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Abstract

In this work, we optimize parameters and conditions for analysis of fatty acid ester and acylglycerol lipids by atmospheric pressu
photoionization-mass spectrometry (APPI-MS). The investigated parameters include atmospheric pressure chemical ionization (APCI) ne
lizer/vaporizer physical orientation and APPI lamp face position, solvent selections, mobile phase compositions and flow rates, cone voltages
probe temperatures. APPI sensitivity is found to be highly dependent on mobile phase compositions. Normal phase solvents offer much hic
sensitivity and better peak shape than reversed phase for nonpolar lipids. Hexane and isooctane are found to be two solvents generating highe
for eicosapentaenoic acid (EPA) methyl ester. The effects of mobile phase flow rates on sensitivity are found to be target analytes and target
specific. However, the flow rate changes do not significantly affect the sensitivity of three out of four tested analytes under normal phase conditi
over tested flow rates of 50-5pQ/min. Cone voltage is found to be one of key parameters affecting sensitivity. Optimum probe temperature is
found to be more dependent on mobile phase compositions than on the specific target analytes. Aqueous reversed-phase mobile phase re
higher probe temperature than normal phase for better sensitivity. More volatile mobile phase solvents require lower probe temperature for anc
desolvation. APPI offers four to five decades of linear ranges under normal phase condition. Full scan mass spectra of individual lipid standa
custom lipid mixtures and natural fish oil show that APPI spectra are clean and very easy to interpret. APPI also gives stable, reproducible p
responses with good peak shape. Limits of detection (LODs) by FIA (S/N = 3) are estimated to be 12 pg for EPA methyl ester and monoarachi
19 pg for diarachidin and 7 pg for trielaidin. LODs on-column are estimated to be 94 pg for EPA methyl ester, 90 pg for monoarachidin ar
diarachidin and 24 pg for trielaidin.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Atmospheric pressure photoionization; APPI; Mass spectrometry; Lipids; Fatty acids; Acylglycerols; Triacylglycerols; Fish oil

1. Introduction (GC/FID). These methods require complete chromatographic
separation for target analyte identification. None of these meth-
Lipids comprise a family of biomolecules that play prominentods provides chemical structure information. GC methods also
roles in many critical metabolic and biochemical processes suctequire derivatization for analysis of non-volatile and thermak
as energy production and storage, the formation and functioninigbile lipids. a3
of cellular membranes, signal transduction, and steroidgenesis. Lipidomicsis alarge scale analysis of non-water-soluble lipig
These diverse ranges of molecules include waxes, fatty acidsjolecules and metabolites. The detection of these biologically
fatty-acid derived phospholipids, sphingolipids, glycolipids andactive compounds requires sensitive and specific techniquesto
terpenoids, such as retinoids and steroids. Routine lipid analytdescribe the detailed biochemical events that take place within-a
cal methods utilize instruments such as high performance liquidell because these lipids are complex and usually present at very
chromatography with UV detector (HPLC/UV) and evaporativelow concentrations. It is preferable to analyze these compounds
light scattering detector (HPLC/ELSD), silver ion HPLC/ELSD intact. The major technologies used for analysis of non-volatile
or UV, and gas chromatography with flame ionization detectotipids are liquid chromatography coupled with mass spectromr
etry (LC/MS). Electrospray ionization (ESI) and atmospherie.
pressure chemical ionization (APCI) are two popular ionizatiog
* Corresponding author. Tel.: +1 714 258 4400x22; fax: +1 714 258 4404. techniques used in LC/MS for qualitative and quantitative analy:
E-mail address: jsyage@syagen.com (J.A. Syage). sis of these lipid§l-10,42—44,46,47Based on their ionization ss

0021-9673/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2006.01.050
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mechanisms, ESI is more suitable for ionization of polar and

ionic compounds and is capable of ionizing both small and largecH,cH,(CH=CHCH,).CH,CH,-C-OCH, GH,OH

biomolecules. APCl canionize less polarand neutral compounds  gpa Methyl Ester, MW = 316 GH-OH

more efficiently than ESI. However, ionization of nonpolar com- CH0-G-(CH,),5-CH,
o}

pounds can sometimes be difficult by ESI and APCI.
. Atmospherif: pressure photoioqization (APPI) is a ne\{vly CH3CH2(CH:CHCH2)6CH2-(E-OH
introduced ionization technique which extends the range of ion-
izable compound$11-13] APPI can ionize both polar and
nonp_olar sma_tll molecules simultane_ously with high sensitivity. oh GH,0-G-GH,(GH,),CH=CH(CH,),CH,
This is especially true when appropriate non-aqueous reversec‘ : 0 0

phase mobile phase or normal phase solvent systems are USECH-0-C-(CH,),-CH, CHO-C-CH,(CH,),CH=CH(CH,),CH,
APPI has been gaining its polularity mainly due to its ability to CH,20-C-(CH,) -CH,
ionize those compounds which are poorly ionized or cannot be 0

ionized by APCI and ESI. APPI has been reported to analyze Diarachidin, MW = 680 Trielaidin, MW = 884
such chemicals as drug discovery compounds, pharmaceauticals
and metabolites, peptides, polyaromatic hydrocarbons, steroids,
mycotoxin, perflurochemicals, microbial respiratory quinines
aldehyde and ketones, pesticides and antibi¢tids32]

In our previous work[33], we compared the quantitative
accuracy and sensitivity of analyzing lipids by APPI, APCI
and ESI. The target analytes included free fatty acids, fatt
acid esters, acylglycerols (monoacylglycerol, diacylglycerol an
triacylglycerol) and natural fish oil containing unknown triacyl-

Monoarachidin, MW = 386

DHA, MW = 328

H,0-C-CH,(CH,),CH=CH(CH,),-CH,

Fig. 1. Chemical structure of lipid target analytes.

