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MUKPOJUCHEPCHBII PEXKUM DJEKTPOPACHBIJIEHUA
B OTPULIATEJBHON MOJE KAK CIIOCOB HAHECEHMUS
OBPA3IA HA JIAU-MHUIIEHDb

B Hacrosimeit paboTe nokazaHa BO3MOXKHOCTb pealli3aliid MUKPOIUCTIEPCHOTO PACHIbUICHHS B OTPULIATEIBHOM MOJIe
¢ ucnonb3oBanueM 50 MM OukapOonata ammonusi B 50% BogHOM pacTBope 3TaHona. Ha mpumepe nukinodeHaka
NPOJEMOHCTPHPOBAHO, YTO pa3paboTaHHas METOAMKa MO3BOJSCT JOOMTBhCS CHIDKGHHs BIMSHHS COJied Ha macc-
CIIEKTPOMETPUUECKUI aHaIN3 U M30ekKaTh NPeIBapUTENbHON MpooonoaroroBku. OCHOBHOE BHUMAaHHE YACNACTCS
ONITUMHU3AIMY TTAPAaMETPOB PACIIbUICHNUS, BKIIOYast GOpMUpPOBaHIE cTaOMIIBHOTO MEHUCKA M YCIIOBHSI PabOTHI ycTa-
HOBKH. Pe3ynpTaThl MOATBEPKIAIOT, YTO METOJ MHMKPOAMCIIEPCHOTO PACHBUICHHS B OTPUIATENHLHON MOAE MOXKET
OBITH YCIICIIHO PUMEHEH JUIS aHaln3a HU3KOMOJICKYJISIPHBIX COCIMHEHUH W OTKPHIBAET HOBBIE BO3MOXHOCTH IS
JTANTbHEHIINX MCCIIEA0BaHUI B 00JIaCTH aHATUTHYECKOW XUMHH.

K. cn.: orpunarensHbIi pexuM pactsiuienns, [TAJIJIM-macc-crieKTpoMeTpust, MEITKOAUCIIEPCHOE

QJIEKTPOPACHBIIICHUE, TUOKCHUI TUTaHA

BBEAEHUE

B nauwane 1980-x rr. maboparopusi mpodeccopa
Juguun Tanne B Jlenunrpage paspaboranma MeETON
"3KCTpaKLMs COJBAaTUPOBAHHBIX HOHOB IMpPU aTMO-
cheprom narnenun" (OPU AJl), aHaOTHYHBIH METO-
nmy osnektpopacteuieHus [1]. OPU AJl ucmombsyer
ANEKTPOCTATHYECKYIO ATOMU3AIINIO JKUIKOCTESH U OBLI
COGIMHEH C MAarHUTHBIM CEKTOPHBIM Macc-CIeK-
TpoMeTpoM. MaccoBrie ciekTpsl DPU Al conepxanu
MOJIEKYJIApHBIE MOHBI JJIS COJiell M KBa3HMMOJIEKYJISIp-
HBbIE MOHBI JUI1 OMOMOJIEKYJI C OYHUIIEHUEM CIIEKTPOB
3a CUeT YMEpeHHO! (parmeHTauu. MeTo| 03BOJIsI
KOHTPOIIMPYEMYIO (PparMeHTAINI0 KBa3HMOJIEKYJISIp-
HBIX MOHOB JUISI HOJTBEPKACHUS CTPYKTYpPhI aHATU3U-
pyeMbIx BemecTB. B Tedenne mecatu ner maboparo-
pus pazBuBana TexHojorun OPU AJl u ux npumene-
HHUE, YTO OTPKEHO B paHHUX MyOnuKamusx [2, 3].
Merton snexrpopacnbuienus (MOP) apnsercs pe3yib-
TatoM pa3Butus Texnonoruun OPU A/l u npumenser-
csl ISl pacibUieHus] o0pasna npu aTMoc(hepHOM J1aB-
JICHUH JIEKTPUUYECKUM TOJIEM, CO3JIAI0OLINM KHKOCT-
HOW MEHHCK Ha KOHIIE METAIIMYECKOTO Kammuisipa
U pacCHbUISIOIINUM 3apsHDKCHHBIC KAIUIM B CTOPOHY IPO-
THUBOBJIEKTPOAa. MeTos 3/IeKTpopacibUIeHHsI HEe OCTa-
HaBITMBAETCS B CBOEM Pa3BUTHH, U TIO CEH JIeHb ITyOIm-
KyeTcsi MHOXKECTBO PaboT TI0 Pa3BUTHIO M ONITUMH3AIINH
JIAaHHOTO METO/1a MSTKOW MoHu3aluu [4, 5].

