- nanopores towards single-molecule DNA sequencing.
channels. Chemically Modified Nanopores and Nano- J. Hum. Genet., 2020, vol. 65, no 1, pp. 69-77. DOI:
channels, 2017, pp. 85-102. DOI: 10.1016/B978-0-323- 10.1038/s10038-019-0655-8
40182-1.00004-X 11. Deamer D., Akeson M., Branton D. Three decades of na-
. Ouyang W., Han J. Universal amplification-free molecu- nopore sequencing. Nature biotechnology, 2016, vol. 34,
lar diagnostics by billion-fold hierarchical nanofluidic no. 5, pp. 518-524. DOI: 10.1038/nbt.3423
concentration. Proceedings of the National Academy of 12. Lee K., Park K.B., Kim H.J., Yu J.S., Chae H., Kim H.M.,
Sciences, 2019, vol. 116, no. 33, pp. 16240-16249. DOI: Kim K.B. Recent progress in solid state nanopores. Ad-
10.1073/pnas.1904513116 vanced materials, 2018, vol. 30, no. 42, 1d. 1704680.
. Zhang X., Dou H., Chen X., Lin M., Dai Y., Xia F. Solid- DOI: 10.1002/adma.201704680
state nanopore sensors with enhanced sensitivity through ~ 13. Asandei A., Di Muccio G., Schiopu I., Mereuta L., Dra-
nucleic acid amplification. Analytical Chemistry, 2023, gomir [.S., Chinappi M., Luchian T. Nanopore-Based Pro-
vol. 95, no. 47, pp. 17153-17161. tein Sequencing Using Biopores: Current Achievements
DOI: 10.1021/acs.analchem.3c03806 and Open Challenges. Small Methods, 2020, vol. 4,
. Shi W., Friedman A K., Baker L.A. Nanopore sensing. iss. 11, Id. 1900595. DOL: 10.1002/smtd.201900595
Analytical chemistry, 2017, vol. 89, no. 1, pp. 157-188. 14. Hu R., Tong X., Zhao Q. Four aspects about solid-state
DOI: 10.1021/acs.analchem.6b04260 nanopores for protein sensing: fabrication, sensitivity, se-
. Sen P., Gupta M. Single nucleotide detection using bilayer lectivity, and durability. Advanced healthcare materials,
MoS, nanopores with high efficiency. RSC advances, 2020, wvol. 9, mno. 17, 1Id. 2000933. DOI:
2021, vol. 11, no. 11, pp. 6114-6123. 10.1002/adhm.202000933
DOI: 10.1039/d0ra10222a 15. Xue L., Yamazaki H., Ren R., Wanunu M., Ivanov A.P.,

Edel J.B. Solid-state nanopore sensors. Nature Reviews



42

16.

17.

18.

19.

20.

21.

22.

23.

IT. K. AOOHUYEBA, H. B. BAVJIVH,

Materials, 2020, vol. 5, pp. 931-951.

DOI: 10.1038/s41578-020-0229-6

Lebedev D., Malyshev G., Ryzhkov 1., Mozharov A.,
Shugurov K., Sharov V., Panov M., Tumkin I., Afoniche-
va P., Evstrapov A., Bukatin A., Mukhin I. Focused ion
beam milling based formation of nanochannels in silicon-
glass microfluidic chips for the study of ion transport.
Microfluidics and nanofluidics, 2021, vol. 25, Id. 51.
DOTI: 10.1007/s10404-021-02450-x

Dekker C. Solid-state nanopores. Nature nanotechnology,
2007, vol. 2, no. 4, pp. 209-215.