'2.2. Custom lipid mixture and natural fish oil samples 109

Three lipid samples were provided by Ocean Nutritiono
fanada. Sample ONC-3 is a custom mix of free fatty acids
ontaining EPA, docosahexaenoic acid (DHAg. 1), C18:1,
18:0 and C16:0. Sample ONC-2 is a custom mix of fatty acids
in ethyl ester form containing major components of EPA and

glycerols. Our results indicated that APPI offered four to five . . o
. . : HA. Sample ONC-1 is natural fish oil with an unknown acylus
decades of linear dynamic range. APPI was approximately Mé)lycerol mixture with MW ranging from-700 to 1100. .

to four times more sensitive than APCI and much more sen=
sitive than ESI when mobile phase did not contain a modifier.

ESlI sensitivity could be dramatically enhanced by using mobilg-3- Instruments u
phase modifier or additive (i.e., 10 mM ammonium formate). i ] ]
However, these lipid ammonium adduct responses were either Waters Micromass ZQ LC-MS (Waters Corporation, Milfordys

nonlinear (i.e., monoarachidin) or had very narrow linear rangeA, USA) was used for this work. The instrument is equipped
(i.e., diarachidin and trielaidin). Furthermore, APPI offered the?Vith APPI (Syagen Technology, Inc), APCI and ESI with thes

most stable signal responses among the three ionization sourc@t@ processing software Masslynx v4.0. 121
tested. In this paper, we describe the optimization of operating
parameters and conditions for lipid analysis by APPI and dis2-4. Preparation of standards 122

cuss how major parameters (i.e., mobile phase compositions and . o
flow rates, and desolvation temperatures) interact and how they Ten thousand micrograms per milliliter (ppm) of EPA methyiks

affect the sensitivity of APPI. ester stock solution was prepared in hexane. Five thousand
micrograms per milliliter of monoarachidin, diarachidin anes

2. Experimental trielaidin stock solutions were prepared in chloroform. Workings
solutions were prepared from these stock solutions using caf-

2.1. Chemicals responding mobile phases as solvents. For evaluation of linear

dynamic ranges, the linearity standards were prepared with the

Methyl ester of eicosapentaenoic acid (EPA methyl esterised mobile phase by a series dilution method. For EPA methyl
C20:5, MW=316) was purchased from Nu-Chek Prep,ester, the following concentrations were prepared: 100, 50, 25,
Inc. (Elysian, MN, USA). Monoarachidin (monoacylglyc- 12.5, 6.25, 3.13, 1.56, 0.781, 0.391, 0.195 and 0.097¥Ing/ 1z
erol, C20:0, MW =386), diarachidin (diacylglycerol, C20:0, (Ppm). For acylglycerols, the following concentrations were pres

MW =680) and trielaidin (triacylglycerol, C18:1, MW =884) pared: 500, 250, 125, 62.5, 31.3, 15.6, 7.81, 3.91, 1.95, 0.9%7,

were all purchased from AccuStandard, Inc. (NeW Haven, CTQ.488, 0.244, 0.122, 0.0610, 0.0305, 0.0153, 0.00763, 0.00382

USA). All individual lipid standards are 0£99% purity.n-  and 0.00191ngiL. 16
Hexane (95+%) and isooctane (99.7%), HPLC grade, were pur-
chased from Alfa Aesar (Ward Hill, MA, USA). Isopropyl alco- 3. Results and discussion 137
hol (IPA), residue grade, was purchased from EM Science (Gibb-
stown, NJ, USA). Ammonium formate (99.995+%) and sodium3.1. Instrument tuning 138