B nocnennee necstunerue MAII PAH nposoau-
JUCHh WCClIeZoBaHUs [6, 7], B KOTOpBIX ObUIAa TIpea-
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CTaBJICHa CHCTEMa DIIEKTPOpaCHbUICHHS, (PYHKIUOHU-
pyrolias ¢ AMHAMHYECKHM JIeJIEHHEM MOTOKa PacIibl-
JIIEMOTO pacTBopa B quamnazone ot 10 go 100 Mki/mMuH,
npu 3ToM ofecreynBaronias pexkuM MeENKOAUCIepC-
HOT'O 3JIEKTPOpACIbUICHUS (MOTYYHBLIETO B TO BPEMs
Ha3BaHue '"Oe3KamenbHbIN"), MO3BONMBIIAS PACIIH-
PUTh IHAIa30H PACHBUISIEMBIX XUAKOCTEH. B mocie-
NYIOIIUX MCCICIOBaHUSX ObUta pa3paboTaHa ycra-
HOBKa, OO0eclevnBaromias 3JeKTPOpaclblICHUE Cyc-
MEH3UH HAHOYACTHL[ OKCHUJIOB METAJJIOB B MEIKOJIUC-
MEPCHOM PEXHME C AMHAMHYECKHM JIeJICHHEM MOTOKa
KHUJIKOCTH MPH HOPMAJILHOM JIaBJICHUM JUIS HarlbLIe-
Hus nokpeiTus Ha JI[I-mumens [8]. [lo3anee mpose-
JICHHAsl ONTHMU3AIMs YCTAaHOBKHU [9] mo3Bonwmia cue-
JaTh ee KOMIIaKTHee, JCUIeBle H MPOIIE B UCIOIb30-
BaHHH, TPOJEMOHCTPHPOBAB BBICOKOE KayecTBO pe-
3yJNTaTOB TIPU HAIBUICHAM HAHOYACTHI] JWOKCHIA
TUTaHA Ha MOBEPXHOCTh METAIMUECKON MOJJIOKKH,
YTO CTaJl0 OCHOBOM ISt pa3paboTKH criocoOoB (QyHK-
nuoHanuzauu  noBepxHoctd JI[IW-mumenn TiO,
[10]. K ocHOBHBIM HOCTOMHCTBAM MEIKOIUCIEPCHOTO
SJIEKTPOPACTIBUICHUS MOXHO OTHECTH OTCYTCTBHE
KPYIHBIX Kallelb PacTBOPUTEINS, MEIIAOIIero ajre-
3MM YaCTUI] K TIOJUIOKKE, a TAKKEe BO3MOXKHOCTh pac-
MBUISITh BBICOKOKOHIICHTPHPOBAHHBIC COJICBBIE pac-
TBOPHI [7].

Ha cerogndmnuii aeHb MHUKPOJUCIEPCHOE 3JIEK-
TPOPaCHBUICHUE H3Y4YallOCh IPEHMYIIECTBEHHO MPH
MoJjaue MOJIOKUTEIHHOTO MOTEHIINANA Ha BHY TPCHHUH
KalwuIsAp W 3a3€MIICHUM METAJUIMYECKOTO MPOTHBO-
9JIEKTPOJa, B TO BpeMs Kak OTpULATEIbHAs MoOAa
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TaKKe BBI3BIBACT HE MEHBIIMM uHTEepec. M3BecTHO,
YTO DJJICKTPOPACHBUICHHUE B OTPULIATEIHHOW MOJE
OCYIIECTBISIETCA C HCIOJIB30BAaHMEM aHHUOH-00pa-
3YIOIIUX COJICH, UTO BBI3BIBACT Psif MPOOJIeM, CBsI3aH-
HBIX B TOM 4YHCIIEe ¢ (POPMHPOBAHUEM HEYCTOWIMBOTO
JKUJIKOCTHOTO MeHucka. Hamu ObUIO chenaHo mpe-
MTOJIOKEHHE, UTO B CIIydae YCTAHOBKH IJIST MHKPOJIHC-
MIEPCHOTO 3NEKTPOPACHBUICHUS 32 CUET OTKAUMBAHUS
M3JIMIIKOB HEpAaCHbUJIEHHOTO pacTBOpa uepe3 3a3op
MEXIly KanmUIsIpaMu TOIXy4YUTCs c(hOpMHUPOBaThH yc-
TOMYMBBIA MEHUCK IIPU PACIBUICHUM HAHOYACTHUIL
TiO, na JI/IU-mumens B oTpumarenbHOil Mojae. Uto
Y CTaJI0O OCHOBHOM IEJIBI0 JAHHOW pabOTHhI.

AIIMMAPATYPA U METOAUKA ITPOBE/IEHUSA
NCCJIIEJOBAHUSA

IMondop napaMmeTpoB MUKPOAUCIIEPCHOTO
3J1eKTpopacnblIeHHs] B OTPHIIATELHOI Moj1e

Wzyuenne nporecca MUKPOJUCIIEPCHOTO AJIEKTPO-
pacIblIeHUs] ¢ JUHAMHYECKUM JIeJIEHUEM MOTOKa pac-
NBUISIEMOTO PAcTBOpa IMPH HOPMAIBHBIX YCIOBHUSIX
B OTpPHULATENBHOW MOJE IMPOBOIWIOCH C ITOMOIIBIO
YCTaHOBKH, CXeéMa KOTOPOH TpejcTaBlieHa Ha puc. 1.
CucreMa BKJIIOYaeT B ce0sl HECKOJIBKO OCHOBHBIX Y3-
JIOB: cucTema mojaum pactBopa (1, 2), y3en Mukpo-
JHUCIIEPCHOI'O  3JIEKTPOPACHBUICHUS] PACTBOPOB IPH
atMocdepHoM naBieHun (3, 4), MEXaHUYECKUH BO3-
nymHbIA Hacoc ¢ 61okom nuranus (YA XUN, Kuraif)
(5-8) u cucrema obecrieueHus, BKIOYArOIIas B ceOs
VIpaBJIieMble  BBICOKOBOJIBTHBIM ~ OJIOK ~ THTaHUS

