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IToxa3ana BO3MOXXHOCTB cO3aHMA OBICTPOAEHCTBYIOIIETO GHONOTHYECKO-
rO CEHCOpa Ha OCHOBE KOMITO3WTA OJHOCIIOWHBIX YITIEPOAHBIX HAHOTPYOOK
anraMepoB Juis crieuuduyHOro obHapykeHHs OenkoB. M3ydeHo BiusHHWE Ha
CENIEKTUBHOCTh U YyBCTBUTEILHOCTH CEHCOPOB MTOBEPXHOCTHON MOAMMUKAIN
YTIIEpOIHBIX HaHOTPYOOK. [IpomeMoHcTpupoBaHO, YTO KapOOKCHIHPOBAHHBIE
HaHOTPYOkM 06namaroT Gomnblieid CeNeKTHBHOCTBIO K PACIO3HABAHHIO CIIEH-
¢bugHOTO antamepy Gelika — TPOMOHHA.

Knrouegwie cnoga: yrieponnas HaHOTpyOKa; anTamep; TPOMOUH; GHOCEHCOD; KOM-
TIO3UT.

The possibility of the fast response biological sensor development based on
composite of the single-wall carbon nanotubes and aptamers and purposed for
specific detection of proteins has been shown. The effect of the surface modifi-
cation of the single-wall carbon nanotubes on the sensor sensitivity has been in-
vestigated. It has been demonstrated that the carboxylated nanotubes have better
sensitivity for thrombin detection.

Keywords: aptamer, biosensor, carbon nanotube, composite, thrombin.

Beenenne. CucteMsl 3KCIpecc-IUAarHOCTHKH PA3NUYHBIX 3a00JIeBaHU MPEICTABISIOT
UHTEpEC HE TOJBKO IS HCcienoBarteNieif B 00IacTsaX KIMHWYIECKOW TUArHOCTHKH, HO W IS
pa3paboTIuKOB 000OPYHOBAHHUS U YCTPOUCTB MEPCOHUPUIIMPOBAHHONW MeIUIMHEL Bee 6ob-
e pachpoCTPaHAOTCS HEPCOHANBHBIE CHCTEMBI IUArHOCTHKH, KOTOpHIE BCTPaHBAIOTCS
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B HOCHMBIE KOMIUICKCHI W MEPCOHAIILHBIE BEMUCIUTEILHBIE U TEJIEKOMMYHHUKAI[HOHHEIE yCT-
poiictBa. B cBs3u ¢ 3TMM TpelOyercs pa3paboTKa KOMIAKTHBIX, BEICOKOYYBCTBHTENBHBIX,
3HEPro3(GeKTHBHBIX CEHCOPHBIX CTPYKTYP, ONpPEENSIONNX OCHOBHBEIE OWOJOrMYECKHe Tia-
paMeTpHI YeJI0BEKa WM HALIEJICHHBIX Ha ONpeIeIeHHbINH OMOIOrHYeCcKUil arexT.

Hamnbornee mepcneKTHBHBIM TTOAX0/I0M, OCOOEHHO C TOUKH 3pEHHs yIydIIEHHS CElCKTHB-
HOCTH, ABJISETCS MCIOJIb30BaHHE allTAMEPOB — KOPOTKUX OJTHOIEMOYHEIX OJMTOHYKIIEOTH/IOB,
UMEIOIINX BHICOKOE CIIEIM(pUIHOE CPOICTBO K MOJIEKYIaM-MHUIIEHAM. PaGoTHI IO CO3MaHUIO
OHOCEHCOPOB Ha OCHOBE aNTaMepoB IMONYYHIM IIHPOKOE PAcIpOCTPaHEHHE C CepeIHHEI
2000-x rr. PaspaGoTaHEI OJXOMBI K CO3/JaHHIO CEHCOPOB Ha OCHOBE ANTAMEPOB, AETEKTH-
PYIOIIHMX TaKHe BEIlecTBa, Kak ageHosunTpudocdar [1, 2], ramma-unrtepdepon [3], oxpaTok-
cuH [4], TpomOuH [1, 2], Teopunun [5], Tokeun Gotymasma [6] u xokauH [7].

IIpu co3maHum MHTErpPHPOBAaHHBIX CEHCOPOB HA OCHOBE alTaMepOB BaXKHOI 3ajavueil sB-
JsieTesl IpeoOpa3oBaHue CHTHAJA B 3JIEKTPHUECKYIO (GOPMY M ero mepejaya Ha yCTpOiCTBa
00paboTku. OnuH u3 Haubolee MepPCIeKTUBHBIX MATEPHAIOB, Ha KOTOPOM BO3MOXHA HMMO-
Ounmsauys anraMepos u obecredrBaeTcs BEIIONHEHNE (YHKIMHE TpaHCABIOCEPa, — TO YIile-
poxubie HaHoTpyOkn (YHT). Cerku u3 mepkoimposanHelx YHT codeTaroT BO3MOKHOCTE
IpOCTOil cOOpKM U 06pabOTKH, a TaKKe CPOJCTBO C OPraHMIECKUMH MaTEPHATIAMHA ¢ BO3MOXK-
HOCTBIO HCHONIB30BaHUs psifia NPEUMYIIECTB HEOPraHMYECKHX MAarepHalioB B CEHCOPHBIX
npuIoKeHusx [8]. Vrieponnele HaHOMaTepHabl MPUMEHSFOTCS TIPH CO3JAHUH CEHCOPHBIX
CHCTEM Ha THOKHMX momtoxkax [9, 10]. Wcnons3oBanue TMOKHX TUTACTHKOBBIX TOJIONKEK
obecreurBaeT BO3MOXXHOCTD HHTETPAIlK CEHCOPHBIX CTPYKTYP B HOBBIX OOJIACTSX GHOMEIHIIH-
HbI, TAKUX KaK «yMHasi KOXa» WM HOCHMBIE CUCTEMbI MOHHTOPHHTA COCTOSTHUS denoBeka [11].
YHT Guaronaps cBOMM MaJbIM pasMepaM M I€OMETPHYECKOH CTPYKTYpe SBISIOTCS HE TOIBKO
ITaCCUBHBIMM TIPOBOJHHKAMM CHUTHAJIa, HO MOTYT CaMH OKa3bIBATh 3aMETHOE BIIMSHUE HA OT-
KIIMK anTaMepoB. [Ipi 5TOM BaXHYIO poib HIPaeT MOBEPXHOCTH YIJIEPOJHBIX HAHOTPYOGOK M
ee QYHKIMOHAIBHOE COCTOSHHE.

