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Abstract A method for localizing double bonds in triacyl-
glycerols using high-performance liquid chromatography—
tandem mass spectrometry with atmospheric pressure chemi-
cal ionization (APCI) was developed. The technique was
based on collision-induced dissociation or pulsed Q
collision-induced dissociation of the CsHsN™" adducts ([M +
55]™) formed in the presence of acetonitrile in the APCI
source. The spectra were investigated using a large series of
standards obtained from commercial sources and prepared by
randomization. The fragmentation spectra made it possible to
determine (i) the total number of carbons and double bonds in
the molecule, (ii) the number of carbons and double bonds in
acyls, (iii) the acyl in the sn-2 position on the glycerol back-
bone, and (iv) the double-bond positions in acyls. The double-
bond positions were determined based on two types of frag-
ments (alpha and omega ions) formed by cleavages of C—C
bonds vinylic to the original double bond. The composition of
the acyls and their positions on glycerol were established from
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the masses and intensities of the ions formed by the elimina-
tion of fatty acids from the [M + 55]"" precursor. The method
was applied for the analysis of triacylglycerols in olive oil and
vernix caseosa.
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Introduction

Triacylglycerols (TGs) are the main storage lipids in animal
and plant tissues and consequently they are the major fat in the
human diet [1]. The TG molecules contain a glycerol back-
bone, to which three fatty acids are esterified; the variety of
fatty acids distributed among the sn-1, sn-2, and sn-3 positions
of glycerol often makes TG mixtures very rich. The structure
of TGs affects their physico-chemical properties and metabol-
ic fates. Therefore, analytical tools which make it possible to
elucidate their molecular structures are of great importance for
various branches of life science and industry.

A complete structural characterization of TGs in their mix-
tures is not an easy task. The molecular species of TGs typi-
cally need to be separated from each other before elucidating
their structures. Chromatographic separations are mostly car-
ried out in various systems based on (U)HPLC in reversed-
phase [2-5], silver-ion [4, 6, 7], and chiral [8] modes. Because
of entirely different separation mechanisms, they can be com-
bined in 2D systems [9, 10]. Retention parameters are useful
for TG characterization, especially when standards are avail-
able for comparison [11]. However, the structures of TGs are
usually deduced from their mass spectra. Various methods are
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used for ionizing TGs, including electrospray ionization (ESI)
[5, 12-14], atmospheric pressure chemical ionization (APCI)
[2-4, 6, 7, 15], atmospheric pressure photoionization (APPI)
[16], matrix-assisted laser desorption/ionization (MALDI)
[17—-19], desorption electrospray ionization (DESI) or desorp-
tion atmospheric pressure photoionization (DAPPI) [20], fast
atom bombardment (FAB) [21], electron ionization (EI) [22],
chemical ionization (CI), and field desorption (FD) [23]. Ton-
ization methods permitting on-line coupling with liquid chro-
matography are more convenient and often indispensable for
complex TG mixtures. The first-stage mass spectra usually
provide information on molecular weight, i.e.. the total num-
ber of carbons and double bonds in TG molecules. Depending
on the ionization used, the spectra may already contain frag-
ments useful for the structure elucidation, for instance ions
formed by a neutral loss of fatty acids. In other cases,
collision-induced dissociation (CID) of the molecular adducts
or ions is used for the structure elucidation.