;

(Stanford Research Systems) (9, 10), JI/IU-mumens
JUTSL HAHECEHMSI Ha €€ NMOBEPXHOCTh MEXaHUYECKH yC-
ToiumMBOrO TATHa copOenrta (11), a Takke cucremy
BUJICOHAOMIONACHUSI —  UUPPOBOH  MHUKPOCKOI
(DOMEE, Kwurait) — kommetotep (12, 13).

TenneHMs K BOBHUKHOBEHUIO KOPOHHOTO pa3psjia
MIpeICTaBIsIeT COOOM MOMONHUTENRHBIA (DakTOp, yC-
JIOKHSIOIIMHA MPOLECC ANIEKTPOPACTIBUIEHUS C OTPUIIA-
TETbHBIMH HMOHAMH I10 CPAaBHEHHWIO C aHAJIOTMYHBIM
MPOLIECCOM C MOJIOXKUTENbHBIMU HoHamu [11]. B npe-
neiaymeiit padore [10] Hamu ObLIO MPEIJIOKESHO HC-
MOJIb30BaHME BBICOKOOMHOI'O  I1OCJIEIOBATEIBHOTO
pes3ucTopa, KOTOpPBI CIOCOOCTBYET YAaCTHYHOMY IIO-
JTABJICHUIO KOPOHHOTO pa3psiAa M YMEHBIIEHHIO HC-
KpEHUsI IPU PaCbIJIEHUH PacTBOPA B MOJIOKUTEIbHON
Moze. MBI IpeIOIOKIIIN, YTO JaHHAST MOTA(DHUKAITIS
MO3BOJIUT CTaOMJIM3UPOBATh PACIblICHHE W HPU OT-
pULATENBHOM pekuMe pactbuieHus. W nepsoit 3ana-
gel ObuTI0 POPMUPOBAHNE YCTOWYHMBOTO >KHUIAKOCTHOTO
MEHHCKa.

OOBIYHO IS TOCTHKEHUS Oosiee CTabMIEHOTO 1 A(h-
(DEeKTUBHOTO pAcCHBbUICHUSI B PEXHME OTPHULATEIbHBIX
MOHOB HCIONB3YIOT Takue J00aBKH, KaK COJM aMMO-
HUsI, KOTOPBIE MOTYT 0Opa3oBbIBATh CTAOMIIBHBIE OT-
pHUIaTeIbHBIE HOHBI MYTEM 3JEKTPOXUMHUYECKOTO
BOCCTaHOBJICHHsI B pacTBope [12]. B cuibHOM 3iek-
TPUYECKOM TIOJIE Ha KHJKOCTh B OOJIACTH MEHHUCKa
NEHCTBYIOT  DIEKTPOTHAPOAMHAMUYECKHE  CHUIBI.
B3aumopeiicTBue MeXAy 3TUMH CHIAMH M BA3KUM
COTIPOTUBJICHHEM ormpeneisieT 3PPEeKTUBHOCTH CO-
XpaHeHus popMbI MEHUCKA U €0 cTabmiIbHOCTS [11].

Puc. 1. Cxema 1a00OpaTOpHOW yCTaHOBKH
JUIS MHKPOJHCIIEPCHOTO pACITbUICHHUS KCe-
HOOMOTHKOB B OTPHUIIATEILHOM MOJIE.

1 — mmpuneBoii mwukponacoc Harvard
Apparatus Model 11 Single Syringe Pump;
2 — xanumsap; 3 — BHYTPEHHUN METallIu-
YECKUM Kamusip; 4 — BHEIIHUNA AMAJIEK-
TPUUYECKUIM Kamumsip; 5 — BO3AYIIHBIN
Hacoc R385 G-12V DC; 6 — mactukoBas
TpyOKa; 7 — OJOK HHUTAaHUS BO3IYLIHOTO

@_ .
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Hacoca (YA XUN 1502DD 0-15V-2A);
8 — eMKoCTh Aisi ciuBa pacTtBopa; 9 —
perymupyeMblii BBICOKOBOJIBTHBIN OJIOK TIH-
tauus (PS350 Stanford Research Systems
High Voltage Power Supply); 10 — BsICO-
KOOMHBIA pesuctop; 11 — 3a3emiieHHas