acetate (99%) were purchased from Aldrich Chemicals Co., Inc.
(Milwaukee, WI, USA). The chemical structures of EPA methyl  For instrument tuning, 10 ngLL EPA methyl ester in hexane 13
ester and acylglycerol analytes are presentdeldnl was infused into the source by a syringe pump at a flow rate.@f
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100pL/min. A general set of parameters (i.e., repeller=0.5 kV;The second major ion of diarachidin coincides with the majos
APCI probe =450C; cone =25V, desolvation gas =400 L/h; ion of monoarachidin. Trielaidin gives a major ionmfz 603 17
extracto=3V; RF lens=0.2V, source =15@) was used to ([M+H — 282]") and a second major ion aflz 885 (M +H]*). 1
optimize the physical orientation of the APCI probe (shared byThe neutral moiety of 282 corresponds to the monounsaturated
APPI) and the position of the APPI lamp face. The protonatedatty acid G7H33COOH (C18:1). The APPI spectra are cleams
molecule n/z 317) of EPA methyl ester was used for tuning and easy tointerpret. In contrastto the complex ESl lipids spectra
on the Masslynx tune page. For maximum sensitivity, the APCreported in our previous wor83], no cluster, dimer or adduct i
probe nebulizer is tilted toward the cone face as close as po#ns are observed in these APPI generated spectra. This implies
sible but far enough to minimize the nebulized mobile phasehat APPI is an ionization source which is more selective and
spraying directly on the cone face. The APPI lamp face shouldess susceptible to the effects of matrix due to less competitien
be set as close to the APCI probe as possible but sufficiently fdor charge or proton. This in turn translates to lower backgrourd
away to avoid electrical arcing between the repeller (mountedoise intensity than that of ESI. Full scan analyses were also
around the lamp face) and the metal wall of the APCI probe. Agerformed in APPI negative-ion scan mode, but no major ions
a general rule of thumb, the optimum vertical distance from thavere observed. 184
center of the APPI lamp face to the closest point of the APCI
probe wall is about 2 mm. After setup of the APCI probe and3.3. Selection of mobile phase 185
the lamp face position, other parameters were further adjusted
on the tune page. Since long chain fatty acids and acylglycerols have limitee
solubility in agueous reversed-phase mobile phase solvent sys-
3.2. Full scan analysis tems, we mainly focused on the use of normal phase solvents:fer
analysis of these hydrophobic target analytes. We also noticesin
Ten microliters of 10ng/L of EPA methyl ester and the literature that LC separations of many lipid$—46]are usu- s
31.3 ng{rL of each acylglycerol standard were analyzed in APPlally achieved under normal phase or nonaqueous reversed-phase
positive-ion full scan mode. The full scan spectra first presentedonditions. One of the major factors affecting APPI sensitivity.
in a previous worl{33] in comparison to APCI and ESI, are is the solvent composition of the mobile phase used. By using
shown inFig. 2 for reference. EPA methyl ester gives a baseEPA methyl ester as a model compound, we tested some can-
peak of a protonated moleculgz 317. Monoarachidin gives a monly used normal phase solvents available in our laboratosy.
major ion ofm/z 369, which corresponds to [M +H H>0]*, Fig. 3a—c, respectively, show the peak area response, baseline
a protonated molecule with loss of water. Diarachidin gives anoise intensity and signalto noise (S/N) ratio of EPA methyl ester
major ion ofm/z 663 ([M + H— H,0O]*) and a second major ion versus the corresponding used mobile phase. A few solventssor
of m/z 369 [M+H— 312]". The neutral moiety of mass 312 their mixtures (i.e., hexane/chloroform, isooctane, hexane/IP4,
corresponds to the saturated fatty acigt@zoCOOH (C20:0).  dichloromethane, hexane and IPA) offer comparable high peak

[M+H]*
317.3 3.36e6
100 9.44e - .
5 100 1 o [M+H-H,0O]
EPA Methyl Ester Diarachidin 663.7
% ] g [M+H-312]* 664.7
1 285.3  [3184
1 161.0
267.3
0 “"I‘"‘I""I""\'”l‘l"“\""l"“\"“I”"\m-"z m/z
150 200 250 300 350 400 200 300 400 500 600 700 800
[M+H-H,0]* [M+H-282]*
100 369.4 o 8.70e6 100~ 603.5 2.98e6
1 Monoarachidin 1 Trielaidin
i | 04.5
% % |
| 370.4 ]
11632 [M+H}
|/387-4 ] r 056 885.8
1 b e Mz 3 e e e Mz
200 300 400 500 600 700 800 200 400 600 800 1000

Fig. 2. APPI full scan mass spectra of lipids. MW: EPA methyl ester = 316, monoarachidin = 386, diarachidin = 680, trielaidin = 884. Injection afs OO BE,
acylglycerols =312.5 ng each. Cone: EPA =30V, acylglycerols =25 V. Mobile phase: EPA methyl ester = hexane, acylglycerols =1:1 isooctane/IPA.
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Fig. 3. Effects of mobile phase on (a) peak area, (b) baseline intensity, and (c) S/N ratio of EPA methyd/e8tEr). Injection amount=100ng (10 pd/ x 10uL),
mobile phase flow rate = 1Q0L/min, cone voltage = 25V, probe temperature = 460

area responses for EPA methyl estéig( 3a). However, their  3.4. Effect of mobile phase flow rate 224
S/N ratios Fig. 3c) are extremely different due to their sig-
nificantly different background noise intensitlyig. 3). One The effects of mobile phase flow rates on the sensitivity af

extreme example is the 1:1 hexane/chloroform mixture as #arget analytes were examined by injecting 5 or 1Quhgsf an 2
mobile phase, which generated the highest peak area for EHAdividual standard at the same injection volume ofilOeach 2
methyl esterfig. 3a), but it gives almost the lowest S/N ratio over a flow rate range of 50-5@@/min. The major ions of 2z
among all the solvent systems testéay( 3c). By comparison, target analytes were acquired to record peak area intensities.0r
isooctane and hexane are identified to be two solvents whickasy relative comparison and graphing purpose, the peak aeeas
generate relatively high peak intensities and the lowest backwere converted to % peak area using the maximum peak area
ground noise, which in turn translates to the highest S/N ratiointensity of a particular analyte as a base peak value. The % peak
It appears that isooctane and hexane exhibit similar behavior @sea versus mobile phase flow rate plots are presentéd.id. s
normal phase solvent components except that isooctane giv@$e results show that the effects of mobile phase flow rate an
slightly different solubility for the target analytes. the sensitivity are not only compound and ion specific but alse
APPI sensitivity can be affected by many properties of mobilemobile phase composition dependent. In general, APPI offers
phase components and analytes including volatility, polarityhigher sensitivity at lower flow rate (i.e., 50-1Q0Q/min). The 2
proton affinity (PA) and ionization energy (IE), and also pho-sensitivity declines at varying extents as the flow rate increases,
ton absorption and impurity of mobile phase. We note that thelepending on target analytes, the specific ions acquired and:the
peak area dependencehig. 3a is not related to solvent pro- compositions of solvent system used. 240
ton affinity. For example the three highest PA solvents, IPA, The peak area intensities of EPA methyl ester [M ¥ Wjth 2«
acetone, and THF give very different analyte ion yields as meahexane as mobile phase and diarachidin [M+H>0]* and 2.
sured by peak area. A more likely explanation is the differingtrielaidin [M+H]* with 1:1 isooctane/IPA as mobile phases
absorption cross sections of the solvents to the photons. Sekemain relatively constant over the tested flow rate range -of
eral researchers have explored these ionization mechanisms%3-500uL/min. However, the flow rate effect on the peak areas
APPI[35-38] intensity of trielaidin fragment ion [M+H-282]" behaves s
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or gas-phase basicities have been shown to be more susceptible
100 ~+- Hexane, EPA M.E. [MsH+ to the effect of mobile phase flow raj89]. 209
i~ =~ lscoctane/IPA, EPA ME. Although the effect of aqueous reversed-phase mobile phase
o -+ Esot)ctneflPA. flow rate on target analyte sensitivity is not included for come:
o i Monearachidin [M+H-H20]+ H H H
£ e0 oA D parison, we point out_t_hat the flow rat_e increase under aqueeuds
° MH2OL reversed phase condition has more significant adverse effectsn
- —H— t . e e . .
40 Merioszl the sensitivity of target analytes especially when the mobile
Iscoctane/IPA, Trielaidi ; ; ; inni
50 - e phase contgms high percentage of water. Since photopmz;a—
tion occurs in the vapor phase, a lower flow rate and a higher
0 ‘ ‘ ‘ T - probe temperature are more favorable for higher sensitivity when