To date, several mass spectrometry-based strategies have
been demonstrated for the localization of double bonds in TGs
[12, 18, 21, 24-30]. In principle, a double bond can be local-
ized either by direct fragmentation of unsaturated chains uti-
lizing charge-remote fragmentation (CRF) channels, or by
charge- or radical-driven fragmentations of specific products
formed by reactions at the site of a double bond. The CRF of
TGs can be achieved using high-energy CID on double-
focusing or four-sector mass spectrometers and tandem time-
of-flight instruments [18, 21]. Molecular adducts with ammo-
nium ions or sodium ions generated by ESI, FAB, or MALDI
and activated at several keV provide a series of CRF ions by
the elimination of C,H,,.; and C,H,, ., from the precursor
ions. The double bond in the chain becomes evident from the
irregularities of the CRF-ion intensities. The CRF can also be
achieved using low-energy CID in triple quads and ion traps
utilizing lithium adducts of TGs [12, 27]. In the fundamentally
different approaches, TGs are chemically derivatized on the
double bond to create products that provide fragments indicat-
ing the original position of the double bond. Such reactions
are preferably performed in the gas phase. A reaction with
ozone introduced into an electrospray ion source (OzESI-
MS) has been used for an on-line analysis of unsaturated
TGs [24]. Ozone-induced fragments bearing an aldehyde
and an a-methoxyhydroperoxide group enabled the localiza-
tion of a double bond. The method was later modified and the
reaction was carried out in an ion-trap analyzer with mass-
selected precursors (OzID) [26], which was also effective for
the identification of double-bond positions in polyunsaturated
TGs [28]. Radical-driven fragmentations promote intrachain
cleavages, which can also be used for localizing double bonds
in TGs. This approach has recently been demonstrated using
bifunctional reagents containing a lipid-adducting group and a
photocaged radical initiator such as 4-iodoaniline [30]. The
reagent is noncovalently attached to a TG molecule; the
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adduct is isolated in an ion trap and irradiated by a UV laser.
The nascent radical unmasked by photodissociation presum-
ably adds to the double bond of TG. Subsequent CID of the
product gives rise to radical-directed dissociation of the unsat-
urated acyl chains.

The double bonds in lipids can also be localized using gas-
phase chemistry of acetonitrile. These approaches are poten-
tially advantageous and convenient for TGs, because acetoni-
trile is commonly used in mobile phases for HPLC separations
and the reactions can be performed directly in the APCI
sources. Common mass spectrometers without any modifica-
tion can be used for this purpose. The acetonitrile gas-phase
reactions were initially utilized for the localization of double
bonds in CI mass spectrometry [31-43]. The lipids reacted
with (1-methylenimino)-1-ethenylium (C3H,N") generated
by an ion-molecule reaction between CoH,N" and neutral
acetonitrile [32, 44]. The [M + C3H4N]" covalent adduct
formed by a [2+2]cycloaddition reaction provided fragments
indicative for the position of a double bond [35]. The method
was mostly applied for fatty acid methyl esters (FAMEs), in-
cluding methylene-interrupted and non-methylene-interrupted
polyunsaturated FAMEs [35-43]. This approach has also been
adapted for APCI and applied for monoene- and diene-
containing TGs [25]. Similarly to CI, the C;H4N " ions reacted
with unsaturated TGs, yielding [M + 54]" covalent adducts.
The CID of [M + 54]" in a triple-quadrupole linear ion trap
provided ions corresponding to cleavage either vinylic or al-
lylic to the site of the double bond. Other acetonitrile-related
adducts, namely [M + 40]", [M + 81]", and [M + 95]", were
formed as well, and these ions were also useful for the local-
ization of double bonds. We have previously demonstrated the
use of APCI and acetonitrile gas-phase chemistry for the lo-
calization of double bonds in various unsaturated neutral
lipids [29, 45, 46]. For the investigated lipids, we have ob-
served the formation of radical cations [M + 551" ([M +
C5HsNT™) rather than [M + 54]" (M + C3H4NT"), described
for TGs [25]. When fragmented by CID, the [M + 55]" pro-
vided useful diagnostic fragments for the localization of dou-
ble bonds [29, 45, 46]. Moreover, the ion-source conditions
were fully compatible with the high flow rates of solvents
typically used for HPLC/APCI-MS.

Here, we discuss the advantages and limitations of the lo-
calization of double bonds in TGs using ion-trap CID and
pulsed Q collision-induced dissociation (PQD) of [M + 55]"
formed in the presence of acetonitrile. The CID and PQD
fragmentation spectra were measured for a large series of
TG standards differing by the number, position, and geometry
of double bonds to investigate the usefulness of this approach.
The spectra obtained in this way were compiled into an anno-
tated library with 125 entries. The existing methods for the
analysis of TGs based on HPLC/APCI-MS have been modi-
fied by adding a fragmentation step to obtain additional infor-
mation on the double-bond position. The practicability of
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these methods was demonstrated for olive oil and unsaturated
TGs from vernix caseosa.