Marepnaner u Metoxbl. B kadecTBe rHOKUX NOT0KEK HUCIIONB30BATUCE IUIEHKH TIOJIH-
srunerHadranara (Teijin DuPont Films, Slmomms) pasmepom 10 x 10 MM, TommmuHOM
125 mxm. Tlo kpasM mOmTOXeK MeTogoM MarHeTpoHHOTo pacmsurenus (Emitech K575X,
Quorum Technologies, BenmkoGpuranus) depes Macky GOpMHpOBAINCH MALIAIHEBEIE 3K~
TpOABI ToHHOK 200 HM. DIeKTPOIBl HAHOCHIACH TOCTe POPMUPOBAHUS TIIEHKH HAHOTPY-
OOK Ha TMOBEPXHOCTH MOJOXKKA. IIpH 5TOM WIMpHHA MAacKu ompejersiia pabouyio 06IacTb
CEHCOPHOMU CTPYKTYpBI, KoTOpas cocTaBmia 4 x 10 Mm. B kauecTBe pabodero ciros HCIONB30-
BAIMCh JIBA THIIA YIIIEPOJHLIX HAHOTPYOOK: YHCTHIE W KapOOKCHIIMPOBAHHEIE.

Huctsie oHOCTOMAEIE yriepoHble HaHOTPY6KH 99,5 Mace.% (OCHT) mpexocTaBieHs!
HUrcturytom mpoGnem xumudeckoit pusuku PAH. VriepoaHsle HaHOTPYOKH B KOHIIEHTpa-
uun 0,02 mr/mn momermnanucs B8 0,5 macc.% pacTBOp MOBEPXHOCTHO-aKTUBHOTO BEIIECTBA
(ITAB) netunrpumerunammonus 6pomuia (Helicon, Poccus) u IUCTIEPTUPOBAIKCH B YJIBTpa-
3BYKOBO# BaHHe Branson B300 (Branson Ultrasonics, CIIIA) B Teuenue 24 4 mis co3aaHus
KOJUTOMIHOTO pacTBOpa IpU TEMIIEPATYpe HIDKE TEMIIEpaTyphl MUIEIO00Pa30BaHMs [IETHII-
TPUMETHIAMMOHUS OpoMHuIa.

Kap6oxenmiposannsie yriepoarsie HaHOTPYGKH (Sigma-Aldrich part. Ne652490) umenn
crenyromue mapaMeTpsl: 4uctota >90% yrmepoma (comepxkanme OCHT >60%), mmamerp
~ 1,2-1,4 am, mmma ~ 0,5-1,5 mxm, 1-3 ar. % —COOH rpynn. JlscreprupoBanue KapOoK-
CHIIMPOBAHHBIX YIJIEPOMHBIX HAHOTPYOOK IPOBOAMIOCE B TedeHWe 24 4 B pacTBOpe
N-MeTunmupponuiona.

Hamnewe ITAB (B citydae ¢ YHCTBIME YTTIEPOIHEIMA HAHOTPYOKAMH) U ITHTEIBHOE Bpe-
Msl TUCTIEPTHPOBAHUs HEOOXOIMMEI JUISl TOTO, YTOOBI MONYYUTh B pacTBOpPE OJAMHOYHEBIEC Ha-
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HOTPYOKH WIH, Kak MHHEMYM, IyYKd MHHEMAIBHOTO pa3Mepa. THUIWYHAS JUIMHA HAHOTPY-
00K, 10 TaHHEIM aTOMHO-CHIOBOU MUKpockommuH (Solver-Pro, 3A0 «HT-MJIT», Poccus), co-
crapyisieT mopsiaka 1000 am. B myukax aimuHa JocTHTaeT 5 MKM IpH AMameTpe Imy9koB ~10 HM.

Jns coznanus cetok YHT pacTBOp HaHOCHICS Ha MOBEPXHOCTH MOJIUMEPHOM MMOTOKKA
U pacmpeensics 0 Bcel MOBEPXHOCTH, MOCHE Y9ero MOI0XKKa TOABEeprajiach €CTeCTBEHHO-
My BBICHIXaHMIO. Jlallee MOUTOKKA OTMBIBAIACH B KHIIAIIEM 2-TPONAHOJE B TEYEHHE 5 MUH
st yaanenus ocratkoB I[IAB, 3arem mnpoBogwiack Cymika TpH TeMmIiepaType MeHee
110-120 °C. Drot mpomnecc moBTOpsUIcs UTEpaTUBHO (5—6 pa3) 10 GOPMUPOBAHHS TUICHKH
HeoOxoauMoi poBoauMocTH. [Tocie GpopMEpoBaHus MaIAIUEBLIX JIEKTPOIOB CTPYKTypa
omkuranack npu temneparype 110-120 °C gns ymyumenws koHtakta. Takum o6Gpasom
ch)OpPMHPOBAHE! CTPYKTYPHI C CONPOTHBIECHUEM MOPSAKA €IUHHI] METaOM B CIIydae UHCTHIX
YTJIEPOIHEIX HaHOTPYOOK U oT 4,3 1o 8 kOM B ciydyae KapOOKCHIMPOBAHHBIX YIIEPOIHBIX
HaHOTPYOOK.

