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R SR (supercritical fluid extraction;SFE) /@S ifik 7 v~ + 25 7 1+ — (supercritical fluid chro-
matography;SFC) ¥, HEZE(L¥ A 4 >t (medium vacuum chemical ionization;MVCI) B & 7)#71i% (mass spec-
trometry;MS) ZAlAGHE 25 L WHEERERENEEZHEL, TR OWTHEIZ{To72. MVCI & 417
722 DA F AbikX, 9 100Pa OhIZk L7 He FHA THEIC X bk S4ET 23 1 4 >~ (H;01,0H™) & H
WTHIENR D FE2 A A b T 204 X AMLFEO VO TH S, ZoFikE, KATOEIREOHERENE
Y (VOC) 2V 7 VR4 LTERT 3 FiE, 7o b UBEHRIGERDHE (PTR-MS) KB LHIETH 5.
PTR-MS D& RFR (lower limit of quantitation;LLOQ) &, parts-par-trillion (ppt) L)L TH 3 Z &5, B
ZER{ER R (scCO) ITIAR L TV 2 BRI L THRWER FEMIBEONLZ ZeEILNS. Ez,
scCOp 1A ZICHEZHCHER T 5 Z D TE, DN ROT T2 4 A Y IRZEZEICHEICHKS 2 2 & T,
RO XA F b Er[REL T 3.

WG SRR E 2 AT 2RI 1880 Er HHI SN T W23, SFE H %W SFC & L TOIRHI, 1960 4
RIIFCE o7, ZFULRZFEE, BREFURED 31°C, BESESIDY 7.4 MPa & BRI WS <, BEAMEL, ZfiT
FENBE S Z e R SBERREDOIEHICRS KAWL TWAYETHS. SFE X, BECREAEEL 2
I VR LEYE B Y OB, SR L EEMICHHTE 2 Z e IS TWS. 72 SFC X, W
Kra~< 2777 4 — (LC) TORBELHEE KM L W E BRSO T2 2 e BN TES. AT, KM
EYNE, LC-MS TR WS TWE L2 a2 7L —4 F UMbk (BSI) TR HOREENE ARV e
2w, FEICE, SRR RT3 Y VIRES, 7 I bl s EHEIEEE Y, Ha RAEMBRERPLBRA
OGP I N 2LEMDEENE. ZhSLEYOMBEOERIIRKASNTVWE DD, HAlOMAEND
BEZPHEM AR ZHET 2121, 2L DA, RHEBEES TR,

AFE T, SFEEMVCIMS ZHW3 Z & T, EREEIIEE (FFA) 122U\ T 48 amol 205 27 fmol & W5 E& MR
ZEMRTELIZHLMCL. 2, XITREI N T WS FFA E& FRICHX3HEWETH 5. [Akk
W2, 7 b7/ 72, AT7zA4Y, LY, a-baTdzua—, EEXIVK, y-AUVY /-, BXULtE
A NZOWTZERZER, 4.9fmol, 0.077 fmol, 9.5fmol, 4.0fmol, 41.0fmol, 1.6fmol, 8.3 fmol 231§ 57,

ARETIZX 512, SFE/SFC F > 54 Y ##ie MVCIMS DA ¥ R—7 2 — A DOWTHE 21T o 72, ZDf
R, 77F FYBEOER FRIX, SFC 778 % 72 SFE-MVCI MS 7 & LHig U T—HHEW 1 fmol &K L 7=,
EE FREGEDERIE, SFC & MVCI 4 4 VA4 V27 = — 2ADFEkic & b, HEFET 2LEWHIHK R R
ELTHBEL TA A VIFRICEREST 222 T, ZRZENOHENRO D TR L DMBEILL A A LI D E
ZbN5. T, BESFEINZIWZ 55 LC-MS Tl - MENES T3V ae-ta7zo—1BIN
LRIV K IZOWTH, 20LUROOHER, 41fmol DER RRZEZEM L. a- a7 =0 — LZERTHE
T2 LR ICBILR IO HEITT 50, KEZDBBWT, BLOBRE 20458 E N cE 2 2R L.
XL, RIEZHWT, b M O.1uL HOEBEZHIE T2 2 2L, BEERINECE->T7Z 7% NV
& 78fmol ¥ WO KR ES. FUHIEICEBWT, C12:0 225 C24:0 O#iFD 16 D FFA iI22oWTd 7 7 F K
VEEHREY LTERLTED, EEOMERLMEEZS5.7% 256 15% L RIFTHo 7.

H—Hfa DRy FHLEY 2 BT 2 ATREME 23X % HAYT, HeLa 1 fifd% FH T SFE-MVCIMS #IE %217 -
7o, ZOREE, MIlHEKREEZ 505 200 0D FBEORS T4 7 (AT 47) A4V EBET 2B TE .
ARWFFE % U TR A LB DOWT MVCLIZ X BARA & ¥ B FNZFER, WERRDFMIFLT, 55
N34+, 54 744> M+H], [M-H+HJ", [M-H,0+H]*, 2475+ 74+>: [M-HJ", M+



H-H]*,[M+OH]” DWIFhrTHho7z. ZORRICEE S NT, LipidMaps LMSD 57— X R — ZIZEFHF I LT W
LB+, HE 1200 DUT D 45932 #5120 LT, AlREMED B 5 4 A > X% in silico &% L, HeLa fifed 515
LNTA A YD miz R UTAER, 11 (10) RO T 4 TAFY (AT T 4 TAFY) WOWTHBEAERE T
. LLEDS, Fo0ZEE TN TOMBRICH L TEBENEFEET S 225, MEREIIEE> TV
V. 2iEWR, BEZL DA AU HeLla 1Ml 5B TE/Z2Z 8T, ZOHENY ¥V TV ANBHTE
BAREME R RS Z T E L.
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Abbreviations
a-T a-tocopherol
APCI atmospheric pressure chemical ionization
APPI atmospheric pressure photoionization
ESI electrospray ionization
MS mass spectrometry
MVCI medium vacuum chemical ionization
PTR proton-transfer-reaction
PTR-MS  proton-transfer-reaction mass spectrometry
R.P. mass resolving power
Rs resolution (chromatography)
SFC supercritical fluid chromatography
SFE supercritical fluid extraction
VOC volatile organic compounds
VK, vitamine K;
scCO, supercritical carbon dioxide
k retention factor
log P logarithm of octanol-water partition

retention time
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FREG SRR E 2153 % Z 2%, 1880 4EIC Hannay 512 & - C, “On the Solubility of Solids in Gases” "
YT o RSN D%, ¥ 80 ERRET, 1962 4, Klasper 52 12 & - T, “High Pressure Gas
Chromatography above Critical Temperatures” & #3 % Ik DG R ifiA 7 v~ ~ 72 7 1+ — (supercritical fluid
chromatography; SFC) 23 Efix Lz, Tk, MAYOEERIAZ o~ 25 7 ALC 100 (Waters Corporation,
MA, US)Y ICBEESEN L > THFE I N DTH D, FR7u~ b7 7 4 — (GC) Hiffi % AW TR EY
DA ERREE LIRAIDOFERTH 5. £ IEMIZ LT, 1960 X Zosel & & - T — 8 o i il 55 AR 4l HH %
(supercritical fluid extraction; SFE) (B ¥ 2 RigrpsthEE b, Zofk, ERfbahz9.

YEZ, zhznEEoEFRELA L, BERRENTITE, BE, E0T TRIEK, HIK, EROWT
DHZ L 205, BESUREM ETIE, W BMEL THIHRIR D ER V. Rk, BTN ETIEEARICHE
EZ BT KRITEZ DI, WEMZ OB RE - lEREN XD EWIREBICH 255, Ok z @i
UK (supercritical fluid) ¥ FERTD. 72, R, EHWT b — DR 2 2 7R8I H 2 VE % HlE SR
{K (subcritical fluid) & FERDS, Wi 2 XAl $EESATRIA L LTS HE DR v, HEFIREZ RORE D,
BED 25 WVIZECTL—TT DA ZZLE B THHERER - BE L W ML ZfHEbR VWD, HKDE
ERFENZEHRANCELEIRE N TE, FRIC K > TIREDBIRE 2 ERICHIEC X 2 52, ol E, o

£
=
S
H
R | R
o W I —
ELN
& {4 |
1
AR |

3O R E (C)

Figure 1.1: CO; Phase diagram.
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SFE =X SFC IZHW A HiiKICIE, MacWEEHWS Z e FEM EAGETH 25, bRV sh2WE
& CO, TH 5. Figure 1.1 IZIRE, £k CO, DIREDOEFRZRT. COy IFEHFRAED 30.98°C, FRFHETIH
7.38 MPa® ¥ LUK, FHENLMTH D, BESNENZ 2SR HVSRTWS. JER CO; (scCOy) D
FMEE— B4 n-hexane #HY & Wb 323, 7l a— Lk CMIAE L IRERRETH 5. IHETE, WikZe~< b
25 7 4 — (LC) TIhL AWV SN2 EHIAMIC LR, CO, DFEIFBRBEARMENZ ¥ digHIhTw3.

BERFIRIR ORI, WK FAFOBEELE LRNS, WKL D =RV, SWIEBGREEFR>Z e TH
%. & D DI RMETIHRE - EICN U TREREBEZ(D D 5729, INE OIEME 2 IRE S OflEI
FoTRELLNMS B L ZLDARETH Z. ZDXIBRKREIRBHRE (AEEZREFT 2688)) OZ(LIIKUAT
BIMATHERT 2B TERN. T, IEHRBDIREWZ LI X BFRA o~ 2757 1+ — (SFC)
WBWTEWS 7 LRG0 h, 7oBEREZ KIEICENEST 2R D 5. REZET) REORIEIC X o THl
Hcx38d, horao~w b7 7 4 — QB RVWEBTH 5. SFC TIX, —#HOWEELIED D 2 (L&Y DR
FHRE (k) o3 (logk) LEYID octanol-water partion DXL (log P) B & UF molecular polarizability ¥ &\
HEZET 2210, 725 € ILEWTE, B (2{LEVOHREHREOLL) &, B XD FHIATFE L X
D DEEORELIMEI R P TITA2 2 BFHRTH S, Z2D—7, SFCIFHE L IiEE M L TEHT 54
BEhH 270, X OREEREEBNGIESDEYL 2%, SFCIINERMEIRBM BRI Y, o kT ol
LWELEYI DB FTREIC S 503, Z D792k, s Z ERECHIES 2 080 H 5. @EESRmREE, b3Hri
e, EHOZLTEENRELSE(T 279, MEELTRZEIEL7-012F, IDBEOEVITERMIES
WENDETH S, IE, BERGEMOMESIC XD, SFC HfiIA & LEEEZRIT 212,

1985 4, BI VU » PALIFE WS /NI SFER#E SFC 24 > J 4 VHfiis 5 2 & T, R
MR > TLD SFC 7 a= 75 AREHET7 + XA I — R 7 LA B E W TEININ AR Y b Lo
Zbe LTE=X—F2EBEPHEINSLBIO. 2tk b 74 bEA A= F7 L A BH#EH SFC Oz E
ERMHFRERE R o7, WD SFC EElE, GC Hifiz &g L X+ IV —h 7 208H0HLNTE 283,
1980 FEARHEIZIX, EH#EWEIKZ v~ b 25 7 4 — (high performance liquid chromatography; HPLC) %5 K >
THEM R R UBEARAER S R T APV X5k o/z. HRE LT, WIKIRET CO, 12E
TA77A4A72BETIHEMNIE > T, HCLKELLEGHRTET 4 77 A T7ZMALZIEHNTEDLLSUR
S e nBFond. ZOET4 77 A T EREL TR ZHEMICED, 20 CIEMMUEYE AR
ESNTESFCIZ, 73 /B COMEWEICSICHTES L2122, ER30 02EH L TWEeT I/ B&D
HHEBMERTHED 3 U R CTERTESZ PSR o721, SHETIE, THEEMOX SR 2HESITED,
rax b 7774 — RS SIEME N, £, BARITTETO SFE flill & #E SFC O 4 > 7 A V%
AEREINIZY . XD HETEHVEETOREDSFAREL o TW2.,

SFC X E&5HriE (MS) D#fild, 2000 FH2 LR ALNTED, HEXF Y IV —h T2t BFA L 1L
(ED) Z#AETEESIIIIGH LH20 2235 25, RSN ZZ L 3BEHICET + 7 74 7 O]
BERFED 7 22 MV, BHZEE LT, =L 27 b 7L —A F 1k (BSD), KGIEL2EA F >t (APCI), K&JE
YA & AL (APPD) 2 E R MlA G DRI B DTH 52122,

7o b VBEIKIEA A BB SHE (PTR-MS) 1%, 100Pa FREDHEZEREE CHEIC I DKL AR T 5
Rar=2 4442 (H;0") % OH™ LHBSGFLofTra M VBENC X D AR LA 4 v 2 EETHET 2 Fik
THb. ZDAFAUER, Biho 7o+ YBERICERIHEE L TRKH RSV ORIE I < W
LRTW32D. 7o b YBEIRIGEESHTE2?D (proton-transfer-reaction mass spectrometry;PTR-MS) 1%, 1990
FREFC Lindinger 5 282912 & » TR X h, [EHOMMELREREEHEMOMHB X CBED Y 7 V24
LEZZRY VIR EIEDITE /. Lindinger 512 X » THE X 7z PTR-MS OHIEDJFHIE, A A VR
THERLUIZKERDA A6, FUTZ Fa2a—T%HVT, EAFYOAFWMOHLAZD, 2 VIGUEREE
THEERZ A 5 Z 22 & o TEMED H;0" ZED L Tal3EA A > e LTHY, HENSEEwIcTa + U fF
M3z A4 A ALTH 5. JHEHIZ, KRB OHEREEAIY (volatile organic compounds; VOC)?7, k(L4
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ZDE=LRY V2730 D BIRAKFEZICTBIT 3 KEGHD VOC332 | MAEYSRLEROHADLHYY, BEERETO
VOC #HH3, & 2 WSS & 2 BRI ORIE D R ZIcbizoTwa. VOC HIETIE, HIEEER
Zeriin EBEITFRICIBEIR L, 74—V R THIEZRIT O BRED D 2GENZ . £z, RRFICHEET % VOC 1
778 C part per billion (ppb) LR T UL 274 <, E&EIZIE, ppt LNLVODER RRAERXI NS, @, KRN T
SIEEEEZHIE L, SonERe Y ILVOMERREZ T 2 Z L TERMRZE 2D, 2D OFHE
72 VOC %, BUET, —HICHR I ERT A0, 7o b UBEIRICORKIEEZEHIIL, RIGERD & E&RE
REEZFEPHOLNTETWVSEO. 2072HI1lE, PTR-MS £ 4 VFIFEHAISEVIRETR (1.1) oK%
TR PRETHD, REAAVFETERKTE2A4 D5, EMED H;0 ZEIRANCED 13
MEIETH 2373, FkIC, BRNC OH- Zil#E4 4> LTHY, 7u b UBiEERIG? 2FM 35 22 Tx
T 4 T A F RS % HIEEX proton-extraction reaction MS (PER-MS)#? ¥ L TXEIXATW3.

H;0" +R — RH* + H,O (1.1

KEADEBEMITH S 0y, Ny, COp, 2 X1E, KED DT m b VEHMEIEK L PTR-MS TlEA 4 b Xz,
ZHZrd, HiBRDED PTR-MS 2B WTKIGHE DRI E S REELLEMoEREAEL L2, CO,
WA T oAb 2liE, CO, ZBEMHICHWS SFCI2k - T, HWHRHERENSELINZ EEZONS. &
DA F MIZ 100Pa REDHEZE R TITHONEDDTH 57280, 10MPall EicH 3 scCO, &1 A bhiThih
ZHERICERT 2 e RDOLND. Ll B D, BEARKIETEBETHZ LR DWW, scCO,
DTSN ZBRICBWT, BREE 31°C) U ETHARHMEZ LR, MEFKEERECHhERICEES
5. ZOWET, MEPRFEL CORBEIEFPEREMICHKEh e EZ N5, Thbh, BT XA 2D
N ORBERFRARE, EEAEEOEIY A MY 7 2 =% AW THEZEZERICHESEC X, SFE MEEDE=%—
RSFC 7u~ b 7108060 d e fiffEh 3. DX S RIFEREDINT, 1EHL A 4 VIOV THERER
REBREITD, NEFREEEPHETE 2 Z 23T TG LD,

KWL TX, ZOHEEZREIE, 7F& 1000 LLFOMEFRMERS FEEY, & Dbk L 25 & o REH
DL S 2ICEND00DH 2 EHEECHREOH LWEERENEEOMELHNE LTWa. $ Tl ED,
AT NS A A 2 JFIZ PTR-MS Y I3ERZ 23D TH 2D, KO ED S B, 2,5,6, TEIZOWVWTIX “PTR
MS” ZEGEE Y L TiiBER I T0a 20 s, IHHDETIE “PTRMS” DIgEEE WS, 2D 3, 4,
KO 8F T DWW T IE “medium vacuum chemical ionization (MVCI)” Z#&EEY L CHW 3.

2FETIFFRME L7z SFE-MVCI MS*?) % Fl W\ CHEHESURL 2 A BB IR R L IR IREE TR A § 2 456, &
LU, BHERRIEREE 7 4 L2 — () v b) IKREBEXE, ERIAELHEEIERETHREZEAT 2 5L
WOWTHET L, CO EWIBBLIIENV R MV 7 2 —EZ2ECHAERBRICEIT 2 E— 27 OHLEL, FEEOHE
ErWwoiruw b7 7REOREANT -2 2 INET 5.

3ETIE, ZOHEDR, COLIBRMEEVOBMIICHTEZ 20 RMTH S Zeh o, [RWEIPHOLEYIZOW
T, ZRENRIS T4 TAFYE—F - 2T T 4 T4 I E— FTOMHATREEMRICOWTHE T 5. %/, 20
RS, BROMEEOERF ¥V 7L — a VIHZBAREN DO D 2L AW R T 5.

4ETIX, a-tocopherol (@-T) IZDWT, ESI & SFE-MVCIMS ORI T 4 744 E— NTOHEEARY ML
DL 24T, ESI ¥ MVCI ZNZENTHERT B4 F 2V DBEVIZOWTERT 3.

S5ETIE, IBEFTHRONATOWRP o7z o T OBV ESYORIEZRAS. o TiX, WYL KEROBAET
3 —EHIEABEEISH O DM ZFE T 2D IBEETIEEZILNTWVWEY, ZORVIENED D, Wik o<
F 2757 4 —FT TR RS TREETH - 724, oT OBLEBRIZEMET, 2OREHATRETHD, X5
RILAERYI DZ K DNEMIKTH 2. HEYONEBORIETOMBIRE X h = X 22N 2120, sz il &
B BRI S ORHEE SR ETH . SETIE, oTBIWORE—FoMEfEr 2 L5%, £
4 > SFE/SFC-MVCI MS 12D W THET 21TV, DERIEERRE X OCMERZ RS 5.

6FETIX, SETHLNIHARICESNT, i L SFC TH LN HEWAY RIBEO Y — 2 DFHINCOW TS 2T
T4y ZIEET 5. —EHORBLEY TH 2 7 ZANBET AT VEE X OCREO K Z W VK, a-T OfRKZEH)
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WZOWT, DD S LM TEHIZITY, BENZY — 27 DIAB Y BREZRE L, ¥— 27 28 (resolution) % %
Wt § 2. %7/, SFC ZHVWEHEOER FRIZOWT, X hitllamet 2175, BohMROEMAAEENL %
FNZHMT, & b I =G OBEBEREIEE O —FHlE 2 ilA 5.