8 mutieds JIJIW; 12 — sneKTpoHHBIH MUKPO-
ckon Dscope Digital Microscope; 13 —
YIPABISIOIUN KOMIIBIOTED
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B orpunarenpHOM MOJE, KOTra HOHBI T€HEPHUPY-
I0TCS. W3 OTPUIATENIFHO 3apsDKEHHBIX Karelb, 3TOT
OajlaHC MMEET pelIarollee 3HaYCHUE JJis 00eCIIeUeHUs
MMOCTOSTHHOTO TPOM3BOACTBA HOHOB. XOTS BSI3KOCTH
UrpaeT 3HAYUTEIbHYIO POJib, TOBEPXHOCTHOE HATSIKE-
HUE OCTaeTcs JOMHUHHUPYIOMIUM (HaKTOPOM BIUSHHUS
Ha noBeaenue Menucka [13]. Coueranue BBICOKOTO
MOBEPXHOCTHOTO HATSDKCHHSI U TOBBIIMICHHON BS3KO-
CTH MOXXET TOBBICHTh CTa0OWJIBHOCTD, OJTHAKO 3TO MO-
JKET TaKkKe MOTPeOOBaTh KOPPEKTUPOBKH MPUIOKECH-
HOTO HANpSDKSHUS IS TOJIEPKAHHUS ONTHMAIIbHBIX
yCJIOBUII a5eKTpopacblieHus [14].

Ha mepBoMm sTame B kadecTBe XKUAKOW (a3bl HAMH
0bU1 BEIOpaH 50% BOJHBINM METAaHON KakK OJUH M3 OC-
HOBHBIX PacTBOPOB UIA 3JEKTPOPACIBIICHHUS B OTpPHU-
narensHOM Mone [10, 12] u NH4HCO;. beum npuro-
TOBJICHBI pacTBOPHI ¢ KoHmeHtparusmu NH,HCO; 1,
2,5, 10, 25, 50 u 75 MM. I KaXa0W OTACIBLHOM
KOHIICHTPAIIMH COJIM BapbHUPOBAINCH IMAPAMETPhI pac-
MBIJICHAS: HAIPSDKEHUE MEKAY BHEITHUM KalIISIPOM
U MPOTHUBOAJICKTPOJIOM; CKOPOCTh MOTOKA; PaccTosi-
HUE MEXAYy BHEIIHUM M BHYTPEHHUM KaNWUIIpaMu;
paccTosHiEe MEXIy BHEIIHUM KalWUIIPOM ¥ TIPOTH-
BO3JICKTPOAOM. 3a TpoieccoM (pOPMHUPOBAHHS MEHH-
cKa HaOJroMamy ¢ TIOMOIIBI0 CHCTEMBI BHIEOHAOIIO-
neHnst — uupoBoil MUKpocKol — Kommbtorep. K co-
KaJIEHUIO, HU B OJHOM W3 HMCCJIEIyeMBIX CIydaeB He

yAaJI0Ch JOOHUTHCS yCTOWYMBOTO (DOPMHUpPOBAHUS Me-
Hucka. [losTomy Ha ciemyromeM sTane BbIOpaiu op-
TaHWYECKUIl PacTBOPUTENH CO CXOKUMH XUMHUYECKH-
MH CBOMCTBaMH, HO OOJafaroiuii 0oyiee BBICOKUM
MOKa3aTeNIeM BSA3KOCTH M NMOBEPXHOCTHOI'O HaTsDKe-
HUSL — 3TaHoI. [ pacnbUIeHUs! HCIOIb30BAJIN pac-
tBOopel NH4/HCO; B 50% BOmHOM 3TaHONE B TEX K€
KOHIICHTPAIMsIX, YTO U B MPEABIAYIIEM 3KCIIEPUMEH-
te. U st pactBopa 50 MM NHHCO; B 50% BomHOM
3TaHOJIe YAANOoCh 3aUKCUPOBATH YCTOHUMBOE (op-
MHpOBaHUE MeHHCKa B TedeHne 5 mMuH (puc. 2, b).
IIpu ToM uto mpu 25 MM NHHCO; He ynaBanock
JIOCTHYb IIOJHOTO (POPMHUPOBAHUS MEHUCKA U3 KAl
pactBopa; pu 75 MM MeHHCK 00pa30BBIBajCs, HO HE
YAEPKUBAJICS B TEUEHUE 33aJaHHOTO BPEMEHU 3KCIIe-
PUMEHTa — MPOUCXOIMII CPHIB PEXHUMa PACHbUICHUS
(puc. 2, A, B).

Taxum 00pa3oM, yCTOHYMBEII MEHHCK OBLI IONY-
YeH MPH CIEeIYIOMMUX MapaMeTpax: HalpsDKeHHE MEX-
Iy BHEIIHUM KalWUIIPOM U IPOTUBOIIEKTPOAOM —
4.5 xB; paccTossHUE MeX1y MHUIIEHBIO U BHYTPEHHUM
KanuisipoM ~ 30 MM; BHYTPEHHUI KalMUIAp BbIIBU-
HYT W3 BHEIIHEro Kamwuisipa Ha 3 MM; CKOpPOCTh I10-
nauu pactBopa B kKamwuiap 200 Mkn/muH; pabouuii
00BEeM pacTBOpa He MEHEEe 5 MII; BpeMsI paclbUICHUS
5 muH; xkuakas daza — 50 MM NHHCO; B 50%

BOJHOM OTAHOJIC.

MEHHCKa,;

Jimm

Puc. 2. MukpoaucrepcHOe JICKTPOPACIBIICHUE 3TaHOI-BOTHOTO PacTBOpa
OukapOOHaTa aMMOHHS B OTPHUIIATEIHLHOM MOJIE.

