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NMPUMEHEHUE SJEKTPO®OPETUYECKH MOJUPUIINPOBAHHOU
TiO, MAJJIN-MUIIEHU 1JISI MACC-CHEKTPOMETPUHA
C MOBEPXHOCTHO-AKTUBUPOBAHHOM JABEPHOM
NECOPBIIMEN-UOHN3AILIMEN

OnTUMH3UPOBaHbl MapaMeTpsl 3JeKTpodopeTHueckoro ocaxacHus Ti0O, Ha MOJUIOKKY M3 HEpXKaBEIOIEei CTajH.
HonyquHoe IMOKPBITHUE 6])].]'[0 HCIIOJB30BAHO B KAYECTBE OMUTTEpPA NOHOB IPpHU HOBerHOCTHO-aKTHBHpOBaHHOﬁ Ja-
3epHO#i aecopommu-monm3armu (ITAJIAN). IlponemoHcTpupoBaHa BICOKas 3()(HEKTHBHOCTH MOMYUYCHHBIX MOKPHI-
tuit st [TAJI/IU amMmuomapona ¢ MOCIeAYIOMUM aHATIH30M IIyTeM MacC-CHeKTPOMETPHUH MOHHOTO ITMKIOTPOHHOTO
pe3oHaHca ¢ npeodpazoBanueM Pypee. JlononHuTenbHas MOANGDHUKALUS TIOKPHITHH MMTOIHIMMETHICHIOKCAHOM 3Ha-
YUTEIBHO MOBBIMIAET 4yBCTBUTENBHOCTS ITAJIIU-MC-ananusa.

Kn. cn.: TTAJIJIU-macc-criektpometpusi, TiO,, 37eKTpohopeTHUSCKOE 0CAXKIACHUE, aMHOAAPOH

BBEJEHUE

Macc-CneKTpoMeTpuss ¢ MaTPUYHO-aKTUBUPOBAH-
HOW Ja3epHOil necopOuueii-nonmzanuern (MAJIJIU-
MC) mupoKo HCIONB3yeTCs IS aHAIN3a MOJINMEPOB
MPUPOJTHOTO MPOUCXOXKICHUS (MENTHIIBI, OJIMTOcaxa-
puabl, OCIKK), a TaKKEe CHUHTETUYCCKHX IOJIUMEPOB
[1, 2]. CylecTBeHHBIM OrpaHMYEHHEM METOAA
MAJIIN-MC sBasierca OpUCYTCTBUE B Macc-CIeEK-
Tpax B 00JJACTH HU3KUX MacC CUTHAJIOB HOHOB MaTpPH-
LI, IEPEKPHIBAIOIINX MUKW MOHOB aHAJIUTOB, UTO JE-
JIaeT 3aTPYIHUTEIBHBIM TPUMEHEHIE TaHHOTO METO 1A
JUISL UCCICAOBAHMSI HU3KOMOJIEKYJISIPHBIX OpraHu4e-
CKUX COCJIMHCHUH, TAKUX KaK MHOTHE OMOJIOIMYECKU
aKTHBHBIC COCTMHECHUS U UX METaOOJHTHI [3].

Macc-cnekTpoMeTpusi ¢ IMOBEPXHOCTHO-aKTHBH-
pOBaHHOMU J1a3epHOU necopOrueii-nonn3anuen
(ITAJIAM-MC) MoxeT paccMaTpuBaTbcsa Kak albTep-
HatrBa MAJI/IN-MC npu ananmse HA3KOMOJIEKYJISIp-
HBIX COCAMHEHHH, YTO, IPEKIE BCETO, CBSI3aHO C He-
3HAYUTEIHHBIM YpOoBHEM (hOHA B JHATa30HE HU3KUX
Macc W BBICOKOH 3()(PEeKTHBHOCTHIO MOHM3ANNU TIPU
WCIIOJIb30BAaHUM HEOPTaHWYECKHX MaTpull (B BHUIE
HAaHOYACTULl WIM CTPYKTYPUPOBAHHBIX IOBEPXHO-
creit) [4, 5]. TiO, sBAsgercs oMHUM U3 Haubosee pac-
MPOCTPAaHEHHBIX W 3(PPEKTHBHBIX AMHUTTEPOB HOHOB
st [TAJIIA-MC, dro, npexnue Bcero, 00yCIOBICHO
ero (hOTOKATATUTUIECKUMH CBOHCTBaMH [6].

[upoko wucnonbp3yeMbM criocoboMm ¢GopMUpOBa-
HUS TIOKPBITUS — DMHUTTEPA MOHOB SBISIETCS METO
"cyxux Kamnens". JlaHHBI MeToJ MpeanosaraeT HaHe-
CEHHUE PacTBOpA aHAIUTA B CYCIIEH3UH HAHOYACTHI] Ha
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momioxky (MAJIJIU-mumens) ¢ TOCIETyOMNAM
AJTAU-MC-ananuzom [7-9]. OgHako B 3TOM ciayyae
[MAJIAN-MC-ananu3 opraHuyecKux BEIIECTB MOXKET
ObITh HeA((EKTUBHBIM B CBSI3W C HU3KOH BOCIPOU3-
BOJIMMOCTBIO CUTHajla B MpeJenax Kaxaou suerku
HaHeceHus oOpasma (sample spot), 9To, Tpexkae Bce-
ro, CBA3aHO C HEPaBHOMEPHBIM paclpe/ieIeHHEM He-
OpPraHWYeCKOW MaTpHUIBl MpH BBICHIXaHUU (3PPexT
"kocerinoro konbua") [10].

Taxke B KadecTBE DMUTTEPa HOHOB MOTYT OBITH
ncnonb3oBanbl HaHOTPYOkm TiO, [11]. CymectBen-
HBIM OTPaHWYEHHEM JAHHOTO IMOJXO0Ja SBISETCS He-
BO3MOXKHOCTE  (hopmupoBanusi HaHOTpyOOoK TiO,
Ha crangaptHeix MAJIJIU-mumnensx, uroraBiuBae-
MBIX U3 HepykaBeromel craimu. COOTBETCTBEHHO, TH-
TAHOBYIO (DONBIY, Ha KOTOPOH IMONyYarOT MOKPBITHE
U3 HAHOTPYOOK, HEOOXOMWMO 3aTeM HANEKHO IIpHU-
KpPEeNUTh K MHUIIEHH, YTO 3HAYUTEIBHO YCJIOXKHSET
u 0e3 TOro I0CTaTOYHO TPYIAOEMKHI mporecc GopMu-
pOBaHUS U XapaKTepu3aluuu NOKpeITus [12].

Hapsiny ¢ mepeuncneHHBIMH MeTonaMu MoAH(U-
Kalli¥ TIOBEPXHOCTH IHPOKO PACHPOCTPAHEHO IIIa3-
MEHHOE HalbUIEHHE HaHOYACTHII, KIOYEeBOH Mpobiie-
MOH KoToporo sBisiercss ¢azoBast TpaHchopMaIus
TiO, n3 anarasa B pyTWIJI IPH MOBBILICHHBIX TEMIIEpa-
Typax, 4TO MPHBOJAUT K CHHXKCHHUIO €ro (pOTOKaTallu-
TUYECKOW aKTHBHOCTH U AEJaeT M0J00HBIC HOKPBITHS
manodhdexrusabivu st [TAJIIM-MC [13].