DOI: 10.1038/nnano.2007.27

Fologea D., Uplinger J., Thomas B., McNabb D.S., LiJ.
Slowing DNA translocation in a solid-state nanopore. Na-
no letters, 2005, vol. 5, no. 9, pp. 1734-1737. DOI:
10.1021/n10510630

Plesa C., Kowalczyk S.W., Zinsmeester R., Gros-
berg A.Y., Rabin Y., Dekker C. Fast translocation of pro-
teins through solid state nanopores. Nano letters, 2013,
vol. 13, no. 2, pp. 658-663. DOI: 10.1021/n13042678
Kawaguchi T., Tsutsui M., Murayama S., Leong L.W.,
Yokota K., Komoto Y., Taniguchi M. Enhanced Nano-
particle Sensing in a Highly Viscous Nanopore. Small
Methods, 2024, vol. 8, iss. 8, Id. 2301523. DOLI:
10.1002/smtd.202301523

Yuan Z., Liu Y., Dai M., Yi X., Wang C. Controlling
DNA translocation through solid-state nanopores.
Nanoscale research letters, 2020, vol. 15, 1d. 80. DOI:
10.1186/s11671-020-03308-x

FDI Lab. SciCrunch Infrastructure. Mini Analysis Pro-
gram (RRID: SCR _002184). URL:
https://scicrunch.org/resolver/SCR_002184 (accessed
28.07.2024).

Easy Electrophysiology makes patch-clamp analysis sim-
ple. URL: https://www.easyelectrophysiology.com/ (ac-
cessed 28.07.2024).

Contacts: Afonicheva Polina Konstantinovna,
polina.afonicheva@gmail.com

1. B.

24.

25.

26.

27.

28.

29.

30.

JIEBEJIEB, A.C.BYKATHUH u np.

Molecular Devices. Advancing scientific discovery. URL:
https://www.moleculardevices.com/ (accessed
28.07.2024).

Raillon C., Granjon P., Graf M., Steinbocka L.J., Rade-
novic A. Fast and automatic processing of multi-level
events in nanopore translocation experiments. Nanoscale,
2012, wvol. 4, no. 16, pp. 4916-4924. DOL
10.1039/C2NR30951C

Forstater J.H., Briggs K., Robertson J.W.F., Ettedgui J.,
Marie-Rose O., Vaz C., Kasianowicz J.J., Tabard-
Cossa V., Balijepalli A. MOSAIC: A Modular Single Mo-
lecule Analysis Interface for Decoding Multi-state Nano-
pore Data. Analytical chemistry, 2016, vol. 88, no. 23,
pp. 11900-11907. DOI: 10.1021/acs.analchem.6b03725
Plesa C., Dekker C. Data analysis methods for solid-state
nanopores. Nanotechnology, 2015, vol. 26, no. 8§,
Id. 084003. DOI: 10.1088/0957-4484/26/8/084003

Tul., Meng H., Wu L., Xi G., FuJ,, Lu Z. EasyNanopore:
a ready-to-use pocessing software for translocation events
in nanopore translocation experiments. Langmuir, 2021,
vol. 37, iss. 33, pp. 10177-10182. DOI:
10.1021/acs.langmuir.1c01597

Lebedev D.V., Vaulin N.V., Afonicheva P.K., Voro-
byov A.A., Mozharov A.M., Sharov V.A., Mikhailovs-
kii V.Yu., Kirilenko D.A., Permyakov D.V., Logunov
L.S., Ivanov Yu.D., Ryzhkov LI., Bukatin A.S., Evstra-
pov A.A., Makarov S.V., Mukhin 1.S. Ultra-Low Intensity
Light-Driven Ionic Conductivity through a Plasmonic Na-
nopore. ACS Applied Nano Materials, 2024, vol. 7,
no. 14, pp. 16172-16181. DOI: 10.1021/acsanm.4c02108
Savitzky A., Golay M.J.E. Smoothing and differentiation
of data by simplified least squares procedures. Analytical
chemistry, 1964, vol. 36, no. 8, pp. 1627-1639. DOI:
10.1021/ac60214a047

Article received by the editorial office on 05.08.2024

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4



INTRODUCTION

Currently, there is increased interest in interdiscip-
linary research aimed at developing new devices with
integrated micro- and nanostructures for biomedical
applications [1]. To create such devices, a combina-
tion of micro- and nanofluidics methods with micro-
electronics technologies is used, which makes it poss-
ible to build highly selective sensors [2], the operating
principle of which is based on the interaction of the
studied object with solid-state nanoscale structures.
One of the most promising areas for the development
of this approach is the formation of nanosized holes
(nanopores) in thin, impermeable membranes [3]. The
production of nanopores with spesified diame-
ter/length values from 1 to 100 nm opens up a wide
range of possibilities for their application in biomedi-
cine: concentration and isolation of nucleic acids
(NA) [4, 5], analysis and detection of single biomole-
cules [6], NA sequencing [7, 8].