Tonorpadus noBepxHOCTH HCcCIeA0BATACH ¢ TOMOMUIBIO CKAHMPYIOIIETO 30HI0BOIO MUK-
pockomna Solver P47 (3A0 «HT-MIT»). Pe3ynbTaThl BU3yaIH3aluy MOBEPXHOCTH TPHBEJIE-
HbI Ha puc.l. CeHcopHEIE CBOMCTBA M3MEPSITHCH Ha 16-KaHATBHOM H3MEpPHUTEIE ApaMeTPOB
ra3oBbIxX gargukoB UIIC-16 (3AO «Ilpaxktux-HI», Poccus).

0 MKM 1 2 3 4 OMKM 1 2 3 3

-10,0

-21,0

a

Puc. 1. Tomorpadus TyBCTBUTENEHOTO TIPOBOISIIETO CIIOST, MOAH(HUIIMPOBAHHOTO aANTAMEPAMHU,
Ha OCHOBE YNCTHIX (@) ¥ KapOOKCHITHPOBAHHEIX (0) YTIIEPOIHBIX HAHOTPYOOK

Coopka ceHcopHoro ycrpoiicTBa. [[J1s co3qanHust GHOIOTHYECKOT0 CEHCOpa MPOBeIeHa
UMMOOHMIIM3aIMs anTaMepa Ha MOBEPXHOCTH YIJIEPOAHBIX HAaHOTPYyOOK. MMMoOMIM3anms
5'-amuHOMOUbHUIUpPOBaHHOTO TpoMOuHOBOro anTtamepa (15-TBA) mpoumssoactBa OO0
«AnTo-papm» (Poccus) Ha yriepoaHble HAHOTPYOKH OCYIIECTBIISANACE C TIOMOIIBIO YACTHIHO
rugpopobHOro arenta Tween 20, THAPOKCHIIBHBIE TPYIIBI KOTOPOTO aKTHBHPOBAHBI C I10-
Mouisio CDI (CDI-Tween). [Tociemytommm 3amMerieHHeM UMHIa306HON IPYIIIIMPOBKA aMH-
HOTPYTIIION U3 aMUHOJIMHKepa J0OUBAIUCH 00pa30BaHus KOBAIEHTHOTO KOHBIOTaTa anramep-
5'-Tween. [logo6HsIt moaxox onmcan B padote [12]. [l HaHeceHNs ¥ UMMOOHIM3AUH HA
HaHoTpyOkax CDI-Tween mpuroToBiieH pacTBOp B IeMOHH30BAaHHOW BOJE KOHIEHTpaIMei
0,05 mr/ma. Crpyktypet ¢ OCHT momernanuch B MpoOMPKH THIA DIHEHAOP( €MKOCTHIO
1,5 mi1, 3aTteM ocraBmmmiicss 00BeM 3anonHsuics pactBopom CDI-Tween, mocie dero 3amass-
HEBIE IIPOOMPKH NIepeMEeINUBAINUCE B TeUeHHE 4 U IIPU KOMHATHON TeMIlepaType B MarHMTHOM
Memainke. Pasmemenue momtoxek B OTIENBHBIX MPOOMPKAX MO3BOJIMIIO W30€KaTh MOBPEK-
JCHUS METAJUINYECKUX KOHTAKTOB U CETOK HAaHOTPYOOK IPH IepeMeITHBaAHUH.
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Ha cnexyromem sTame mpoBommiock HaHeCeHHE anTamepa W yJaleHHe HeIpOpearupo-
BaBmux CDI-rpynm mocie mpomsiBku B Tedenwe 2 4 B 0,1 M pacTBope stanomammHa. Oc-
TaBUIMHACS 9TAHOJIAMHH TPOEKPATHO OTMBIBAJICS B JEMOHU30BAHHOMN BOJIE, ITOCIIE YT CEHCO-
pbl IPOCYIIMBAIINCH, a 3aTeM Ha IOMJI0XKKM B TedeHWe 12 u mHanocwics 15-TBA (mus
HaHeceHus ObLT npurotoBieH 100-mM pacTBop antamepa).

Ilocne xaxmodt w3 cTaguii HaHECEHUS
CDI-Tween, antamepa ¥ OTMBIBKH H3Meps-
JIOCH CONPOTHBJIEHUE CTPYKTYpPHI (TIOCIEe Tpo-
CymuBaHHs). B ciyyae 4HCTBIX yIiiepoaHbIX
S HaHOTPYOOK Ha BCeX CTaausIX, KPOME IOCTIE-

M- HCH, CONPOTUBICHWE MOHMUXKAIOCh (pHC.2).
- [Tagenue compoTWBIeHHS HA TIEPBBIX IBYX
CTaUAX MOXET OBITH CBS3aHO C YBEJIHYEHUEM
9KPaHHUPOBAaHUS  YIIEPOAHBIX  HAHOTPYOOK
CDI-Tween nu JTHK. O6paboTka 3TaHoIaMu-
HOM CHHMaeT d4acth apomarudeckux CDI-
TPYIII, yBEIMYHUBAsl JOCTYIHOCTh TPYyOOK s
pactBopuTend. B ciyuae mpemiaraemMoit cen-
COPHOM CTPYKTYpHl CIEQyeT paccMaTpuBaTh
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Puc.2. ViaMeHeHMe CONPOTHBIICHHS CEHCOPHBIX CTPYK-
Typ BO Bpems cOopku: | — cragus Hanecerns OCHT u