Cpenn M3BECTHBIX METOJNOB (HOPMHPOBAaHUS IIO-
KpBITHI Hanbojee TEXHOJIOTHYECKH TMOKUM U Iep-
CHEKTHBHBIM MOJET CHUHTAThCS 3IeKTpodopeTnde-
ckoe ocaxnenue (OPO) Onarogapsi mMpoCTOTE HHCT-
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PYMEHTAJIBHOM peanu3anuu, AeIEBU3HE U BO3MOKHO-
CTH TIOJIy4Y€HHUSI OJHOPOJHBIX IMOKPBITHII ¢ KOHTPOJIH-
pyemoii TonuuHoi [14]. B npouecce PO mpoucxo-
JIUT HalpaBICHHOE JABIKEHHE 3apsDKEHHBIX YacTHIL
JTucTiepcHOH (hasbl CyCIEH3UH B IIEKTPHUECKOM II0JIE,
UX arperupoBaHUE B MPUAIEKTPOJHOM MPOCTPAHCTBE,
HeliTpanu3anusd u OoOpa3oBaHWE MOKPHITHA HA TIO-
BEPXHOCTH 35eKTposaa. HecMoTpst Ha pocT uucna myo-
JIUKAIMHA, MOCBSIIEHHBIX MPUMEHEHHUIO TEXHOJIOTHU
O®O0 B pa3nuyHBIX NPUIOKEHUSIX, METOJ MpPAKTHYE-
CK{ HE WCHOJb3yeTcd MPU MOTYyUYSeHUH HMOKPBITUN s
IMAJIAN-MC. OgauM 13 HEMHOTHX HCKIIOYCHUN SB-
nsiercst padorta [15], B xoropoii ITAJIAM-noKpbITHS
ObUTH M3roTOBIIEHH MyTeM DPO HaHOYACTHIL 30J10Ta,
MOJYYEHHBIX C MOMOIIBIO JIa3epHOW absiuuu B HKUA-
KOCTH, W HCIIOJI30BAHBI ISl aHAIHM3a OJMTOTEHTHI-
HOTO ropMoHa aHruoreHsusa. Ilpumenumocts PO
JUTSL TIOJYYEHUS] TIOKPBITHH Ha OCHOBE (DYHKIMOHAIb-
HBIX MaTepUaJIOB C Pa3IMYHBIMHM CBOMCTBAMH I103BO-
JSIeT paccMaTpuBaTh €ro Kak 3(QQEeKTUBHBIA CIOCO0
(hopMUPOBaHUS MTOKPBITHA — 3MUTTEPOB WOHOB IS
IMAJIIN-MC-ananu3a pa3nIu4HbIX HU3KOMOJEKYJISp-
HBIX aHAJIUTOB, BKIFOYas OWOJIOTWYECKH AaKTHBHBIE
COCAMHEHHs M MX MeTabonuTsl. B KadecTBe MoIenb-
HOTO COCIMHCHHS JUIS OLCHKH 3(PPEKTUBHOCTH
[MAJIIN-iokpeiTHii Ha ocHOBe TiO, OBUIO BHIOpaHO
HIMPOKO HCHOJIb3yEeMOE aHTHAPUTMHUYECKOE JIEKapCT-
BEHHOE CpEICTBO aMHOJApOH, Pa3pabOTKa BBICOKO-
MIPOU3BOANTENBHBIX METOJIOB JETEKTHUPOBAHUS KOTO-
poro sBiseTcsl aKTyanbHOW 3amaueid [16]. Takum 006-
pasoMm, JaHHas pa0oTa TMOCBSAILICHA BO3MOXKHOCTH
MPUMEHEHHUs] TOJUIOKEK W3 HepiKaBerolled CcTaiu,
IEKTPOPOPETHUECKH MOAMGHUIHMPOBAHHBIX HaHOYa-
crutiamu Ti0,, s [TAJIIU-MC-ananu3a amuomapo-
Ha.

MATEPHUAJIBI U METO/bI

Iloaroroska nomJI0KeK U3 Hep:kaBeroulei cranu,
jiekTpodoperndeckn moauduuuposanubix TiO;

Karomnoe D®O TiO, nmpoBoauiIM B MOTCHIIMOCTA-
TUYECKOM PEXHMME C MCIIOIb30BaHNEM HCTOYHHKA TT0-
crosHHOoro Ttoka "Omep-4" ("HIIO JIHK-TexHo-
norus", Poccust). Hampspkenue Ha 31eKTpoiax BapbH-
poBanu ot 20 go 50 B. O®O mpoBoaunu B syeiike,
MIPECTABIAIONIE COO0M CTEKJISHHBIA CTakaH, pac-
CTOSIHHE M@Ky KaToJ0M M aHOJIOM COCTaBIsuIo 10 MM.
B kadecTBe 3J1EKTPOJOB HCHOIB30BAIN ILIACTUHBL,
W3TOTOBJIGHHBIE W3 Hep)kaBeomed cramm 316L.
B nanpueitmem PO ObIIO BBHIIOIHEHO NMPH BHIOpaH-
HBIX ONTHUMAaJBHBIX ycnoBusx Ha MAJI[IU-mumenu
MTP 384 (Bruker Daltonics, I'epmanus). Dnextpoabt
MocjeioBaTeNbHO ~ 00pabaThiBaid  yIBTPa3BYKOM
B alleTOHE, CIIUPTE U JIEHOHU30BaHHON BOAE VI yIa-
JICHUs 3arpsi3HEHUH U 00E3KMPUBAHMA, a 3aTeM IPo-
BOJWJIM WX CYIIKY B TOKE a30Ta. B kadecTBe OCHOBHI
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JIEKTPOJIUTA MCIIONB30BAIM AllETUIIAIETOH, KOTOPBII
cogepxkan TiO, ("Sigma-Aldrich", CIIA) (2 /1)
u oz (0.08 r/m). Cycnen3uto oOpabaTpIBaIn yIbTpa-
3BYKOM B TedeHue 60 MHH, MOCJIe Yero nepemMennBa-
T Ha MarHUTHOM Memanke B TeueHue 30 muH. [locme
3IIEKTPOPOPETUUECKOTO OCAKACHUS TJIACTHUHBI BbI-
CyIIMBaNMA TP KOMHATHOHM TemIleparype B TedeHHe
30 MuH, mocie 4Yero MNpPOKAIMBAIM B CYIIMIBHOM
mkagy npu 250 °C B teuenne 3 4. B ciywae momos-
HutenpHOU [1/IMC-Monudukaimm, moaIokKy C dJeK-
Tpodoperndecku ocaxaeHHbIM Ti0O, TOKPHIBAIU TOH-
KUM cJoeM cuiaukoHoBoro Macina  I[IMC-100
(REXANT, Kwurait) u nomemanu mnon YD-mammbl
(9 Bt, 365 um) mHa 60 MUH, TOCIIE YETO TOCIIE0Ba-
TEJILHO IPOMBIBAJIM XJIOPOHOPMOM M METAHOJIOM.

XapakTepu3auusi H0Jy4eHHbIX HOKPBITHH

dopMy M pazMep YacTUI] ONPEIEISUIA 10 MHUKPO-
¢ororpadusM, MOTYYCHHBIM C TIOMOIIBIO CKaHUPYIO-
mero 3JeKTpoHHOTo MuKpockoma Hitachi S-3400N.
DJeMeHTHBIH cocTaB o0pasla ONpeAessiid METOJIOM
PEHTTEHOBCKOH YHEProJHCHEPCHOHHOM CIIEKTPOCKO-
UM C MOMOLIBIO aHanuTH4Yeckod npuctaBku Oxford
Instruments X-Max 20, BXozsIiei B coctaB mpudopa
Hitachi S-3400N. ACM-u300paxenusi ObUTH MOJTyye-
HBl C T[IOMOIINBI0 AaTOMHO-CHJIOBOTO MHKPOCKOTA
VEECO DiNanoscope V (CLLIA) B moIyKOHTaKTHOM
pexxume (Tapping Mode) ¢ ucnosib30BaHHEM 30HIOB
NSGO03, NT-MDT (Poccus). s o6paborku nzobpa-
JKEHWH HCIOJIb30BANM NPOrpaMMHOE oOOecreueHue
Nanoscope Analysis.