A —25 MM NH4HCO; B 50% BomHOM 3TaHONE, MEHUCK HE C(OPMUPOBAH;
b — 50 MM NH,HCO; B 50% BogHOM 3TaHOJE, 00pa30BaHIE yCTOWYMBOTO

B — 100 MM NH,HCO; B 50% BOIHOM 3TaHOIE, MEHICK HEYCTOWYHEB,

I’ — pacrtBop nuknodenaka B cycrnensun HaHowactur Ti0O, 50 MM pac-
tBopa NH,HCO; B 50% BOmHOM 3TaHOJNIC, B MPOIIECCE pPaCIbLUICHHUS 00pa-
3yeTcsi TOHKMH CJIOH pacIblIEHHOTO pacTBOpPa Ha MOBEPXHOCTH MUIICHH

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 4
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MUKPOANCHTEPCHOE 3JIEKTPOPACIIBIJIEHUE
CYCHEH3HUHU HAHOYACTHII TiO,
B OTPULHATEJIBHOU MOJIE

Crenyrommii 3Tan UcCiaelOoBaHUS ObUI MOCBALICH
0TpabOTKE MHUKPOIMCIIEPCHOIO PACHBUICHHS CYyCIICH-
3WM HaHOYACTHII TWOKCHIA TUTaHa B OTPHUIATEIHHON
Moze. [l KOHTpOIIs Ipoliecca paclbUIeHUs pacTBOpa
¥ pe3ysbTaToB ero HambuieHuS Ha JIJ[M-Mumens ObI-
JIM TIPUTOTOBJICHBI []BA PACTBOPA CYCIIEH3MH HaHOYa-
crunr TiO; (pasmep uactun ~21 HM, Sigma-Aldrich,
1 mxr/mn B 50 MM pactBope NH/HCO; u 50% Box-
HOM 3TaHOJIE), K OJTHOM M3 KOTOPBIX J0OABUIN TUK-
nmodeHak (Sigma-Aldrich) B KOHITCHTPAIAH
25 mxr/mi. CycnieH3uH NpelBapUTeNbHO MepeMenIn-
BaJIi ¢ TIOMOIIBIO yCTpoiicTBa THNa "BopTekc", 3aTem
B TeueHue 10 MUH BBIAEPKUBAIU B YJIbTPA3BYKOBOM
BaHHE IPU KOMHATHOW TeMIIEpaType.

[TonGop ycnoBuit pacubuieHns A o0oux obpasz-
[IOB IPOBOJMJIM TaK e, KaKk ¥ B MPEAbIIYIIEM 3KCIIe-
pumenTte. B pesymnbraTe mpUTOTOBIIEHHBIE CyCIIEH3UH
YAAJIOCh PacHbUIMTh TPH CIEAYIOIMX I[apameTpax
(st monmy4yeHus NATHA copOeHTa AMAMETPOM 2 MM):
HaMpsKeHUE MEXIy BHEIIHUM KanWUIIPOM U MPOTH-
BoasiekTpoaoM 5.0 kB; paccrosiHue MEXIy MUIICHBIO
U BHYTPEHHUM D3JIEKTPOAOM ~ 25 MM; BHYTPEHHUU
KanwuIAp BBIIBUHYT U3 BHEIIHETO KamwuIApa Ha 2 MM;
CKOPOCTh M0JIa4X pacTBopa B Kanmmuisip 200 Mxi/MuH;
paboumii 00beM pacTBOpa HE MEHee 5 MII; BpeMsl pac-
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MBUICHUS. 5 MHH C BH3YaJIbHBIM (DUKCHPOBAHUEM 00-
pa3oBaHMs ISITHA JUOKCHAA TUTaHA HA MOBEPXHOCTH
JIAN-mumenu (puc. 2, I).

Crnemyer OTMETHTD, YTO MPU TAaKOM criocoOe HaHe-
CEHMs HAHOYACTHLBI MPOYHO YAEPKUBAIOTCS Ha IO-
BEPXHOCTH MHIICHH. JTO TO3BOJWIO B JabHEHIIIEM
UCIIOJIb30BaTh MX KaK SMHUTTEP MOHOB IIPH NPOBEIe-
aun [TAJIIV-MC-ananu3za. AHamu3 MTPOBOAUIU C
MOMOIIIBI0 MACC-CIEKTPOMETPa, OCHAIIEHHOTO HCTOY-
Hukom uonoB MAIJIJIU — MALDI-FT-ICR MS
(Bruker Daltonics). CieKTpbl perucTpupoBajiy B anua-
nazone m/z 200-700 ¢ OETEKTUPOBAHWUEM TMOJIOKH-
TETHHBIX WOHOB TPHW CIEAYIONIMX HACTPOWKaxX Macc-
CHEKTpOMETpa: AJIsl MOJIyYeHHs OJHOTO CHEKTpa ObLIOo
ucmob3oBado 40 akToB 00ydeHUs oOpasiia Jia3epoM
npu MomHocTH Jnasepa 90% u uactore oOiyueHHSA
1000 I'm.