HalbUICHUA KOHTAaKTOB, " — CTaausd HaHECCHUs .
CDI-Tween; 3 - cramns Hamecemms armavepa; B2 MEXAHH3Ma pacCesHHs HOCHTelNell 3apsia,
4 — cragust 06p360TKI/I 3TaHOJIAMWHOM BHOCSIIIUX CBOH BKJIaX B COIPOTHUBIICHUEC

CTPYKTYPBI: CONIPOTUBIICHHE TeJla HAHOTPYOKH
1 KOHTaKTHOE COIPOTUBJICHHE MEXIy HaHOTpyOkamu. B paGote [13] ocHOBHOM BKjIaj BHO-
CUTCS TEJIOM OJHOM HaHOTPYOKH, Torjaa Kak o0JacTh KOHTAKTa C 9NIEKTPOJaMH H30IMPOBAHA
OT JIercTBHS pacTBopa. B ciyuae mpemnaraemoii koncrpykimun OCHT Ha miteHKax mMoIusTH-
NIeHHa()TaNaTa JOMAHUPYET KOHTAKTHOE CONPOTHBIIEHHE MEXITy CAMHUMH HaHOTPYOKkamu. Ta-
KM 00pa3oM, YMEHBIICHHE CONPOTUBIEHUS MOXKET GBITH CBA3aHO ¢ YMEHbIICHHEM TIOTEHIH-
abHOro Gapbepa MeKIy HaHOTPYyOKaMH 3a CYET yMeHBIIEHHs JTOKaThHOH paGoTH BBIXOXA
npu Hamuauu uakepa u JJHK.

B ciryuae kap6OKCHIHPOBAHHBIX YIIIEPOAHBIX HAHOTPYGOK TIPH HAHECEHHH alTamepa co-
IIPOTHBJIEHUE CTPYKTYPHI IOBBIMIAETCS, YTO MOXET OBITH CBA3aHO ¢ MHBIM MEXaHH3MOM HM-
MOOHMIIM3ALMH Ha JIAHHOM THIle HaHOTPYGoK. [Ipeamnonaraercs, 4to B ciryuae KapOOKCHITHPO-
BaHHBIX YTJIEPOMHBIX HAHOTPYOOK BKJIaJ B UMMOOHIIH3AIHIIO anTamepa 0OecIieuMBaeTcs Kak
mankepoM CDI-Tween, Tak u 3a cuer npucyTteTeus Ha HaHOTPY6Ke —~COOH rpymm, Ha KOTO-
PBIX HMMOOHIM3YIOTCS anTaMepbl. OIHAKO OYeBHIHO, 4TO CTpykTypa —COOH — arraMmep
BHOCHT OTPUIATENbHBIN 3apsijl, YBEIHIMBas CONPOTHBIICHHE BCel CTPYKTYphl. Taxke ciey-
€T YYHMTHIBATH OOIIyI0 THAPOGHUIBHOCTH KapOokcumposanueix OCHT, uro, B gacTHOCTH,
MOJXXCT IPUBOJUTE K BEICTPAUBAHUIO allTAMEPOB B KOHTAKTHBIX 00JIaCTIX HAHOTPYGOK.

Jiis obecriedeHns: MaKCHMAILHOTO OTKITMKA CEHCOpa TpeGyercs U30JIMpOoBaTh 001acTh
KOHTAaKTa BOJHOTO PAcTBOpA JETEKTHPYEMOTO BEMECTBA OT MecTa KOHTAKTa HaHOTPYOOK U
31eKTpozioB [14]. B cimywae mpearaeMoit KOHCTPYKIMH CEHCOpa MPONEAYPA H3OISIHN SB-
JIACTCSL TOCTATOYHO MPOCTHIM MPOLECCOM: Ha IOBEPXHOCTh IUICHKH HaHOTPYOOK yCTaHaBIIH-
BAeTCs MOTMMEPHBIN IHIHHADP AMaMeTPoM 2,5 — 3 MM | BCS OCTallbHAs IOBEPXHOCTH BHE €r0
3aIIMBAETCA MOIUMEPOM, GOPMHPYS CTPYKTYpy THIIa «cTakaw» (puc.3). Takas KOHCTPYKIHS
0o0ecIeYnBaeT CieyIoNmue CBOMCTBA: KOHTAKT pacTBOpPa GYIET OCYLIECTBIEH TOJBKO C TIo-
BEPXHOCTBIO HAHOTPYOOK ¥ IUIOMAIh KOHTaKTa OymeT GuKCHpoBaHa W ompeseleHa AHAMET-

pom mmmHapa. TakuM 00pasom, mapasUTHBIME yTEYKaMH TOKA Yepe3 pacTBOP MOXKHO Ipe-
HeOpeus.
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Puc.3. 3mepurenbHas cucteMa Ijisi IPOBEPKH TyBCTBUTEIFHOCTH CEHCopa K TpoMOuHY: a — 3D-Moznens
KOHCTPYKIIWH CeHcopa (Ha BCTaBKE — MOJIENb MOIW(UIMPOBAHHON HAaHOTPYOKM B COCTaBE CEHCOpA);
6 — B ceHcopa B coope