The most common principle of nanopore detection
is recording the ion current flowing through a nano-
pore under the influence of an external electric field
[9]. Detection occurs in a measuring electrochemical
cell, which is independent (cis and trans) volumes,
between which a thin membrane with an integrated
nanopore is fixed. The applied electric field forms
a directed transport of the studied molecules from the
cis volume to the trans volume through the internal
volume of the nanopore. The process of moving mo-
lecules through the nanopore (translocation event) is
accompanied by an abrupt change (modulation) in the
level of the recorded ion current. The amplitude and
shape of the translocation event depend on the shape
and size of the detected molecule, as well as on its
rigidity, charge, and conformational properties [10].

Direct competitors of solid-state nanopores in rela-
tion to sequencing are biological nanopores [11],
which are artificially synthesized transport proteins
(a-HL, AeL, ClyA) [12], integrated into lipid mem-
branes. Despite the fact that biological pores are ac-
tively used for DNA sequencing [13] and studying the
transmembrane transport of biological molecules, they
have a number of significant disadvantages, such as
a limited service life and strict requirements for condi-
tions of operating, storage (temperature, electrolyte
concentration, and pH) [9], which significantly nar-
rows the possibilities of their application. In turn, sol-
id-state nanopores and nanochannels are a promising
analogue, since they have good mechanical, thermal
and chemical stability [14, 15], wide possibilities for
modifying their sensory and selective properties [16],
as well as good technological potential for serial pro-
duction.

Despite a number of advantages, solid-state nano-
pores have not yet demonstrated the sensing proper-
ties required for DNA sequencing. The main obstacles

to this are the high rate of translocation of molecules
in combination with the complex mechanism of inte-
raction between the DNA molecule (containing both
hydrophobic bases and a hydrophilic backbone) and
the pore surface. These effects lead to the record of
short signals with a low signal-to-noise ratio, which
does not allow for the effective identification of indi-
vidual nucleotides in DNA. The development of solid-
state nanopore sensors capable of fully characterizing
the detected biomolecules is a complex task due to the
high rate of electrophoretic translocation [17] caused
by the strong localization of the electric field in the
pore region. The strong fields are due to the nanoscale
structure and are necessary to generate a current pre-
vailing over thermal noise, while the barriers of con-
formational entropy, electrostatic repulsion, and elec-
troosmotic flow require bias voltages of at least
20-60 mV [18].

Typical translocation rates of NAs through solid-
state nanopores are 1 base per 10-1000 ns [19]. At
such high rates, short nucleic acid fragments
(< 100 b.p.) are often undetectable. Thus, for a signal
record, a wide bandpass (> 1 MHz) is required; in
turn, it increases the thermal noise level and compli-
cates detection. Often, additional mechanisms are
used to reduce the translocation rate, such as changing
the viscosity of the electrolyte [20], using optical
tweezers or plasmonic structures [21].

In addition to optimizing the experimental condi-
tions and detection methods, the processing of the re-
ceived signals and the determination of the transloca-
tion event are of crucial importance. Most existing
event detection methods involve the identification of
stepwise changes in the ion current level. Current
changes are calculated/ranked and cut off when a cer-
tain threshold value is reached (trigger). Such event
search methods can be divided into two categories: the
classical approach of user-defined threshold value
applying programs such as MiniAnalysis [22], Easy
Electrophysiology [23] and Clampfit [24], and more
advanced methods using adaptive or local thresholds
based on the obtained data, assuming that the base
current is stable over time, and implemented in the
programs OpenNanopore [25], MOSAIC [26], Trans-
alyzer [27], EasyNanopore [28].

This work is devoted to the study of the possibility
of detecting single DNA molecules of different
lengths using a nanosized SiN pore, as well as statis-
tical analysis of translocation events in order to study
the mechanisms of DNA molecule passage through
the internal volume of the nanopore.