0 100 200 300 400 500

_ the mobile phase contains high level of water content or when
Flow Rate (uL/min)

mobile phase contains a solvent with higher boiling point a%
Fig. 4. Effects of mobile phase flow rate on target analyte sensitivity. The syringdower volatility. Photon adsorption by water vapor and growto
pump is not capable of handling a flow rate higher thans0@nin. in size of protonated solvent-water clusters can also be explana-
tions for sensitivity effecf13,39,40] 302

somewhat differently from its protonated molecule when the; 5 Effect of cone voltage s
same mobile phase of 1.1 isooctane/IPA is used. The area inten-

sity drops by 26% at 20@L/min and 32% at 30Q.L/min relative Cone voltage is one of the key parameters affecting the

to its value at 5@.L/min, then it remains relatively constant as ganitivity of the target analytes. Cone voltage directly affects
the flow rate continues to increase. A somewhat similar situatioky, <o\ rce fragmentation of the compounds. Change of cone vali-

mobile phase where the sensitivity remains relatively constanty; - other cone voltage. The degree of fragmentation increases
the sensitivity of EPA methyl ester decreases slowly an_d gradsq cone voltage increases. To identify optimum cone voltages
ually over the entire tested flow rate range of 50-p0MIN. {5 3 major ion of a particular analyte, we created a Masslynx
In this case, the sensitivity drops by _39% once the 11 IS00C;cquisition method for each acquired ion of the target analyte.
tane/IPA flow rate increases to 5#0/min. This trend has also the method contains multiple acquisition functions that enable

been noted by Hsieh et dlL4] and Yang and HeniofL7] in  qimitaneously to acquire the target analyte response with.a

their application papers. The possible mechanism behind thiggyieg of cone voltages by a single injection. Each function cor-
phenomenon has been studied by Robb and BIf#f#swho

tains a single channel which has the acquired major ion of the

believed that decrease of analyte sensitivity with an increasegame target analyte and the same dwell time (i.e., 0.02s), and a
mobile flow rate was partially due to the growth in size of the ion'cone voltage value that varies in increments of two volts from

solvent clusters within the source. They claimed that the largef . function or one channel to the other. Fifty nanograms (i.es,

protonated solvent clusters have higher solvation energies a%g/uL x 10 uL) of each target analyte was analyzed for eah
are less likely to undergo proton transfer reactions with targefyiection. The mobile phase of 1:1 isooctane/IPA was delivered

analytes and tha}t Iargerclusters are more_likely tobe neutralizqqto the ionization source by a syringe pump at a flow rate ef
through recombination. The effect of mobile phase flow rate haQOML/min. Fig. 5 shows the sensitivity of target analytes ass
also been studied by Kauppila and Bruins who believe that the

photon adsorption of solvent at higher flow rate is responsible
for sensitivity decrease of those analytes which undergo pro-
ton transfef40]. The latter mechanism is plausible and even
expected based on estimated absorption cross sections of these
solvent molecules at the ionizing photon energy of about 10 eV
and is supported by measurements comparing APPI and APCI
as a function of flow ratefd 3].

Monoarachidin is the compound where the flow rate changes
have the most significant effect on sensitivity. The peak intensity 16 ik 48 95 95 5 Ak 48 &5 46 = & B8
drops by 48% at the flow rate of 2@@/min and 69% at the flow Cone Voltage (V)
rate of 30QuL/min when 1:1 isooctane/IPA is used as a mobile
phase. We are unsure why the intensity for this compound drops
so steeply with flow rate, but we do note that monoarachidin is
the most polar compound of the compounds tested and perhaps

requires higher probe temperature at high flow rates to effed;ig- bS' tEffeCts Otfcone“l’é’gageOlg‘_lse”f]i“"“yolfi”?'ytej SV;:EQAe ﬁug§injection,
. . . .Probe temperature = , mobile phase =1:1 isooctane at Bmin,
tively desolvate the compound. Another possible explanation I%jection amount =50 ng each, optimum cone voltage: EPA methyl ester=20V,

the proton affinity (PA) of monoarachidin which may be lower yonoarachidin = 24-26 v diarachidin = 46 V,, trielaidin = 38 V for [M +Hind
than the rest of tested compounds. Compounds with lower PAg v for [M+H — 282]*.