IoaroroBka o6pa3zua

[lpu ¢popmMUpOBaHMHM MMOBEPXHOCTH — IMHUTTEpA
HOHOB METOJOM 'CyXHX Kamelb' TOTOBUJIM BOJHYIO
cycrnensuto TiO, (1 mr/mu). Ha MAJIJIU-muieHn
MTP 384 (Bruker Daltonics) Hanocumu 1 MKI cyc-
neH3uu ¢ conaepxkanuem TiO, 50-1000 ur/miu u 1 Mk
pactBopa ammomapona (10 mr/mm) B 50 % BOomHOM
AIETOHUTPUIIC U TIOCJIE BBICHIXAHUS KAILIH ITPOBOIHIN
MMAJIIN-MC-ananus.

[Ipu uCMONB30BaHNU B KA4eCTBE AMUTTEPA UOHOB
cios 3ekTpodoperndecku ocaxaeHHoro TiO,, Ha To-
KpBITHE HAHOCWIM | MKI pacTBOpa aMHOJapoHa
(10 ar/mM1) B 50 % BOAHOM alETOHUTPHIIE U TIOCIE
BbIcbIXaHus Karum npoBoawin [TAJIJIU-MC-ananms.

IHAJI/IA-Macc-cieKTpOMeTPpHYEeCKU I aHAIN3

I[TAJII-Macc-CcrieKTphl OBLUTH TOTYYEHBI C ITIOMO-
UIBI0 MAacC-CIEKTPOMETPAa HOHHOIO LHUKIOTPOHHOTO
pe3onanca ¢ npeobpazoBanueM ®Dypbe SolariX XR
(Bruker Daltonics, ['epmaHus) ¢ axKTHBHO-3Kpa-
HUPOBAHHBIM CBEPXIIPOBOJISAIIAM MAarHUTOM WHIYK-
nueit 7 Tn, ocHamenHoro nmazepoM Smartbeam 11
(mwHa BoHBI 355 HM). Perucrpanuio macc-CieKTpoB
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OCYIIECTBISUIA B PEKHME TIOJOKUTECIBHBIX HOHOB
B auamazone m/z 150-1000. [Ins xkaauOpoBKH ObLI
UCIIOJIb30BaH MCTOYHUK MOHOB 3JIEKTPOCHPEH, KOTO-
pHIM TaKKe OCHAlleHa JaHHas MoOJeidb Macc-
criekTpoMeTpa. KanmuOpoBKky MpoOBOAMIN € UCHOJB30-
BaHMEM pacTBOpa TpudTOpaleTata HaTpusi, oOpa-
3YIOIIEr0 KJIACTepHbIE MOHBI B HHTEPECYIOUICH Hac
obmactu Macc ¢ m/z ot 430.91 o 974.81 ¢ unTepBa-
mom 135.97 Jla. Macc-criekTpsl 00padaThIBaii C TIO-
MOIIBIO TIporpaMmHoro obecrieuenust Data Analysis 5.0
(Bruker Daltonics, 'epmanus).

PE3YJIBTATBI 1 OBCYXJIEHUE

PO TiO,

W3BecTHO, YTO TONIIWHA TOKPBITHUS TPSAMO IIPO-
MopLUHUOHANBHA TpoAoLkuTeasHocTH DDO U npuno-
JKeHHOMY Hampspkenuio [17]. beut mpoBeneH psi dKc-
MIEPUMEHTOB I ONTUMH3AIMK JaHHBIX MapaMeTpoB
O®0. KauecTBO MoiTy4aeMbIX MOKPBITUI OIIEHUBAIU
C TIOMOIIIbIO CKAaHUPYIOIIEH 3JIEKTPOHHON MUKPOCKO-
mur  (COM) W aTOMHO-CHJIOBOH MHKPOCKOIIHH
(ACM).

Bpemsa nposedenus 300

B xome cepum SKCIEpUMEHTOB MPOAOKUTENb-
HOCTh oOcaxaeHus HanHouactuy TiO, BapbupoBanu
or 30 mo 180 ¢ npu nHampsokenun 35 B. Ipaduk,
MpEACTAaBICHHbII Ha puc. 1, IEMOHCTPHUPYET, 4YTO
Macca ocaxjaeHHoro TiO, JIMHEWHO YBEITUYHMBACTCS
co BpemeHeM. [lomyuyeHHble IOaHHBIE COIJIACYIOTCA
¢ JnHeHoN Mojaenslo Xamakepa [18], koTopas ycra-
HaBJIMBACT CBA3b MEXKIY OCaKICHHON Maccod Ha eln-
HUIY IJIOIIAAN ¥ BpEMEHEeM OCaxIeHMA. bwuio moka-
3aHO, 4YTO YyBenuueHue BpemeHH O®O cBeime
180 ¢ nmpuBogur kK oOpazoBaHui0 HOKphITHS TiO,
C HHM3KOW aAre3uer K MOAJIOXKKE, MPU MPOKAIUBAHUU
KOTOpOH o00pa3yroTcsi TpemuHbsl. COOTBETCTBEHHO,
W3MEHEHNE BPEMEHM OCa)<eHus B nuana3oHe ot 30
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Macca ocaxaerroro TiO,, Mr/cm?
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Puc. 1. 3aBUCHMOCTP MacChl 3IEKTPOPOPETUICCKH
ocaxnaenHoro TiO, oT Bpemenn npu noternuane 35 B

1o 180 ¢ mo3BoJIsET KOHTPOIMPOBATH TOJIIUHY TOITY-
4aeMOT0 MOKPBITUSI C COXPAHEHUEM BBICOKOHW a/Ire3uH
K MTOJITIOKKE.

Bausnue npunoscennozo nanpaxjcenus

Jns onpeneneHus BIMSHUS HaNpPsDKEHUs €ro 3Ha-
4yeHus BapbupoBaiu oT 15 10 60 B. bouto BhIsiBIEHO,
4yTO0 TIpH HampsbkeHUH 35 B dopmupyrorcs Hanbonee
OJIHOPOJHBIE M paBHOMEpHBIE MOKPHITHA (pHC. 2).
[Ipu Gonee HU3KHMX 3HAUCHUAX HANPsDKCHHS HaOIIO-
JaJIoch HepaBHOMepHOe pacnpeaenenue yactul Ti0;
Ha TOAJIOKKE, U MOJIY4YECHHBIC IOKPHITHA UMEIU HU3-
Kyl0 anresuio. [Ipy MoBBILICHUH HANpPSDKEHHSI CBBILIE
40 B nabmroanach arjiomepaliusi 4acTHIl, YTO TAKXKE
CHIDKQJIO Ka4eCTBO IOKPHITHS M HPUBOIWIO K pac-
TPECKUBAHHUIO TIOBEPXHOCTU IOCJE IMPOKAJIMBAHUSI.
[Ipu eme Gosee BEICOKOM NMPHIIOKEHHOM HaNpPsDKEHUH

0

Puc. 2. BHemnuii BU 351eKTpO)OPETHIECKH HAHECEHHOTO
nokpsiTs TiO, (a) u ero COM-n3zo06paxenue (0) (yBenu-
yernue B 10 000 pa3s)
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Macca ocaxaenHoro TiO, Bo3pacrana, 4To, IO BCel
BUJMUMOCTH, OBUIO CBSI3aHO C YBCJIIMYCHUEM IIOJBHIK-
HocTh 4acTuil. Kpome Toro, GoJiee BBICOKHIA TPUIO-
JKEHHBI MOTEHIMAJI MOI CTaTh NPUYMHOW TypOy-
JIGHTHOTO JIBJKEHMSI YacTHI[ B CYCIIEH3UUM M, Kak
CIIECTBUE, MMOJYyUYEHUS HEOAHOPOAHBIX MOKPBITUH.