Bimsinne THNAa HAHOTPYOOK HA Tomorpaduio U MPOBOAAMOCTh CEHCOPHOI CTPYKTY-
pel. IIpu cpaBHeHHH ceTOK KapOOKCHIMPOBAHHEIX YTIICPOIHBIX HAHOTPYOOK M HEKapOOKCH-
mapoBaHHEIX OCHT, ucnons3oBaBmuxcs B padore [12], MOXHO OTMETHTB, YTO CETKH Ha OC-
HOBe KapOokcmmupoBaHHbIXx YHT monywarorcest 6onee mepkonmupoBaHHBIME (cM. puc.l), a
TaK)Xe Ha HHUX OCTaeTCsl MEHBIee KOJIWYECTBO MpuMeceil (OCTaTKH MEeTHIMETHIAMMOHHS
Opomuzna, amopdHOTrO yriepoga # T.A.). KOHEYHOE CONPOTHBIIEHHE TOTOBBIX CEHCOPHBIX
CTPYKTYp IIPH HCIIOIB30BaHUM KapOOKCHIIMPOBAHHBIX YIJIEPOAHBIX HAHOTPYOOK yMEHBIIAeT-
csa Ha 3 mopsaaka (1o 3—8 xOM) Mo CpaBHEHHIO C YHCTHIMU YTJIEpOJHBEIMH HAHOTPYOKaMmw,
COIIPOTHBIIEHHE TOTOBOM CTPYKTYPhI KOTOPBIX cocTaBisieT 2 — 8§ MOwm.

Jlannsle 3¢ dexTsI cBA3aHBI ¢ JydImed MEepKOIANUEH CEeTKW YTIEpOIHBIX HAHOTPYOOK,
MEHBIIIUM JIHAMETPOM IMYUYKOB U MAJIBIM KOJHYECTBOM HEXENATENbHBIX TPAMeEceH.

Bimnsanue ¢yHKuMoaHATH3AIMH YIJIEPOAHBIX HAHOTPYOOK HA YYBCTBHTEILHOCTH
ceHcopa. B obmeM ciryuae MexaHW3M peaKkIUuU CUCTEMBI HAHOTpyOKa—anTamep CiieayrOmuii.
IIpoBomuMOCTE HAHOTPYOKH 3aBUCHT OT TOro, oOpasyeT i 15-TBA koMmmuiekc ¢ moBepXHO-
CTBIO HaHOTPYOKU. B oTcyTcTBHe TpomOuHa antamep 15-TBA Haxoaurtcs B paBHOBECHH Me-
XKy COCTOSHHEM B KOMIUIEKCE ¢ HAHOTPYOKOH W COCTOSIHHEM C KBaIpPYIUIEKCHON CTPYKTYpY-
pOi, HO TpPH BO3MOXHOCTH 0O0pa3oBaTh KOMIUIEKC C TPOMOWHOM KOH(OPMAIIMOHHOE
PaBHOBECHE CMEIIAETCsl B CTOPOHY KBaJpPYIUIEKCHON CTPYKTYpHBI, KOTOpas HMEET 3HAUUTEb-
HO MEHBIIIE KOHTaKTOB C HaHOTPYyOKoi#. IMeHHO cTOJIb 3HaUnMOe KOH(POPMALMOHHOE H3Me-
HEHHE, BEPOSITHEE BCETO, U IIPUBOIUT K M3MEHEHHIO IPOBOAMMOCTH TPYOKH.

Pa3paboTranHbie ceHCOpHBIE CTPYKTYpBlI HOAKIIOYaTHCh K usmepurento UIIC-16. Pa6o-
YK€ HANpsOKEHUS BBIOMPAINCH 10 BOJBT-aMIICPHON XapaKTEPHCTHKE CTPYKTYP C YCIOBHEM
orpaHuM4eHus nporekaromero Toka 10 100 HA u cocraBumu ot 0,1 go 0,5 B mist pa3nmauHbIx
CTPYKTYP.

JUis uM3MepeHHs OTBETa CEHCOPOB MOATOTOBIEHBI 4 MKM pacTBOpHI YEIOBEYECKOTO
TPOMOMHA U aTb0yMHHA B JeHOHH30BaHHOM Boje. [lepen skcioHrpoBaHHEM Ha CEHCOpP HaHO-
CHJIIOCH 2,5 MKJI J€MOHHW30BaHHOW BOJBI, MOCJIE BBIXOJa CHTHala HAa IUIATO J00aBISIIOCH
2,5 MKJ pactBopa Gelika, IpH 3TOM KOHIIEHTpaIis yMeHbInanachk 10 2 MKM. Ilocie moctu-
JKEHHS CHTHAJIOM SKCTpEeMyMa M CTaOWIM3allii Ha HOBOM 3HAa4Y€HUHU J100aBIsIOCh 2,5 MKI
6 M pacTBopa ryaHuiHa [UTsS pa3pyIIeHHs KOMIUIEKca anTaMep—0enoK. 3aTeM U3 «CTaKkaHa»
YAAIAIOCh 5 MKJI XKHUIAKOCTH H J00ABISUIOCH ele 5 MK TyanuauHa. [locie yaanenus Bcero
pacTBOpa CONEPKUMOE «CTaKaHa» TPOEKPAaTHO MPOMBIBAIOCH 7,5 MKJI J€MOHM30BAaHHOW BO-
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mel. Cymka nHa «cTakanay ¢ mwienkodl OCHT mpoBoamiack mpr momoms CTpyH BO31yXa J0
CTaOHIIM3a1uK COPOTHBIICHNAS. 3aTeM MPOLECC MOBTOPSIICS JUTS CIEAYIONIEro Geka.