7ETIX HeLa > > 7 L& LD\ T SFE-MVCIMS #liE U, H—Hfah @Yot & 2 oEEZiRA 2
bz, BEAICOWTHRETT 3.

SEICAMX ERDFEREMBIL, SBROMETFEHICOWTIARS.
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Analysis of nonvolatile molecules in
supercritical carbon dioxide using
proton-transfer-reaction ionization
time-of-flight mass spectrometry

Proton-transfer-reaction (PTR) mass spectrometry (MS) is capable of detecting trace-level volatile
organic compounds (VOCs) in gaseous samples in real time. Therefore, PTR-MS has become a popular
method in many different study areas. Most of the currently reported PTR-MS applications are designed to
determine volatile compounds. However, the method might be applicable for nonvolatile organic compound
detection. Supercritical fluid chromatography (SFC) has been studied in the last five decades. This approach
has high separation efficiency and predictable retention behavior, making separation optimization easy.
Atmospheric ionization techniques, such as atmospheric chemical ionization (APCI) and electrospray
ionization (ESI), are the most studied SFC-MS interfaces. These processes require the addition of make-
up solvents to prevent precipitation or crystallization of solute while depressurizing the mobile phase.
In contrast, the PTR process is carried out in a vacuum; supercritical carbon dioxide may release solute
into the PTR flow tube without a phase transition as long as it is maintained above a critical temperature.
Therefore, this might constitute yet another use for the SFC-MS interface. Caffeine and a few other non-
polar compounds in supercritical carbon dioxide were successfully detected with time-of-flight MS without
adding solvent by using preliminarily assembled supercritical flow injection and supercritical extraction
(SFE)-PTR interfaces.

Supercritical fluid chromatography (SFC) has several advantages compared to liquid chromatography (LC) due to
its enhanced column efficiency ™. The greater density of supercritical fluids than gases imbues the mobile phase
with solvating powers, which can readily be controlled by applying pressure and temperature; in contrast, the mobile
phase in GC only acts as a carrier. Historically, the same principle has been applied to industrial-scale supercritical
extraction, such as that used in a decaffeinated coffee plant™. A significant advantage of SFC is that the behavior of the
retention factor (k) is predictable, which allows for a systematic approach for chromatography optimization®®. On
the other hand, it requires more precise control for the apparatus to manage pressure and flow rate independently, due

to the compressibility of the mobile phase in SFC ™. Small changes in pressure and temperature cause significant

Reprinted with permission from
T. Hondo, C. Ota, Y. Miyake, H. Furutani, M. Toyoda  Analytical Chemistry 93(17):6589-6593, (2021).
https://doi.org/10.1021/acs.analchem.1c00898. Copyright © 2021, American Chemical Society
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density changes that result in direct changes in the apparent void volume and linear velocity of the column. For this
reason, a ultra-violet (UV) diode-array detector and a fluorescence detector have long been applied to monitor both
supercritical fluid extraction (SFE) and SFC processes >10-311,

Mass spectrometry (MS) has also been applied to SFC for some time '2-19). MS has a higher capability for molecule
identification than a UV diode-array detector. The mobile phase CO; has fewer chemical background signals than the
commonly used organic solvents, which is expected to decrease the limit of detection (LOD). However, development
of the SFC-MS interface has been a challenge. The supercritical carbon dioxide (scCO,) holds solutes at a given
supercritical condition, which could be crystallized during depressurization into atmospheric pressure. The addition
of make-up solvent may prevent crystallization, but it may not be necessary for scCO, soluble molecules.

Proton-transfer-reaction (PTR)-MS was introduced in 1990s by Lindinger and co-workers '8 to determine volatile
organic compounds. The advantages of PTR-MS are a low LOD and easy interpretation of mass spectra due to the
absence of fragmentation. PTR-MS can detect trace-level volatile organic compounds in gaseous samples in real time;
it has become a popular method in the analysis of gaseous samples in many different areas of study !*). The PTR-MS
applications in the literature involve detection of protonated molecules based on the reaction expressed in Equation 1.
The proton extraction reaction, which makes a negatively charged ion, has also been reported>?.

The ionization mechanism of PTR is similar to that of atmospheric pressure chemical ionization (APCI), which
is one of the common ionization methods for SFC. Different from APCI, the PTR process is carried out under low
pressure at approximately 1 to 100 Pa. Ideally, while the scCO, depressurization occurs above the critical temperature,
scCO; can be vaporized from the subcritical state without a phase-state change and release solute into the vacuum
space so it meets the proton source in the flow tube. Furthermore, CO, cannot be ionized using H3;O*, and the
carrier CO; does not harm the ionization reaction of the solute. In the present work, we have made a supercritical
fluid-PTR interface and monitored caffeine ions carried by scCO; using flow injection (FI). We also have developed
an SFE oriented solvent-free direct sample injection method applied for a couple of organic compounds to discuss the

feasibility of the PTR ion source as yet another SFC detection method.

2.1 Experimental
2.1.1 Apparatus

A JMS-T100 LP (AccuTOF) time-of-flight (TOF) mass spectrometer (JEOL, Tokyo, Japan) was used. An Acqiris
model U5303A (3.2GS -s~! 12 bit digitizer, Geneva, Switzerland) was directly connected to the signal and ion-push
trigger output from AccuTOF. Data acquisition was carried out by a simultaneous waveform averaging (AVG) and ion
counting (PKD) technique??. The PKD histogram and AVG waveform were read from the U5303A every 200 ms
(3000 ion push triggers).

Figure 2.1 illustrates the block diagram of the PTR flow tube built in-house. It consists of a corona discharge
electrode (quartz, stainless steel), a flow tube (stainless steel), and the AccuTOF interface. The general grade helium
was connected to a flow tube after passing through a 250 mL volume of the solvent-reservoir bottle, which contained
10 mL of ultrapure water (Millipore, MA, US). The helium flow rate was set to 70 mL - min~!, which was controlled
using a mass flow controller (MFC) (8500MC-0-1-2, KOFLOC Corp., Kyoto, Japan). The pressure of the flow tube
was maintained in a range of 80 to 150 Pa using a NeoDry 15E dry vacuum pump (Kashiyama Industries, Ltd., Nagano,
Japan). The model PS350 high voltage power supply (Stanford Research Systems, Inc. Sunnyvale, CA, USA) was
used as a corona discharge power supply. The voltage for the discharge electrode was set to —2.0kV, which resulted
in 50 to 100 pA of current.

Figure 2.2 illustrates the hydraulics and system schematics. Liquid carbon dioxide in a cylinder was connected to

an LC Packings UltiMate Micropump (Thermo Scientific, MA, US), with 3-meter length and 1.0 mm inner-diameter
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-2kV Flow tube (470 mm x 20 mmlI.D.)

He —® =

Dry Rotary Turbo
Pump Pump Pump

Figure 2.1: Block diagram of the PTR flow tube.

(ID) stainless steel tubing, and passed through an ethanol/dry ice bath that was kept at —25°C. The pump head
was cooled and maintained at 10°C by a Peltier module (Hebei, TES1-12705, Hebei, China) prepared in-house.
The pressurized carbon dioxide from the pump was connected to the Agilent 1100 Series Thermostatted Column
Compartment (Agilent, CA, US).

Figure 2.2 (top) shows the FI-PTR schematic diagram. The 20 pm ID inactivated fused silica capillary (GL Science,
Tokyo, Japan) was used as a scCO; pressure restrictor, which holds up to 25 MPa of pressure at the high-pressure end
with the other end open to the PTR flow tube, which is at approximately 100 Pa. For FI-PTR monitoring, the pressure
restrictor (60 mm) was placed inside the vacuum tube, and the scCO; output end was aligned to the flow tube wall
edge, as shown in the Figure 2.2. A 50 pm inactivated fused silica capillary (GL Science, Tokyo, Japan) was used for
plumbing the 6-port injector (Rheodyne 7725, Rheodyne, CA, US) valve and pressure restrictor passing through the
quarter-inch HPLC column fitting. A tubing with an approximately 2 pL. volume (70 mm length of 0.17 pm ID) was
used as sample loop in the injector.

Direct Injection (DI)-PTR Interface: For SFE oriented direct sample introduction into the scCO; fluid without
using organic solvent, was carried out by using ACQUITY Column In-Line Filter (Waters, MA, US) coupled with a
two-way switching valve (Rheodyne 7000, Rheodyne, CA, US), as shown in Figure 2.2 (bottom). The same tubing

and restrictor configuration from FI-PTR experiments were used.

2.1.2 Chemicals

Caffeine (98.5%), pyrene (98%), reserpine (98%), oleic-acid (65%), and gamma-oryzanol (97%) were purchased
from FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan. Methanol (MeOH) and acetonitrile (both LC/MS
grade), and reagent-grade acetone (FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan) were used as solvents
to dissolve the chemicals described above.

Water was obtained from a Milli-Q Purification System from Millipore (MA, US). A cylinder of general grade

helium (Iwatani Industrial Gases Corp, Osaka, Japan) was used.
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Figure 2.2: System schematics for FI-PTR and DI-PTR analysis.

2.2 Results and Discussion

2.2.1 Mass calibration

Mass calibration was performed using sodium trifluoroacetate, using an electrospray ionization (ESI) source for m/z
between 159 and 703 and using third-order polynomials. The PTR ion source was then attached by altering the ESI

source.
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Figure 2.3: Extracted ion FI-PTR profile of 20.5 pmol of caffeine (m/z 195.088, 35 mDa width)
and caffeine mass spectrum obtained by co-adding a peak half-height region on the profile.

2.2.2 FI-PTR analysis of caffeine

Figure 2.3 shows the caffeine FI-PTR profile and the mass spectrum obtained from a 1 pL injection of 20.5 pmol of
caffeine in MeOH. The scCO, condition was 13 MPa and 50 °C. The capillary tubing dimension from the injector valve
to the pressure restrictor was 50 pm by 1.2 m length, which corresponds to a 2.4 pLL volume, although the estimated
additional volumes of fittings for sample injector, sample loop, and a union for the restrictor totaled approximately
4 to 6 pL and made for a total of approximately 8 nL.. The caffeine peak was detected 8.27 s after injection. The
estimated scCO, mass transfer rate calculated from the detection time and tubing volume was approximately 1 pL -s~!
(60 L - min~!. Since the injection volume was 1 jiL, the ideal peak width was 1 s, while the obtained peak width was
1.8 s with a peak asymmetry factor of 1.57 The peak parameters for protonated MeOH dimer were 2.5 s for the peak
width and 1.29 for the peak asymmetry factor. Peak width was calculated from the width at the half height of the
peak. The asymmetry factor was calculated from the width at 5% of the peak height. The peak parameters obtained
from caffeine ions and MeOH dimer ions suggest that the instrumental dispersion was approximately 0.5 to 1.5 s for a
1's peak width.

Figure 2.3 (bottom) shows a co-added mass spectrum for a one second width on the caffeine FI-PTR peak. The

spectrum shows the ions of protonated MeOH, MeOH dimer, and caffeine with less than 1.7 mDa mass errors.
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Figure 2.4: Extracted ion DI-PTR SFE profile of 5 fmol of caffeine.

2.2.3 DI-PTR monitoring of caffeine

Figure 2.4 shows the results of DI-PTR analysis of caffeine. Five fmol of caffeine dissolved in acetonitrile was
applied to a filter (0.2 pm, 2.1 mm, Waters, MA, US). After a S-minute wait to evaporate the acetonitrile, the caffeine-
containing filter was set into the column in-line filter housing (Waters, MA, US) and attached to the Rheodyne 7000
switching valve. Direct injection (extraction from a filter) was then performed at 22 MPa at 40 °C; the flow rate was
set to 0.5mL - min~!. The caffeine mass spectrum, shown in Figure 2.4 (bottom), was produced by co-adding the

spectra acquired in the elution peak half-height width range 10.1 to 18.9s.

2.2.4 DI-PTR monitoring of other nonvolatile compounds

Figure 2.5 shows a DI-PTR elution profile of oleic acid [M + CI]™ in negative ion mode. A 32 fmol of oleic acid
dissolved in MeOH was applied to the filter, and then the DI-PTR elution profile was monitored.

A detection capability for a couple of other organic compounds besides caffeine and oleic acid were tested by DI-PTR
that can avoid using an organic solvent, which suppresses ionization capability in the PTR. The DI-PTR detection
sensitivity for each compound (counts/fmol) was: 12941 for caffeine, 5.3 for pyrene in positive ion mode, 573 for

oleic acid (sum of [M—H]~, [M + Cl]7), and 185 for 7y-oryzanol (sum of [M—H]~ ions for campesteryl ferulate,
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Figure 2.5: DI-PTR elution profile and mass spectrum of oleic acid (32 fmol).

y-oryzanol A and B) in the negative ion mode. Reserpine ion was able to monitored in both positive (protonated) and
negative (deprotonated) mode, which is useful to use as mass reference (data not shown). The spectrum and DI-PTR

ion profile were shown in Supporting Information Figures 2.1 and 2.2.

2.3 Conclusion

The scCO; FI-PTR and DI-PTR were preliminarily evaluated by using caffeine and oleic acid as the model nonvolatile
compounds. Very good instrumental dispersion result using the FI-PTR was observed. The DI-PTR method, which
extracts caffeine and oleic acid from a column in-line filter, directly monitored PTR ionization with high sensitivity.
We have also evaluated the detection capability for a couple of other compounds using DI-PTR. Pyrene was detected

in positive ion mode, and gamma-oryzanol was detected in negative ion mode.
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HBESREHmE-FPETZ LRI T LEBEESD
MEICESPEBRMEEI A DAECESE
PR 3%

3.1 &S

52 EICBWT, BERRAME (SFEY/BEFIRIKZ v~ ~ 25 7 1+ — (SFC) ¥ HHEZE{L2EA 4 >t (medum
vacuum chemical ionization; MVCI) B & H17E MS) ZHlAEHLHEZ Z 22L& D, WL OO EREEERKLE
PHNZDOWT, RITATAXYHIZVE, AT T4 74 A e LTERBRECHETE 2 Z e 2ilNizD,

ARETIX, MVCIMS OFHERICHTTREN 2 X VIR EE T 2HNT, a-ba7zv—JL (aT), y-F V¥ —
v, BEHHEE, 72 b7 2 ) 72y, ZREEBRRY, HARYWEIZOWTHREZITY, ZOMRICOVWTIENS.

a-T X, WY EDAEEINZPHBIEWETHD, £ VEIERL OSBRI 2XERHLIMETHS. y-A VY
J =D, KareKiMcE EEN 3 RAOTEIMETH h EHEH L LTHRHIA TN 3. R,
M b7 COEMBGITMZ, 2L OBEFRE OBOL DRI NTED, HIIASHEBRN O R O 2 1 E
FENLEEND. 7 b7 37 7 = VIFREEREA e LTACHLLRTWS., ZEABFHEDO VL O0IE, 7R
77NV ERT 4 — BN VOPRI AR W EEN, RABERWE L L ToORREEI RS T3 YHET
H5.

F T, MVCILEESO T Z2ER T2 EToOMED 121, BREBKEOREBEOL o TVWRWI T3,
LIET, MRECHETE, FEAEVWTIADOA 4 > b RHATRLHEL RILEYORBRDAEDOHND 1 OTH 5.

3.2 EBR
3.2.1 =

aT, y-AVH /) —n, AL A4V, ¥XIV K (VKy), LELEY, A 74>, VLY, V) —0LE, 775
X¥OUME, TroatrEE A7 7YV, T2 F=RFUAL(LCMS ZFL—F), 7 b EESIL-F)F, F
+ 7 4 L 2RERIER RS (KIR) oA L. 7R N7V 72y, 79X RV, 722 F VIEHE
{LER TR CGER) 2 SHEA L 7=,

MVCI MS HIE W2 3FHE o-T 12.3mg ZFFELD 7 + > 3mL AR L 721, 7+ » > T 1000 /AL,
a-T 10 pmol - L~ GRERAR & L 7=.

y-FUH 7 —iZ 2. 1mg ZFED 7 b= b UL ImL IZIERLEE, 7R =M YLT 1000 fEFHRL, y-
F VU — 3.5umol - L™ EHAR Y L7-.

FL A VEEIZ0.67TmL ZFFED 7 =PV 233mL ICIAMR L%, 7 F=FVUALTIOCERRL, AL
A & 10 pmol - L~ G0RRAK & L 7=,
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VK X 13.4mg ZFFED 72 = M UL 3mLISIAR L%, 72 b=V AT10f5HRL, VK; 1 mmol-L™!
ARHAR L.

LA Z04mg ZFED 72 b= UL ImL QAR LR, 72 =FVUATI0® fEHRLLELE Y
660 pmol - L~! FEHAR & L=,

7EbE73I 77203 4.6mg EFFRD 72 b= UL 3mLICIAEL, 7t b= M VILTHREITORENAR
e L7,

7xFEFNE54mg D 7 = FUAImMLICARL, 7k F= MV ATHEREZITVREAR Y L.
A7z A4 F41mg ZFFELD 72 b= b UL ImLICERL, 78 b= VL THRETOAER E L.
Lk 5.0mg 2D 72 b =M UL ImLICIEMRL, 72 b= VAL THIZITOIREARK L.
277V VEZ 8. Tmg D =X/ — N 3mL ICERL, 7 b=t VL THRRZ2ITOVEARARE L.
V=3 0.67mL ZFFED ANF Y2 2.33mL B L, 7k P = P U ATHRZITVERNERE L.

7 7% FUMEIX 100mg ZFFELD 72 b=t UL ImLIZIAfRL, 7 b= MU A THERETORENAR E L.
7 7Y VX 9.5mg EFED ANFY Y 3mL AL, TR M= UATHRETVIRERAK E L.
773t YEIE 1. 1mg ZFED 72 b2 3mLIZBRL, 72 b= UVILTHRRE2ITWERERE L.

322 HEDHRESIUVEHMEALE

SFE-MVCI & & TS EIZH 2 BT TR @D, MVCI A 4 >R e IMS-T100 LP (AccuTOF) time-of-
flight (TOF) mass spectrometer (JEOL, 3 i) Z##i L THW .

ARHEARZEE LT, H2ETDIPTR & L TURLAAE, $hbH, 7 b=t VLR EIIAER LR E
Befi7 a2 — (7Y v ) KRESE, ARBHROEFEZF -7, ACQUITY Column In-Line Filter (Waters,
US) WO, A4 v F Y IV TERHOTREANCBAT 2 HEZHW:. ZoXEE, DU SFE-MVCI &
ZNCI

323 COx E&RY AT L

RIAIREE TR > R 50D L7 CO; 1, LC Packings Ultimate Micropump (Thermo Scientific, MA, US) @ 7R
Iy FIZ, 3 KDL F = FEF (Hebei, TES1-12705, Hebei, China) THERL L 7=\ v FIGHIEEHRE 2 HL D 17,
Ry TNy RER 8 CITHENLEY. BHEHZ, EXSmm D7 LI ARERY Ay RIZEET S X5
FVPTEEL, ZO7NLVI=Y LRI I OV F 2R TF 2D T, SHCZOHERIC2MDOLF =K
FEREARUENTEEL, ZOE®RPSHOEE 5mm D73 =7 ARCTHABBEERL FBLXUF v b TH
E L. A7 L2 = 2afkicix, TR CPU b — b > > 7 (upHere, Dongguan Zhishang Technology Co., Ltd.
Dongguan China) ZH( D {137z, <L F = RFADEFIE, TRD ATX EIH (KRPW-GA850W/90 +, A NE&E
M) d ATX POWER (12 V) 94 Y X WG L7z, Ry I~y FEERX, Ko7y M7V =2 2RO HHE
12 MAX6675 Cold-Junction-Compensated K-Thermocouple-to-Digital Converter (Max Integrated Inc., CA, US) %
HhiAA, D115 % DEO-nano-SoC (Terasic, ROC ,Taiwan) 2 CTatAH % Z & THIE L 7-.