Bauanue cocmasa pacmeopumensn

Taxoke OBUIO OLICHEHO BIUSHHUE COCTaBa pacTBOPH-
tenst Ha 3QdextuBHOCTE DPO. BbulM HCIOMB30BaHBI
cycrien3nn TiO, Ha OCHOBE H3OIPOITMIOBOTO CIHPTA
u anerwianeroHa. Ilpum mcmonb3oBaHWHM aneTuiane-
TOHA B CYCHEH3UIO A00ABISIN HoJ anst oOpa3oBaHUs
CBOOOJIHBIX IPOTOHOB, KOTOPBIEC B AaJbHEHIIIEM MOTYT
azcopOupoBaThCs Ha MoBepxHOCTH HaHodacTHil Ti0,,
npujaBas UM MOJOXKUTENbHBIA 3apsn [19]. Ilokpsl-
THUS, TIOJYYEHHBIC TIPU HCIOJNB30BAaHUU CYCIICH3UI
Ha OCHOBE alleTWJIANeTOHa, ObUIH OOoJiee OHOPOIHBI-
MH, 4YTO OOBICHsIETCS 00Jiee HMU3KOM BA3KOCTBIO M 00-
Jiee BBICOKOH JIMAJNEKTPUYECKOH IMPOHUIIAEMOCTHIO
aleTUIIALETOHA, MPUBOAAIIMMU K TOBBIIICHHOH I10-
JIBIDKHOCTH 3apsDKEHHBIX 9acTHIl B pactBope [20].

Xapaxkmepu3zayus noiyueHHvIX nOKPbIMULIL

Ha puc. 3, a, mpencraBmeno ACM-u300pakeHwe
nokpeITrst Ti0,, Mody4YeHHOTO NIpy HanpsokeHnn 35 B
u Bpemern DDO 90 c. 3nauenue Rz coctapmio 13.7 aMm,
CpelHssl TOJIIMHA MOKPBITUS 45 HM. XUMHYECKHUI
coctaB 00pa3loOB OBUI TOATBEPXKACH C IOMOIIBIO
SHEProAMCIIEPCUOHHON PEHTTEHOBCKOM CIIEKTPOCKO-
muu (puc. 3, 0). ComepxaHue THTaHA U KHUCIOPOJIA
B 00Opasiie cocraBmino 56.2 % u 42.8 % cOOTBETCTBEH-
HO.

[ToxpeITHS, TONyYEeHHBIE C WCIOJB30BAaHMEM Ha-
npsokeHus 35 B npu Bpemenu ocaxnaeHus 90 c, Opum
HanboJiee OAHOPOIHBIMH M MEXaHHYECKH CTaOMIIb-
HBIMH, YTO ITO3BOJIWJIO CUYUTATh NAHHBIE MapaMeTpbl
ontuManbHbIMU. Takum oOpazom, DDPO TiO, maer
BO3MOJKHOCTH TOJTy4aTh BBICOKOKAYECTBEHHBIE TI0-
KpPBITUS Ha TIO/UIOKKAX W3 HEpIKaBeIoUleW CTaiu,
BKJItoyas cranfaptasie MAJIJIM-murienn.

Moaudpuxauus ITAJIIU-noxkpbiTusa IIIMC

[MAJIIN-niokpeiTHE, TTONTydyeHHOE TyTeM DPO Ha-
Houactunl Ti0O,, XapakTepu3yercsi BBICOKOW THJIIPO-
(UIBHOCTBIO, YTO NPHUBOAUT K PACTEKAHUIO KaIlIM
pacTBopa aHamuTa. B CBSA3M ¢ 3TUM BO3HHKAET HEOO-
XOAMMOCTb BBIOOpa MOAXOSIIETO criocoba Moaudpu-
kauuu mokpeITas 110, s npuaanus emy ruapodoo-
HBIX CBOHMCTB. [Ipy 3TOM MOIM(pHULINPOBAHHOE MOKPHI-
THE MOOMKHO ObITh coBmectmo ¢ [TAJIAM-MC
U YAOBJICTBOPSTH CICAYIOIUM TPEOOBaHUAM: HU3KHUH
ypoBeHb ¢ona mnpu [TAJIAM-MC, ctabuiabHOCTh TpU
BO3JICMCTBAN JIA3€PHOTO M3IYYCHHS W COXpaHEHWE
(OTOKATANUTHUECKIX CBOWMCTB MOKPBITH. Monudu-
KalMio TMOKPBITHS TPOBOAMIN ITyTEM KOBAJIECHTHOTO
cBsa3piBaHus  Ti0; € HNOIMIMMETHICHIIOKCAHOM
(ITIMC) nox BozneiictBueM Y D-uzmyyeHwus, coriac-
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Puc. 3. ACM-n3o0paxeHue 271eKTpoopeTHiecKy HaHe-
cerHoro mokpeiTHs TiO, (a) U PEeHTreHOBCKUI 3HEpro-
JUCTIEPCHOHHBIH crieKTp (0)

HO croco0y, onrcanHomy B pabote [21]. IIpu metict-
BUU 3JICKTPOMArHUTHOTO M3Jy4YeHHUs! Ha (POTOKaTau-
3aTOp TEHEPUPYIOTCS JEKTPOH-IBIPOYHBIE Maphl, KO-
TOpBIE TPU BBIXOJE Ha MOBEpXHOCTh 4acTHLBl TiO,
BCTYMAalOT B OKHUCIHMTEIHHO-BOCCTAHOBUTEJIBHBIE pe-
aKIUM, YTO NPHUBOAMUT K PACLICIUICHUIO CHIIOKCAHO-
BbIX CBsi3zel. CerMeHTHPOBaHHBIE CHJIOKCAHOBBIE LIEMTH
KOBAJIEHTHO CBSI3BIBAIOTCA C (DOTOKATAIHM3ATOPOM IIy-
TeM obpaszoBanus cBsizu Me — O — Si. Ilomyuennoe
TakuM 00pa3oM MOAM(PHUIIMPOBAHHOE TTOKPHITHE HIME-
eT cBepXruapodoOHyI0 MOBepXHOCTh. [Ipn HaHeceHUH
obpasna Ha [1IMC-moaudpuuupoanHoe [TAJIU-
MOKPBITHE HAOJIIOJANOCh HE3HAYUTEIbHOE B3aMMO-
JIeficTBHE MTOBEPXHOCTH C JKUAKOCTHIO (KpaeBod yroi
cmaunBaHus >150 rpax), Gmarogaps deMy Karmisi pac-
TBOpa aHalWTa NpUHUMaNa cdepudeckyio Gopmy
B IIEHTpE stueiky (sample spot) 1 cxxuMaach BO BpeMs
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o

Puc. 4. CtpykrypHas ¢opmyna aMmuoaapoHa

ucmapenus. Mcrnons3oBanue cBepXrupodoOHBIX IMO-
BEPXHOCTEH obecrieunBacT yBenudeHue 3¢p¢GeKTHBHO-
ctu [MAJIJIN-MC-ananu3a 3a c4eT KOHLIEHTPHUPOBa-
HUS o0pasia W CHWKCHHS BPEMEHH IOWCKAa TOYEK
B 00JIaCTH HaHECEHUs1, 00TyHYEeHHE KOTOPBIX JIA3EPHBIM
WMITYJIBCOM OOECTIEYMBAET MOyYeHNE MaKCHMaJIbHO-
IO COOTHOIICHUS CUTHAJI/LIIYM.