Pe3y/bTaTel u3MEHEHHs CONPOTHBICHUS B IPOIEcCe TIPOBENCHAS YKCIIEPAMEHTA TpHBe-
AeHbl Ha puc.4. HeoOXoaMMO OTMETHTL OCHOBHOE M IPHHIUITHAIGHOE OTIMYHE B OTKITHKE
CCHCOPHBIX CTPYKTYp Ha pa3jmyHble OGenku. B ciydae cTpyKTypel Ha OCHOBE YHCTHIX yIile-
POZIHBIX HAHOTPYOOK CONPOTHBJICHHE YMEHBIIACTCS [IPH 3KCIIOHMPOBAHUE KaK TPOMOMHOM,
TaK M ambOyMuHOM. OJIHAKO 3HAYMTENHHO Pa3lIMYaeTcs BETHYMHA OTKIHKA JAHHBIX CTPYK-
Typ. CHrHaJl IPH 5KCTIOHWPOBAHWHE TPOMOMHOM OYEHb CHIIBHBIA M SPKO BHIPRKEHHBIH, TaK
KaK IpH 3TOM COHNPOTHBJICHHE YMEHBINAETCA Ha 55%, TOT/Ia KaKk MpH SKCIIOHHPOBAHUH allb-
OYMHHOM COTIPOTHBIICHHE TIaJaeT 3HAYNTEIHHO MEHBIIE, YeM JUIS tpombuna (16 % ot uc-
XOJIHOT'O 3HAYEHH).
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Puc.4. OTknmk GHOCEHCOPOB HA OCHOBE THCTHIX (@) U KapOOKCHITMPOBaHHEIX (6)
YTJIEPOIHBIX HAHOTPYOOK Ha IKCTIOHMPOBAHWE TPOMOHHOM U alTbGYMHHOM

B ciygae cencopoB Ha ocHOBe kap6okcumupoBaHHsx YHT IIPH SKCIIOHUPOBAHUH TPOM-
OWHOM COTIPOTHBIICHNE CTPYKTYp YBEIMIMBAETCS, B TO BPEMS KaK TIPH 3KCIIOHWPOBaHWH ajlh-
OYMHHOM COTIDOTHBIICHUE yMEHBINAETCS, UTO TOBOPHT O JIydmiell celeKTHRHOCTH CTPYKTYD
Ha OcHOBe KapOokcuimupoBaHHBIX YHT. IlepBOHaYaNbHBIN CHrHAT HpH 9KCIIOHUPOBAHUHT
TPOMOMHOM B CJlyYae CEHCOPOB Ha KapOOKCHIHPOBAHHBIX HAHOTpYyOKax cocraBiseT 6%.
OKCIOHMPOBaHHE aTbOYMHHOM W3MEHSET OTKIUK Ha 2%.

Pazimune B MeXaHH3Max 9yBCTBHTEILHOCTH MOTYT OBITH CBA3aHEI ¢ M3MEHEHHEM COOT-
HOLICHHS BKJa/1a BO B3aHMOJICHCTBHE ¢ 6€IKOM KOHTAKTOB M Tella HaHOTpyOoK. M3HavansHo,
KaK ObLIO TOKa3aHo, ceTku Kapbokcmmpopanusx OCHT o6nagamm JY4IIMMH TapaMeTpaMu
TIPOBOJIMMOCTH 3a CYET YMEHBIICHUS PO KOHTaKTHOTO CONPOTHBIEHHS. TakuM o6pazom,
OCHOBHO¥ BKJIaJ{ B PEaKuuio PH B3aHMOJCHCTBHY anTaMepa ¢ 5eIKOM TPOMOMHA BHOCHT CO-
TIPOTHBJICHHE TeNla HAHOTPYOOK. Tak kak B MIIEHKE MPUCYTCTBYIOT Goree 2/3 MOMYNPOBOIHHA-
KOBBIX HAHOTPYOOK, 06IaMafOIIHX p-TUIIOM HPOBOIAMOCTH [15], To BHeceHue anTamepa, He-
CyIEro OTpHUATENbHEIA 3apsif, OyAeT CMemaTh >HEpPreTHYecKHWe YpOBHHM B HAHOTPYOKe,
YBEIIMYHBAsA KOHICHTPAIUIO OCHOBHBIX HocHTese. [Ipy cBSA3bIBaHMM ¢ TPOMGUHOM anTamep
YaCTHYHO OTXOIUT OT Tejla HAHOTPYOKH, yMEHbIIas CBOH 3apsI0BbIH BKJIA/, YTO IPHBOIHT K
YBEIIMYECHHIO CONPOTUBIICHUS BCEH CHCTEMBI.

Takoke creyer oTMeTHTB XapakTep BOCCTAHOBIEHHS CEHCOpA IO/ AeHCTBAEM r'yaHW4-
Ha. Tonbko B ciTydae TpoMGHHA HA YHCTHIX HAHOTPYOKAX HAGIIONAETCS IIyM, OIIpeeNIsIeMbIi
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beicmpooeiicmeyoujue 6uonozuyeckue cencopol

JVHAMWYECKAMHE MPOLECCAMH CBA3BIBAHMS/paciiaia KOMILIeKca Gellka W anTamepa B Iporec-
ce oTMBIBKH. [Ipy 5ToM anms6yMHH MOHOTOHHO YHAIs€TCs, 9TO CBHUIETEILCTBYET O Mpeobia-
JaHUM HECTIENU(MUIHBIX CBSI3eil MEXKIy HUM M HAHOTPYOKaMH.