RESOURCES AND TECHNIQUES

The work’s samples are 40 nm thick, freely sus-
pended SiN membranes containing a single, roughly
5 nm-diameter nanopore. At the first stage of structure



synthesis, a 40 nm thick SiN layer was formed on an
annealed Si substrate by low-pressure chemical vapor
deposition (LP-CVD). The Si substrate was then re-
moved by plasma-chemical and anisotropic etching
techniques, resulting in a freely suspended SiN mem-
brane with an area of ~900 pm’. Nanopores were
formed in the resulting membrane by focused electron
beam etching using a transmission electron micro-
scope (TEM). This method allows the formation of
solid-state nanopores of the required sizes with good
reproducibility (Fig. 1).

Fig. 1. TEM images of three SiN nanopores 40 nm
long and ~5 nm in diameter and the distribution of the
diameters of the formed nanopores by size

In the experiments on detecting DNA molecules,
we used a measuring cell developed by us and pre-
sented two independent cis- and trans-volumes formed
by photopolymer 3D printing. In the cell, Ag/AgCl
electrodes were installed to perform measurements
using a two-electrode scheme, as well as a capillary
system for supplying/removing the electrolyte buffer
solution. The membrane with an integrated nanopore
was hermetically fixed in the cell using elastic gaskets
and connected the cis- and trans-volumes. During fill-
ing with a buffer solution, the measuring cell under-
went a degassing to prevent the formation of air
microbubbles near the nanopore. The cell filling tech-
nique was developed and described in detail in pre-
vious works [29].

A solution of 0.1 M KCI and 1X PBS (1:1),
pH = 7.4, was used as a buffer electrolyte. lon current
measurements were performed using a source
measurement meter, allowing measurements at a fre-
quency of 50 kHz. The studied molecules in the expe-
riments were double-stranded DNA of different
lengths: 10 000 b.p., 5000 b.p., and 500 b.p. (SINTOL
JSO).

EXPERIMENTAL STUDIES

At the first stage, the possibility of nanopore detec-
tion of 10000 b.p. DNA molecules was investigated.
For this purpose, an experiment was conducted aimed
at detecting translocations after adding DNA mole-
cules to a pure buffer solution. First, the stability of
the ion current in a pure buffer solution was analyzed
before adding DNA. The current measurements were
carried out in the potentiostatic mode (the applied po-
tential difference was fixed in time). The obtained
potentiostatic curve of current dependence on time
showed a current level of 244.9 pA with a root-mean-
square deviation (RMS) of 10.6 pA (U = 0.1 V),
which indicates a high purity of the solution, ensuring

the absence of parasitic translocation events. Next,
a buffer solution containing 10000 b.p. DNA mole-
cules at a concentration of ~0.1 ng/uL. was added to
the cell volume, including the negatively charged
electrode (cis-volume, see Fig. 2). Under the action of
the applied electric field, the negatively charged DNA
molecules moved through the nanopore from the cis-
to the trans-volume (Fig. 2). The average ion current
level was 218.3 pA, with a standard deviation of
7.5 pA. After that, short jump-like changes in the ion
current level (translocation events) were recorded,
indicating the occurrence of DNA molecule transport
through the internal volume of the nanopore.

Fig. 2. Scheme of the experiment for detection of
single DNA molecules

The second stage of the work was to study the de-
pendence of the duration of translocation events on
the length of DNA molecules. The experiment was
carried out for DNA molecules of 5000 and 500 bp in
concentrations of 1.25 ng/ul. and 3.3 ng/uL, respec-
tively, similarly to the first stage.

To increase the signal-to-noise ratio in this expe-
riment, a voltage of 0.3 V was applied. To ensure the
purity of the experiment, measurements were carried
out on another SiN nanopore sample with a diameter
of ~5 nm.

RESULTS

To identify translocation events, it was necessary
to analyze the results of nanopore molecular detection.
For this purpose, the measured current-time depen-
dences were characterized in three steps: baseline
construction and subtraction, search for translocation
events by current threshold value, event filtering and
subsequent analysis of reliable data.