MMAJIIN-MC-aHanu3 aMHOAapoHa

BosgelictBue nasepHOro MMIyjibca Ha MOBEPX-
HocTh TiO, compoBOXKAAaeTCsl TEIUIOBBIMH, TEPMOYII-

A.10.TOPBYHOB, 1. M. 30PUH, C. K. IJIBIOIIIOHOK, A. A. BAPJIH u np.

pPYTUMH, TEPMOIUIACTUYECKUMH, 3JIEKTPUUYECKHMU
u (orosnekrpuueckumu dpdexramu [22]. IMormomre-
HHE MOIIHOTO H3JIy4eHHsI U3 00JacTu COOCTBEHHOTO
MOTJIOIICHHUS TOYTIPOBOAHNUKA IPUBOIUT K CO3JIAHUIO
BBICOKOW KOHIICHTPAITWU CBOOOIHBIX HOCHUTEJCH 3a-
psiia U BHYTPEHHHX JJIEKTPUYECKUX TOJICH B MPHUIIO-
BEPXHOCTHOH 00jacTw, OBICTPOMY W JIOKATHLHOMY Ha-
IpeBY 3TOH 001aCTH, 4TO COCOOCTBYET 3P PEKTUBHON
necopOIMN 1 NOHU3ALIUK MOJIEKYJT aHAJTUTa.
OCHOBHBIM MEXaHM3MOM OOpAa30BaHUS 3aPSDKEH-
HbIX wOHOB B [IAJIJIN sBisieTcss mpOTOHUpPOBAHUE,
YTO MPEAIoNaraeT 3aBUCUMOCTh BEPOSTHOCTH HOHU-
3alUM OT CPOJICTBA K NPOTOHY (OCHOBHOCTH) M3yuae-
MBIX coeanHeHui [23]. B kadecTBe MOmenpHOTO CO-
eIWHEHUs U1 OLEHKH 3(p()EeKTUBHOCTH MOITyYEHHBIX
mokpeituid Ti0, mias [TAJIJIU-MC-ananu3a ObUT BBI-
OpaH amuomapoH (puc. 4), UMEIOINN BBICOKUH ITOKa-
3aresib KOHCTaHThl ocHOBHOCTH (pKb = 10.5).
[lepBonayanbHO OBITa OLIEHEHA BO3MOKHOCTb
npuMmeHneHus HaHowactuny TiO, mia TTAJIIU-MC-
aHanm3a amuogapona. s popmmposanus ITAJIIU-
MOKPBITHS ObLT UCTIOJIB30BAaH METOJ "CYXHUX Kareib',
MpH KOTOPOM aHAIM3UPYEeMBbIH o0paszer; mo00aBisun
K CYCIEH3MU HAaHOYACTHUI, U | MKJI CMECH ACHOHUPO-
BaJM Ha MOJUIOKKY ¢ mocienytommm [TAJIIN-MC-
aHanu3oMm. Ha nomyuennom ITAJIJIU-macc-cnektpe
(puc.5, a) curnan [M — H[+ nHa m/z = 646.0309 coot-
BETCTBYET MPOTOHMPOBAHHOHN MOJIEKYJle aMHOIapoHa

Intens. q
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5 mlz
0

Puc. 5. I[TAJIIN-macc-ciekTp aMuoaapoHa
(10 ar/™Mn).
a — TiO, nanecen MeTtomoMm 'Cyxux Ka-
nens"; 6 — DPO-nokperrne TiO, moaudu-
uuposano [IIMC

885 mlz
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(pacuetHoe 3HadeHHWe m/z 646.030964), a momMuHU-
pyroiue curHaibl ¢ m/z 668.0129 u 683.9868 sBis-
FOTCS CIIEICTBHEM 00pa3oBaHus amaykToB [M + Na]+
u [M + K]+ cooTBETCTBEHHO.

HcTouyHnkoM crnefoBbIX KOJMMYECTB MOHOB HATPHUS
U KaJIus PENIOI0KUTENIFHO SBISETCS 1eMOHU30BaH-
Has Boga. B mponecce DPO Takxke MPOUCXOAUT KOH-
TaMHHAaNUs ciaos Hapo4dacTur 110, clIefOBBIMU KOJIH-
YecTBaMHM KAaTHOHOB HATPUS W KajlMs, MCTOUYHHUKOM
KOTOPBIX TPEATIONIOKUATENBHO CITYKUT CTEKIIO, U3 KO-
TOPOTO M3rOTOBJIEHA sdeiika. MoHu3anus KaTHOHaMHU
HATpHSI U Kausi B O0OMX 3TUX CIIydasiX SIBJISETCS OC-
HOBHBIM MEXaHHU3MOM IIepeJaud 3apsiia MOJEeKyJIaM
aHanmuta. Ilpm 3TOM Macc-clekTp, MOTyYeHHBIN
¢ npumenenneM [ 1JIMC-momudurmposannoro TTAJIJIU-
HOKPBITUS (pHC. 5, 0), COOEPKUT TOJBKO OJUH MHTCH-
CHUBHBI  CUTH&J, COOTBETCTBYIOIIMHA  IPOTOHU-
pOBaHHOH MoJiekysie amuojapona c m/z 646.02874
[M + HJ+, npu mnpakTHYecKd MOJIHOM OTCYTCTBHUHU
CHUTHAJIOB KAJINEBBIX M HATPUEBBIX aJAyKTOB, 4TO, I10-
BUIAUMOMY, OOBSICHSIETCSI dKpaHHpyommM 3¢ dexrom
[IAMC [24]. B ciyyae OpOTOHHUPOBAHHOM MOJIEKYJIbI
aMHOJIapOHA COOTHOUICHHE CHTHAJI/IIYM HPU UCIONb-
3oBannn  [IJIMC-momundummposannoro  ITAJIJIU-
MOKPBITHSI YBEeIHIHIIOch Oonee yeM B 10 pa3 mo cpas-
HEHHIO C TMOKPBITHEM, MTOy9eHHBIM METOJOM ''CyXHX
Kanens".

Takum  0o0pasom,

momubukanus [TAJIJIU-no-

4.00E+07
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0.00E+00
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kpertus [IJIMC He mpensiTcTByeT AecopOIuu / HOHH-
3allMM aHAJIWTA U TOBBIIAET YyBCTBUTEIBHOCTh aHa-
nmu3a Omarozapsi KOHIICHTPUPOBAHUIO 00pa3Iiia B IICH-
Tpe yHku MAJII-mMuieHn.

[Ipu ucnonp3oBaHuK MeToAa "CyXuX Kamenb' Ha-
OmomaeTcst 3aBUCUMOCTD 3P (PEKTUBHOCTH MOHU3ALMU
amuoiapoHa OT KonuuectBa Ti0,, HaHECEHHOTO
Ha MAJI[IU-mumens (puc. 6). MakcumanbHass WH-
TEHCHBHOCTh CHTHaja amMHOJapoHa HaOII0gaeTCs
npu HaHeceHnn 110, B xonmmdectBe 50 Hr Ha TUEHKY.
CHmwxkenne 3(QQEKTUBHOCTH HOHHU3ALMU OpU Aajb-
HEHIleM YBEJIMYCHUU KoynmdecTBa HaHocumoro TiO,
MOJET OBITh OOBSICHEHO TeM, YTO aMHOAAPOH aJlcop-
OMpoBaH Ha MOBEPXHOCTH HAHOYACTHII 10 BCEH TOJ-
IIMHE CJI0SA, B TO BpeMs Kak riryOnHa 3¢(peKTHBHOTO
neiicteust Y @-nazepa orpanndena (~100 am) [25].