—a— EPAM.E.[M+H]+ —m— Monoarachidin[M+H-H20]+
—a— Diarachidin[M+H-H20}+ —8- Trielaidin[M+H-282]+
—p— Trielaidin[M+H]+
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100+ e

100 7 -3~ Iscoctane/IPA, EPA [M+H]+
—< Isooctane/IPA, Monoarachidin [M+H-H20]+
—o— |sooctane/IPA, Diarachidin [M+H-H20]+

80 80 s
—— Isooctane/IPA, Trielaidin [M+H-282])+
8 —&— Isooctane/IPA, Trielaidin [M+H}+
= ©
< 601 2 60-
% / <
& / 3
()
52 404 —— Hexane, EPA [M+H]+ a 404
—8— Isooctane, EPA [M+H]+ 2

—&— |PA, EPA [M+H]+
—¢ Isooctane/IPA, EPA [M+H)+ 20
—8- MeOH/H20 EPA [M+H]+

207

50 150 250 350 450 550 650 50 150 250 350 450
(a) Probe Temp. (°C) (b) Probe Temp. (°C)

Fig. 6. Effect of mobile phase composition and probe temperature on the peak area of the analytes. (a) Different solvent systems for EPA mstkiyt estere (
solvent system 1:1 isooctane/IPA for different lipid analytes.

a function of cone voltage. For easy comparison, the peak ardaower probe temperature favors formation of these clustess,
intensities are converted to % area using the maximum peak areampeting for protons more efficiently with the analytes. In &
count as a base value. The maximum peak area of each analgense the two explanations are linked in that what makes fer
corresponds to the value of 100% on the vertical axis. The optipoorer evaporation are strong intermolecular bonds, particulasdy

mum cone voltages are found to be 20V for EPA methyl estehydrogen bonds, which are due to high proton affinity. a5
[M+H]*, 24-26V for monoarachidin [M+ H H20]*, 46V When the same mobile phase of 1:1 isooctane/IPA was used
for diarachidin [M +H— H,QO]*, 38V for trielaidin [M+H]"* for different analytes, very similar dependences (sensitivity ves
and 42V for trielaidin fragment ion [M + H- 282]". sus probe temperature) were observed regardless of the spe-
cific compounds analyzed except that of trielaidin fragment
3.6. Eﬁect ofmobile phase composition andprobe ion [M +H— 282]+, which requires hlgher probe temperatureo
temperature for maximum sensitivity than the rest of the tested compounds

(Fig. &0). The formation and intensity of this fragmention seems
To optimize operating conditions and parameters, we exanto be related to thermal decomposition. The intensity of this
ine how the parameters of mobile phase compositions and prolfeagment ion is not only a function of cone voltage as discussed
temperatures interact and how these two variables affect thabove, but also a function of the probe temperature due to the-
sensitivity of the target analytes. In one set of experimentsnal degradation. Higher probe temperature is required to break
(Fig. 6a), we compared the sensitivity of EPA methyl esterdown the parent compound, enhancing the sensitivity of this
by using the commonly used reversed-phase solvent systeriagment ion. a7s
1:1 MeOH/H,0, and a few normal phase solvents including hex-  The above observations indicate that the required probe tesn-
ane, isooctane, IPA and 1:1 isooctane/IPA mixture at variouperature decreases as the volatility of the mobile phase increases.
APCI (shared by APPI) probe temperatures. In another set ofhese findings are useful for analysis of thermal labile cora:
experimentsKig. 6b), we investigated how probe temperaturespounds where lower probe temperatures may be requirecksto
affectthe sensitivity of different target analytes by using the sameeduce or minimize thermal degradation. This may be accoss-
normal phase solvent system of 1:1 isooctane/IPA. The resul@lished by either using an appropriate mobile phase or by doiag
suggest that, for maximum sensitivity, the optimum probe tempost column addition of a particular solvent (i.e., hexane et
perature is much more dependent on mobile phase compositiopgntane) requiring lower desolvation temperatures. Although
than on the particular compounds analyzed. When comparingentane, a lighter hydrocarbon than hexane, is not includecn
different mobile phases used for analysis of the same target antis study, we expect this normal phase solvent to be a good can-
lyte EPA methyl esterffig. 6a), we observe that hexane requiresdidate for analysis of thermal unstable compounds. During o
significantly lower probe temperature than 1:1 MeOR{Hpure ~ experiments, we also found that normal phase solvent systesns
IPA and 1:1 isooctane/IPA mixture as mobile phases. Sensitiveffer much better results than reversed phase solvent system
ity reaches almost maximum at about 2&with pure hexane in terms of higher peak area count, lower background noise,
versus over 650C with 1:1 MeOH/HO and 450C with pure  smoother, narrower and more symmetric peak shapes. The peak
IPA or 1:1 isooctane/IPA. The required optimum probe tem-responses of nonpolar lipids, generated by an aqueous revessed
perature follows the trend of 1:1 MeOH#B > IPA>1:1isooc- phase solvent system (i.e., 1:1 MeOH(®), are usually broader zss
tane/IPA > isooctane > hexane. The fact that 1:1 MeQi@H and tend to tail more due to poor solubility of these analytes ia
mixture shows the highest dependency on probe temperatutbe reversed phase solvent systéiig. 7 shows a comparison ser
may also be due to the formation of solvent clusters, which havef EPA methyl ester sensitivity by using the reversed phase sei-
higher proton affinities than the individual solvent molecules.vent system of 1:1 MeOH/40 and the normal phase solvente.
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Fig. 7. Comparison of EPA methyl ester peak shape and sensitivity between normal and reversed-phase mobile phase. Syringe injection, injestEhrgmou
mobile phase flow rate = 1Q0L/min, cone voltage =25V, probe temperature = 460