324 BERIE

HEBEX, AccuTOFIZTL 7 ha X7 L —A4F 1k (BSI) 4 4 Y EZED 113, 1.0g-L! U 74 ofE
7> bV w4 (TFANa) 28 AL, EAAYE—F, BAAYE—RZRZATHEL, 159 205 1519 OHiFHIC
DWTIRITII & m/z OBIRZE 3 RZERTT7 4 v T4 ¥ 2T 5 28 TiTo 7. BEEIEF — X REHR MVCI
A F VRSB EHRZ 7.
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325 TEERRA

RETHE, LEVOBE 7 4 VX =250 SFEfIHA 4> 7 a7 > 4 UIZOWT, ZOEY—7E3D 1/2 DH#i
HNDA A Aoy M UERD, 100 hv > b 252 2{bE5YE % EE NR (lower limit of quantitation ; LLOQ)
LY.

3.2.6 [kt

e DIbEWA A T B RNAY — 7 OBERHEMRE, Ro KX mizlE, T—XS AT LY 7 NULT
QtPlatz (http://github.com/qtplatz) 5.2 Z Wy, BH&E7#REE (mass resolving power) 5000, &/MEXT5EE (minimum
RA limit) 107 285 X —& & L CEHE L2 fEE AWz,

33 BR -EX
331 RXHATFA4TAAE—RTD o-T ® SFE-MVCI MS

a-T ORFE X 3.2 iRz 10pmol - L=! @ o-T #ENAW 0.2 uL (2 pmol) % 7V v M i+ SFE-MVCI JI7E
#1To7z. Figure 3.112, x4 T 4 74 F > F— K T®D SFE-MVCIMS TfF 5477 2pmol D a-T AXRZ bLEIR
T. aT 78 b VB T (/7 429.374) DERKEEY — 27 & L TEHIX N7z, Table 3.11C Z DHIETH SN
a-T OFRINRLLOFEREL FHEEEZRST. a TOE/ 74V "y 7 =21 LT, FME X -2 ED M+,
M+2, M+3 IZXE3 2 ¥ — 2 DA v > MO, 20, 10,51, £ 5.2%, 10.0%, B £ X 22 % 1Y
L, &EonFAARkE, FHEMEICHEBE L TReEWEZ RIMRENE LN, BoN AR MU, JRHFH
o TNy 2757 RAFUYBBHEINTED, ZOBBICLP2EETIEIRVNEEZLNS. IWb%
BRI, AHT 4 TAFAYE=RTHE LY o T BNATT 7 4 — VIEEHRME e R RAFIC—B L2 8 v
25, ZORIZX, RBEICBRZRDT 4 T4 FE—RFTD a-T ARZ bLDOEFHLIIRKEL BR-TWS.

332 XATATAFVE—RTOFIY/—ILESLULEILE>D SFE-MVCI MS

Figure 3.2 IAH T 4 744 Y E— R THELN/z 700fmol D y-F VH ) —LOEERARY bMLVERT. y-A4
¥ —LDOHIEZ, 3228 ARZHET y-4F VS —iL 700fmol 2 7V v MZEBE/-5%, XHILELEY
0.13fmol ZH LW E L=, y-F V¥ —n L idvwins 7o b Uy (M-H]7) & U CEHEX

] a-T
000 - & [M-H]
] m/z 429.3748
800 —
g ’ a-T
g o0 [M-HT 1
== a
400 l 0T
] [M-H] +2

200 l

0'|||| IR N A T e PR N ||I| |

T T T T T T T T T T T T T T T T T T T T T T
429.5 430 m/z 4305 431 431.5

Figure 3.1: SFE-MVCI mass spectrum of 2 pmol of @-T in negative ion mode.
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Table 3.1: Relative abundance (RA) of a-T isotopes. Exact RA was calculated based on a mass
resolving power of 5000. The peak with RA 0.1% for the most abundant peak has been removed.

Compound | ion form m/z Counts RA (%) RA (exact)
a-T [M-H]™ 429.374 1027 + 32 100 100
[M—H]™ +1 430.377 379 +£20 37+£2 32.0

[M-H]™ +2 431.380 100 + 10 20+ 2 5.4

[M-H]™ +3 432.383 22+5 2.0+04 0.6

N7,

Figure 3.3 ICf§ 67z y-F VH ) — LD OFBER D TH B, HYRATFTIYLT 2T — b, y-FVF /) —IL A
(7ua7LV7r=ArT7zlb—1), v-AUVF /=L BRI-XFL > r7ua7LX=LT7z)ll—1), BXULtE
reroza b S ([M-H]" ) OlA 4>y 7m 77 4 LERT.

y-A V¥ =D SFEfiti 7u 7 7 A Lo =20 (CHEE) & 15.0s, FHEIENDOA F > hD > Mdh o
ATVNVT 2T —b, y-AVH =LA, BXUEBBZENZN 15459, 31274, 36458 THo7z. LA UIZ
HIE R 300 s #EER D 4 F U DBAl S AkilT, Z0%EEO SFE-MVCIMS HIE I - T v — 27 2381l X hufic
O, A& VPR INL L R B ITIIER R E L 7.

Table 32 ICH Y RAT YL T 2T —F, y-FVF /)= A, y-FVHF /=L B, ZRZADFENIKE—27D
AR M HRONEEL LR THE LN FAMAFELLZRT. Table 3.2 1R 5@ D, HETHESNLF
iR & — NFETRE  BEFR—R 2R L.

Table 3.2: Relative Abundance (RA) of y-oryzanol isotopes

Compound ion form m/z Counts RA (%) RA(exact)
Campesteryl ferulate | [M—-H]~ 575411 2148 + 46 100 100
[M-H]™ +1 576.413 971 +31 45.2 41.9

[M—-H]™ +2 577.417 278 +17 13.0 9.1

[M—H]™ +3 578420 11010 5.1 0.3

v-Oryzanol A [M-H]~ 607.266 4965 + 70 100 100
[M—-H]™ +1 608.269 2674 +52 53.9 37.2

[M—H]™ +2 609.272 1040 + 32 20.9 8.4

[M—-H]™ +3 610.274 280+ 17 5.6 0.7

v-Oryzanol B [M-H]~ 615.442 6661 + 82 100 100
[M—H]™ +1 616.445 3474 +59 52.2 45.2

[M—H]™ +2 617.448 1037 +32 15.6 10.5

[M-H]” 43 618451 268 +16 4.0 1.4

3.3.3 #EHILEYORBRBICEITZE—UBEADRE

BT 4 TATYE—RIZBWT, AL A U2 fmol, a-T50pmol, Lt/ 133pmol, VK; 400 pmol, B
XX y-F VY = 16pmol ZNRENEFNCHIEL THEON Y —27HEL, Zhoz 7Yy b ETRAL, B
BV L T—HICHE LGSOV TELN L - BEZHE L. ZhZ2soniEis» s LLOQ &K
¥ Table 3.3 1R L7z, 2O, BEVME L T—FITHIELGEDEHEARY L% Figure 3.4 1T,

Table 3.3 IR B D, (LEVMZHEINCHIE L72HE e HIRL T, BEME LT—FICHE LGS, F1A4
V19 1%, a-T1950 f%, LA ¥ 4439 f%, VK 750 %, y-A VH/ —1 663 512 LLOQ B ER L. T4
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Figure 3.2: Mass spectrum of 700 fmol y-oryzanol obtained by SFE-MVCI MS in negative ion

mode.
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Figure 3.3: Extracted ion profiles of y-oryzanol [M

Elapsed Time(s)

—H]™ (top) and reserpine [M —H]~ (bottom).
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{AvA W B4 I UK
3,000 - ;
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1 m/z 281.249 m/z 450.350
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Figure 3.4: Mass spectrum of a mixture of oleic acid (2 fmol), @-T (50 pmol), VK; (400 pmol),
v-oryzanol (16 pmol), and reserpine (133 pmol).

Db, INHDLEVHREY e UTRKFHICA LI 244 TR, WIhobEwd LLOQ K= L L
FTondZednghotz. SHOEEGHFHIETEA LA VENIDHEI A A bEN, A+ TH2 OH-
ZLtabvy, VK, y-AVF /=L EDEIBEEL, OH™ BB LD TR RV, EZILNS.

Table 3.3: Lower Limit of Quantitation (LLOQ) for various authentic samples.
A sum of intensities for peaks obtained from m/z 602.434, 615.442, and 675.411 was used as the
y-oryzanol intensity.

Compound | ion m/z LLOQ (fmol)
Individual analysis Mixture analysis
Oleic acid | [M—-H]~ 282.256 0.048 0.091
a-T [M-H]™ 430.381 4 7800
VK, M]~ 450.350 41 18200
v-Oryzanol | [M-H]™ (602.434) 1.6 1200
Reserpine | [M—-H]~ 608.273 590 39100

BRI EVDRIRHCA F obEZh 2 Z ik 24 4 Aol BSI 2 2o 4 A ALIETHIL L HISNT
BY, 20— KAREEAIEZZ e N T 7 4 =X B0 EIIERCMZ 22 THS. ZOZehb
BEEEHRIK 7 a~ 257 4 — (SFC) ZE AL, TNFNOYWE LRI HBEL TA A Y IRICEIET S X512
T52eT, BRAEARZHAEST 25504 F MboiflogEr b TtEgsEZ26M%5. SFCIX SFE & F
YIAVTHEMT DI N TE, WHORMWEICHY T2 Er 7~ 2o 7 4 — 52 —H3OBEE L
TITA 5. R 2RBEITEAT 2 £ TORUBEREZR/INCT 2 23T, it 5 E ISV 2 #EETD 2
VRIF—2a DV ATEBEAMMA B ZENTE S, I IHEERMAREOERERMHEIICED, AL —
7y PO LT TE S, SFC 3D TH 7 28BN E L, MOWRTEZ HWRHA S, SWHEREREZ HZBLT

X, —RMNICESNZE—ZEIX0.5s LLNICET %, MVCI A A VIR UL TZD &L S Bied TH WAV RIET
B —27 v L TEAXINZIGEORPIIAA D (longitudinal dispersion) IZDOWTIERHHINTE 5 S, Kig
XDHSETHLLERT S
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3.3.4 EZtOBERILSYIOEETIR

Table 3.4 I SFE-MVCIMS R 7 4 74 F Y E— R 2 HT 4 744 = RTHELLEWITOWT,
100> v B DILEMEZEE R L TURLEE. ZLDILEWT, ROT 474 F >, HEWVEITT 4
T A AT fmol 225 amol A —X—DEE NREX GO, 7R b TI /)72y, Z72FEFY, LAY
RS T 4 TAFVTEBRECREIN, 2T 4 T4 FVE—FTHREERELZDDODRBIITETH - 7.
JEAML 2 IV TH 2 aT, VK| BFHT 4 74 F v E— FCRIFREETRHINZ. £EY 74 74>
E—RTHRPRREERZL 2 DODORIFRIEETHREINTWS. I 724 VBIXUZBRBEBEBHRTHIEL VIR
DT A4 TAFVE—- R TOAMHEARETH > 7. BBIHEBIEAT T 4 744V E— FTOABHARETH -7z, %
7=, A7 7V (C18:0), F LA Yl (C18:1), V ./ —LFE (C18:2), 77 F P Uk (C20:0), BXUTIF R
i (C20:1) @ LLOQ »* 5, HEDEWID 2 b DOR—REBDEE, —EHEGZ AU X b SKE L 2
LIEMDPFED ST, HT7 =4 VERIALETIE, log P2.0 205 102 ODHHTERI 74 74 AV E—F, %
HT 4 TAFE— FTILEVDBRETE . ESI TlX, o-T, VK, y-oryzanol 72 ¥ Ml log P DK =2 tEY)
VR EE DMENMETIZ B 553, MVCI Tl log P D RZ XD D 2 BFRIEENMEF LN TE D, B CO, 12
BIREEZ D TELLEWIBETZZ2D0TIERVIEEZILNS.

Table 3.4: Lower Limit of Quantitation for various authentic samples. The log P values were
calculated using a function on the rdkit.®

Compound mass log(P) positive ion mode negative ion mode
Acetaminophen 151.063 2.0 49 fmol [M +H]* 274 fmol [M-H]~
Phenacetin 179.095 2.0 1.4 fmol [M+H]* 203 fmol [M-H]~
Caffeine 194.080 -1.0  0.077 fmol [M +H]* —
Pyrene 202.078 4.6 9.5fmol [M+H]* —

Oleic acid 282.256 6.1 - 0.048 fmol [M-H]~
Stearic acid 284.272 6.3 - 10 fmol [M-H]~
Linolic acid 280.240 5.9 - 0.20 fmol [M-H]~

Arachidic acid 312.303 7.1 - 27 fmol [M-H]™
Arachidonic acid | 304.240 6.2 - 19 fmol [M-H]~
Tetracosanoic acid | 368.365 8.7 - 17 fmol [M-H]~
a-T 430.381 8.8 63 fmol [M+H]" 4 fmol [M-H]~

VK; 450.350 9.2 406 fmol [M + H]* 41 fmol [M]~
v-Oryzanol 602.434 10.2 - 1.6 fmol [M-H]~

Reserpine 608.273 4.2 83fmol [M+H]* 8000fmol [M-H]"

3.4 #EE

RIT4TAFE—FDOUETIE, 7 73 /)72y, J2FvFYy, h 724>, LY, oT, VK, B
v ryrndhd 7ue b g Fe LTHRETE, §507z LLOQ X, Zhiei 4.9, 1.4,0.077,9.5,
63,406, B X f 8.3fmol TH - 7=.

AIHT 4 TAFE—FOUETIX, LAV, oT, y-AVH/—, L a7 e b UBiis 7 L
THHXN. LrLAadns, VKi X, 2907242 M *) e LToOAMEHEIN, 7a b Bk s 38
ENBoTz. ALAVEE, aT,y-F VY —, LAy, BXU VK IZxT 5 LLOQ &, ZAZH 0.048,
4, 1.6, 8000, 41 fmol TH - 7.
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F LA VB, a-T, VK|, y-Oryzanol, BLUL L ¥ > ZRA LHAKD SFE-MVCIMS HIETIX, Zheh
DILEVD A ERE e UTHIE LA IR, FohE’& RRIZ, #0240 1.9,1950, 449,750, B X U 66 fF
ERAL, (LEWTL o TREDEVWZID 200D, HFETIHEMITX o THAIHES A A MUHEFELTWS Z
EWREREI N, Lo T, Mildny, X DEMZEAROHEIZIE, SFCREICXI2 N EELEEZ NS,

BE 3R
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EB4E

-+ A7 xO—ILOHRETLFEALF ML T
L2 AOXTL—AFMEODBEART ML
D L8R

41 S5

H3EE TR, REAMEY 2 2 VR AR EIC O W T fmol A —&X — DO E &R, BRI
i (SFE)-HFEZE b2 A 4 b MVCD) B&HTTE MS) THOLNE Z e ERLE. ZOoDbEMEREL LT
RIGT 3MEDI ALY ZEBDRBLZ ymol - L' 2265 mmol - L™ A—&—r @B XhTwa D, oz en
5, MIEANTE I DMNETOREREREZIC X > TRARISOHEITOATWE EEZ NS, >V Ikl
WA 250 pmol - L1 DA, MlEokfEz 4pL® v e T s e, 1HMBENOIEEEFERIZ, BXZ 1fmol
YHEETZ 3. 3BIRLZ@ D, SFE-MVCIMS ZH WAL A VIBOER RE YL LT 48amol 215 THED, &
1£7C amol > 5 fmol & DEBEAENGEE (FFA) 2 ERBTX 20[EEMERH 5 Z e bh o7z, ZOETIE, ZofmtED
Kok ra~< 2757 4 — (LC) TODEENKEET, =1L 27 a2 7L —4 F 21k (BSI) TORENE SN
WA WIREOREG: LT, RAELY & I Y ollEZ#HET 5.

a-Fa7zo—L (aT)IZL MCL o TRMNAEL X IV THD, Bid BT 208N DH 2 A LA D
1oTH5. WWINARELTSBICAERT 2 6E L —HEEREE (10,) 1 & 2 Mz ¥ oot 3 2 s
2752 LT, HiBLERZ 2 o T ZHETERLTWE 20 0T 1, HYIZBWTD, 8P BNT
b, BELEHEUEMETDH Y, BRARERNIEPHIEINTE 2D, o T X log P 2 8.8 L fitE M TIKL,
MAERHED & OB ES TER WS 2, ka5 74— (LC) TORNEESWNEETH D, ESI A F >
bTd+oREERE S WD, SFE-MVCI MS &, Ml izl cd - T, MiEmRT 2 2 2l
SFE 12 & D lREMER D 2l L, MVCIMS THIERRETH 2 2 h 6, F7 a4 FIRETO o T OFHEILKIG
% SFE iR v 2 v ETHBT % invitro FIERR, ® 2 WIIEEEB O in situ TOEDOZELR Y 2RI Z
52 eMTEDZAREN R > TWS. 3EEFTIKHELLEWE, ROT 4 T4 AV E—FIZBVWTIRTS
ok FTHRHEINTWEZ s, oTd7e b Mg FoEREHFELE. LEALEDSS, aoTD
SFE-MVCI MS I DFER, m/z429.4,4304, BX 4314 0 3DAL F U pFKICE SR Zhbld, 2hE
NaToD[M-HI", M]*, BEEFM+H]"IZ—F 20, HELHDRLLMER, 2hs 3 —27 DiEEL»H|
FEHICX->TERED, EBLLHEMBICZLWERME SN2, o TOEREICHET WL, FICLC XY TLHE
BOHE MS/MS) ZHAS DR HIENEBFET 3. Fhbickiu, 7V -3 —r L TGERTZA AL
LT, [M=H]* (m/z429)'2, IM]* (m/z 430)', 2 W& M+ HI" m/z 430 e tiaThH 3. EBRICHEH L
a-T X, #HKEER 98.0% (HPLC) TH 2 H DD, MVCI 4 4 UMb TIHLEIT X - Tid amol F2E D& THish Tl
WA XV EEPELNE IS, ALK o T ICEEFNIEMEEOAMYEZRH L TOEAEEED BETE
W, MVCIMS TNz, s 3200 —20 a-TICHKTZHD0, FALNTDH 20 FIABTH - 7-.

ZDETIX, XHNCHmEF DD % o-T ® LC-ESI-MS HIE #1T\V, SFE-MVCIMS TR N2 HEARY ML
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It - METT 5. B, 5 2 BBz Direct Injection (DI)-PTR HIE %X, AFETl& SFE-MVCI ¥ £t 5 5.

4.2 RE&
421

aT, X%, 72 b=V L (LCMS ZL—F), 7 by GEHEIL—F)IE, B 710 MRS
(KB oA L.

LC-ESI-TOF IZfiW 258N @-T 12.3mg ZFHLD 7+ b= b UL 3mL IR L 72%%, 7+ =1 VYL T 100
ERMEITV, 0.1% ¥FHEE2EL T X M= N VLK 90/10 IBEWT 2 f5FH M L7=. SFE-MVCIMS IV 2
REHE @-T 12.3mg ZFFELD 7€ b ¥ 3mL 2R L 7=, 7+ b > T 1000 f5HRL 7.