[IpumeuarenbHo, uTO IpU ucnoyib3oBaHuu I1TAJI-
JU-nokpsiTus, noiayderHoro myreM O®O c mocie-
nyroted oopadotkoit [TJIMC, MHTEHCUBHOCTh CUT'HA-
Jla MIPAKTUYECKU HE 3aBUCHUT OT TOJILIMHBI MOKPHITUS.
MO>KHO TIPEaNoIOKUTh, YTO B3aUMOJIEHCTBHE MOJIE-
KyJI aMHOJapoHa ¢ MeTWiIbHbIMU rpynnaMu (— CHs;)
Ha nosepxHocTH [IAMC 3HaunTensHO cnabee, yem
C THIPOKCHWIBbHBIME Tpymmnamu (— OH) Ha moBepxHO-
ctu TiO, [26].

Jlnst olleHKM YYyBCTBHUTENBHOCTH TPEIIIOKEHHOTO
noaxoaa Ha nonydeHHoe [TAJIIM-nokpeiTHe HaHO-
cuId 1o 1 MKJI pacTBOPOB aMHOJapOHA B AHANa3oHe

1000

50 500

TiO,, Hr

Puc. 6. 3aBHCHMOCTh HHTCHCHBHOCTH CHUTHAJIa aMHOJapoHa OT KonmdecTBa Ti0,,
HaHeceHHOTO Ha MAJI/I-MUIIeHh ¢ TOMOIIBIO METO/IA "CYXHX Kamels"
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Puc. 7. [TAJI/IV-macc-criekTp amuoaapona (1 ¢r/sueiiky), mony4eHHbI ¢ UCTIOIB30BaHHEM

3OO-nokpertus Ti0,, MmogudrmuposanHoro [1IJIMC

koHHeHTpammii 1-100 ¢r/mkn. Ilpu mMuHEMaTBPHOM
konmyecTBe amuoaapona (1 ¢r Ha siueiiky) ObuT 3ape-
THCTPUPOBAH CHTHAI C COOTHOUICHWEM CHIHAJ/IIYM
oonee 10 : 1 (puc. 7), 4TO CBUACTEILCTBYET O BBICO-
ko  sddexTuBHOCTH  TOmyueHHoro  [TAJIJIU-
MOKpBITHS. {151 cpaBHEHUs, TpeieN AeTeKTHPOBaHUS
aMuoJlapoHa TIPU MPOBEACHUH JECOPOIIUU/UOHU3AIIUU
Ha KOMMEPYECKH JIOCTYMHBIX YUIAaX C KPEMHHEBBHIMU
HaHocToJOuKaMu (nanopost arrays, NAPA) cocrasns-
et 1 nr Ha staetiky [28].

3AK/JIIOYEHHUE

Takum 00pa3oM, HAMU TIOKA3aHO, YTO AIEKTPOPO-
petudeckoe ocaxknenne Hanowdacturl TiO, Ha mox-
JIOKKY W3 HEpXKaBEIOIIEH CTalIM C MOCIEIyIoe Mo-
mudukarueit ocaxaerroro ciost [IJIMC mo3Boiser
MOJTy4aTh BBICOKOKAUYECTBEHHOE MOKPHITHE C BOCIIPO-
W3BOJMMBIMH XapaKTEPUCTUKAMHU, KOTOPOE MOMKET
OBITh YCHENIHO WCIIOJIb30BaHO KaK AMHUTTEP HOHOB
mns TTAJIIU-MC-ananu3a. OcaxJIeHre HaHOYACTHII
TiO, u3 amerwnaneroHa ¢ mobaBlieHHEM Homa TpU
HanpspkeHnn 35 B B Teuenue 90 ¢ mpuBomuT x op-
MHPOBAHUIO PABHOMEPHOTO, OAHOPOIHOTO M MEXaHHU-
YeCKM CTaOWJIBHOTO CJIOS HAHOYACTHUII, MPOYHO CBSI-
3aHHOTO C MOBEPXHOCTHIO MOMJIOXKKH. JlOTOTHHUTENTh-
HO€ CHIIOKCHJIMPOBAaHUE IPHUIAET MOKPHITHIO CBEpX-
ruapoQoOHbIe CBOWCTBA U TEM CaMbIM 3HAYHTEILHO
yBemmumuBaeT 3¢dextuBaocTs TAJIAM-MC-ananmm3za

HU3KOMOJICKYJISIPHBIX COGHHHGHHﬁ, 9T0 OBLIO npoace-
MOHCTPHPOBAHO Ha MMPUMEPC aMHUOJapOoHa.

Paboma evinonnena ¢ pamxax HHP 0074-2019-0009
(Homep eoc. pecucmpayuu AAAA-A19-119053190069-2).
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In this investigation, parameters of electrophoretic deposition (EPO) of TiO, nanoparticles on stainless steel
substrate have been optimized. The obtained coating was used as ion emitter during surface-assisted laser desor-
pion/ionization (SALDI). Herein, we demonstrate the high efficiency of obtained coatings for SALDI of ami-
odarone with subsequent Fourier transform ion cyclotron resonance mass spectrometry. Additional modification
of coatings with polydimethylsiloxane (PDMS) allowed to significantly improve the sensitivity of SALDI-MS

analysis.

Keywords: SALDI-MS, TiO,, electrophoretic deposition, amiodarone

INTRODUCTION

Matrix-activated laser desorption-ionization mass
spectrometry (MALDI-MS) is widely used for the
analysis of naturally occurring polymers (peptides,
oligosaccharides, proteins), as well as synthetic poly-
mers [1, 2]. A significant limitation of the MALDI-
MS method is the presence of matrix ions in mass
spectra in the low-mass region of signals. These ma-
trix ions overlap the peaks of analyte ions, which
makes it difficult to use this method to study low-
molecular organic compounds, such as many biologi-
cally active compounds and their metabolites. [3].

Mass spectrometry with surface-activated laser de-
sorption-ionization (SALDI-MS) can be considered as
an alternative to MALDI-MS in the analysis of low-
molecular-weight compounds, which is primarily as-
sociated with a low background level in the low-mass
range and a high ionization efficiency when using in-
organic matrices (in the form of nanoparticles or
structured surfaces) [4, 5]. TiO; is one of the most
widespread and efficient ion emitters for SALDI-MS,
which is primarily due to its photocatalytic properties
[6].

A widely used method of forming an ion emitter
coating is the dry drop method. This method involves
the application of an analyte solution in a suspension
of nanoparticles on a substrate (MALDI target) with
subsequent SALDI-MS analysis [7-9]. However, in
this case, the SALDI-MS analysis of organic sub-
stances can be ineffective due to the low reproduci-
bility of the signal within each sample spot, which is
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primarily due to the uneven distribution of the inor-
ganic matrix during drying (the effect of "coffee ring ")
[10].

Also, TiO, nanotubes can be used as an ion emitter
[11]. A significant limitation of this approach is the
impossibility of forming TiO, nanotubes on standard
MALDI targets made of stainless steel. Accordingly,
the titanium foil, on which the nanotube coating is
produced, must then be securely attached to the target,
which greatly complicates the already rather laborious
process of formation and characterization of the coat-
ing [12].

Along with the above methods of surface modifi-
cation, plasma spraying of nanoparticles is widely
used, the key problem of which is the phase transfor-
mation of TiO, from anatase to rutile at elevated tem-
peratures, which leads to a decrease in its photocata-
lytic activity and makes such coatings ineffective for
SALDI-MS [13].