Material and methods
Chemicals and reagents

MS grade acetonitrile and propan-2-ol (Sigma Aldrich, St.
Louis, MO, USA) were used as received. The other solvents
(chloroform, hexane, diethyl ether; all from Penta,
Czech Republic) were distilled in glass from analytical-
grade solvents. Sodium methoxide and Rhodamine 6G were
from Sigma Aldrich; 4',5'-dichlorofluorescein was purchased
from Fluka (Buchs, Switzerland). The TG standards (purity:
99 %) were obtained from Nu-Chek-Prep (Elysian, MN,
USA) and their standard solutions were prepared in chloro-
form (20 pg/mL).

Synthesis of TGs by randomization

The randomization (interesterification) procedure [7] was
downscaled as follows: two standards of TGs (5 mg of each)
and sodium methoxide (5 mg) were weighed into a dry glass
ampoule. Hexane (200 uL) dried over molecular sieves (4 A,
pellets 3.2 mm, Sigma Aldrich, USA) was added, the ampoule
was sealed and heated in a water bath at 80 °C for 30 min.
Randomized TGs were isolated by semi-preparative thin-layer
chromatography (TLC) on glass plates (36 mm> 76 mm) coat-
ed with 0.2 mm of Adsorbosil-Plus (Applied Science Labs;
with gypsum (12 %)) using hexane/diethyl ether (80:20, v/v)
mobile phase. TLC zones were made visible by spraying Rho-
damine 6G solution (0.05 % in ethanol). A zone correspond-
ing to TGs (Ry=0.45-0.55) was scraped off the plate and ex-
tracted with freshly distilled diethyl ether. The solvent was
evaporated to dryness under nitrogen stream. The randomized
TGs were reconstituted in chloroform (300-500 pg/mL).

Samples of natural TGs

Olive oil (extra virgin, Frantoio Larocca, Italy) was dissolved
in acetonitrile/propan-2-ol/hexane (1:1:1, v/v/v) at a concen-
tration of 10 mg/mL and used without any further purification.
Vernix caseosa was obtained from a healthy female subject
delivered at full term. The sample was collected with a written
informed parental consent and the work was approved by the
Ethics Committee of the General University Hospital, Prague
(910/09S-1V). Vernix caseosa (1 g) was suspended in 50 mL
of chloroform:methanol (2:1, v/v) with 0.05 % of 2,6-di-tert-
butyl-4-methylphenol. The suspension was filtered, treated
with anhydrous MgSOy, to eliminate water, and filtered again.
The solvents were removed by a rotary evaporator and the
total lipid extract (20 mg) was separated on 90 mm x

120 mm glass TLC plates coated with a 0.2 mm layer of silica
gel 60 G (Merck, Darmstadt, Germany) using hexane:diethyl
ether (93:7, v/v) as a mobile phase. The plate was developed
twice to focus the zones (in the first step to 3/4 of the plate
height and then, after air-drying, to the top). The zone corre-
sponding to TGs (R;=0.19-0.27; identical with R; of triolein)
was scraped off into a column with purified cotton-wool.
Lipids were eluted with diethyl ether and the solvent was
evaporated under a stream of argon. Vernix caseosa TGs were
further separated using argentation TLC to obtain a fraction of
unsaturated TGs. Argentation TLC was performed on glass
plates (36 mmx76 mm) coated with a 0.2 mm layer of silica
gel with 10 % of silver nitrate (Sigma) and 12 % of gypsum.
The mobile phase consisted of chloroform:methanol (99:1,
v/v). The zone of unsaturated TGs (R¢=0.35-0.83) visualized
under UV light after the plates were sprayed with 4',5'-
dichlorofluorescein (0.1 % in methanol) was scraped off the
plates and extracted with chloroform. The solvent was evap-
orated and TGs were reconstituted in chloroform at a concen-
tration of 3.0 mg/mL.