422 MVCl|BEDHEE

SFE-MVCI & &7 TS EIZH 2 BT TIBRZ@ED, MVCI £ 4 R e IMS-T100 LP (AccuTOF) time-of-
flight (TOF) mass spectrometer (JEOL, ¥ 50) % #&#i L THW 7=,

4.2.3 LC-ESI-TOF MS

WikZ7 v~ 25 7%, ACQUITY UPLC H-Class PLUS (Waters, MA, US) % I\, AccuTOF 7% tZE#ERE ik
(ESI 4 4 i) THW7. # 7 413 Phenomenex Luna Omega PS C18 (1.6 pm C18 2.1 mmID, £ & 50 mm) % f#
HAL7. BEHHIZ0.1% ¥ EEL 7€ =M UILIK 1090 IBER (A) & 0.1% X 2EL 7+ h= 1V (B)
% ACQUITY RERAM%BICT, AIBS595 7A Y255 4y 27, HEO02mL -min~! THERLE. A5+ —7
YORGERFA 7, WERDEIRZ 25°C, B 7 L8EET11E 1300 psi (8.96 MPa) TH - 7=.

AccuTOF I ESI RS T 4 74 AV E—F, U—2F7REE 400V, =— FLVEE2000V, V7L XBETY,
AV 7 4 A1 EEAOV, AV 7 4 A2BFES5V IHE L.

424 BE®IF

BHEBIEX, AccuTOF 2L 7 v a2 7L —A4 4 b (BSI) £ 4 VEZED ), 1.0g-L~" MY 74 0
fJ Vw2 (TFANa) 28 AL, IEA AV E— K, BAFVE—RZAZNTHEL, 159 225 703 OHEHiPHIZD
WTHRTIRT . fm/z DBIRZ 3 RZHERT7 4 v T4 ¥ T2 TiTo 7. BEWIEF— XHlER MVCI A
FUPRICEZHLZ 7.

43 HER-ER
431 a-T ® SFE-MVCI MS | & 3 HIE

AR 72 T @ SFE /& 7’1 7 7 4 )% Figure 4.1 IZ/R3 . Figure 42 IR L7z ER2DDRARY F LI,
FHEHDREL S oT 2pmol ® SFE-MVCIMS HIEE THRONLAMRTDH 5. T ITHT 5 M+ H]" (m/z431.4),
[M]*(m/z 430.4), B X [M-H]* (m/z 429.4) s 7 7 4 —VIEE—IE T — 2 NTHMTH > 7. LrL7R
25, Figure 42 IR $ED, aTHREEZOLNS 3004 DiEEIX, oTHROFEEHREEHICE > T
RERISDOEVRE LN, A REITHROMRE, WAL T (-80°C, WEATCHRA) EMmz R, fmRL,
TRBICHEZITO 28T, BEHMEIL mz4314 BERRKBELRE X BRART PABMRLNDE Zebhro
7o DIRE, HPEWCHWS o T alkHZ, HESHICHR, T2 L. BB, TD3 4 I OMAELLNE
L9 2B, SEIZBWTHMICHE L, RRZHMECT 5.
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Figure 4.1: The extracted ion profile of a-T ([M + H]*, m/z 431.388) by SFE-MVCI MS, core-
sponding to Figure 4.2 (top).

3,000] [M+H]*
] m/z 430.377 T
2,500 .\ M+H]"
] [M-+H] Y iz 431380
" § m/z 429.374
£ 2,000 \
3 ]
© 1,500]
1,000]
5004 l
O{A.L\_A_A_LJ\J\_A_A_A_,W\_/J_AJ\_A_JUL ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
R L N R
8,000] 415 420 425 430 435 440 445 45(
» 6,000
E’ 4
= i
o
Q 4
4,000

L e e e e e LA e e e IS s s e o e e S N
415 420 425 430 435 440 445 45C

m/z

Figure 4.2: Comparison of a-T SFE-MVCI MS spectra acquired on 2021-06-14 (top) and 2021-
06-15 (bottom). Each spectrum was obtained by co-added a series of the spectrum in between 2

to 20 s on the SFE monitoring.

432 o T ®LC-ESIMS Ic&k 3HIFE

Figure 4.3 12, 50pmol a@-T ® LC-ESIMS THE 57z m/z 430381 offithi 4 A > ra~ 7 I n%2Rs. 556
N7 o THEEY—27HRDARY L% Figure 4.4 (1) 127”3, Figure 4.4 (F) &, %3 % SFE-MVCI MS
WEDEoNT: o THEAXRY bV TH 5. Figuredd (L) WRTHED, ao-TZ70~X M7 008 —-2THROHE
BARY M BIE, m/z 4304 DERKEETHE Zehbrb. £/, o-T D [M-H]' 1RGS2 m/z429.4
WCHE—IDHERTE S, mikz431412ALNBE—21X, m/z4304 O —Z7BED 26% (HimstEEIX 32%)
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THdZeho, mz4304 %€/ 74V v 28— 3230FD +1 AR EZ2DONPZYTHS. T
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Figure 4.3: The extracted ion chromatogram of a-T radical (M*®, m/z 430.381) by LC-ESI MS.
Fifty picomole of a-T (1 nL) were injected into the column. A retention time for a-T was 667.9s,
the asymmetry factor was 0.88, and the theoretical plate was 10210. Chromatographic conditions

are described in the text.
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Figure 4.4: Comparison of a-T mass spectra acquired on LC-ESI MS (top) and SFE-MVCI MS
(bottom). Top: LC-ESI MS spectrum of a-T obtained from retention time of 669.7 s on Figure 4.3.
Bottom: SFE-PTR MS spectrum of a-T obtained from the apex on the SFE profile of m/z 431.388.
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Figure 4.5: Overlay extracted ion chromatograms of a-T derived ions of [M—H]*, M™*; and pro-
tonated 5-formyl-y-tocopherol obtained from LC-ESI MS chromatogram, described in Figure 4.3.
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Rapid analysis of a-tocopherol and its
oxidation products using supercritical carbon
dioxide and proton transfer reaction
lonization mass spectrometry.

We have developed a rapid and sensitive analytical method for a-tocopherol and its oxidative products
by using supercritical fluid extraction (SFE) online supercritical fluid chromatography (SFC) with proton-
transfer-reaction (PTR) ionization mass spectrometry (MS). a-Tocopherol is a well-known antioxidant that
plays a vital role in the antioxidant defense system in a plant cell. However, the study of its mechanisms
in a cell is limited due to the lack of a rapid analytical method. It requires complex sample preparation
and long chromatography separation time. Additionally, most molecules involved are a combination of
isomers, which must be separated before applying the tandem mass spectrometry. a@-Tocopherol produces
a-tocopheroxyl radical as the first step of antioxidant action; the ion with the same mass may also be
generated in-source. Separation by SFC effectively distinguished them from their oxidative products in
the sample and produced on the fly in-source. This method enabled the measurement of a-tocopherol and
oxidative products such as a@-tocopheroxyl radical and a-tocopheryl quinone with a throughput of about 3

min per sample, including sample preparation.

5.1 Introduction

Since its development by Lindinger et al. " in the late 1990s, proton transfer reaction (PTR) mass spectrometry
(MS) has been used as a susceptible method for measuring volatile organic compounds (VOCs) in gaseous samples. It
has been used for a wide variety of applications involved in VOCs, such as volcanic gases, forest fires, the metabolite
analysis of breath, identification of microorganisms, and so forth>-®. In addition to it, we have expanded the application
area for non-volatile molecules by using a supercritical fluid as a mobile phase that effectively transports the analyte
molecules into the PTR MS 7.

Supercritical fluid extraction (SFE) is a rapid and safe method for extracting lipophilic compounds from a complex

sample matrix. Still, it can also extract polar molecules using an entrainer when applicable. It was developed by Zosel

Reprinted with permission from
C. Ota, T Hondo, Y. Miyake, H. Furutanii, M. Toyoda Mass  Spectrometry  (2022).
https://doi.org/10.5702/massspectrometry.A0108. Copyright © 2022, Mass Spectrometry Society of Japan
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in the 1970s®, and it has been applied for industrial-scale extraction of food and fine chemicals since carbon dioxide,
the most common fluid for SFE, is safe to use in foods. The supercritical fluid dissolves compounds selectively by
changing the temperature, pressure, and modifiers that can transport a range of molecules to another vessel, which is
convenient for industrial-scale extraction and analytical scale sample preparation.

Since supercritical fluid has a lower viscosity than liquid and an almost identical density to liquid, SFC has higher
separation efficiency than liquid chromatography (LC). Thus, it has also been used for the optical separation of racemic
compounds® and the steroids !’ where they are hard to optimize the separation in LC. By combining SFE and SFC,
unique applications such as bioactive lipids in aqueous solution were also reported!. In recent years, significant
advances in fluid control technology have led to new developments such as ultrafast separation by SFC >3

Plant cells have several self-defense mechanisms for antioxidation enzymatically and non-enzymatically. In par-

14100 The @-T oxidization reaction

ticular, a-tocopherol (a-T) is the well known to prevents lipid peroxidation
scheme reported by Kumar et al.'” and Tang et al.'® was summarized in Figure 5.1. The log P values indicated
in the figure were calculated using a function on the Crippen module in the RDKit!?. Kumar et al. investigated
the formation of a-tocopheroxyl radical and a-T-hydroperoxide by thylakoid membrane and rose bengal as singlet
oxygen ('0,) source. They used a combination of analytical instruments such as LC with a photodiode array (PDA)
detector, fluorescence spectroscopy, and electron paramagnetic resonance (EPR) spectrometry to detect a-tocopherol
hydroperoxide, a-T-radicals and 'O,. A key role of -T is quenching 'O, rapid enough before the fatty acids oxidize.
Tang et al. reported the detailed chemical structure of a-T oxidization products using LC-PDA detection coupled with
quadrupole time-of-flight mass spectrometry.

Although the details of the self-defense system of plant cells against 'O, by @-T are recently being determined
by combining several analytical methods, the analytical process requires complex procedures and over 30 min of a
chromatographic run. It is desired to be a more rapid and sensitive method for investigating the defense system in
individual cells. In addition, oxidation is progressing in the ambient; therefore, the sample processing needs to be
done as quickly as possible to avoid artifacts.

As we have reported, SFE-PTR MS also detects non-volatile small molecules with high sensitivity, at least up to
m/z 1000 so far tested. Adding chromatography separation to the SFE-PTR MS improves the analytical efficiency,
such as the separation of isomers and better detection sensitivity. We further evaluated our PTR flow tube prototype,
which observed about 2 s of longitudinal peak dispersion, practically applicable to the SFC, which makes a narrow
peak width in general. In this study, we have investigated a preparation-free rapid analysis of a-tocopherol (a-T) and
its oxidation products by SFE/SFC-PTR MS.

5.2 Experimental
5.2.1 Chemicals

a-T, Hexamethoxyphosphazine (P321), Hexakis (2,2-difluoroethoxy) phosphazene (P621), ethanol, acetonitrile
(LC/MS grade) were purchased from FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan. Water was
obtained from a Milli-Q Purification System (Merck, Germany). A cylinder of general grade helium and carbon
dioxide (siphon type) (Iwatani Industrial Gases Corp, Osaka, Japan) was used.

The purchased o-T was stored in the dark at —80 °C until use. Purchased a-T samples were prepared as a 10 mol-L ™!
acetonitrile solution in 1 mL total volume without further purification and used after incubation at room temperature
(25°C) in Eppendorf sample tubes for a given period as needed.

InertSustain C18 3 pm, 1.0 mm inner-diameter (i.d.)x 30 mm length (GL Science, Tokyo, Japan) (InertSustain),
and L-column3 C18 3 ym, 2.1 mmi.d.x 100 mm length (CERi, Chemicals Evaluation and Research Institute, Saitama,

Japan) (L-column3) were used for SFC separation.
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Figure 5.1: Oxidative reaction schematics of a-tocopherol described in the literature. The log P
values were calculated using a function on the Crippen module in the RDKit'”

5.2.2 Mass spectrometer

A JMS-T100 LP (AccuTOF) time-of-flight (TOF) mass spectrometer (JEOL, Tokyo, Japan) was used with
a minor modification, which altered the data acquisition system to an Acgqiris Model U5303A (3.2GS - s7!
12-bit digitizer, Geneva, Switzerland). Data acquisition was carried out using open-source software “QtPlatz”
(https://github.com/qtplatz/qtplatz) with a modified field programmable gate array (FPGA) configuration for acquiring
“peak detection” (PKD) and waveform averaging (AVG) simultaneously?”. The PKD histogram and AVG waveform
were taken from the US303A every 200 ms.

Figure 5.2 illustrates the PTR ion source block diagram, which consists of a flow tube with a corona discharge
electrode. Helium was connected to a flow tube after passing through a 250 mL volume of the solvent-reservoir bottle,
which contained ~10 mL of ultrapure water (Millipore, MA, US). The helium flow rate was set to 70 mL - min_l,
which was controlled by a mass flow controller (8500MC-0-1-2, KOFLOC Corp., Kyoto, Japan). The pressure of the
flow tube was maintained in a range of 90 to 105 Pa by an AccuTOF vacuum system. The model PS350 high voltage

power supply (Stanford Research Systems, Inc. Sunnyvale, CA, US) was used as a corona discharge power supply.

The voltage for the discharge electrode was set to —2.0kV, which resulted in 80 to 100 nA of current.

5.2.3 SFE/SFC splitless injection

Figure 5.3 shows the hydraulics of splitless injection. Liquid carbon dioxide from a cylinder was pre-cooled
to —5°C in an ethanol/dry ice bath and delivered for 0.5mL - min~' at 25MPa with an LCPackings UltiMate
Micropump (Thermo Scientific, US), then equilibrated to 40°C in an oven (Agilent 1100 Series Thermostatted
Column Compartment (Agilent, CA, US)) and connected to an SFC column of InertSustain. The outlet from the
column was connected to a PTR flow tube passed through a 20 pm i.d. X 25 mm length fused silica capillary (GL
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Figure 5.3: Hydraulics of SFE/SFC with the splitless injection.

Science, Tokyo, Japan) as a pressure restrictor.

The sample dissolved in acetonitrile was applied on the stainless steel frit, waited for the evaporate acetonitrile, and
then attached to an in-line filter (ACQUITY Column In-Line Filter (Waters, US)) and introduced into the SFC flow
by switching the valve (Rheodyne 7000, Rheodyne, USA) position.

5.2.4 SFE/SFC split injection

Figure 5.4 shows the hydraulics of SFE/SFC split injection, where SFE and SFC have independent CO, delivery
systems. In the SFE hydraulics, liquid carbon dioxide from a cylinder was pre-cooled to —5 °C in an ethanol/dry ice
bath and delivered for 200 pL/min at 25 MPa with an LCPackings UltiMate Micropump. Carbon dioxide from the
pump was equilibrated to 40 °C in an oven and then passed through Rheodyne 7000 switching valves V1 and V2, and
then went to the waste through a 20 pm i.d. X 250 mm length pressure restrictor.

In the SFC hydraulics, liquid carbon dioxide was pre-cooled to —5 °C in an ethanol/dry ice bath and delivered for
1.0mL - min~! at 30 MPa by a PU-980 pump (JASCO, Tokyo, Japan), equilibrated to 40 °C in an oven, and connected
to the separation column via valve V2. The mobile phase from the column was connected to a pressure restrictor in
the PTR flow tube. This method used either an InertSustain or an L-column3 for SFC separation. SFC hydraulics
shared V2 with the SFE hydraulics, in which the 1 nL portion of the fluid is split and introduced into the column. The
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Figure 5.4: Hydraulics of SFE/SFC with the split injection.

CO, flow rate, temperature, pressure, and timing of the split since SFE starts may affect the composition and amounts
of the sample to be injected.

All pump heads for CO, delivery were cooled to approximately 8 °C by a Peltier module (TES1-12705, Hebei,
China).

5.2.5 Mass calibration

Mass calibration was performed using sodium trifluoroacetate, an electrospray ionization (ESI) source for m/z

between 159 and 703 and third-order polynomials. The PTR ion source was then attached by altering the ESI source.

5.3 Results and Discussion
5.3.1 SFE/SFC analysis of a-T incubate

The a-T incubates for 0, 1, and 7 days of incubation at ambient temperature (=25 °C) was applied to SFE/SFC

splitless injection analysis applied each of five pmol equivalents of a-T. The obtained extracted ion chromatograms for
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Figure 5.5: Extracted ion chromatograms of a-tocopherol and suspected oxidative products
analyzed by splitless injection. A: freshly prepared sample, B: sample incubated for a day at
ambient, and C: sample incubated for seven days at ambient temperature. Each of the 5 pmol
equivalents of the a-T sample was applied on the frit. SFC condition: InertSustain C18, mobile
phase: CO; 0.5 mL/min, 25 MPa.

m/z431.388,430.381, and 429.373, which correspond to [M + H]*, [M]*, and [M—H]" of a-T respectively were shown
in Figure 5.5. An m/z 431.388 chromatogram in each of (A), (B), and (C) shows a single chromatographic peak with
the highest intensity. The relative intensity of m/z 430.381 is drastically changed as a course of the incubation period.
Although an m/z 429.373 chromatogram shows a broad peak on all three chromatograms, the retention time seems
to be moving forward, giving a shorter retention time. As shown in Table 6.1, the relative peak area for m/z 430.381
over 431.388 increased to folds of 1.45 and 2.20 for 1 and 7 days incubation, respectively. The relative peak area
of m/z 430.381 significantly changed, though no apparent chromatographic changes such as separation and retention
factor changes were obtained. Since Figure 5.1 suggested that many of the reported oxidative products may have the
m/z 430.381 and 431.388 if they are protonated, obtained chromatographic peak consists of a couple of co-elute. To
discover those molecules, better chromatography separation seems to be required.

An extraction vessel has a volume of approximately one microliter, which is small enough to make a narrow peak
bandwidth compatible with SFC. However, chromatographic peaks were obtained between three to five seconds of
peak width (Table 6.1 during the SFE process and additional molecule-specific extraction delay. Each molecule goes
into the column as a slightly separated series of bands, each of which has a few seconds of peak width. An easy and

effective method is split injection to make a narrow sample bandwidth introduced to SFC to get better peak resolution.

5.3.2 Determination of split timing

As described in the previous section, SFE extraction profiles show a peak with a few seconds of width. The best
timing for splitting an SFE flow is to find a peak apex point; however, an apex timing depends on both molecule and
SFE conditions. Therefore a compromised timing for the given sample matrix needs to be determined experimentally.
Figure 5.6 shows a series of sample injections splitting SFE flow into SFC hydraulics without a separation column.
An extracted ion profile monitored at m/z 431.388 gave the best split timing of 20 s, which offers the most intense

peak. However, a profile monitored at m/z 430.381 and 429.373 gave the most intense peak at 10 s split timing. Since
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Figure 5.6: Determination of the split timing after SFE start. Time course of peak intensity by
1 pL split injection since SFE starts without a column.

peak intensity for m/z 431.388 at 10 and 20 s has no significant difference, we determined the 10 s split timing for

further experiments.

5.3.3 Comparison of chromatograms of splitless and split injection.

Figure 5.7 shows a chromatogram of 10 pmol equivalents of a-T sample using split injection, which corresponds
to Figure 5.5 (B). An extracted ion chromatogram for m/z 431.388 shows a single peak at a retention time of 15.1 s
with a width of 2.7 s, which is half the peak width obtained compared to splitless injection. A chromatogram for m/z
430.381 gave a peak with the same retention time with m/z 431.388; however, it also shows an unresolved shoulder
peak at 11.15 s. Sample amounts applied to the frit for split injection were ten pmol, double the amounts of splitless
injection (5 pmol) chromatogram; however, obtained peak intensity on split injection was about 30-fold larger than the
peak heights on splitless injection chromatogram. It made us discover that the other ions are supposed to be oxidative
products of a-T described in the literature, such as m/z of 445.368, 463.378, and 447.383. (See Figure 5.1).