system of 1:1 isooctane/IPA. The results show that 1:1 isooct9 pg to 5000 ng wit®? of 0.9919 Fig. 9a). Diarachidin gave a s
tane/IPA gives approximately a 40-fold higher peak area countinear range of 19 pg to 1250 ng with an excell@Atof 0.9999 4o
and 120 fold higher S/N ratio than 1:1 MeOR/B. Fig. 7also  and 19 pg to 2500 ng witk? of 0.9960 Fig. %). Two ions were 4
compares the peak shapes of EPA methyl ester by using noacquired for trielaidin. Trielaidin [M + H- 282]" generates a 4
mal and reversed-phase mobile phases. In comparison with thieear range of 19 pg to 625 ng witk? of 0.9955 and 19 pg t0 4
reversed-phase mobile phase, normal phase generates a pd260 ng withR? of 0.9935 Fig. %). Trielaidin [M+H]* gen- s
response that is much less noisy, sharper and narrower and manates a linear range of 19 pg to 1250 ng wtthof 0.9969 and s
symmetric with less tailing. Furthermore, it is worth mention- 19 pg to 2500 ng withR? of 0.9920 Fig. o). These linearity s
ing that, based on our experience, acetonitrile/water reversegsults show that APPI offers linear dynamic ranges with four te
phase solvent system is sometimes an unfavorable mobile phafsee orders of magnitude for these lipid analytes under normai

for analysis of many compounds by APPI. We observed, irphase conditions. 449
many cases, that acetonitrile offered lower analyte responses
than methanol (results not shown). This phenomenon has alsps. Limits of detection 450

been recorded by Robb and Blada8]. We are not sure what

contributes to this phenomenon. One possible reason is due to Limits of detection (LODs) are defined as the amount of;

photon adsorption of acetonitrile, which may be more signifi-a specific target analyte being able to give a response equiv-
cant than that of methanl0]. We advise that users avoid using alent to three times the background noise (i.e., SIN=3). The
acetonitrile as a solvent component in the reversed-phase mobil€®Ds were estimated by both FIA and on-column analysis. Fer

phase for APPI analysis whenever this solvent can be substitutgtA, 0.000977 ngiL of EPA methyl ester, 0.00191 ngl. of s

by methanol. monoarachidin, diarachidin and trielaidin individual acylglycsss
erol standards were analyzed at an injection volume @flLLA 4
3.7. Linear dynamic range 0.0153 ngiL of trielaidin was also analyzed for the acquisitionss

The series of calibration standards described in Se&ién

were analyzed to evaluate the dynamic linear range of targetana- 4 g,og
lytes. Hexane was used as a mobile phase for EPA methyl ester. 16000
1:1isooctane/IPAwas used as mobile phase for acylglycerol ana- o R*= 09988
lytes. Single injections were performed for EPA methyl ester and 4000
triplicate analyses were performed for the acylglycerol analytes. 8405
The mobile phases were delivered into the ionization source by
a syringe pump at a flow rate of 1Q/min. The injection vol-
ume was 1QuL. Figs. 8 and Show the linearity plots of target 4.E+05
analytes with their corresponding correlation coefficigtf)(
EPA methyl ester gavi? of 0.9964 for an injected mass range
of 0.98-1000 ngKig. 8). Analysis was not performed for an 0.E+00 1 [ [ ‘ .
injection amount below 0.98 ng or over 1000 ng for EPA methyl 0 200 400 600 800 1000
ester. The acylglycerol results are presentddgn9. These plots Inj.Amount (ng)
are similar or the same to those presented in our previous work o . . . I
[33], with some differences owing to including dataforlowerand':'g' 8 EPA_methyI estgr I!neanty plot. Single-point analysis. Calibration

_ o . . ) - . range: 0.98-1000 ng. Injection amount was not analyzed below 0.98 ng and
higher mass injections in this work. Monoarachidin gave alineagyer 1000ng. Syringe pump injection. Injection volume 310 mobile
range of 19 pg to 2500 ng witk? of 0.9986 and a linear range of phase = hexane at 1p@/min, probe temperature = 45C, cone voltage = 25 V.

EPA Methyl Ester [M+H]*

Peak Area

R®=0.9964
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Fig. 9. Linearity plots. Syringe pump injection. Triplicate analyses. Injection volumgst10lobile phase =1:1 isooctane/IPA at 1@0/min. Probe tempera-
ture=450°C, cone=25V.

of trielaidin protonated molecule which offers lower sensitivity 94 pg for EPA methyl ester [M + H] 90 pg for monoarachidin sz
than its fragment ion. These injection amounts were near FIfAM +H — H,0]* and diarachidin [M +H-H201*, 24pg for s
LOD levels. Analyses were performed by syringe flow injectiontrielaidin [M+H — 282]" and 341 pg for trielaidin [M+H]. s
analysis with the mobile phase of 1:1 isooctane/IPA at a flowFig. 13 shows chromatographic separation of monoarachidin
rate of 10QuL/min. Blank injection analyses were performed and diarachidin which generates acommon ion/f369. Other

using mobile phase to ensure that no responses of analytes wesempounds are separated by their speeificratios. 489
present prior to analyses of target analyte samples. Other oper-
ating parameters were as follows: repeller voltage was set &9. Analysis of custom lipid mixtures and fish oil 490