IIpu BBeNIEHUM OIMHAKOBO KOHIIEHTPAIMH TPOMOMHA BPeMsl OTKJIMKA CEHCOPa C YHCThI-
MH HaHOTPYOKaMH COCTaBISIET 5 C, TOTAa Kak i KapOoKcuiupoBaHHBIX — 20—30 c. Pazm-
YK€ BPEMEHH OTKJIMKA TaK)XKe MOXKET OBITh OOBICHEHO NMPEBATMPOBAHUEM B MOJIEM KOHTAKT-
HBIX 00JacTell MM Tella HAHOTPYOOK. B ciTydae mpeobiiaianus KOHTAKTHOTO COMPOTHBICHHUS
IPONECCH H3MEHEHUS TIPOUCXONAT 3HAUMTENBHO OBICTpEE 110 CPAaBHEHHIO C MPOIECCAMH, Tpe-
OYIOIUMH TIOKPEITHS BCETO Tella HAaHOTPYOKH.

3akunogenne. Pa3paboTaHHBIN KOHCTPYKTHBHO-TEXHONOTHYECKHH 6asuc s cOOpKM
CEHCOPHBIX CTPYKTYp Ha OCHOBE MOAU(UIHMPOBAHHEIX antamepamMu YHT Ha rubkoii mieHke
HOJMITHIICHHA(TATaTa IEMOHCTPHPYET BO3MOXKHOCTH PETHCTPAllMH CHTHAIAa OT TPOMOHHA
HPH UMMOOHIIM3AIMHA CTPYKTYp cHenupuIHbIME antaMepamu. [Ipeanoskennas MeTouKa T10-
3BOJIET COPMHUPOBATH CEHCOPHBIE CTPYKTYPhI U3 IIeHOK YHT pasHBIX THIIOB Ha IIOBEPXHO-
CTH TMOKOHM IUIEHKH NoimdTHIeHHadTanata. Mcmons3oBaHue KapOOKCHIMPOBAHHBIX YITe-
POIHBIX HaHOTPYOOK HaeT BO3MOXXHOCTH MOBBHIIATH CENEKTHBHOCTH CEHCOpa K TPOMOWHY.
Bpems otkimika mogoGHOTO cercopa He npesbimaet 10 c.

ABTOpEI BEIpaXaloT Npu3HaTeNbHOCTh A.B. KpecTuHHHY 3a cojieficTBHe B mpemoCTaBiIe-
HUM OJHOCIIOMHBIX YTIIEPOAHBIX HAHOTPYOOK.

Paboma ewinonnena npu dunancoeoii noddepocke  Poccuiickozo Hayunozo onoa
(npoexm  Nel4-19-01308, MHDIT), zpanma Ilpesudenma Poccuiickoii Dedepayuu
(epanm Ne MJI-170.2014.8), Munobpnayxu Poccuu (coznawenue Ne 14.575.21.0066, uden-
mucpuxamop npoexma RFMEFI57514X0066 u coznawenue Ne 14.586.21.0003, udenmugu-
kamop npoexkm RFMEFI58614X0003).

Tumepamypa

1. Nutiu R., Li Y. Structure-switching signaling aptamers // J. Am. Chem. Soc. — 2003. — Vol. 125. —
P. 4771-4778, doi:10.1021/ja0289620.

2. Li N., Ho C-M. Aptamer-based optical probes with separated molecular recognition and signal transduc-
tion modules // J. Am. Chem. Soc. — 2008. — Vol. 130. — P. 23802381, doi:10.1021/ja076787b.

3. Development of an aptamer beacon for detection of interferon-gamma / N. Tuleuova, C. N. Jones,
J. Yan et al. // Anal. Chem. —2010. — Vol. 82. — P. 1851-1857, doi: 10.1021/ac9025237.

4. Cruz-Aguado J. A., Penner G. Fluorescence polarization based displacement assay for the determination
of small molecules with aptamers // Anal. Chem. — 2008. — Vol. 80. — P. 8853-8855, doi: 10.1021/ac8017058.

5. Chavez J. L., Lyon W., Kelley-Loughnane N., Stone M. O. Theophylline detection using an aptamer and
DNA-gold nanoparticle conjugates // Biosens. Bioelectron. — 2010. — Vol. 26. — P. 23-28, doi:
10.1016/j.bi0s.2010.04.049.

6. Wei Fang, Ho Chih-Ming. Aptamer-based electrochemical biosensor for Botulinum neurotoxin //
Analytical and Bioanalytical Chemistry. — 2009. — Vol. 393. — P. 1943-1948.

7. Liu J., Lu Y. Fast colorimetric sensing of adenosine and cocaine based on a general sensor design in-
volving aptamers and nanoparticles / Angew. Chem. Int. Ed. — 2005. — Vol. 45. — P. 90-94, doi:
10.1002/anie.200502589.

8. Flexible room-temperature NO, gas sensors based on carbon nanotubes/reduced graphene hybrid films /
H.Y. Jeong, D.-S. Lee, H.K. Choi et al. // Appl. Phys. Lett. — 2010. — Vol. 96. — P. 213105-213107.

9. All-printed infrared sensor based on multiwalled carbon nanotubes / A. Gohier, A. Dhar, L. Gorintin et al. //
Appl. Phys. Lett. —2011. — Vol. 98. — P. 063103-063105.

10. Flexible graphene-based chemical sensors on paper substrates / G. Yang, C. Lee, J. Kim et al. // Phys.
Chem. Chem. Phys. — 2013. — Vol. 15. — P. 1798-1801.

11. Flexible glucose sensor using CVD-grown graphene-based field effect transistor / Y.H. Kwak,
D.S. Choi, Y.N. Kim et al. // Biosensors and Bioelectronics. — 2012. — Vol. 37. — Ne 1. — P. 82-87.