[Ipy mepeuyncieHHBIX yCIOBUSAX NPOBEINCHUS aHa-
JHM3a B MAacc-CHEKTpe, MOJYYEHHOM C IISITHA PacCIbl-
nerHo# cycnensuu Ti0,, conepxamei nukiodenax,
MCKOMBI CHUTHAQJI aJlyKTa TUKIO(PEHaKa ¢ HAaTpUEM
(m/z 318) okazancs omHMM W3 Hanboiee WHTCHCHB-
HBIX (puc. 3, A), B TO BpeMsl KaKk B MaccC-CIIEKTpe
C TSITHA CYCIIEH3WU JAMOKCHAA TUTaHa COOTBETCTBYIO-
LIero cUrHajia oOHapyxeHo He Obuto. Ilpu 3Tom moc-
TATOYHO BBICOKAs KOHIIEHTPALUS COJIM B paclbLIse-
MoM pactBope He momemana [IAJIJIM-macc-
CHEKTPOMETPHUUECKOMY aHAH3Y.

1+
318.00488

[DCL+Na]*

1 1+
1.5 =279.22861
1+
307.25978

1+
293.20779 1+
333.97872

0o 1 ljl.ll.; Lo “ ol

Puc. 3. Macc-cnextpsl [TAJIJIU-
MC-ananusa.

2+
351.2129%

1+
363.32209

x108 ]
4

1 307.25097
J279.22883

1+
317.11408

293.20811

280 290 300 310 320 330 340
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1+
348.98919

350

1+
364.96299

360 mz

A — MC-cnextp ITAJIJIU-
aHajM3a pachbUICHHOTO —pac-
TBOpa OUKIO(PEHAaKa B CYCICH-
3un Hanoyactui Ti0,: 50 MM
pactBopa NH,HCO; B 50%
BOJIHOM 3TaHOJIE;

b — MC-cnexrp ITAJIJIU-
aHajM3a paclbUICHHOTO —pac-
TBOpa CYCIIEH3UM HaHOYACTHII
TiO,: 50 MM pacTtBopa
NHHCO; B 50% BOgHOM 3Ta-
HOJIE
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CoOTBETCTBEHHO, MOKHO TPEATNON0KUTh, YTO CO-
BMECTHOE paclblicHue sMurTepa noHoB s [TAJIINA
W aHaluTa B pPEXHMME MHUKPOIUCIIEPCHOTO 3JIEKTPO-
pacnbUIeHUd B OTPUIIATEILHON MOJE B JajbHEWIeM
MOYET CTaThb OCHOBOM AJIsl pa3paOb0TKH HOBBIX UYBCT-
BUTENBHBIX METOAWK aHajn3a HHU3KOMOJIEKYJISIPHBIX
COEIMHEHUH.

3AK/IIOYEHUE

Takum oOpa3om, B naHHOU paboTe MpeacTaBICHBI
pe3yabTaThl UCCIEIOBAHUS BO3MOKHOCTH pealn3aluu
MUKPOAUCIIEPCHOTO D3JIEKTPOPACIBUICHUS B OTpHUIIA-
TETBHON MOJIe BOJHO-3TaHOILHOTO pacTBOpa OMKap-
b6onata ammoHnusa. [IpemsoXKeHHBIH METOJ MOXKET
OBITH MCTOJB30BAH IS JAlIbHEHINEro W3ydeHHs pas-
JUYHBIX HU3KOMOJIEKYJISIPHBIX COCAUHEHHM, YTO OT-
KpPBIBAET HOBBIE BO3MOYKHOCTH JUTSI TPUMEHEHUST MHK-
POAUCIIEPCHOTO PACHBUICHUS B 3a/layax aHaJuTH4e-
CKOMl XMMUH.
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MICRODISPERSED ELECTROSPAY MODE IN NEGATIVE MODE
AS A METHOD FOR SAMPLE APPLICATION ON LDI TARGET
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This work demonstrates the feasibility of implementing microdispersed spraying in negative mode using
50 mM ammonium bicarbonate in a 50% aqueous ethanol solution. Using diclofenac as an example, it has been
shown that the developed methodology allows to reduce the influence of salts on mass-spectrometric analysis
and avoid the need for preliminary sample preparation. The focus is on optimizing spraying parameters, includ-
ing the formation of a stable meniscus and the operational conditions of the setup. The results confirm that the
microdispersed spraying method in negative mode can be successfully applied for the analysis of low-
molecular-weight compounds and open new opportunities for further research in analytical chemistry.
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INTRODUCTION

In the early 1980s, Professor Lydia Gall's la-
boratory in Leningrad developed the atmospheric
pressure solvated-ion extraction (ERI AD) method,
similar to electrospray (ESI) [1]. ESI uses electros-
tatic atomization of liquids and is coupled to
a magnetic sector mass spectrometer. ESI mass
spectra contained molecular ions for salts and qua-
simolecular ions for biomolecules; spectral purifi-
cation was due to moderate fragmentation. The
method allowed controlled fragmentation of qua-
simolecular ions to confirm the structure of the
analytes. Over a period of ten years, the laboratory
developed ESI technologies and their applications,
as reflected in early publications [2, 3]. The elec-
trospray method (ESM) is the result of the devel-
opment of the ESI technology and is used to spray
a sample with an electric field at atmospheric pres-
sure that creates a liquid meniscus at the end of
a metal capillary and sprays charged droplets to-
wards the counter electrode. The electrospray me-
thod does not stop developing, and to this day
many works on the development and optimization
of this method of soft ionization have been pub-
lished [4, 5].