First, using the OriginLab software, the current
value baseline was set using the Savitsky — Golay me-
thod (filter) [30], the principle of which is to perform
a local polynomial regression around each point (cur-
rent value) and create a new smoothed value for these
points. The Savitsky — Golay method allows one to
preserve the amplitude and duration of short translo-
cation events, while leveling out the influence of long-
term current value changes associated with the elec-
trochemical features of ion current measurements us-
ing a two-electrode scheme. The baseline value was
deducted from the current value after the curve was
smoothed, creating a data array that was useful for the
automated search for translocation events.

In the second step, using the Clampfit software
(Molecular Devices), an automatic search for translo-
cation events satisfying the specified parameters was



performed. The minimum required event detection
parameters include the baseline values and the frigger
value. Since we are investigating smoothed data, the
baseline value is set to 0. The trigger is a current thre-
shold value defined as I, = SD - x, where SD is the
standard deviation, x is an arbitrary coefficient which
value affects the efficiency of translocation event de-
tection. When the coefficient value is too little, para-
sitic signals are detected, and when it is too large,
trustworthy translocation events are lost. Based on
these considerations, we selected the optimal value
x=4.25.

Additional parameters help to fine-tune the search.
The Re-arm value, which determines the end of the
event, was set to 1 pA this value is closest to the base-
line value, which is necessary for reliable determina-
tion of the event duration. The Rejection value is used
to reject large-amplitude events associated with exter-
nal interference and/or measurement artifacts. Addi-
tionally, the pre-trigger and post-trigger values were
set to add fixed sections before and after the event to
obtain information about the shape of the detected
signal. In our case, Terigger = Ipost-trigger = 2 MS. As
a result of the translocation search, a data array was
formed containing information about each detected
event.

The third step in processing the obtained data is fil-
tering the found events. For this purpose, clusters of
noise events were manually removed, and search arti-
facts and events satisfying the ratio lex > 2linipear
were automatically removed. This ratio is necessary to
remove symmetrical events resulting from electrical
interference.

During the analysis of translocation events of
10000 b.p. DNA molecules, a dependence of the am-
plitude of translocations on their duration was con-
structed (Fig. 3), demonstrating the possibility of sin-
gle-molecule detection.

Fig. 3. Dependence of the peak amplitude of trans-
locations on the duration of translocations for DNA
molecules of 10000 b.p. at U=0.1 V

The event frequency before/after DNA addition
changed from 0.06 event/s to 0.25 event/s. In addition,
events after DNA addition are characterized by longer
translocations, which may indicate the passage of
large molecular compounds through the pore. A sig-
nificant spread in the amplitude and duration of trans-
locations for molecules of the same length may be due

to different conformations (completely untangled and
partially entangled) of molecules at the time of pas-
sage through the internal volume of the pore.

Analysis of the experimental data obtained during
the experiment with DNA molecules of 5000 and
500 b.p. lengths showed a nonlinear dependence of
the translocation duration on the length of the mole-
cules (Fig. 4). The median value of the translocation
time for 5000 and 500 b.p. was 1.7 ms and 1.09 ms,
respectively, which characterizes a decrease in the
translocation time for shorter molecules by 35%. This
may be due to the complex and not fully understood
mechanism of DNA molecule passage through the
internal volume of the pore, in which the processes of
interaction of molecules with the pore walls play
a significant role. It can be assumed that the interac-
tion of DNA molecules with the walls of the nanopore
has a dominant effect on the duration of translocations
compared to the length of the molecules.

Fig. 4. Distribution of translocation events by dura-
tion for 5000 and 500 b.p. DNA molecules.

CONCLUSION

The work demonstrated the possibility of electrical
detection of single DNA molecules in a solid-state
nanopore. Using the developed measuring cell, the
dependences of the ion current on time for the buffer
without/with the addition of DNA were obtained. To
analyze translocation events, an algorithm was used
that consists in detecting events by a threshold value.
With its help, translocation events were analyzed for
10000 b.p. DNA, the dependence of the amplitude of
translocation on their duration was constructed, and
the frequency of events was estimated. Experiments
were conducted to detect DNA molecules of 5000 and
500 b.p., a nonlinear dependence of the duration of
translocation events on the length of the molecule was
discovered. It was demonstrated that with a 10-fold
decrease in the length of the molecules, the duration
of translocations decreases by 35%.