5.3.4 Separation of a-T oxidative products

Although split injection shows drastic improvement in column efficiency compared to splitless injection, extracted
ion chromatograms for m/z 429.373 and 430.381 shows an unresolved peak. The molecules that appeared on the same
m/z need to be resolved on chromatography to apply the tandem mass spectrometry technique to select a precursor ion
effectively. We have further evaluated using L-column3 C18 that has 2.1 mm i.d. with 100 mm length. Figure 5.8
shows a-T chromatograms using L-column3 with split injection applied ten pmol equivalents of @-T sample on the
SFE frit. Extracted ion chromatograms for m/z 430.381 and 431.388 for freshly prepared a-T sample are shown at the
bottom. No chromatographic peak at m/z 429.373, 447.383, or 445.368 was detected from this sample. In contrast, we
have seen several chromatographic peaks at extracted ion chromatograms for masses supposed to appear a-T oxidative
products. The peak parameter for all detected peaks was listed in Table 6.2, and the mass spectra taken at the peak
apex were illustrated in Figure 5.9.

An ion appeared at m/z 430.381, which corresponds to a-T-radical seems always shown together with protonated
a-T 1on at precisely the same retention time without exception. Therefore it might be generated during the PTR
process. However, chromatographic peaks at retention times of 40.9, 57.1, and 62.0 s on m/z 430.381 are considered

an incubation product.
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Figure 5.7: Extracted ion chromatograms of a-tocopherol and suspected oxidative products
analyzed by split injection. 10 pmol equivalents of a-T applied on the frit. The inset is scaled
on the vertical axis for visibility. SFE condition: 40 °C, 25 MPa, 200 L - min~'; SFC condition:
InertSustain C18, mobile phase: CO; 1.0 mL/min 25 MPa.

From the reaction schematics illustrated in Figure 5.1, the molecules of (B) and (C) gives m/z 430.381 if protonated.
The molecules (D) and (F) provide m/z 447.383, where we have seen two peaks at retention times of 46.5 and 56.9.
There is no evidence where those peaks correspond to (D) and (F); however, @-TQ (F) may have a shorter retention
time compared to (D) from a suggestion of logP value. For this reason, 46.5 s peak at m/z 447.383 add a label as a-TQ.

There are two significant peaks on m/z 429.373 at 57.0 and 62.0, besides 82.5 s, though we do not have any
information to assign them either (B), (C), or something else. Two peaks shown on m/z 430.381 at 57.1 and 62.0 s
may be an isotope of m/z 429.373. A peak on m/z 449.399 at 82.8 s is possibly the a-tocopherylhydroquinone; one of
the two peaks on m/z 479.373 might be (G), and one of the m/z 463.378 peaks might be 5-formyl-y-tocopherol + OH
according to Tang et al. '®.

All peaks that appear on the chromatogram of the same m/z are separated by the resolution (Rs) of 1.7 or better,
which is possible to select precursor ions for tandem mass spectrometry. We keep working on reducing an instrumental
dispersion at the PTR flow tube, which is currently about 2 s. We aim to minimize the dispersion by at least less than

1 s, where all peaks listed here will be fully resolved as of Rs > 2.0.

5.4 Conclusion

We have evaluated the SFE/SFC-PTR MS to separate a-T and its oxidative products that have a significant role
as an antioxidant defense system in a plant cell during photosynthesis. The mechanism and reaction scheme of a-T

antioxidant function have been recently investigated using multiple analytical instruments, including chromatographic
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Figure 5.8: SFE/SFC split injection chromatograms of a-tocopherol (10 pmol) and suspected
oxidative product separated on L-column3 C18 columns. Bottom plots are freshly prepared
samples; top plots are samples incubated for twenty-one days at ambient temperature. SFE
condition: 40 °C, 25 MPa, 200 L - min~'; SFC condition: L-column3 C18, mobile phase: CO;
1.0 mL/min, 30 MPa.

separation and complex sample processing. Using an SFE combined with SFC and PTR MS, it has achieved nearly
complete separation of isomers reported in the literature by less than 2 min of chromatography by simply applying
the sample on the stainless steel frit. Identifying molecules with structure determination still requires using tandem
mass spectrometry; the isomers must be separated before ionization to select precursor ions. The present study
demonstrated that the SFE/SFC split injection could efficiently separate a-T oxidative products without dedicated
sample preparation like solid phase extraction. It has achieved fast chromatography separation with high detection
sensitivity. This method has excellent potential for analyzing complex sample matrices, including cells and tissues; it

may help to detect molecules from a single cell or small amounts of tissues.
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Figure 5.9: Mass spectra at peak apex on chromatograms shown in Figure 6.8.
Table 5.1: Peaks obtained from chromatograms shown in Figure 5.5
m/z tr(S) Area Height Width(s) Area ratio fold
(A/A431)
A 622.029 | 11.20 £0.06 9.0+2.6 1.45 4.07
431.388 23.1+0.5 344+2.0 5.38 5.04 n/a n/a
430.381 23.0+04 18.8 +4.5 2.34 5.74 0.543 100.0 %
429.373 226 +1.5 12.03+0.01 1.25 6.58 0.351  100.0 %
B 622.029 12.1+£0.6 10.72 +£0.68 1.73 4.79
431.388 23.0+£0.2 58.3+26.3 9.24 5.25 n/a n/a
430.381 23.5+0.3 48.4+26.5 6.22 6.63 0.810 149.2%
429.373 22.1+0.5 18.7 + 8.6 1.60 6.71 0.319  91.0%
C 622.029 11.4+03 3.84+0.97 0.98 2.27
431.388 25.6+1.8 15.67+3.11 3.11 4.13 n/a n/a
430.381 25.8+ 1.7 18.81 £3.02 3.02 4.94 1.196  220.2 %
429.373 224+3.6 7.92+2097 0.65 2.61 0.497 141.8%
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Table 5.2: Peak parameter for peaks appeared on chromatograms shown in Figure 5.8

m/z | tr(S) Area Height Width(s) NTP Rs Asymmetry k
429.373 | 57.0 8.95 3.37 3.46 1505 — 1.1 1.22
62.0 2252 8.82 2.44 3577 1.7 1.0 1.42

82.5 2.08 0.66 229 7168 8.6 1.1 2.22

430.381 | 40.9 4.25 0.97 2.72 1255 — 2.4 0.59
57.1 3.80 1.21 327 1691 54 1.0 1.23

62.0 10.44 3.44 247 3484 1.7 1.1 1.42

82.3  63.09 16.72 340 3244 6.9 1.5 2.21

431.388 | 62.2 2.85 0.96 2.69 2955 — 0.8 1.43
82.4 103.27  29.19 3.17 3742 6.9 1.5 2.21

445.368 | 45.1 4.12 1.19 3.12 1159 — 1.1 0.76
51.0 3.03 0.84 320 1407 1.9 1.9 0.99

447.383 | 46.5 5.14 1.05 3.09 1260 — 1.4 0.81
56.9 4.99 1.43 344 1516 3.2 1.7 1.22
463.378 | 44.6 1.35 0.34 2.80 1408 — 1.4 0.74
48.6 1.27 0.43 32 1279 22 1.5 0.90
479.373 | 44.5 1.78 0.44 2.69 1511 — 1.2 0.73
49.5 1.46 0.36 2.69 1883 1.9 1.2 0.93
449.399 | 82.8 2.86 0.57 3.12 3895 — 1.2 2.23




2% Xk 42

BZ 3k

[1] Lindinger, W.; Jordan, A. Chem. Soc. Rev. 1998, 27, 347.
[2] Ninomiya, S.; Iwamoto, S.; Usmanov, D. T.; Hiraoka, K.; Yamabe, S. International Journal of Mass Spectrometry
2021, 459, 116440.
[3] Bottiroli, R.; Pedrotti, M.; Aprea, E.; Biasioli, F.; Fogliano, V.; Gasperi, F. J Mass Spectrom 2020, e4505.
[4] Bodner, M.; Morozova, K.; Kruathongsri, P.; Thakeow, P.; Scampicchio, M. Eur Food Res Technol 2019, 245,
1499-1506.
[5] Pan, Y.; Zhang, Q.; Zhou, W.; Zou, X.; Wang, H.; Huang, C.; Shen, C.; Chu, Y. J. Am. Soc. Mass Spectrom.
2017, 28, 873-879.
6] Zhan, X.; Duan, J.; Duan, Y. Mass Spectrom. Rev. 2013, 32, 143-165.
7] Hondo, T.; Ota, C.; Miyake, Y.; Furutani, H.; Toyoda, M. Anal. Chem. 2021, 93, 6589-6593.
8] Zosel, K. Angewandte Chemie International Edition in English 1978, 17, 702-709.
9] Stringham, R. W.; Blackwell, J. A. Anal. Chem. 1996, 68, 2179-2185.
[10] Parr, M. K.; Wiist, B.; Teubel, J.; Joseph, J. F. Journal of Chromatography B 2018, 1091, 67-78.
[11] Koski, I. J.; Jansson, B. A.; Markides, K. E.; Lee, M. L. Journal of Pharmaceutical and Biomedical Analysis
1991, 9, 281-290.
[12] Yamamoto, K.; Machida, K.; Kotani, A.; Hakamata, H. Chemical and Pharmaceutical Bulletin 2021, 69,
970-975.
[13] Sakai, M.; Hayakawa, Y.; Funada, Y.; Ando, T.; Fukusaki, E.; Bamba, T. Journal of Chromatography A 2019,
1592, 161-172.
[14] Yamauchi, R.; Yagi, Y.; Kato, K. Bioscience, Biotechnology, and Biochemistry 1996, 60, 616—620.
[15] Cela, J.; Tweed, J. K. S.; Sivakumaran, A.; Lee, M. R. F.; Mur, L. A. J.; Munné-Bosch, S. Plant Physiology and
Biochemistry 2018, 127, 200-210.
[16] Mottier, P.; Gremaud, E.; Guy, P. A.; Turesky, R. J. Analytical Biochemistry 2002, 301, 128-135.
[17] Kumar, A.; Prasad, A.; PospiSil, P. Sci Rep 2020, 10, 19646.
[18] Tang, C.; Tao, G.; Wang, Y.; Liu, Y.; Li, J. J. Agric. Food Chem. 2020, 68, 669-677.
[19] Wildman, S. A.; Crippen, G. M. J. Chem. Inf. Comput. Sci. 1999, 39, 868—873.
[20] Kawai, Y.; Miyake, Y.; Hondo, T.; Lehmann, J.-L.; Terada, K.; Toyoda, M. Anal. Chem. 2020, 92, 6579—6586.

[
[
[
[



43

E6E

Microscale supercritical fluid extraction
combined with supercritical fluid
chromatography and proton-transfer-reaction
ionization time-of-flight mass spectrometry
for a magnitude lower limit of quantitation of
lipophilic compounds.

The application of proton transfer ionization reaction mass spectrometry (PTR MS) combined with
microscale supercritical fluid extraction (SFE) and supercritical fluid chromatography (SFC) aiming to
quantitate single-cell fatty acid analysis levels was investigated. Using a microscale extraction vessel, the
obtained lower limits of quantitation (LLOQs) of arachidonic acid and arachidic acid were 1.2 and 2.7
fmol, respectively, by using less than 1 pLL of sample on stainless steel frit. A series of phthalate, vitamin
Ky, and a-tocopherol were also tested, and the LLOQ was less than one femtomole for phthalate and
35 and 13 fmol for vitamin K; and a-tocopherol, respectively. A microliter portion of SFE extracts was
introduced into the SFC column by split injection, improving the reproducibility of the chromatography
and separation efficiency. The method in the present study has great potential to quantitate lipophilic

molecules on the nanogram scale of a sample without complex preparation procedures.

6.1 Introduction

Morphogenesis and cell differentiation are essential phenomena in an organism. A combination of metabolic
pathways regulates these processes. A metabolic pathway is a sequence of biochemical reactions. An increase or
decrease in a key metabolite across a threshold concentration causes a pathway to go further, stop, or reverse. The chain
of these reactions regulates the cell life cycle and signaling between cells, forming cell-to-cell interaction networks.
Out-of-regulated cells may be removed from the organism, such as “programmed cell death.” The integrity of such a

cell-to-cell signaling network performing morphogenesis and homeostasis establishes the organism. Therefore, it is

Reprinted with permission from
T. Hondo, C. Ota, Y. Miyake, H. Furutani, M. Toyoda Journal of Chromatography A 1682, 463495 (2022).
https://doi.org/10.1016/j.chroma.2022.463495. Copyright © 2022, Elsevier B.V.
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crucial to understand the metabolism in a single cell and find the difference between cells and their population in a
tissue.

Notably, it is well known that free fatty acids (FFAs) play significant roles in mammalian bodies "». The arachidonic
acid cascade is a well-known pathway that controls the level of a group of prostanoids, which are involved in many
diseases, such as cancers, fever, pain, and bipolar disorders®. Additionally, it is well known that various lipid-soluble

4+7) . However,

compounds are contained in biological tissues, which are strongly involved in biological phenomena
their measurement at a single cell is not always easy due to small amounts, the presence of isomers, and complex
extraction/preparation procedures. Chen et al.”) reported that the amounts of various FFAs in a colon tumor cells
using LC/MS/MS, which was in the range of 0.02 to 2 nmol - mg~! of tissue. By assuming a weight of a single cell is
four nanograms, amounts of FFA in a single cell can be estimated in the range of 0.08 to 8 fmol. The traditional FFA
analysis methods require several steps, such as homogenizing a tissue sample, extracting organic solvents, evaporating
the organic solvents, and dissolving it into LC mobile-phase friendly solvents for LC/MS/MS analysis. Solid phase
extraction may also be applied before injecting into LC®%. The derivatization of extracted FFA samples is also used
for both GC/MS and LC/MS analysis %! since either GC/MS and use of positive ion mode in electrospray ionization
(ESI) have advanced sensitivity than ESI negative ion mode. It is necessary to use tandem mass spectrometry to
identify molecules in possible isomers, which also requires good chromatography separation to isolate isomers and
select a precursor ion appropriately. An excellent opportunity for our method is keeping low detection limits in
negative ion mode. In contrast, the sensitivity of ESI in negative ion mode is not as good as in positive ion mode.

One other example, tocopherol, is a well-known antioxidant that plays a crucial role in the antioxidant defense
system in plants; however, the study of the formation of its oxidative products is limited'>!®. Furthermore, their
measurement is difficult due to the progress of autooxidation during sample preparation.

Proton transfer reaction ionization-mass spectrometry (PTR MS) has been used to analyze real-time trace-level
volatile organic compounds; however, it also detects nonvolatile small molecules by a combination with supercritical
fluid extraction (SFE), as we have previously reported '4). Although traditional PTR-MS instruments selectively use
H;0" as reagent ion'> by use of drift tube, that makes the protonate the analyte molecule. Pan et al. '® introduces
the proton-ejection reaction mass spectrometry (PER-MS), which can switch the PTR-MS and PER-MS modes. The
ion source we have invented does not have a drift tube; thus, the equimolar of H3;0" and OH~ generated by corona
discharge reacts with the sample molecules. Therefore, the proton transfer reaction happens in both directions for
protonation/deprotonation of the analyte simultaneously. Due to no drift tube, the ion source assembly stays simple
mechanical structure and thus robust. In this method, a sample applied on frit is directly introduced into the PTR
mass spectrometer by supercritical carbon dioxide (scCO,) without any sample preparation, which is a tremendous
advantage for analyzing trace levels of lipids and fatty acids in the tissue and a cell. SFE has a significant advantage
over other preparation methods and is capable of selective extraction of lipophilic molecules from a complex sample
matrix by choosing scCO, pressure, temperature, and entrainer appropriately. Dusica Ivanov et al. |7 showed that SFE
is a well-suited and recommended sample preparation method for fatty acid analysis. As we have already reported '¥,
SFE-PTR MS is well suited to detecting lipophilic molecules with high sensitivity. However, a combination with
chromatography has not yet been studied.

The online hyphenation technique for supercritical fluid extraction (SFE) and supercritical fluid chromatography
(SFC) has been studied for approximately four decades '!?), and it is well established today. Hofstetter et al. reported
that online solid-phase SFE/SFC-MS applies to a small number of clinical samples®?. Sakai et al. reported an
SFE/SFC system integrated with a split-flow and precolumn trap method for a broad polarity range of compounds in
the presence of modifiers?!). Several review articles are largely documented for recent progress on online SFE coupling
to SFC2%* 29 An advantage of the online SFE coupling method enhancing analytical sensitivity and accuracy due

to less chance of getting contaminant for trace analysis, rapid sample extraction/preparation, and eliminating sample
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handling in advance. A couple of SFE configurations have been introduced, which can be classified into static and
dynamic extraction. The static extraction is performed in a closed vessel without fluid flow, while dynamic extraction
is performed in the fluid keep flowing. The SFE-PTR we have previously reported uses dynamic extraction, in which
the scCO; keeps flowing, and analytes containing fluids go into the PTR flow tube. A problem with this method is that
many unwanted co-extracts get into an ion source simultaneously, which may suppress ionization. A possible solution
is to add a chromatography separation step following to SFE process.

An expected benefit of hyphenating SFC following SFE is that it produces a series of compounds with a narrow
bandwidth (chromatographic peaks), preventing ionization suppression by a complex sample matrix. A narrow
chromatographic peak also improves the low detection limit. A significant concern is an SFC to PTR MS interface and
whether longitudinal dispersion remains small since scCO; (~30 MPa) blows into a relatively large space of vacuum
(100 Pa) via a narrow (20 pm ) channel, which may have a different flow velocity with an SFC. An essential advantage
of SFC over liquid chromatography (LC) is its enhanced column efficiency at a higher optimum linear velocity?>,
which means that more peaks can be separated in a short period and achieve higher sample throughput. However, a
reasonably narrow peak width is required on the chromatogram. The short response time is listed as an advantage of
PTR ionization in many literatures; however, existing applications monitor concentration changes in the gas phase,
such as volcano gas, forest fires, breath, and so forth. It is still unknown whether the response time is fast enough for
the narrow peak width of the SFC chromatogram, expecting less than a half second.

We have studied online SFE/SFC-PTR MS for chromatography peak width and the quantitative analysis capability
for authentic samples of a-tocopherol (a-T), vitamin K; (VKj), and phthalate in positive ion mode; arachidic acid,
and arachidonic acid in negative ion mode. A series of phthalate was used as the reference material for obtaining

systematic information on chromatographic peak width and retention factor for fewer retention times of peaks.

6.2 Experimental

6.2.1 Mass Spectrometer

A JMS-T100 LP (AccuTOF) time-of-flight (TOF) mass spectrometer (JEOL, Tokyo, Japan) was used with
a minor modification, which altered the data acquisition system to an Acqiris Model U5303A (3.2GS - s~!
12-bit digitizer, Geneva, Switzerland). Data acquisition was carried out using open-source software “QtPlatz”
(https://github.com/qtplatz/qtplatz) with a modified field programmable gate array (FPGA) configuration for acquiring
“peak detection” (PKD) and waveform averaging (AVG) simultaneously 26) The PKD histogram and AVG waveform
were taken from the US303A every 200 ms.