APCI-MS and HPLC/APCI-MS

The experiments were performed using a system consisting of
a Rheos Allegro UHPLC pump, an Accela autosampler with
an integrated column oven and a LCQ Fleet ion-trap mass
spectrometer equipped with an APCI source; the system was
controlled by Xcalibur software (all provided by Thermo Fish-
er Scientific, San Jose, CA, USA). For direct infusion exper-
iments, TGs dissolved in chloroform (20 pg/mL for commer-
cial standards; 300-500 pg/mL for randomized TGs) were
delivered by a syringe pump (a flow rate of 20 puL/min) to a
low-dead-volume T-piece, where they were mixed with the
mobile phase (acetonitrile, 0.5 mL/min). The APCI vaporizer
and heated capillary temperatures were set to 250 and 180 °C,
respectively. Nitrogen served both as the sheath and auxiliary
gas ata flow rate of 60 and 45 arbitrary units, respectively. The
MS spectra of the positively charged ions were recorded from
250 to 1050m/z. The precursors were selected with an isola-
tion width of 0.4-2.4 Da and fragmented using CID or PQD;
the mass spectra were averaged from 2—10-min records. The
TG mixtures were separated using Nova-Pak C18 columns
(300+150 mmx 3.9 mm, particle size: 4 wm; Waters, Milford,
MA, USA) with a C18 pre-column (4 mmx2 mm,
Phenomenex, USA) at 30 °C. The gradient program for olive
oil: 0 min: 100 % acetonitrile; 106 min: 31 % acetonitrile/
69 % propan-2-ol; 109 min: 100 % acetonitrile [47]; the
mobile-phase flow rate was 0.8 mL/min and the injected vol-
ume of the sample was 10 uL. The gradient program for
vernix caseosa TGs: 0 min: 100 % acetonitrile, 0.8 mL/min;
99 min: 34 % acetonitrile/66 % propan-2-ol, 0.8 mL/min;
114.5 min: 24 % acetonitrile/76 % propan-2-ol, 0.55 mL/
min; 142 min: 5 % acetonitrile/95 % propan-2-ol, 0.3 mL/
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min; 165 min: 5 % acetonitrile/95 % propan-2-ol, 0.3 mL/min;
the injected volume of the sample was 25 pL. The flow rate of
the mobile phase had to be lowered in the course of the anal-
ysis to avoid excessive column back pressure at high concen-
trations of propan-2-ol. The CID MS? spectra of [M + 55]"
were collected using data-dependent analysis with an isolation
width of 2 Da and a normalized collision energy of 33—34 %.
The masses of the acetonitrile adducts for fragmentation were
calculated as higher partners of the base peaks (m/z of [M +
H]' + 54 Da).

The nomenclature and notation of fragment ions

The TGs in this work are abbreviated as “TG” followed by
three fatty acyls expressed as the number of carbon atoms:the
number of double bonds. The fatty acyls are separated either
by an underscore character (when their positions are not
known or when they are distributed randomly) or by a slash
(when the positions are proven) [48]. The positions of the
double bonds are given in the n—x nomenclature. Unless stated
otherwise, cis double-bond geometry and methylene-
interrupted double bonds in polyunsaturated chains are as-
sumed. Thus, for instance, “TG 18:1(n—9)/16:0/16:0” indi-
cates l-oleoyl-2,3-dipalmitoyl-glycerol or 1-olein-2,3-
dipalmitin. The fragments of [M + 55]" originated by the
cleavages of the C—C bonds next to the double bond are la-
beled as “o” if they contain ester moieties, or “w” if they
carry the terminal-carbon end and do not include an ester
group. Ifneeded, “o” and “w” fragments have been specified
with a subscript indicating a double bond within a chain and/
or by a superscript indicating the chain within a TG. For in-
stance, o, ¢ " refers to an « fragment corresponding to an
n—6 double bond on an 18:2 acyl in a TG. The ECN stands for
the equivalent carbon number (ECN=CN-2DB, where CN
and DB are the total numbers of the carbon atoms and double
bonds, respectively).