Among the known methods of forming coatings,
electrophoretic deposition (EPD) can be considered
the most technologically flexible and promising due to
the simplicity of instrumental implementation, cheap-
ness and the possibility of obtaining uniform coatings
with a controlled thickness [14]. In the process of
EPD there is a directed movement of charged particles
of the dispersed phase of the suspension in an electric
field, their aggregation in the near-electrode space,
neutralization and formation of a coating on the elec-
trode surface. Despite an increase in the number of
publications devoted to the application of EPD tech-
nology, the method is practically not used in the prep-
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aration of coatings for SALDI-MS. One of the few
exceptions is work [15], in which SALDI coatings
were prepared by EPD of gold nanoparticles obtained
by laser ablation in a liquid and used to analyze the
oligopeptide hormone angiotensin. The applicability
of EPD for obtaining coatings based on functional
materials with different properties allows to consider
it as an effective way of forming coatings - ion emit-
ters for SALDI-MS analysis of various low-
molecular-weight analytes, including biologically ac-
tive compounds and their metabolites. The widely
used antiarrhythmic drug amiodarone was chosen as
a model compound for evaluating the efficiency of
SALDI coatings based on TiO,.The development of
high-performance detection methods for amiodarone
is an urgent task [16]. Thus, this work is devoted to
the possibility of using stainless steel substrates elec-
trophoretically modified with TiO, nanoparticles for
SALDI-MS analysis of amiodarone.

MATERIALS AND METHODS

Preparation of stainless steel substrates
electrophoretically modified with TiO2

Cathodic EPD of TiO, was carried out in a poten-
tiostatic mode using an Elf-4 direct current source
(DNK-Tekhnologiya SPA, Russia). The voltage
across the electrodes was varied from 20 to 50 V.
EPD was carried out in a cell, which was a glass
beaker; the distance between the cathode and anode
was 10 mm. Plates made of 316L stainless steel were
used as electrodes. Subsequently, EPD was performed
under the selected optimal conditions on a MALDI
target MTP 384 (Bruker Daltonics, Germany). The
electrodes were sequentially sonicated in acetone, al-
cohol and deionized water to remove impurities and
degrease, and then they were dried in a stream of ni-
trogen. Acetylacetone containing TiO, (Sigma-
Aldrich, USA) (2 g/L) and iodine (0.08 g/L) were
used as the base of the electrolyte.

The suspension was sonicated for 60 min and then
stirred in a magnetic mixer for 30 min. After electro-
phoretic deposition, the plates were dried at room
temperature for 30 min, after they were calcined in an
oven at 250 °C for 3 h. In the case of an additional
PDMS modification, the substrate with electrophoreti-
cally deposited TiO, was coated with a thin layer of
PMS-100 silicone oil (REXANT, China) and placed
under UV lamps (9 W, 365 nm) for 60 min, after
which they were sequentially washed with chloroform
and methanol.

Characterization of the obtained coatings

The shape and size of the particles were deter-
mined from micrographs with the use of the scanning
electron microscope Hitachi S-3400N. The elemental

composition of the sample was determined by X-ray
energy-dispersive spectroscopy using an Oxford In-
struments X-Max 20 that are the analysis instruments
included in the Hitachi S-3400N. AFM images were
obtained using the atomic force microscope VEECO
DiNanoscope V (USA) in tapping mode using probes
NSGO03, NT-MDT (Russia). Nanoscope Analysis
software was used for image processing.

Sample preparation

During the formation of the surface—the ion emitter
by the "dry drops" method, an aqueous suspension of
TiO, (1 mg / ml) was prepared. A MALDI target MTP
384 (Bruker Daltonics) was loaded with 1 pL of
a suspension with a TiO, content of 50—1000 ng / ml
and 1 pL of a solution of amiodarone (10 ng / ml) in
50 % aqueous acetonitrile, and after the droplet dried,
SALDI-MS analysis was performed.

When a layer of electrophoretically deposited TiO2
was used as an ion emitter, 1 pL. of amiodarone solu-
tion was applied to the coating (10 ng / ml) in 50 %
aqueous acetonitrile and after the drop dried, SALDI-
MS analysis was performed.

SALDI mass spectrometric analysis

SALDI mass spectra were obtained using a Sola-
riX XR Fourier transform ion cyclotron resonance
mass spectrometer (Bruker Daltonics, Germany)
equipped with an active-shielded superconducting
magnet of 7 T induction and a Smartbeam II laser
(wavelength 355 nm). Mass spectra were recorded in
the positive ion modein the range of m /z 150-1000.
For calibration, an electrospray ion source was used,
which is also provided in this model of mass spectro-
meter. The calibration was carried out using a sodium
trifluoroacetate solution, which forms cluster ions in
the mass range of interest to us with m /z from 430.91
to 974.81 and interval of 135.97 Da. Mass spectra
were processed using Data Analysis 5.0 software
(Bruker Daltonics, Germany).

RESULTS AND DISCUSSION

EPD of TiO,

It is known that the thickness of the coating is di-
rectly proportional to the duration of the EPD and the
applied voltage [17]. A number of experiments have
been carried out to optimize these EPD parameters.
The quality of the obtained coatings was assessed us-
ing scanning electron microscopy (SEM) and atomic
force microscopy (AFM).

EPD duration

In the course of a series of experiments, the duration
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Fig. 1. Dependence of the mass of electrophoretically deposited TiO,

on time at a potential of 35 V

Fig. 2. Appearance of an electrophoretically deposited TiO, coating (a) and its SEM image (0) (magnification

10,000 times)

of deposition of TiO, nanoparticles was varied from
30 to 180 s at a voltage of 35 V. The graph shown in
Fig. 1 demonstrates that the mass of deposited TiO,
increases linearly over time. The findings are consis-
tent with the linear Hamaker model [18], which estab-
lishes a relationship between the deposited mass per
unit area and the deposition time. It was found that an
increase in EPD time over 180 s leads to the formation
of a TiO, coating with low adhesion to the substrate,
when calcined, cracks are formed. Accordingly,
changing the deposition time in the range from 30 to
180 s allows to control the thickness of the resulting
coating while maintaining high adhesion to the sub-
strate.

Effect of applied voltage

To determine the effect of voltage, its values was
varied from 15 to 60 V. It was found that the most
homogeneous and uniform coatings are formed at
a voltage of 35 V (Fig. 2). At lower stress values, an
uneven distribution of TiO; particles on the substrate
was observed, and the resulting coatings had low ad-

hesion. With an increase in voltage over 40 V, agglo-
meration of particles was observed, which also re-
duced the quality of the coating and led to cracking of
the surface after annealing. At an even higher applied
voltage, the mass of deposited TiO, increased, which,
most likely, was associated with an increase in the
particle mobility. In addition, a higher applied poten-
tial could cause turbulent motion of particles in sus-
pension and, as a consequence, obtain inhomogeneous
coatings.

Influence of solvent composition

The effect of solvent composition on EPD effi-
ciency was also assessed. We used TiO, suspensions
based on isopropyl alcohol and acetylacetone. When
acetylacetone was used, iodine was added to the sus-
pension to form free protons, which can then be ad-
sorbed on the surface of TiO, nanoparticles, imparting
a positive charge to them [19]. Coatings obtained with
the use of suspension based on acetylacetone, were
more homogeneous, which is explained by the lower
viscosity and higher dielectric constant of acetylacetone

Fig. 3. AFM image of an electrophoretically applied TiO, coating (a) and an X-ray energy-dispersive spec-

trum (0)

leading to increased mobility of charged particles in
solution [20].