Figure 6.1 illustrates the block diagram of the PTR flow tube built in-house, which is the same as previously
reported !9, It consists of a corona discharge electrode (quartz, stainless steel), a PTR flow tube (stainless steel), and
the AccuTOF interface.

Approximately 21 mm length of 20 pm inner-diameter (ID) inactivated fused silica capillary (GL Science, Tokyo,
Japan) was used as a scCO, pressure restrictor, which holds up to 30 MPa at a liquid CO» flow rate set to 1.0 mL-min ™"
at the high-pressure end and the other end open to the PTR flow tube, which is at approximately 100 Pa. The pressure
restrictor was connected through the 1/16-inch outer diameter, 0.1 mm ID stainless steel tubing, and the capillary
end was placed to the center of the transverse plane of the PTR flow tube, with an approximately 30° angle for the
longitudinal axis.

General grade helium (Iwatani Industrial Gases Corp, Osaka, Japan) was connected to a PTR flow tube after passing
through a 250 mL volume of the solvent-reservoir bottle, which contained 10 mL of ultrapure water (Millipore, MA,
US). The helium flow rate was set to 70mL - min~!, which was controlled using a mass flow controller (MFC)
(8500MC-0-1-2, KOFLOC Corp. Kyoto, Japan). The pressure of the PTR flow tube was maintained in a range of 90
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Figure 6.1: Block diagram of the PTR flow tube and the scCO; restrictor for SFC monitoring.

to 105 Pa by an AccuTOF vacuum system. The model PS350 high voltage power supply (Stanford Research Systems,
Inc. Sunnyvale, CA, US) was used as a corona discharge power supply. The voltage for the discharge electrode was
set to —2.0kV, which resulted in 80 to 100 1A of current.

6.2.2 SFE/SFC System

Figure 6.2 illustrates the hydraulics and system schematics for SFE coupled with SFC in the split injection method.
The system consists of two independent scCO; hydraulics for SFE and SFC, and they share a 6-port 2-way switching
valve illustrated as V2, which acts as an injector.

SFE: Liquid CO; from a cylinder (Iwatani Industrial Gases Corp, Osaka, Japan) was precooled to —5 °C using an
ethanol/dry ice bath and then pressurized up to 25 MPa at 200 uL - min~! by an LC Packings UltiMate Micropump
(Thermo Scientific, MA, US). The pressurized carbon dioxide from the pump was connected to the Agilent 1100
Series Thermostatted Column Compartment (Agilent, CA, US) and through the Rheodyne 7000 switching valves V1
and V2 and then waste after 20 pm ID X 250 mm length of pressure restrictor.

SFC: Liquid CO, from a cylinder was precooled to —5 °C using an ethanol/dry ice bath and then pressurized up
to 30MPa at 1.0mL - min~! by a PU-980 pump (JASCO, Tokyo, Japan). Then, the pressurized carbon dioxide was
passed through an Agilent 1100 Series Thermostatted Column Compartment (Agilent, CA, US) and V2 and then
flowed into a separation column and PTR flow tube. InertSustain C18 3 pm, 1.0 mm ID X 30 mm length (GL Science,
Tokyo, Japan), and L-column3 C18 3 pm, 2.1 mm ID X 100 mm length (CERi, Chemicals Evaluation and Research
Institute, Japan, Saitama, Japan) were used as SFC columns.

Pump heads for CO, delivery for both SFE and SFC were cooled to approximately 8 °C by the Peltier module
(Hebei, TES1-12705, Hebei, China) prepared in-house.

An ACQUITY column in-line filter (Waters, MA, US) connected to V1 was used as the SFE vessel. A total of 0.2
to 1.0 pL of sample dissolved in acetonitrile was applied on the frit and set to a column in-line filter after waiting a few
minutes to evaporate the acetonitrile. Switching both V1 and V2 to the LOAD position, as illustrated in Fig. 6.2 (A),
will start SFE, and the supercritical fluid containing extracts will move toward the drain passing through 1 pL of the
sample loop on V2. After a given time, the V2 position is switched to INJECT, as illustrated in Fig. 6.2 (B), to start
SFC. The optimum time for V2 switching after starting SFE was determined by switching the V2 valve periodically
without the SFC column.

Figure 6.3 shows the extracted ion profile by switching the V2 position to INJECT and LOAD every five seconds,
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Figure 6.2: Hydraulics of SFE coupled with SFC with the split injection method.

A sample is applied on the frit and set in the extraction vessel while the extraction vessel is under
atmospheric pressure. Set valve V1 and V2 positions as shown in (A), in which the starting SFE
and extracts are passed by the sample loop. After a given time (10 s), the V2 valve position
switches to the INJECT position, as shown in (B), which makes 1 nLL of SFE extract into the SFC
hydraulics flow.

injecting a 1 pL portion of SFE extracts into the SFC flow every 10 seconds. Although the 20 s injection timing
(second peak) appears to have the most intense peak for a-T, all other molecules show the most intense peak at the 10 s
injection timing (the first peak). Therefore, for future experiments, we determined that the sample injection timing

was set to 10 seconds after SFE started.
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Figure 6.3: Optimization of SFE/SFC split injection timing.

6.2.3 Chemicals

Eight phthalate mixture standard solutions (each 100 j1g - mL~in hexane), which contain diethyl phthalate (DEP),
dipropyl phthalate (DPP), di-n-butyl phthalate (DBP), di-n-pentyl phthalate (DnPP), di-n-hexyl phthalate (DHP), benzyl
butyl phthalate (BBP), bis (2-ethylhexyl) phthalate (DEHP), dicyclohexyl phthalate (DCHP), a-T, and arachidic acid
(C20:0) were purchased from FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan. a-T was stored at —80 °C
until use. One hundred microliters of LC/MS grade acetonitrile were added to arachidonic acid (100 mg) and stored
at —80 °C until use. Arachidonic acid (ARA) was purchased from Tokyo Chemical Industry Co., Ltd, Tokyo, Japan.
Human pool serum was purchased from Cosmo Bio Co., Ltd, Tokyo, Japan. LC/MS grade acetonitrile and acetone
for pesticide residue and polychlorinated biphenyl tests (FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan)
were used as solvents to dissolve the chemicals described above. Water was obtained from a Milli-Q Purification
System from Millipore (MA, US).

6.2.4 Mass calibration

Mass calibration was performed using sodium trifluoroacetate, an electrospray ionization (ESI) source for m/z

between 159 and 703 and third-order polynomials. The PTR ion source was then attached by altering the ESI source.
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Figure 6.4: Extracted ion chromatograms of phthalates, VK, and a-T separated on the SFC
columns. (A) The InertSustain C18 (3 pm, 1.0 mmx30 mm) column. A total of 0.2 pg each of 8
phthalates and 2 pmols each of VK| and a-T were applied to the frit. (B) The L-column3 C18
(3 pm, 2.1 mmx100 mm) column. A total of 1 pg each of 8 phthalates and 10 pmols each of VK;
and a-T were applied to the frit. All chromatograms were extracted in the ion form of [M + H]*.

6.3 Results and Discussion
6.3.1 Chromatography peak parameters

The retention time and peak width for all peaks shown in Fig. 6.4 are listed in Tables 6.1 and 6.2, and the relationship
between the retention factor (k) and theoretical plate (N) is plotted in Fig. 6.5. The smallest retention time of extracted
ion chromatograms for ion peaks at retention times of approximately O to 8s (InertSustain C18) and O to 35s (L-
column3 C18) was used as the void time (tp). No correlation between k and N was shown for eight phthalates (k <
0.3) separated on InertSustain C18, but VK and @-T peaks, which are k > 1.0, had a positive correlation of 0.87.

The samples were injected with one microliter volume at 1 mL - min™! of flow rate, expecting to obtain about half a
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Table 6.1: Chromatographic peak parameters for extracted ion chromatograms on IntertSustain

CI8 3pum, 1.0 mmx30 mm, tg = 7.08 s)

name tg (s) width (s) k N

DEP [M + H]* 7.4+0.1 1.8 0.04 93

DPP [M + H]* 7.5+0.2 1.9 005 93

DBP [M + H]* 8.0+0.2 26 0.13 57

DnPP [M + H]* 8.0+0.1 22 013 75
DCHP [M + H]* 8.1+0.2 37 0.14 29
BBP [M + H]* 8.2+0.1 22 0.16 81

DHP [M + H]* 8.4+0.1 24 018 73
DEHP [M + H]* 8.9+0.1 25 026 75
VK; [M+H]" | 13.5+0.2 2.7 091 145

a-T [M+H]* 15.4+0.2 27 1.18 179

Table 6.2: Chromatographic peak parameters for extracted ion chromatograms on L-column3 C18

(3 m, 2.1 mmx100 mm, ty = 30.5s)

name tg (s) width (s) k N

DEP [M + H]* | 34.1+0.2 2.6 0.12 1026
DPP[M+H]* | 355+03 2.8 0.16 1021
DBP [M+H]" | 37.2+0.2 29 022 948
DnPP [M +H]* | 39.1+0.3 2.6 028 1271
BBP [M + H]* | 40.5+0.1 2.8 033 1195
DHP [M +H]* | 41.8+0.3 2.6 037 1584
DEHP [M+H]* | 45.4+0.3 2.8 049 1424
DCHP [M +H]* | 48.7+0.3 29 0.60 1631
VK; [M+H]" | 76.7+0.4 32 1.52 3232
a-T [M+H]* 87.7+0.5 36 1.87 3301

second of peak width. However, the obtained minimum peak width was approximately two seconds. The peaks should
get broadened with a course of retention time under isobaric SFC conditions. Although short retention of peaks does
not clearly correlate with width over k in general, the obtained result suggests that our ion source has two seconds of
peak dispersion, which limits an N value for the short retention time of peaks on the short column. In contrast, N for
all peaks is well correlated with k on L-column3 C18 even for the peaks of k < 0.3. The instrumental longitudinal
dispersion of 2 s for injecting a sample bandwidth of 0.06 s computed from the pump flow rate is suggested by Fig. 6.3,
which bypasses the SFC column. Therefore, any chromatographic peak narrower than 2 s broadens, which reduces
the resolution (through lower N). The peak width of VK and @-T on the InertSustain C18 column was 2.7 s, as listed
in Table 6.1, which is competitive to 2 s and shows clear correlations between k and N relationships. On the other
hand, for L-column3 C18, which has 4.3-fold larger ty value over InertSustain C18, the peak width for all peaks was
2.6 s or higher, as listed in Table 6.2; thus, better resolution (through higher N) was obtained. Due to a limitation of
our PTR flow tube assembly, we cannot address the cause of such peak dispersion, although the width of the peak was
highly dependent on the position and angle of the restrictor end in the PTR flow tube. By relocating the restrictor exit
position in the PTR flow tube, we observed the peak width change between 3.5 s and 2.0 s, where 2.0 s was the best

result thus far.
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Figure 6.5: Relationship between retention factor (k) and theoretical plate (N) on InertSustain
C18 (3pum, 1.0 mmx30 mm) and L-column3 C18 (3 pm, 2.1 mmx100 mm)

The void times (tp) for InertSustain C18 and L-column3 C18 were 7.08 and 30.5 s, respectively.
The correlation coeflicients were 0.869 and 0.984 for IntertSustain C18 and L-column3 CI18,
respectively; however, the correlation coefficient for peaks with retention times less than 10s (k <
0.4) on IntertSustain C18 was -0.115 (dashed line).
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Table 6.3: Lower limit of quantitation.

name LLOQ (fmol)
DEP [M+H]* 0.53
DPP [M+H]* 0.66
DBP [M+H]* 0.77
DnPP [M +H]* 0.68
BBP [M+H]* 0.57
DCHP [M +H]* 0.61
DHP [M+H]* 0.62
DEHP [M +H]* 0.60
a-T M + H]* 13.30
VK; M + H]* 34.50
C20:0 [M-H] 2.65
ARA [M -H]™ 1.18

The relative standard deviation (RSD) of the retention time for each molecule was 1.7 % throughout the entire
chromatographic run of this study, and the RSD for the peak area for each triplicate was between 1 and 30 %. The

authors consider that the stability of the pressure restrictor for SFE hydraulics is responsible for the peak area variance.

6.3.2 Lower limit of quantitation

Figs. 6.6 and 6.7 illustrate the calibration curves for a-T, VK, C20:0 and ARA. The calibration curves for all
compounds acquired in this study are illustrated in Supporting Information Figure S1. A linear relationship between
peak area and amounts was observed up to 5 pmol for @-T and VK, and two picomoles for C20:0 and 150 fmol for ARA
were both obtained from PKD and AVG waveforms. The previously reported method?® converted a chromatographic
peak area from the AVG waveform to corresponding area counts.

A lower limit of quantitation (LLOQ) was then estimated from the slope of the linear regression line as an amount
that gives 100 counts. A list of the obtained LLOQs is shown in Table 6.3. The LLOQ on the SFE-PTR, a direct
injection from SFE to PTR MS as previously reported for a-T and VK (positive ion mode), C20:0, and ARA (negative
ion mode) was 63, 406, 27, and 19 fmol, respectively. Using online SFE/SFC in the present study, LLOQ for a-T,
VK, C20:0, and ARA listed in Table 6.3 decreased 4.7, 12, 10, and 16-fold compared to the previous method. 14)

Gachet et al.” reported that the LLOQ for ARA was 6250 fmol on a column by using LC/MS/MS. Chen et al.”
reported an LC/MS/MS method for FFA quantitation in clinical samples. The reported LLOQs for C20:0 and C20:4
were 0.059 and 0.037 png - mL~!, respectively, which corresponds to approximately 1900 to 1200 fmol per sample
injected (10 pL) into the HPLC. They also quantitated FFAs in colon tumor tissue (using 21-27 mg) in the 0.01 to
0.5nmol - mg~! range. Assuming a cell is one microgram, it corresponds to 10 to 500 fmol per cell, which is in the
quantitative range of the method described in this study (SFE/SFC-PTR MS). We used a frit as a sample holder and

an in-line column filter as an SFE vessel, which is well fit for holding a single cell and tissues.

6.3.3 Quantitative dynamic range

Calibration curves for -T, VK, C20:0, and ARA on IntertSustain C18 column are shown in Fig. 6.6 and 6.7. All
calibration curves are also drawn in Supporting Information Figure S1. The upper limit of the linear response range

for the IntertSustain C18 column was up to 500 pg (=1.6 pmol) for phthalates, 5 pmol for @-T and VK;, 2 pmol for
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Figure 6.6: Calibration curves for a-T (top) and VK (bottom). SFC separation was carried out
on the InertSustain C18 column. The closed circle indicates a peak area (counts) from the PKD

waveform, and the closed square indicates a peak area from the AVG waveform, normalized as

counts.
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Figure 6.8: Peak areas for extracted ARA [M—H]~ chromatograms for ARA added human pool
serum.

ARA amounts of zero, 13.2, and 132 fmol were added to the human pool serum. SFC separation
was carried out on L-column3 C18 column. The square root of y? for the linear regression line
was 1049. The calculated ARA amount in the 0.1 pL human pool serum was estimated as 76 fmol,
which is 0.76 pmol - L~! in human pool serum.

C20:0, and 0.17 pmol for ARA.

6.3.4 FFA analysis of human pool serum

ARA amount in the human pool serum was evaluated using standard sample additions. One microliter of ten
times diluted human pool serum by acetonitrile was applied on the frit after being filtered by 0.2 pm filter. The
SFC separation was carried out using L-column3 C18. The obtained peak areas were plotted in Figure 6.8, and
the concentration of ARA in human pool serum was estimated as 0.76 pmol - L=!. The major FFAs simultaneously

detected were summarized in Table 6.4.

6.4 Conclusion

By using a split injection, a sample in scCO, by independent SFE hydraulics was introduced into SFC. Using a
sub nanoliter (0.2 to 1.0 nL) sample, the LLOQs obtained were 0.5 to 0.8 fmol for phthalates, 1.18, 2.65, 13.3 and
34.5 fmol for ARA, C20:0, @-T and VK|, respectively. The minimum chromatographic peak width was 1.8 s, although
approximately 2 s of instrumental dispersion was observed in the PTR flow tube. By using a 1.0mm ID X 30 mm
length column, separation can be performed in 30 s, but the peak width for less than 10 s of retention time seems to

be thresholded by instrumental dispersion. In contrast, the 2.1 mm ID X 100 mm length column shows a reasonable



% 6 3 Microscale SFE Combined SFC and PTR Ionization 56

Table 6.4: FFAs found in 0.1 pLL of human pool serum by SFE/SFC-PTR MS. (RSD n=3 for ARA
to exclude standard added samples, otherwise n=8.))

name | retention time (s) Area (counts) RSD(%) Ratio
(n=6) Area/Areapgra
C12:0 50.3+0.5 9797 8.5% 3.7
C14:0 56.1 £ 0.5 21924 9.9% 8.2
Cleé:1 59.0+0.6 28424 8.8% 10.6
C20:5 63.1 £0.6 1219 10.7% 0.5
C16:0 63.2+0.8 78 596 10.4% 29.4
C18:2 63.3+0.8 23361 12.2% 8.8
ARA 64.9 +0.8 2669 14.8% (1.0)
C18:1 66.7 + 0.7 51856 2.3% 194
C22:6 67.6 £ 0.6 923 16.4% 0.3
C20:2 71.3+0.6 1735 8.0% 0.6
C18:0 72.0+0.9 46 191 9.9% 17.3
C22:4 729+ 1.0 397 15.0% 0.1
C20:1 75.8 +0.8 3035 5.7% 1.1
C20:0 82.4+0.9 2716 7.1% 1.0
C22:1 86.9+1.0 932 10.6% 0.3
C24:0 108.7+ 1.4 1963 45.9% 0.7

retention factor (k) and theoretical plate (N) relationship within a 2 min separation time, where all peak widths were
larger than 2 s. The obtained LLOQ values with reported FFA amounts in the tissue suggest that the present method
may be applicable to quantitate FFAs in a single cell. To improve the separation efficiency for achieving a short
separation time, better sensitivity, and peak area reproducibility, an engineering design of the PTR flow tube and a

split injection system will be investigated.
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Attempts to detect lipid metabolites from a
single cell using proton-transfer-reaction
mass spectrometry coupled with micro-scale
supercritical fluid extraction: A preliminary
study.

Proton-transfer-reaction (PTR) mass spectrometry (MS), a widely used method for detecting trace-levels
of volatile organic compounds in gaseous samples, can also be used for the analysis of small non-volatile
molecules by using supercritical fluid as a transporter for the molecules. Supercritical fluid extraction
(SFE) is a method that permits lipophilic compounds to be rapidly and selectively extracted from complex
matrices. The combination of the high sensitivity of PTR MS with the SFE is a potentially novel method
for analyzing small molecules in a single cell, particularly for the analysis of lipophilic compounds. We
preliminarily evaluated this method for analyzing the components of a single HeLa cell that is fixed on the
stainless steel frit and is then directly introduces the SFE extracts into the PTR MS. A total of 200/90 ions
were observed in positive/negative ion mode time-of-flight mass spectra, and the masses of 11/10ions could
be matched to chemical formulae obtained from the LipidMaps lipids structure database. Using various
authentic lipophilic samples, the method could be used to detect free fatty acids in the sub-femtomole to
femtomole order in the negative ion mode, the femtomole to sub-picomole order for fat-soluble vitamins,

and the picomole order for poly aromatic hydrocarbons in both the positive and negative ion mode.