In the last decade, the IAI RAS conducted stu-
dies [6, 7], presenting an electrospray system that
operates with dynamic division of the sprayed so-
lution flow in the range from 10 to 100 pL/min,
while providing a finely dispersed electrospray
mode (which at that time was called "droplet-
free"), which made it possible to expand the range
of sprayed liquids. In subsequent studies, a setup
was developed that ensured electrospraying of
a suspension of metal oxide nanoparticles in a fine-
ly dispersed mode with dynamic division of the
liquid flow at normal pressure for spraying a coat-
ing onto an LDI target [8]. Later optimization of
the setup [9] made it more compact, cheaper, and
easier to use, demonstrating high quality results
when spraying titanium dioxide nanoparticles onto
the surface of a metal substrate, which became the
basis for developing methods for functionalizing
the surface of an LDI TiO, target [10]. The main
advantages of finely dispersed electrospraying in-
clude the absence of large droplets of solvent, pre-
venting adhesion of particles to the substrate, as
well as the ability to spray highly concentrated salt
solutions [7].

To date, microdisperse electrospray has been
studied mainly with a positive potential applied to
the inner capillary and grounding of the metal
counter electrode, while the negative mode is also
of no less interest. It is known that electrospray in
the negative mode is carried out using anion-
forming salts, which causes a number of problems
associated, among other things, with the formation
of an unstable liquid meniscus. We have assumed
that a setup for microdisperse electrospraying, due
to pumping out excess unsprayed solution through
the gap between the capillaries, allows to form a
stable meniscus when sputtering TiO, nanopar-

ticles onto an LDI target in the negative mode.
This became the main goal of this work.

EQUIPMENT AND METHODOLOGY
FOR CONDUCTING THE RESEARCH

Selection of parameters
for microdispersed electrospraying
in the negative mode

The study of the process of microdispersed
electrospraying with dynamic division of the flow
of the sprayed solution under normal conditions in
the negative mode was carried out using the setup,
the diagram of which is shown in Fig. 1. The sys-
tem includes several main units: a solution supply
system (1, 2), a unit for microdispersed electro-
spraying of solutions at atmospheric pressure (3,
4), a mechanical air pump with a power supply
(YA XUN, China) (5-8) and a support system,
including a controlled high-voltage power supply
(Stanford Research Systems) (9, 10), an LDI target
for applying a mechanically stable sorbent spot to
its surface (11), and a video surveillance system —
a digital microscope (DOMEE, China) — a comput-
er (12, 13).

Fig. 1. Schematic diagram of the laboratory
setup for microdisperse spraying of xenobiotics
in negative mode.

1 — Harvard Apparatus Model 11 Single Sy-
ringe Pump; 2 — capillary; 3 — inner metal
capillary; 4 — outer dielectric capillary; 5 —
air pump R385 G-12V DC; 6 — plastic tube;
7 — air pump power supply (YA XUN
1502DD 0-15V-2A); 8 — solution drain con-
tainer; 9 — adjustable PS350 Stanford Re-
search Systems High Voltage Power Supply;
10 — high-value resistor; 11 — grounded LDI
target; 12 — Dscope Digital Microscope; 13 —
control computer

The tendency for corona discharge to occur is
an additional factor complicating the process of
negative ion electrospraying compared to a similar
process with positive ions [11]. In our previous
work [10], we proposed the use of a high-value
series resistor, which helps to partially suppress the
corona discharge and reduce sparking during
spraying the solution in the positive mode. We as-
sumed that this modification would stabilize spray-
ing in the negative spray mode as well. And the
first task was to form a stable liquid meniscus.
Usually, additives such as ammonium salts, which
can form stable negative ions by electrochemical
reduction in solution, are used to achieve more sta-
ble and efficient spraying in the negative ion mode
[12]. In a strong electric field, electrohydrodynam-
ic forces act on the liquid in the meniscus region.
The interaction between these forces and viscous
resistance determines the efficiency of maintaining
the shape of the meniscus and its stability [11].



In the negative mode, when ions are generated
from negatively charged droplets, this balance is
critical to ensure continuous ion production. Al-
though viscosity plays a significant role, surface
tension remains the dominant factor influencing
the meniscus behavior [13]. The combination of
high surface tension and increased viscosity can
improve stability, but this may also require an ad-
justment of the applied voltage to maintain optimal
electrospray conditions [14].

In the first step, we selected 50% aqueous me-
thanol as one of the main solutions for electrospray
in the negative mode [10, 12] and NH,;HCO;. Solu-
tions with NH4HCO; concentrations of 1, 2, 5, 10,
25, 50 and 75 mM were prepared. For each indi-
vidual salt concentration, the following spray pa-
rameters were varied: voltage between the outer
capillary and the counter electrode; flow rate; dis-
tance between the outer and inner capillaries; dis-
tance between the outer capillary and the counter
electrode. The meniscus formation process was
monitored using a video surveillance system —
a digital microscope 1— a computer. Unfortunately,
in none of the studied cases was it possible to
achieve stable meniscus formation. Therefore, at
the next stage, an organic solvent with similar
chemical properties but with a higher viscosity and
surface tension index — ethanol — was chosen.
For spraying, NH,HCO; solutions in 50% aqueous
ethanol were used in the same concentrations as in
the previous experiment. For a solution of 50 mM
NH4HCO; in 50% aqueous ethanol, it was possible
to record stable meniscus formation within 5 min
(Fig. 2, b). While it was not possible to achieve
complete formation of a meniscus from a drop of
solution at 25 mM NH4HCO;; the meniscus was
formed at 75 mM, but was not maintained for the
specified time of the experiment — the sputtering
was disrupted (Fig. 2, A, B).