Characterization of the resulting coatings

In Fig. 3, a, an AFM image of a TiO, coating ob-
tained at a voltage of 35 V and an EPD time of 90 s is
presented. The Rz value was 13.7 nm, the average
coating thickness was 45 nm. The chemical composi-
tion of the samples was confirmed using energy-
dispersive X-ray spectroscopy (Fig. 3, 6). Titanium
and oxygen content in the sample was 56.2 % and
42.8 %, respectively.

The coatings obtained using a voltage of 35 V with
a deposition time of 90 s were the most uniform and
mechanically stable, which made it possible to con-
sider these parameters to be optimal. Thus, EPD of
TiO, makes it possible to obtain high-quality coatings
on stainless steel substrates, including standard
MALDI targets.
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Modification of SALDI-coating with PDMS

SALDI coating obtained by EPD of TiO, nanopar-
ticles is characterized by high hydrophilicity, which
leads to spreading of a droplet of analyte solution. In
this regard, it becomes necessary to select a suitable
method for modifying the TiO, coating to impart hy-
drophobic properties to it. In this case, the modified
coating must be compatible with SALDI-MS and
meet the following requirements: low background
level during SALDI-MS, stability when exposed to
laser radiation and preservation of the photocatalytic
properties of the coating. The coating was modified
by covalent binding TiO, with polydimethylsiloxane
(PDMS) under the influence of UV radiation, accord-
ing to the method described in [21]. Under the impact
of electromagnetic radiation on the photocatalyst,
electron-hole pairs are generated, which, upon reach-
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ing the surface of the TiO, particle, enter into redox
reactions, which leads to the cleavage of siloxane
bonds. The segmented siloxane chains are covalently
bound to the photocatalyst through the formation of
a Me — O — Si bond. The resulting modified coating
has a superhydrophobic surface. When the sample was
applied to the PDMS-modified SALDI coating,
a slight interaction of the surface with the liquid was
observed (contact angle > 150 degrees), due to which
the drop of the analyte solution took a spherical shape
in the center of the sample spot and shrank during
evaporation. The use of superhydrophobic surfaces
increases the efficiency of SALDI-MS analysis by
concentrating the sample and reducing the search time
for points in the application area, irradiation of which
with a laser pulse ensures the maximum signal-to-
noise ratio.

SALDI-MS analysis of amiodarone

Fig. 4. Structural formula of amiodarone

The impact of a laser pulse on the TiO, surface is
accompanied by thermal, thermoelastic, thermoplas-
tic, electrical and photoelectric effects [22]. The ab-
sorption of powerful radiation from the semiconduc-
tor's intrinsic absorption region leads to the creation of
a high concentration of free charge carriers and inter-
nal electric fields in the near-surface region, rapid and
local heating of this region, which contributes to the
effective desorption and ionization of analyte mole-
cules.

The main mechanism for the formation of charged
ions in SALDI is protonation, which implies the de-
pendence of the ionization probability on the proton
affinity (basicity) of the compounds under study [23].
Amiodarone (Fig. 4), which has a high basicity con-
stant (pKb = 10.5), was chosen as a model compound

Fig. 5. SALDI mass spectrum of amiodarone (10 ng / ml).

a — TiO2 was applied by the "dry drops" method; 6 — EPD-
coating of Ti0O, is modified by PDMS

to evaluate the efficiency of the obtained TiO, coat-
ings for SALDI-MS analysis.

Initially, the possibility of using TiO, nanoparticles
for SALDI-MS analysis of amiodarone was evaluated.
To form a SALDI coating, the dry drop method was
used, in which the analyzed sample was added to
a suspension of nanoparticles, and 1 uL of the mixture
was deposited on a substrate with subsequent SALDI-
MS analysis. On the obtained SALDI mass spectrum
(Fig. 5, a), the [M — H]J+ signal at m / z = 646.0309
corresponds to the protonated amiodarone molecule
(calculated value of m /z 646.030964), and the domi-
nant signals at m /z 668.0129 and 683.9868 are a con-
sequence of the formation of adducts [M + Na]+ and
[M + K]+ respectively.

Deionized water is believed to be the source of
trace amounts of sodium and potassium ions. During
EPD, the layer of TiO, nanoparticles is also contami-
nated with trace amounts of sodium and potassium
cations, the source of them is presumably the glass
from which the cell is made. lonization by sodium and
potassium cations in both of these cases is the main
mechanism of charge transfer to analyte molecules.

The mass spectrum obtained with the use of PDMS-
modified SALDI-coating (Fig. 5, 6) contains only one
intense signal corresponding to the protonated ami-
odarone molecule at m / z 646.02874 [M + H]+, with
almost complete absence of signals from potassium
and sodium adducts, which , apparently, is explained
by the screening effect of PDMS [24]. In the case of
the protonated amiodarone molecule, the signal-to-
noise ratio when using the PDMS-modified SALDI
coating increased more than 10 times in comparison
with the coating obtained by the "dry drop" method.

Thus, the SALDI coating modification with PDMS
does not prevent the desorption / ionization of the ana-
lyte and increases the sensitivity of the analysis due to
the concentration of the sample in the center of the
well of the MALDI target.

When using the dry drop method, the dependence
of the amiodarone ionization efficiency on the amount
of TiO2 applied on the MALDI target (Fig. 6). The
maximum signal intensity of amiodarone is observed
when TiO; is applied in an amount of 50 ng per cell.
A decrease in the ionization efficiency with a fur-
ther increase in the amount of applied TiO, can be

Fig. 6. Dependence of the amiodarone signal intensity on the amount of TiO,

applied to the MALDI target using the “dry drop” method

Fig. 7. SALDI mass spectrum of amiodarone (1 fg / cell) obtained using an EPC

of TiO2 coating modified with PDMS
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explained by the fact that amiodarone is adsorbed on
the surface of nanoparticles throughout the entire
layer thickness, while the depth of effective action of
the UV laser is limited (~ 100 nm) [25].

It is noteworthy that when using a SALDI coating
obtained by EPD followed by PDMS processing, the
signal intensity is practically independent of the coat-
ing thickness. It can be assumed that the interaction of
amiodarone molecules with methyl groups (— CH;) on
the PDMS surface is much weaker than with hydroxyl
groups (— OH) on the TiO, surface [26].

To assess the sensitivity of the proposed approach,
1 pl of amiodarone solutions in the range of concen-
trations 1-100 fg / pl. With the minimum amount of
amiodarone (1 fg per cell), a signal with a signal-to-
noise ratio of more than 10 : 1was recorded (Fig. 7),
which indicates a high efficiency of the obtained
SALDI coating. For comparison, the limit of detection
of amiodarone during desorption / ionization on
commercial-off-the-shelf chips with silicon nanopil-
lars (nanopost arrays, NAPA) is 1 pg per cell [28].

CONCLUSION

Thus, we have shown that the electrophoretic de-
position of TiO, nanoparticles on a stainless steel sub-
strate with subsequent modification of the deposited
layer with PDMS makes it possible to obtain a high-
quality coating with reproducible characteristics,
which can be successfully used as an ion emitter for
SALDI-MS analysis. The deposition of TiO, nanopar-
ticles from acetylacetone with the addition of iodine at
a voltage of 35 V for 90 s leads to the formation of
a uniform, homogeneous and mechanically stable
layer of nanoparticles firmly bound to the substrate
surface. Additional siloxylation imparts superhydro-
phobic properties to the coating and thereby signifi-
cantly increases the efficiency of SALDI-MS analysis
of low-molecular-weight compounds, which was
demonstrated by the example of amiodarone.

The work was carried out within the framework of re-
search work 0074-2019-0009 (state registration number
AAAA-A19-119053190069-2).
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