7.1 Introduction

Immortalized cells such as HeLLa, HepG2, and Huh-7 cells have been widely used by researchers in the molecular
biological sciences !® because they are essentially identical cells that never change. The use of such cells has
contributed to the study of tumor tissue formation at the molecular level. Because the enzymes and their substrates
that are involved in the regulation of metabolic pathways for growing or suppressing tumors are present at trace levels,

a collection of identical cells has long been essential for studies in this area. Pathological tumor tissue, however, is

Reprinted with permission from
T. Hondo, C. Ota, K. Nakatani, Y. Miyake, H. Furutani, T. Bamba, M. Toyoda Mass Spectrometry 2022, 11 (1), A0112.
https://doi.org/10.5702/massspectrometry.A0112 Copyright © 2022, Mass Spectrometry Society of Japan



% 7% Single Cell Metaboliate Analysis 59

comprised of a heterogeneous collection of cells. Because of this,, understanding the metabolism in a single cell
and identifying the difference between cells and their population and cell-to-cell signaling systems is a crucial issue.
Various lipid-soluble compounds, especially free fatty acids (FFAs), play significant roles in mammalian bodies and

9-14) " However, their

are involved in many diseases or disorders, such as cancers, fever, pain, and bipolar disorders
measurement in a single cell is not always easy due to the small amounts of these substances, the presence of isomers,
and the complex sample preparation procedures.

Microscale supercritical fluid extraction is a potential candidate for preparing samples for the analysis of lipophilic
molecules in a formed/structured entity such as a cell. The method permits the selective extraction of lipophilic
compounds from a complex sample matrix by controlling the temperature and pressure with an entrainer, when
necessary. Ivanov et al.'> reported that SFE is a well-suited and recommended method for preparing samples for
fatty acid analysis. Proton-transfer-reaction (PTR) ionization-mass spectrometry (MS) is a method that is well-suited
for detecting molecules in a supercritical fluid without the need for sophisticated instrumentation'®). In this method,
a sample is applied on a stainless steel frit that is directly introduced into a PTR mass spectrometer by supercritical
carbon dioxide (scCO,) without further sample preparation. The PTR MS that we designed, essentially involves water
positive/negative ion chemical ionization and has advanced detection sensitivity for both positive and negative ions,

which are produced simultaneously ). It is tremendously advantageous for detecting FFAs with a high sensitivity and

appears to show a better sensitivity in the negative ion mode.

7.2 Experimental

7.2.1 Apparatus

He ——
4 e— g
-—

Lq. CO, | l| | 1

delivery pump Vacuum pumps
/ Pressure-restrictor

2 7 20 pm ID x 50 mm
) 2-way
switching-valve
In-line filter (frit)

)
)

Ethanol/dry ice
bath (-5°C)
CO, Cylinder

Figure 7.1: Block diagram of SFE-PTR MS

The apparatus used in this study was the same as previously reported '® as the “Direct injection” (DI) method. The
set up consists of a JMS-T100 LP (AccuTOF) time-of-flight (TOF) mass spectrometer (JEOL, Tokyo, Japan) with a
altered data acquisition system using the Acqiris Model US303 A with QtPlatz (https://github.com/qtplatz/qtplatz) open
source software. The data acquisition system simultaneously enables “peak detection” (PKD) and waveform averaging
(AVG) 819 Figure 7.1 illustrates a block diagram of the apparatus, which consists of an in-house constructed PTR

flow tube, an SFE interface, and an AccuTOF interface. Liquid CO; from a cylinder (Iwatani Industrial Gases Corp,
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Osaka, Japan) was precooled to —5 °C using an ethanol/dry ice bath and then pressurized up to 25 MPa at a rate of
500 pL./min by an LC Packings UltiMate Micropump (Thermo Scientific, MA, US). The pressurized carbon dioxide
from the pump was connected to the Agilent 1100 Series Thermostatted Column Compartment (Agilent, CA, US) and
a Rheodyne 7000 switching valve was connected through a microscale extraction vessel.

An inactivated fused silica capillary (GL Science, Tokyo, Japan) approximately 50 mm in length with a 20 pm inner-
diameter (ID) inactivated fused silica capillary (GL Science, Tokyo, Japan) was used as a scCO, pressure restrictor,
which holds up to 30 MPa at a liquid CO, flow rate set at 0.5 mL/min at the high-pressure end with the other end
open to the PTR flow tube, which is at approximately 100 Pa.

General grade helium (Iwatani Industrial Gases Corp, Osaka, Japan) was connected to a flow tube after passing
through a 250 mL volume of the solvent-reservoir bottle containing 10 mL of ultrapure water (Millipore, MA, US). The
helium flow rate was set to 70 mL - min~!, which was controlled using a mass flow controller (MFC) (8500MC-0-1-2,
KOFLOC Corp. Kyoto, Japan). The pressure of the flow tube was maintained in a range of 90 to 105 Pa by an
AccuTOF vacuum system. The model PS350 high voltage power supply (Stanford Research Systems, Inc. Sunnyvale,
CA, US) was used as a corona discharge power supply. The voltage for the discharge electrode was set to —2.0kV,
which resulted in 80 to 100 pA of current.

The pump head for CO, delivery was cooled to approximately 8 °C by the Peltier module (Hebei, TES1-12705,
Hebei, China) prepared in-house.

An ACQUITY column in-line filter (Waters, MA, US) connected to a 2-way switching valve was used as the SFE

vessel.

7.2.2 Chemicals

Hexamethoxyphosphazine (P321), Hexakis (2,2-Difluoroethoxy) phosphazene (P621), tetracosenoic acid, caffeine,
pyrene, reserpine, oleic acid, vitamin K;, and y-oryzanol were purchased from FUJIFILM Wako Pure Chemicals
Corporation, Osaka, Japan. Methanol, acetonitrile (LC/MS grade), and reagent-grade acetone (FUJIFILM Wako Pure
Chemicals Corporation, Osaka, Japan) were used as a solvent for the above chemicals. Water was obtained from a
Milli-Q Purification System (Merck, Germany). Cylinders of general grade helium and carbon dioxide (siphon type)

(Iwatani Industrial Gases Corp, Osaka, Japan) were used in this study.

7.2.3 Mass calibration

Mass calibration was performed using sodium trifluoroacetate, an electrospray ionization (ESI) source for m/z

between 159 and 703 using third-order polynomials. The PTR ion source was then attached by altering the ESI source.

7.2.4 Hela cell sample preparation

HeLa cells were prepared as described in a previous report?”. The cells (American Type Culture Collection)
were cultured in 10 cm diameter dishes containing 10 mL of Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10 % (v/v) fetal bovine serum (FBS, Thermo Fisher
Scientific, Inc.) and 1 % (v/v) Penicillin—Streptomycin Solution (Thermo Fisher Scientific, Inc.) as antibiotics.
Cultivation dishes were incubated in a water-jacketed CO, incubator (WCI-165; ASTEC Co., Fukuoka, Japan) under
an atmosphere of 5% CO, at 37 °C. When the cells reached 80% confluence, the medium in each dish was changed 1
h before cell sampling. The cultivated HeLa cells in 10 cm dishes were harvested at an 80% confluency by treatment
with a Trypsin—EDTA solution for 3 min at 37 °C. After counting cell numbers using a cell counter (Moxi Z; ASONE
Co., Osaka, Japan), the Trypsin—-EDTA-treated HeLa cells were collected in a 15-mL tube by centrifugation with a
swing type rotor at 250xg for 1 min at 20 °C. The resulting cell pellets were washed four times with 10mL PBS. The
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PBS aliquot was then added to the cell pellets, and 1 x 10~ cells - mL~"! cell suspension was prepared. Single HeLa
cells were aspirated from the suspension in the fused-silica capillary (100 pm ID., 360 pnm OD., 75 mm length). After
microscopic confirmation of a single HeLa cell, the isolated cell was ejected on the frit and then dried.

Another batch of HeLa cell pellets was prepared with the same protocol described above. After adding 1 mL of
methanol to the HeLa cell pellets, the samples were vigorously mixed by vortexing for 1 min, followed by sonication
for 5 min. After centrifugation for 5 min at 16 000xg and 4 °C, 700 pL of the supernatant was transferred to a 2 mL
Eppendorf tube. A portion of the supernatant was appropriately diluted with methanol to make 100 cells - pL.=!, and

this was used as a methanol-extract of a cell.

7.2.5 SFE-PTR MS Analysis procedure

A portion of the lock-mass reference sample was applied to the frit that holds a single HeLa cell, asdescribed above.
After the acetonitrile had evaporated, the frit was set to the Acquity In-Line filter and the SFE was started by changing
the 2-way valve position. SFE-PTR MS spectra were acquired using simultaneous PKD and AVG waveforms for
intervals of 0.15 s, and were stored as a function of time. An extracted ion profile of an ion should show a bell-shaped
curve (broad peak), which can be found by the peak detection algorithm. In contrast, the ion peaks derived from
reagent ions and the intensity of the common instrumental background ions are maintained at the beginning and then
decrease when the sample-derived ions begin to arrive. By using a chromatographic peak detection algorithm, the
ions that show peak-like shapes were highlighted in magenta?!, indicating that the magenta color-coded ions appear to
be derived from the SFE sample. The color-coded HeLa cell spectrum was then compared with the spectrum obtained
when the HeLa cell was not on the frit, which contains the PBS buffer and the lock-mass reference sample. The ion
peaks that were common to both the HeLa cell spectrum and no HeLa cell spectrum within £5 mDa are highlighted in

gray. All the magenta color-coded ion peaks were then compared with the structures listed in the LipidMaps database.

7.3 Results and Discussion
7.3.1 Detection capability for authentic samples

We preliminarily tested the detection capability and sensitivity of the method using authentic samples. A list of
compounds and the amounts needed to give an intensity (counts) of 100 are listed in Table 7.1. Each compound
purchased from the supplier described in the Experimental section was dissolved in acetonitrile, and appropriately
diluted samples were applied to the frit. After waiting a few minutes for the acetonitrile to evaporate, the frit was
placed in the In-Line column filter, SFE was started so as to monitor the series of mass spectra as a function of time.
Figure 7.2 illustrates the SFE profile for arachidonic acid as a typical cell component. The extracted ion profile of
SFE for each ion was calculated, and the peak area was then obtained as the sum of ion counts within the half-height
width region of the given extracted ion profile. The limit of quantitation was then calculated as the amount needed
to produce 100 ion counts!?, which were calculated from the slope of the sample amount vs. the number of ion
counts for at least 2 or more different amounts of sample. The quantitative error for 100 counts is 10% (square root
of 100), assuming that the counting result closely follows a Poisson distribution. The repeatability of the counts
was approximately 50% of the relative standard deviation (RSD) due to the SFE pressure restrictor that occasionally
became unstable. Nevertheless, the method showed an excellent detection sensitivity at the femtomole order for most

of the medium to long-chain FFAs in the negative ion mode that were tested.
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Figure 7.2: Extracted ion profiles of SFE-PTR MS for 66 fmol (red) and 132 fmol (blue) of

arachidonic acid in negative ion mode.

Table 7.1: Detection capabilities for various authentic samples

Compound mass positive ion mode negative ion mode
Acetaminophen 151.063 4.9 fmol M +H]* 274fmol [M -H]™
Phenacetin 179.095 1.4 fmol [M+H]* 203fmol [M —-H]~
Caffeine 194.080 | 0.077 fmol M +H]* -
Pyrene 202.078 9.5 fmol [M+H]* -

Oleic acid 282.256 0.048fmol [M -H]~
Stearic acid 284.272 10fmol [M —-H]~
Linolic acid 280.240 0.20fmol [M -H]~

Arachidic acid 312.303 27fmol [M -H]~
Arachidonic acid 304.240 19fmol [M -H]™
Tetracosanoic acid | 368.365 17fmol [M -H]~
a-Tocopherol 430.381 63 fmol [M+H]* 4fmol [M -H]~
Vitamine K; 450.350 406 fmol [M +H]* 41 fmol [M]~
v-Oryzanol 602.434 1.6fmol [M -H]™
Reserpine 608.273 8.3 fmol [M+H]* 8000fmol [M —H]~
Ivermectin (B1,) | 874.508 2.3fmol [M + NH4]" -

7.3.2 Hela cell sample analysis

A total of 20 fmol of P321, P621 (positive ion mode), or 10 pmol tetracosenoic acid (negative ion mode) acetonitrile

solution was added to the frit as the mass reference, which holds a single HeL.a cell. After waiting a few minutes for the

acetonitrile to evaporate, the frit was placed into the Acquity In-Line filter, and the ”2-way switching valve” position

was then switched to start the SFE. Three cells for each of the positive and negative ion modes were measured.

Figures 7.3 and 7.4 are the co-added SFE-PTR mass spectra for a single HeLa cell SFE (top). The steps to obtain

these spectra and the definition of the color code are described in section 7.2.5. The bottom spectra on both figures

are the spectra for mass reference samples (P321, P621, or tetracosenoic acid) under the same conditions with the
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Figure 7.3: Positive ion mode SFE-PTR mass spectrum of a cell on the frit (top). SFE-PTR
spectrum of lock mass references sample (bottom)
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Figure 7.4: Negative ion mode SFE-PTR mass spectrum of a cell on the frit (top). SFE-PTR

spectrum of lock mass reference sample (bottom) SFE-DI-PTR spectrum of lock mass reference
sample (bottom)

single HeLa cell sample analysis as the blank spectra. All mass peaks on the spectra obtained from the HeLa cell
were grayed out if the corresponding masses (+5 mDa width) are also shown in the reference spectrum at the bottom

of each figure. All the extracted ion profiles for the masses on the HeLa cell spectra were then evaluated.

7.3.3 Methanol extracted Hela cell sample analysis

Figures 7.5 and 7.6 are the co-added SFE-PTR mass spectra for 20 HeLa cell equivalent amounts of a methanol-
extracted cell (top), and their background spectra in the bottom. Color codes are the same as for previous spectra.
A total of 200 (91) and 50 (4) ions were observed from the SFE of a single HeLa cell and methanol extracts in the
positive (negative) ion mode. Figure 7.7 shows a comparison of the observed ions obtained from the SFE directory

from a single HeLa cell and the methanol-extracted cell. Table 2 shows a list of matched ions that appear in both
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Figure 7.5: Positive ion mode SFE-PTR mass spectrum of 0.2 nLL (20 cells equivalent) of the
methanol-extract of a cell (top). SFE-PTR mass spectrum of lock mass reference sample (bottom)
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Figure 7.6: Negative ion mode SFE-PTR mass spectrum of a methanol-extract equivalent to 20
cells (top). SFE-PTR spectrum of lock mass reference sample (bottom)

Table 7.2: List of ions observed in both SFE of a single HeLa cell and the methanol-extracted cell

MeOH extracts SFE of single cell om (mDa)
positive ion mode

m/z  intensity m/z  intensity
526.422 18011 | 526.425 4440 -2.75
negative ion mode

m/z  intensity m/z  intensity
171.137 4602.5 | 171.139 31818 -1.87
269.242 5924 | 269.245 40638 -2.82




% 7% Single Cell Metaboliate Analysis 65

80000 -
60000 - Positive ion mode
S 40000 | SFE-PTR spectrum of single HeLa cell
<
= 20000 A
D
Ej _ [ .“ i}hl II il 1l ' ] l* L i.“.n..... v bbb
% 0 ‘ I~ II‘H|‘| Il |}|| W [ “I' ||||||
2 —20000 -
—40000 - SFE-PTR spectrum of MeOH extracts
— 60000 . . . . . . . . .
100 200 300 400 500 600 700 800 900 1000
m/z
80000 |
60000 - Negative ion mode
/:-? 40000 - SFE-PTR spectrum of single HeLa cell
S
2 20000 -
é-' 0 i | |I ||| lllll.ll. IR LI
g I
~ 20000 + SFE-PTR spectrum of MeOH extracts
— 40000

100 200 300 400 500 600 700 800 900 1000

m/z

Figure 7.7: Comparison of direct SFE from a cell and methanol extracts (20 cells equivalent).
Spectra were plotted for the selected ion peaks where it does not appear on the lock-mass reference
spectrum in addition to the removal of background ions.

extraction methods. It is unlikely that most ions observed in SFE from a single HeLa cell were not present in the
methanol-extracted cell. Recently, lipidomics researchers, Horing et al.>? reported that the extraction efficiency of
lipids varies greatly depending on the polarity of the solvent being used. The present results suggest an extraction bias
for lipids between intact cells and their methanol extracts. We currently do not have sufficient evidence for whether
the detected ions originate from a cell or are contaminants from the environment, such as plasticizers from the vials
used in the experiments.

One of the advantages of PTR ionization combined with SFE without a modifier is that it produces simple ions, such
as protonated and deprotonated ions, with an occasional loss of water or hydrogen. Unlike liquid chromatography
with electrospray ionization (ESI), no complex adducts, such as sodium, ammonium, acetonitrile, etc., are produced.
Therefore, the list of all possible ion formulae for a list of lipid structures can easily be synthesized in silico. A list of

structure data (LMSD Database) obtained from https://www.lipidmaps.org/ was used after desalting and substituting
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Table 7.3: Assigned peaks for positive ion mode obtained from the SFE of a single HeLa cell
A number followed by a ’+’ sign represents the additional number of structures that match the
formula listed in LipidMaps database.

m/z (error (0o mDa)) Abundance RSD Formula +isomers  Exact m/z
221.102 (£1.2) 2135 19% CoH 605 M + H]* 221.102
263.236 (£2.7) 39475 41% CigH300O M + H]* +1 263.237
282.279 (£0.4) 248297 14 % CgH3sNO M + H]* +1 282.279
296.258 (+1.1) 169561 91 % C3H33NO, M + H]* +1 296.258
297.084 (£3.0) 1418 33 % C5H,BrO M + H]* +1 297.085
298.273 (£2.6) 130455 99 % C13H35NO, M + H]* +1 298.274
300.063 (£2.7) 407 1% Ci6H 1206 [M]* +63 300.063
593.575 (£2.1) 31613 39% C33H75NO3 [M]* +2 593.574
613.176 (£2.9) 621 13% Cy7H3,016 M + H]* +3 613.176
890.612 (£1.8) 709 10% C47HggNO |, P M + H]* +1 890.612

1000.766 (+£0.4) 22547 73 % Cs6H195NO13 M + H]* +2  1000.766
P321 4255 14 % Ce¢H gN3O6P3 M + H]* - 322.048
P621 2868 38% CioHijgF12N3OgP3 [M + H]* - 622.029

isotope-specified atoms by using KNIME 4.6.1 with RDKit Node. The normalized structure data was saved as an
SDF file, which contains 39883 unique structures for masses 1200. A list of possible ions was generated by adding a
combination of formulae + H*, —e, and —OH~ for positive ions, —H*, +e, and + OH~ for negative ions. The ions
matched within a standard deviation of 3 mDa errors (n=3) are listed in Tables 7.3 and 7.4. Eleven ions in the positive
ion mode could be assigned to chemical formulae as listed in Table 7.3. Most of the assigned ions do not match
uniquely to the structure, even limited to LipidMaps listed structures. The ion assigned to m/z 282.279 ([C;gH35NO +
H]") is possibly a protonated oleamide, which is a common background derived from laboratory ware?®; however,
the corresponding SFE profile was not found in the reference spectrum and, therefore, it remains listed. A total of 10
ions in the negative ion mode were assigned to a formula as listed in Table 4. One of the ions that appeared at m/z
303.233 matches FFA C20:4, the protonated form of CpoH3,0,, off by -0.16 mDa. Its formula matches 41 molecular
structures (isomers) listed in the database, thus, whether it is a single molecule or multiple co-eluting molecules is
unknown. The number of counts for each sample run in triplicate experiments was 22589, 1352, and 2568 for m/z
303.233 ion, which roughly corresponds to 3.8 pmol, 230 fmol, and 440 fmol of arachidonic acid. The repeatability of
the present study was around 10 to 76% RSD for the other ions but the ions for m/z 299.202, 301.217, and 303.233 are
specifically large (123-135%). Although it is too early to evaluate the quantitative results in this preliminary study, it
still holds the potential to permit the cell-to-cell variance to be determined, which cannot be discovered by the analysis
of a whole cell homogenate. Even though the SFE is capable of selective extraction from the sample matrix, many
compounds are simultaneously co-eluted and enter the analyzer, which may suppress ionization. Adding supercritical
fluid chromatography (SFC) following the SFE may improve detection sensitivity and the accuracy of identification
of molecules. Several configurations of online SFE coupled with SFC have been reported in the past four decades
and have been shown to have a tremendous advantage in terms of enhancing analytical sensitivity and accuracy due
to the fact that there is less chance of producing contaminants, rapid sample preparation, and the fact that no sample
handling before SFE is needed. To establish an SFC-PTR MS interface, a study of peak dispersion in the PTR flow

tube is mandatory '7->%,
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Table 7.4: Assigned peaks for negative ion mode obtained from the SFE of a single HeLa cell
A number followed by a ’+’ sign represents the additional number of structures that match the
formula listed in the LipidMaps database.