Fig. 2. Microdispersed electrospraying of an
ethanol-aqueous solution of ammonium bicarbo-
nate in negative mode.

A — 25 mM NH4HCO; in 50% aqueous ethanol,
meniscus is not formed;

b — 50 mM NH4HCO; in 50% aqueous ethanol,
formation of stable meniscus;

B — 100 mM NH4HCOj; in 50% aqueous ethanol,
meniscus is unstable;

I' — diclofenac solution in suspension of TiO,
nanoparticles, 50 mM NH4HCOj; solution in 50%
aqueous ethanol, during spraying a thin layer of
sprayed solution is formed on the surface of the
LDI target

As a result, a stable meniscus was produced us-
ing the following specifications: voltage between
the outer capillary and the counter electrode —
4.5 kV; distance between the target and the inner
capillary ~ 30 mm; the inner capillary is extended
from the outer capillary by 3 mm; the solution feed
rate into the capillary is 200 puL/min; the working
volume of the solution is not less than 5 mL; sput-

tering time 5 min; liquid phase — 50 mM
NH,HCO; in 50% aqueous ethanol.

MICRODISPERSE ELECTROSPAINING OF TiO,
NANOPARTICLE SUSPENSION
IN NEGATIVE MODE

The next stage of the study was devoted to the
development of microdisperse spraying of titanium
dioxide nanoparticle suspension in negative mode.
To control the solution spraying and the results of
its deposition on the LDI target, two solutions of
TiO, nanoparticle suspension (particle size ~21 nm,
Sigma-Aldrich, 1 pg/mL in 50 mM NH4HCO; so-
lution and 50% aqueous ethanol) were prepared, to
one of which diclofenac (Sigma-Aldrich) was add-
ed at a concentration of 25 pg/mL. The suspen-
sions were pre-mixed using a Vortex device and
then kept in an ultrasonic bath at room temperature
for 10 min.

The spraying conditions for both samples were
selected in the same way as in the previous expe-
riment. As a result, the prepared suspensions could
be sprayed using the following parameters (to ob-
tain a 2 mm-diameter sorbent spot): voltage be-
tween the outer capillary and the counter electrode
5.0 kV; distance between the target and the inner
electrode ~ 25 mm; the inner capillary is extended
from the outer capillary by 2 mm; the solution feed
rate into the capillary is 200 pL/min; the working
volume of the solution is not less than 5 mL; spray-
ing time is 5 min with visual recording of the for-
mation of a titanium dioxide spot on the surface of
the LDI target (Fig. 2, I').

It should be noted that with this method of ap-
plication, the nanoparticles are firmly retained on
the surface of the target. This allowed them to be
used later as an ion emitter during SALDI-MS
analysis. The analysis was carried out using a mass
spectrometer equipped with a MALDI ion sour-
ce — MALDI-FT-ICR MS (Bruker Daltonics).
The following mass spectrometer settings were
used to detect the positive ions while recording the
spectra in the m/z range of 200-700: 40 acts of the
sample irradiation with a laser power of 90% and
an irradiation frequency of 1000 Hz were used to
obtain one spectrum.

Under the listed conditions of the analysis, in
the mass spectrum obtained from the spot of the
sprayed TiO, suspension containing diclofenac, the
desired signal of the diclofenac adduct with so-
dium (m/z 318) turned out to be one of the most
intense (Fig. 3, A), while in the mass spectrum
from the spot of the titanium dioxide suspension,
the corresponding signal was not detected. The
SALDI mass spectrometric measurement was un-
affected by a high enough concentration of salt in
the sprayed solution.

Therefore, it is reasonable to expect that the
combination of spraying the analyte in the
microdisperse electrospray form in the negative
mode and the ion emitter for SALDI can serve as
the foundation for the creation of novel, sensitive



techniques for the detection of low-molecular sub-
stances.

Fig. 3. Mass spectra of SALDI-MS analysis.

A — MS spectrum of SALDI analysis of a spray-
ed solution of diclofenac in a suspension of TiO,
nanoparticles: 50 mM NH4HCO; solution in 50%
aqueous ethanol;

B — MS spectrum of SALDI analysis of a spray-
ed solution of a suspension of TiO, nanoparticles:
50 mM NH4HCO; solution in 50% aqueous etha-
nol

CONCLUSION

Thus, this paper presents the results of
a study of the possibility of microdisperse
electrospraying of an aqueous-ethanol solution of
ammonium bicarbonate in the negative mode. The
proposed method can be used for further study of
various low-molecular compounds, which opens
up new possibilities for the application of micro-
disperse spraying in analytical chemistry.