Hzeecmus gy308. DJJIEKTPOHUKA Tom 20 Ne2 2015 143



K. @. Axmaouwuna, H.H. Bobpuneykuii, H.A. Komapos u op.

12. M'nGkue Guomormaeckre ceHCOPHl HA OCHOBE TUICHOK YTIIEPOAHbIX HaHOTPYOoK / K.®. Axmaduwuna,

H.H. Bobpuneyxuii, H.A. Komapoe u 0p. /| Poccuiickue HanorexHonorum. — 2013. — T.8. — Ne 11-12. —

C. 3540.
13. Single-walled carbon nanotube biosensors using aptamers as molecular recognition elements /

H.-M. So, K. Won, Y.H. Kim et al. // J. of the American Chemical Society. — 2005. — Vol. 127. — Ne 34. —
P. 11906-11907.

14.An T, Kim K.S., Hahn S.K., Lim G. Real-time, step-wise, electrical detection of protein molecules us-

ing dielectrophoretically aligned SWNT-film FET aptasensors // Lab Chip. — 2010. — Vol. 10. — P. 2052-2056.

15. Othman Sideka, Quadria S.A., Shahid Kabira, Muhammad Hassan Bin Afzal. Application of carbon

nanotube in wireless sensor network to monitor carbon dioxide // J. of Experimental Nanoscience. —2013. — Vol. 8. —
Is. 2. - P. 154-161.

Cratbs noctymnmia
30 cenTs6ps 2014 r.

Axmadoumuna Kapuna ®@auzoena — crynear MUDT. Obracme nayunvix unmepecos:
30HIOBas MUKPOCKOITHS, IIPOBOJAIINE MOKPHITHSA Ha OCHOBE YTJIEPOIHBIX HAHOTPYOOK.

bobpuneyxuii Hean Heanoeuy — NOKTOP TEXHHYECKHWX HayK, BEMYIIUH HaydHBIH CO-
TpyaHuk Hay4no-o6pa3oBaTenbHOTO IeHTpa «30HIOBAs MHKPOCKOIMS M HaHOTEXHOJIO-
rus» MUDT. Obnacme nayunvix unmepecos: 30HI0Basi MEKPOCKOITHS, HAHOTEXHOJIOTHUS,
OHO- ¥ HAHOGJIEKTPOHHKA.

Komapos Hean Anexcandposuy — KaHIWAAT TEXHWYECKUX HAyK, BEAYINMI HIKEHEp
Hayuno-oGpa3zoBarenbHOro 1eHTpa «30HIOBas MHUKPOCKONMUS M HAHOTEXHOJIOTHS»
MUDOT. Obracme nayuneix unmepecos: 30HI0Bas MEKPOCKONUS, XMMHUYECKHE U OHOIIO-
THYECKHE CEHCOPBI, IPOBOAALIME MOKPHITHA HAa OCHOBE YTJIEPOAHBIX HAHOTPYOOK, rHOKas
snekTponuka. E-mail: vkn@nanotube.ru

Manosuuxko Anmon Muxaiinosuy — crynear MUDT. Ob6racme nayunvix unmepecos:
30HZIOBasi MUKPOCKOITHS, XMMUYECKHE U OHOTOTUYECKHE CEHCOPHI.

Hesonun Braoumup Kupunnoeuy — noxtop pU3HKO-MaTeMaTHUECKUX HayK, Tipodeccop
kabenpel KBaHTOBOW (QW3WKH ¥  HAHODIEKTPOHWKH, pyKOBOAWTeNb Hayuro-
oOpa3oBaTenbHOTO LeHTpa «30HIOBas MHKPOCKONHS W HaHOTexHojorus» MUDT.
Obnacmy nayunvix unmepecos: HAHOTEXHOJIOTHH, 30HI0BAs MUKPOCKOTTHS.

Déoopos I'eopzuii Eezenueguy — Kaumunat (QpU3HKO-MaTeMaTHYECKWX HayK, CTApIIMii
Hay4HBIH COTPYAHMK 1abopaTOpHH KBaHTOBHIX JETEKTOPOB (hM3MUecKOro (akynbTeTa
MockoBckoro menarorudeckoro rocyapcTBEHHOTO YHUBepcUTeTa. O61acmb HAVYHBIX
UHMepecos: CAHTE3 YTIIEPOIHBIX HAHOTPYOOK U HAHOCTPYKTYP.

I'onosun Anopeii Buxmopoeuy — NOKTOp XMMHYECKHX HayK, CTaplIuii MpenoJaBaTelb
daxynprera Gronrkenepun u uHpopmatukd MI'Y um. M.B. JlomoHocoBa. O6nacme na-
VUHBIX UHMEPecos: XAMUS U KOMITBIOTEPHOE MOJIETAPOBaHHE OHOCTPYKTYP, B YaCTHOCTH
kopotkux niocnenosarensHocted JJHK u PHK, 6uocencopsr.

3anesckuit Apmyp Onezoéuu — crynentr MI'Y um. M.B. JlomonocoBa. Obnacme nayy-
HbIX UHMEPeCcos: KOMTBIOTEPHOE MOJIENTUPOBaHHE OHOCTPYKTYD.

Auioapxanoe Pycnan [laypenosuy — crynenr MI'Y um. M.B. JlomonocoBa. O6nacme Ha-
YVUHbIX UHMepecos: MOJIENTApOBaHre OHOCTPYKTYP, pa3paboTka GHOCEHCOPOB.

144

Hzeecmus sy306. DJJIEKTPOHHUKA Tom 20 Ne2 2015



	001.jpg
	002.jpg
	003.jpg
	004.jpg
	005.jpg
	006.jpg
	007.jpg
	008.jpg
	009.jpg