m/z (error (- mDa)) Abundance RSD Formula +isomers  Exact m/z
171.139 (+0.3) 52787  51% CioH20O, [M -H]~ +1 171.139
194.994 (+£2.0) 1561 76 % CoHgOS, [M -H]~ +1 194.994
239.201 (x1.4) 6906  52% CisHpsO, [M —H]™ +1 239.202
294.183 (x1.5) 3139 15 % C17H2604 [M]~ 294.184
299.201 (x2.2) 20520 123 % CyoHp30, [M —H]™ +1 299.202
301.217 (x£0.7) 19337 135% CyoH300, [M —-H]- +1 301.217
303.233 (x0.5) 8836 135% CyoH3,0, [M -H]™ +42 303.233
381.374 (x£1.6) 279 9 Y% CysH500, [M —-H]™ +8 381.374
425.340 (x1.1) 1659  20% Cy7H43N30 [M]~ 425.341
455.390 (£1.6) 1110 54 % C31H50, [M -H]~ +1 455.389

Tetracosenoic acid 10299 40 %o CosHyOr [M —-H]™ - 455.389

7.4 Conclusions

We report on an evaluation of SFE-PTR MS for analyzing small lipophilic molecules contained in a single HeLa
cell. About 200/90 ions were the observed in positive/negative ion mode mass spectra. In contrast, fewer ions were
observed from methanol extracts of HelLa cells, and most of the ions observed in both SFE and methanol extracts
did not match, although we have not yet addressed those differences. The ions of 11/10 (positive/negative) match the
chemical formula obtained from the lipids database, which contains 39883 unique structures. Each of the assigned
ions has a range of about 1000 to 60 000 ion counts, which demonstrates that the method described here has great
potential for detecting small molecules in a single cell. Adding SFC separation following the SFE would be expected to
improve molecular identification performance since SFC has a high column efficiency. Although, more improvement
in the instrumentation for an SFC-PTR ion source is needed to allow for a narrow peak to be visualized in the SFC
chromatogram, which is typically less than 0.5 s.

Furthermore, the process used in this study does not fully resolve the issue of false positive results by unidentified
contaminants derived from laboratory ware used in the sample processing. The present method shows, however, the

potential of the method for use in the analysis of metabolites from a single-cell.
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#aem (General Discussion and Conclusions)

8.1 &8

& i S A Y (supercritical fluid extraction; SFE) /@RS iA 2 o< ~ 7' F 7 1+ — (supercritical fluid
chromatography; SFC) ¥, HHEZE{t A + >t (medium vacuum chemical ionization; MVCI) B & 77 #7i% (mass
spectrometry; MS) Z#lAEOE 28 L WEERERENEEZHARE L, TAICOWTHE Z{To7%. MVCI &4
NI 2 DA A MK, # 100Pa DANK L 7z He FHKTHEIE 2 Z e TAHL 28831 4 >~ (H;0", OH™)
W EoTakklz 7a b 7, d20iEH7Ta >y Fe LTERSN 21T LA A U LETHE. 20
A F ALEDORHIE, SFCEEMHE LTd o d—KINCHWS S CO, B4 4 b8 3, B E SKE K
HARER Z 2 TH 5.

ARRERR A TR B IIRR & 2R BT U BEE S 2. k72, MBRAN O MmITHER IR OEEICTR S 22D
Db, LhrLiEds, BEANZWI, FEEVSMETH 2 2, MmO HAER COEE» S, B
EHNEEZAES 2 Z e PR CTH -7z, 207D, MIABEORREREDEWVIE, RNAEREPOLHEEZINT
Z7-. SFE &, > offEZRR I MM, BEMBU I DFEERICET 2 ZelEshTws. $7,
SFC 135 7 2R E L, BUEEREERETHBRETH 2. X512, @EFFIRIARIEE TR E D E Tl e
THERFIREED £ $MHZELR < 100Pa icEE L, HEERIFESHKE N, MR LIFEA A bTEZE
Ao,

KM TIE, ZOOHEE, PEZLA F 1L (medium vacuum chemical ionization; MVCI) ¥ § 3. {HL,
—B, FTTIMER I N AR OWTIE “PTRMS” iR L TW 3.

8.2 AFVIENDHHEATEDIR

SFE/SFC ¥ MVCIMS ZfA B bELAFEL, HiflBRNZ s, EO X5 RILEWHIHERIGETH 5
, Fh, YOXSBAREAGENEYITH 20, BREKOWT 2E TR 2175 7.

B, HERRIZ X&) —LoAFH VR EOMWRIHER L, T2 HPLCHA Y = 72—V 7% H
WGBSR Ficya—4 v 27> a v (FI) & LTEEEEA T % FI-PTR (FI-MVCI) IZDWTHEET L 7=.
XiZ, HPLC FiA4 ¥ 54 ¥ 7 4 V& —1Zidklz 0¥, AREEZHERE ISR, 714 12— Loidfl% SFE 1T X
b 4 F > JFIZE AT % Direct Injection (DI)-PTR (DI-MVCI) IZOWTHKET L 7=, ZD#EHE, DI-MVCI % iz
H7 x4 YDOHEETESNA A AT Y FIZ, 12941 counts - fmol ™! |, E& NI (LLOQ) 8 amol 235 5,
FI-MVCI (2R THY 800 FHEWIRII RIRZGE 53 Z e b o7z, TORFEEAIC X ZEEDE VYL LTHEX
55 UL, FI-MVCI Tid, 1pL OBRAESHIENRT T eI A U RICEASIN I HTH 5. dRHE A
Huooh 2 GHIBIE, 7724 Y OBHER»S5ME T2, R 1uL-s7! eiESHh, Bohzt—2iEE
1.8s ThHhotz. Tibb, 1pL OBEBIAMMNENY Z MY 72 X —%ERT 28, FOERIAIER 1T 44 9% 2
WETZeHEINS. ZOGREOEHRAEDOTFHICLD, A LoEREENIZMIC EFE L, EBRTHW
72 40°C X TRENV R MY 7 X —NICEEEERET, RS T O MG R HEZZZZEADBRDWT &7z
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CEDEREEZOND. Wi, ARIBEIGREA AV ZHBET 224 A MUEFEIEZ ML, 7
o b EMEDK K DIEROAF Y D2V AETORESEEOERD D o722 6, HIITEMAERIC K
LA T OMEBOREIC X Z2BREHR L IIEZTVARWL. ZORIZK, FR, VATV 7 X—8%Z2EEEDR
FEICE L, AW ERIBHOETIEE XD & E R T2 EBREENER S NIUIIAMEICR 2D TRV rEE
Z5.

8.3 SFE-MVCI MS D& HRFR

SFE-MVCIMS ZHWi=xH T 4 74 A T, #BEAERIEE (FFA) 122\ T 48 amol 2> 5 27 fmol £ W5
ERFMREZERTEZS I ZHL2ITL. ZHUE, XHIITIIRES AT W2 FFA E& MRICHAR IHHEWETH
5. ¥/, 7N TI /T2y, JxFERFY, a-raTvzua—), EXIVK, y-AUF /-, BXULE
ILEZDOWTZENER, 274,203, 4, 41, 1.6, 800 fmol DEE RRHE 51 7-.

RKIOT4 TAF BT, 727372y, JxFkFy, 724V, LY, @-+a7za—), ¥
23Ky, BXUOLEALENZOWTENEN, 4.9,1.4,0.077,9.5, 63, 406, B X f 8.3 fmol DE R FEDTE S
nz.

7Y NTI) T2y, JxFkFy, a-bavzu—), ELEAIVK,,BIXOLEAEYE, RIT4 T4 F
Y, AHT 4 TAF TN AIRET H - 7=,

8.4 aTAFNMERISKRUEDECERYIDETL

AT TNV OHE BRI B WT, Hifdo BOkfEcEEREEL RT3 TS o TIZOWTHAZ v~< b
2757 4— (LO)-L 27 +r X 7L —4 %k (ESI) MS ¥ SFE-MVCI MS THLN-HEEARY L DHE %
fTo7z. ZOETIX, ESI & MVCI O£ % 4 4 MLIETHEARY MERHE LI EZITo 72, 2 OFEHE, ESI
DS, RAEERX T 7NV DF 4 M) Tholze. Tz, RIS [M-H]* (m/z429.4), 725 NZ 5-f-y-T
PN, WINDFE—EEREICAHRIRDO LN e s, TUoDA F 1%, o-T O EBSIERETERL
l2eEZHN5. MVCIMS 12X % oTHIEDHE, v b ForRKEEE LTELON, FIDLHF
F 2 (M**, m/z 430.4) bHERXN=H, ESI LB 7D, 5fyTIZED oL h o7,

a-T ® MVCI MS HIiE DFERG LN Z A 4 U HOEELE, FARZROERE FESPHMICL > TRKELIE(T S
CEHHIEAL. ZOHEBD 1 21X, o T BREREICK > T3ESHL B3 2, BXUZORLOE
FEDEHETRR & 7RIV Y (B 2T 2 e REREEZLNS.

58T oT & Z DMt % SFE/SFC-MVCI MS % HWER LA B FIE 2 AT REIC § 2 FIRIC O W TRz,
a-T 3 E L 2 SH SN PRILERZ D OWETH 5753, IS TRV 4 4 fbxhicd L, »2LC
THEDNEERCEMTH 2. o T X 2RO EKICFIFERNRIETH 2 26, WhW SEEEE
IR A T = X LB NS 2 e AR, o T B —HIEBEPLIENES ALY YD LS RRIGEITS
PIIEZEMCEREES 2 e BDBETH S, LrLENS, LAY D o T HELIERIC X 2 48T R
HIRTHY, KGR, AR ok ra~ 275 7 4 —TO Y — 2 578 (resolution) 233K & 541
% . ARWFZETHW 7 split injection (2 & % SFE/SFC-MVCIMS T, iK% 7V v MR 120s O HIE KRR
T, SHEEHDOBAERYNCONWTHRERE (Rs) 1.1 LEZEN T2 e TE.

8.5 SFE/SFC-MVCI MS D33

6% Tl SFE-MVCIMS 2778 h 5 A% EA LTz 8 & DY — ZESPHEFREEICOWTHE 217V, ERFRIC
DVWTHARTz, AE 2.1 mmx EX 100mm O 7 L2%EHWS Z 2T, aTIZOWTHRRRR 87.7s, RFEHRE
1.87, FHEHEEER 3300 Z3ER L=, £-E8 FBRIZ 7 XU 0.5 225 0.8fmol, 75 F F VEEAH 1.18 fmol, «-T
7 13.3fmol, VK, 73 34.5fmol TH o 7. Wihd, SFC M\ SFE-MVCIMS THIE L725GE1Chkr, B
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X Z—HHRWERE FR2E ST,

SFE/SFC split injection % F\ 7z 7 Z LT 2 7 )V DIRFFHREL (k) 12003 2 BIEREBE O FE 72 5T OF5 R, MVCI
A FVHRNET, BEZE25sDY—2ZDIERD EECTVWS Z L ZREBT 2HEENE 5N, SFCIEh T L5=K
DEL, POTHENEERTDHLZeh D, U—2IR0.5s LUFOMIBSERENERENS. 2D/, SFC TD
IANICHT 2720121, SORI2URPBETHS.

8.6 IrUIItIIFHADAAGENE

7 BETIEFERRIZ, SFE-MVCI MS % H W T HeLa H—#fifg2 & O lEEREHY O H @ Al gEEIC O W TN 7.
SFE-MVCIMS Tl, RIT 4 TAAYE—FRT2004 A, xHT 4 74 FEF—RKTOIl 44> =HMEHER
DT LTHRIHTE .

ARWFFE 2 U TR A RIEEPINCDWT MVCLIZ X 2 4 A Y BANER, WENRSTFMIIHLT, Bo5h
2A4F 20, BT 4 744> IM+H]IY, [M-H+H]", [M-H,0+HI*, %451 744> [M-H]*, [M+
H-H]*, [M+OH]” DWINDLTH o7z, ZDFERICHEIWT, LipidMaps LMSD 7 — & X — ZIZEFR XL TV
ALEYIH, B 1200 IR 45932 #EIC LT, AIREMEDH % 4 4 > A% insilico G L, HeLa #ifdh 515
SAFAF D miz B UTRER, ROT 4 TAF Y 1B, 2HT 4 74 F > 10 2OV TR Z R E
TEIENTEL. L2LAEDYS, IZETNTOMBUCH L THEBOREERS Y A b XhTE D, o FREIIE
FEoTWARW., FFREEZITIICE, SFC 2 bW RMEARTHE e REFTRIZ VI3V X L2 0HH S 2 751%, 725
PR T LEBNEEZHHT 2R EPRETDH .

8.7 #E

AP CIIHEEESR LR E & MVCI AR DLEZH L WEESIEIC O W THmE T /2. AT CrER
L 7z SFE/SFC-MVCI MS %\ % Z & THEFEEERY)MY O E RIS RBYIETH % o-T, MIEEICTF
ELEERKE 2O S F NUBRYZHIE T2 Z e BN TE . $7- HeLa Hi—flldh 5 8Z L oKy HLE
VP TE, ZOSBRIT 4 TAF Y « 2 HT 4 TAFVEDET21 £ A 2 OWTHREARZ S IS
BIEMTER. ZOXSIBER_BEILKEL MVCIL 2HAEDE 2 28T, BMCERMNDET O 7208
DEREEL, A ZL—TFy MUCEBRTE 3 [fErH 2 E X 3.
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BB

ARELEAESCH =D, KT RY) 72 2 ETEHE F U2 KBRCKR ARG EH SRR 7 + 7 7 v > Mg
VX —DBHIERERZ, FRRBEE, REBEHEL, BIEEERY / R—yay - TIERE Y Z—0hnig
BHEIRTEFESB#H N LE T, £, RIRRFZRZEGHEZEAERIE 7 + 7 7 v >~ Mgt > 2 —FHEF5E
BTh2=20AELICE, HBESNMEEBOEE)? S JHE, BISHEE, KRKPERAGEZEHIARNE 7 + 7
7ay Mt Y X —DOEANIEBIE, WRBHX AIIZEEOREE IV S, EOE#WLET.

FUNKEEAEAR B IR 2 G2 b B B R S 7 AP A TV Rtk v X — D B EBEHZ, hafiRFEMirEEIC
\% HeLa M@ % 1MW 272 %, RSB L X3,

RV K22 222 iy T2 B S 2 80, FREFMBUCIIMEDRRE L KA E 2 W& T L. HL
BN LET. BEOMIN—TDN 4, KEmd FILFHREDS 4121%, WIS T 5 2 2721 Tk DMK
F AR E DL o TWEEEE L., LOrOEIEH L, EL<HELRL EFET.

202342 A 15H
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Table of octanol-water partion coefficieent
and dissociation constant

pKa
Compound mass log P acidic basic data source
Acetaminophen 151.063 2.0 946  -44 ChemAxon http://www.t3db.ca/toxins/T3D2571
Phenacetin 179.095 20 1498 42 ibid
Caffeine 194.080 -1.0 - -0.92 ibid.
Pyrene 202.078 4.6 - — ibid.
Oleic acid 282.256 6.1 4.99 - ibid.
Stearic acid 284.272 6.3 4.95 — ibid.
Linolic acid 280.240 5.9 4.99 — ibid.
Arachidic acid 312.303 7.1 -
Arachidonic acid | 304.240 6.2 4.82 —  https://go.drugbank.com/drugs/DB04557
Tetracosenoic acid | 368.365 8.7 -
a-T 430.381 8.8 10.8 -4.9  ChemAxon http://www.t3db.ca/toxins/T3D2571
VK, 450.350 9.2 -
v-Oryzanol 602.434 10.2 -
Reserpine 608.273 42 16.29 7.39 https://go.drugbank.com/drugs/DB04557
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Table of acquired (raw) data id used in this

thesis.

Figure number acquisition date run#

2-3 2020-12-18 0010 PTR_130bar_Caffine_RF=200_0010

2-4 2021-02-25 0010 sfe_pos_caffeine_5fmol_0010

2-5 2021-10-29 0002 oleic_acid_7fmol_0002

3-1 2021-06-30 0010 toco_neg_0010

3-2 2021-02-19 0007 sfe_neg_oryzanol_400pg_0007

3-3 2021-02-19 0007 ibid.

34 2021-06-30 0015 tocooleVKreseoryza_neg_0015

4-1 2021-06-14 0010 Tocopherol_2pmol_0010

4-2 2021-06-14 0010 Tocopherol_2pmol_0010
2021-06-15 0008 Tocopherol_2pmol_pos_0008

4-3 2021-07-15 0006 UPLC95_50uM_1luL_toco_0006

4-5 2021-07-15 0006 UPLC95_50uM_1luL_toco_0006

5-5 2022-04-15 0014 SFEDISFCGLC18-1,0mL-a-T_2pmol-0415_0014
2022-04-15 0007 SFEDISFCGLC18-1,0mL-a-T_2pmol-0414_0007
2022-04-15 0008 SFEDISFCGLC18-1,0mL-a-T_2pmol-0404_0008

5-6 2022-05-20 0002 *-1,0mL_pos_vkl+toco+pthalate_x100_1uL_0002

5-7 2022-05-26 0027 *_1,0mL_pos_pthalate-x100_toco,VK-10uM-1,0ulL_0027

5-8 2022-08-18 0024 SFE20s10uLSFC_pos_10uM_aT-08-18_1ulL_0024
2022-08-18 0030 SFE20s1QuLSFC_pos_10uM_aT-07-28_1uL_0030

5-9 2022-08-18 0024 SFE20s1QuLSFC_pos_10ulM_aT-08-18_1uL_0024
2022-08-18 0030 SFE20s10uLSFC_pos_10uM_aT-07-28_1uL_0030

6-3 2022-05-26 0007 *pos_pthalate-x100_toco,VK-10uM-0,2ulL_0007

6-4 2022-05-26 0046 *pos_pthalate-x100_toco,VK-10uM-1,0uL-70sccm_0046

7-2 2021-11-25 2003,2010 Arachidonic_66fmol_neg_2003

7-3 2021-10-15 0005,0004

7-4 2021-10-15 0008,0001

7-5 2021-10-15 0013,0004

7-6 2021-10-15 0012,0001




Table of acquired (raw) data id used in this thesis.
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