0.5kV; cone voltages were set using the optimum cone volt-

age values presentedfiig. 5; extractor was set at 3V; RF lens Samples ONC-3, ONC-2 and ONC-1 were diluted by a fa@:

was set at 0.2V; APCI probe temperature was set at’@50 tor of 10,000 with the mobile phase of 1:1 isooctane/IPA. The

desolvation gas flow rate was set at 400 L/h and cone gas flovesulting diluted samples each contain 10Qiigéustom lipid e

rate was set at O L/h (though the readback said 4 L/min). Thenixtures or fish oil by total sample volume. The 100igsam-  4e

FIA LODs were estimated to be 12 pg for EPA methyl esterples were analyzed by APPI in positive-ion full scan mode with.a

[M+H]*, 12 pg for monoarachidin [M + H H,0]*, 19pg for  cone voltage of 25 Fig. 11shows the full scan mass spectra oks

diarachidin [M + H— H,0]*, 7 pg for trielaidin [M+H—282]"  these three samples. ONC-3 gives major ionaf303 (EPA) e

and 170 pg for trielaidin [M + H]. Fig. 10shows FIA selected andm/z 329 (DHA), and a few other recognizable ions with lesse

ion chromatograms of three replicate analyses of each targ@itensity includingm/z 285 (C18:0)m/z 283 (C18:1) andn/z  as

analyte at the injection amount described above. On-columa57 (C16:0). These are protonated molecules of free fatty acids.
analysis was performed on a 5012 mm Luna 3w Silica  ONC-2 gives major ions ofi/z 331 (EPA),m/z 357 (DHA), sn

(2) (Phenomenex, Torrance, CA, USA) by triplicate injectionsm/z 311 (C18:1) andn/z 285 (C16:0). These are protonatea:

of 10uL of the standard mixture containing 0.1 pd/ each  molecules of fatty acids in ethyl ester form. The identified conas

of EPA methyl ester, monoarachidin, diarachidin and trielaidinpounds in the above custom lipid mixtures (ONC-3 and ONC-2)

at a flow rate of 20Q.L/min using 1:1 isooctane/IPA as a are consistent with the analyte list provided on the informaties

mobile phase. The on-column LODs were estimated to baheet obtained from Ocean Nutrition Canada. However, sogse
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EPA M. E. [M+H]*, 10 pg SIN=25 m/z 317

T T T T T T T
00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00

Monoarachidin [M+H-18]+,19 pg m/z 369

00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00

Trielaidin [M+H-282}, 19 pg S/N = 8.1 m/z 603

T T T T T ML ARAS B T T

00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 l4.00 4.50 5.00 5.50 6.00 6.50 7.00

Trielaidin [M+H]*, 153 pg m/z 885

T T T T - Time

T T T T T T T T T T T T T T T
00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00
Fig. 10. Instrument detection limits. Standard concentration: EPA methyl ester=0.917 pgionoarachidin and diarachidin=1.91pg/ each,
trielaidin =1.91 pgiL for [M+H — 282]" and 15.3 pgiL for [M+H] *. Injection volume = 1QuL each. Triplicate analyses performed by flow injection for each

analyte with mobile phase of 1:1 isooctane/IPA at u@min, probe temperature of 45C and optimum cone voltage presentedFig. 5.

of observed ions may overlap with other compound fragmenhigher intensities. These unknown acylglycerol compounds gixe
ions, sharing the same/z ratios. An appropriate LC separation APPI mass spectra that match very well with that of trielaidin,sa
coupled with MS would offer a better method to more accuratelyknown triacylglycerol with a molecular weight of 884. Trielaidirs
identify and quantify each compound in the mixtures. ONC-1gives [M + HJ* and a fragment ion of [M + H- 282]" (Fig. 2). s
shows a pattern of protonated molecules of acylglycerols and a The 100 ngiL samples were further diluted by a factor of.
pattern of acylglycerol fragment ions [M +Hfatty acyl]" with 10 with the mobile phase and analyzed by FIA in selected iei

303
ONC-3 EPA oha T oNe-2 [5531:531 3.66e6

[M-+H]* [M+H]*

100

DHA

Cc18:1 [M+H]*

ﬂ/ﬂ
%

Ciep C181
285 311

m/z 0 m/z

260 280 300 320 340 250 275 300 325 350 375

[M+H-Fatty Acid Moiety]*

100 550 2.40e5
s24 578 ONC-1

250 500 750 1000

Fig. 11. Full scan mass spectra of 100g/ONC-3 (free fatty acid mixture), ONC-2 (fatty acid ethyl ester mixture) and ONC-1 (natural fish oil with unknown
acylglycerols), injection volume = 0L, cone =25V, probe temperature = 480. Mobile phase = 1:1 isooctane/IPA at J@0/min. These plots are similar or the
same to those presented in R&8].
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DHA 1.03e5 . m/z 885
% ' k ]k k ! oHA mz 357 %Tnelaldm J\‘ /\u j\ 1.40e3
2. OO 4. OO 6. 00 i . .
m/z 303 2.00 4.|00 6.00 2, 00 4. 00

% EPA k k k 1.88e5

T = 3 m/z 663
T ‘ ‘ T T T T ] m.’z 331 ]
2.00 4.00 6.00 1 epa \ \ neoes 1 Diarachidin fu\ M Fﬂ 6.79¢3
m/z 285 : T T T T T T ToT T T T T
C18:0 1.58e4 2.00 4. OO 6 OO 2.00 4.00 6.00
% T T JL\ K T K T T
2.00 4.00 6.00 . miz 311 3 miz 603
m{;;égg 7 C18a j\ K [M 8.67e4 7 Trielaidin {\ [\ ’\ 1.46e4
C18:1 : SN S — : 1
i 1 ; ’\“r }\“ .,k. . 2.00 4.00 6.00 4.00
2.00 4.00 6.00
mz257 3 miz 285 < Monoarachidi m/z369
% C16:0 f A A 3.31e3 _; C16:0 j\ 5.73e4 Diarachidin ﬂ K N 2.58e3
7 T T T T T T - T T T T
2.00 4.00 6.00Time 2.00 4.00 6.00 Tirr;e 4. 00 6. 00 Tlme

Fig. 12. Selected ion chromatograms. Flow injection analysis. Injection amount =il0fig} oil x 10L, cone =20V except for (c), which used optimum voltages
described in Fig 5. Probe temperature = 460 mobile phase = 1:1 isooctane/IPA at 3d0min. For (c)m/z 663 may represent more than one components sharing
the samen/z ratio. Diarachidin gives a major ion ai/z 663 and a second fragment ionmfz 369 that coincides with the major ion of monoarachidin. For all
chromatograms, other ions might also cover more than one component due to the complexity of natural#isB&sl from monoarachidin and diarachidin can be
separated by retention time on Luna silica(2) column (Egel3). (a) ONC-3 fatty acid mixture; (b) ONC-3 fatty acid mixture in ethyl ester form; (c) ONC-1 fish
oil in acylglycerol form.

monitoring (SIM) mode. Ten nanograms per microliter ONC-3optimum cone voltages presentedrig. 5. Three replicate anal- s
and ONC-2 were analyzed using those major or recognizablgses were performed for each sample using the mobile phase®f
ions present in full scan spectra and using a uniform cond.:1 isooctane/IPA at a flow rate of 1p@Q/min and injection s
voltage of 20V for all analytes. Ten nanograms per microlitervolume of 10uL by a syringe pump flow injectiorHig. 12a—c). s
ONC-1 natural fish oil was analyzed by acquiring major ionsThe selected ion chromatograms show that APPI offers repeg-
of monoarachidin, diarachidin and trielaidin and by using theirducible responses with good peak shapes except for that:of

(@) (b) © (d)

OHA miz 329 o Trielaidin MZ 885
1.35e5 DHA g 857 Trielaidin /7 885 1.20e3
UL B LR B 2.48e5 2.05e3

1.00 2 | | | " N 1.00 2.
1.00 2 1.00 2.
miz 303 Diarachidin, , .,
% EPA 2.54e5 % 2.40e4
LA i i o Diarachidin R e
1.00 2 EPA m/z 331 m/z 663 1.00 2.
6.03e5 7.33e3
T P T T
miz 285 1.00 2 1.00 2. Trielaidin nvz 603
C18:0 1.84e4 % 5.30e3
e o I LN A e o
1.00 2 1.00 2.
Trielaidin
m/z 603
g 1.69e4 . .. Monoarachidin
m/z 283 Diarachidin m/z 369
% c181 ‘[\_ 30293 LI B L B L L L L \ 33963
. . 1.00 2.
e e A
1.00 2 1.00 2.
m/z 257 m/z 285 Diarachidit, ; a0 EPA M.E.m/z 317
% C16:0 5.56e3 8.13e4 1.77e3 % 3.21e3
rrll]ll\\[lllll\\rr l\\ll IYII]IIIITIIIIII!!Y ||||‘\\||||\\\L||II
1.00 2 min. 1.00 2 1.00 2. 1.00 2.

Fig. 13. On-column analysis selective ion chromatograms. Inj. amount = k0 figh oil x 10pL, cone =20V except for (c) and (d), which used optimum voltages
described in Fig 5. Probe temperature =460 Column =50x 2 mm Luna 3u silica (2). Mobile phase = 1:1 isooctane/IPA at 200min, isocratic. For (c)n/z 663
may represent more than one component sharing the s&matio. Diarachidin gives a major ion of/z 663 and a second fragment ionmf; 369 which coincides
with the major ion of monoarachidim/z 369 generated from diarachidin and monoarachidin is chromatographically separated (d). All other analytes coelute by
retention time but are separated by their ratios. Monoarachidin is not detected in (c). (a) ONC-3 free fatty acid mixture; (b) ONC-2 fatty acid mixture in ethyl
ester form; (c) ONC-1 fish oil in acylglycerol form; (d) standard mix 0.Jpigk 10p.L.
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diarachidin. Diarachidin gives doublet peak responses possiblyC separations of many lipids is that these mobile phases
due to co-elution of more than one component or analogue aontain little or no water[41-46] APPI offers high sen- s
the samen/z 663. Monoarachidin gives a major ionafz 369  sitivity under normal phase or nonaqueous reversed-phase
which coincides with the second major ion of diarachidin (sed.C conditions. We believe that APPI-LC/MS will prove toss
alsoFig. 2. Fig. 1Z also show that the ion intensity ratio of be a very successful technique for analysis of lipids in the
trielaidin fragment ionn/z 603 [M + H — 282]" versus the pro- future. 501
tonated molecule:/z 885 [M + H]* is approximately 10 which
matches well with that of the trielaidin individual standard full
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