Results and discussion
The preparation of TGs with randomized acyls

The offer of commercially available TG standards is limited
mostly to monoacid TGs having the same acyls in all three
glycerol positions. In order to study the mass spectra of struc-
turally diverse TGs occurring in nature, we prepared a set of
standards using chemical interesterification, also called ran-
domization [49]. This process causes fatty-acid redistribution
within and among TG molecules according to the laws of
probability. The randomization reactions were performed with
two monoacid TGs (AAA, BBB) having up to six double
bonds in acyls. This made it possible to obtain mixtures of
TGs combining two fatty acyls. Besides the reactants (AAA,
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BBB), two new signals appeared in the APCI spectra of the
randomized samples: the first one for regioisomers with one
“A” chain and two “B” chains (ABB, BBA, BAB) and the
second representing regioisomers with two “A” chains and
one “B” chain (BAA, AAB, ABA). The randomized TGs
were used for MS? experiments directly, without their chro-
matographic separation. In compliance with the nomenclature
used in this work, the randomized standards were abbreviated
with underscore separators (i.e., TGA B BorTGB A A).

The formation of [M + 55]" ions

As already discussed in our previous work [29], direct infu-
sion of unsaturated TGs into the APCI source in the presence
of acetonitrile promoted the formation of acetonitrile-related
adducts. For instance, 1,2-palmitin-3-olein (TG 16:0/16:0/
18:1(n—9)) provided a spectrum shown in Fig. la. The
acetonitrile-related adducts were observed at m/z 871.6 (M
+ 391", m/z 874.0 (M + 41]"; likely with a contribution of
[M +42]", as the mass was slightly shifted), m/z 887.4 (M +
551™), m/z913.5 ((M + 81]") and m/z 927.4 (IM + 95]"). The
relative intensity of the acetonitrile-related adducts varied de-
pending on the TG structure as well as the settings of the ion
source. For instance, the [M + 41]" ion (not useful for the
localization of double bonds in TGs) was highly abundant in
the spectra of TGs with monounsaturated chains and low for
polyunsaturated TGs. Lowering the acetonitrile flow rate sig-
nificantly decreased the formation of this ion. Concerning the
[M + 551", monounsaturated TGs provided somewhat more
abundant signals than the polyunsaturated species and the ion
intensity was not significantly dependent on the acetonitrile
flow rate. The intensities of [M + 55]"" were rather low, typ-
ically 1-5 % with regard to [M + H]". Our attempts to increase
the signal intensity by changing the ion-source parameters
were successful only partially; higher [M + 55]" signals were
achieved at lower vaporizer temperature with the optimum
around 250 °C. Despite the relatively low abundance of [M
+55]", the quality of the MS/MS spectra was generally good.

The other peaks in the spectrum shown in Fig. la
corresponded to a protonated molecule (m/z 833.4) and diac-
ylglycerol fragments originated after the loss of oleic acid (m/z
551.4) and palmitic acid (m/z 577.4).

MS? of [M + 55]"": TGs with monounsaturated chains

The MS? spectra of the [M + 55]"" ions were investigated for a
large series of TGs obtained from commercial sources or pre-
pared by randomization reactions. The resonance excitation
CID mass spectrum of 1,2-palmitin-3-olein is shown in
Fig. 1b. The spectrum basepeak at m/z 774.4 was an « frag-
ment formed by the cleavage of the C—C bond vinylic to the
original double bond. A neutral loss of palmitic acid from the
precursor yielded m/z 631.5 (M + 55-FA6.0]""). Note that a
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Fig. 1 The full-scan APCI mass spectrum (a), the APCI CID MS? spec-
trum of the [M + 55]™ adduct (b) and the APCI PQD MS? spectrum of the
[M + 551" adduct (¢) of TG 16:0/16:0/18:1(1n—9) (1,2-palmitin-3-olein).
The standard solution (20 pg/mL in chloroform) delivered by a syringe
pump (20 pL/min) was mixed in a T-piece with acetonitrile (0.5 mL/min)
and infused into the ion source (the spectra averaged from 0.5-, 2.0-, and
4.0-min records, respectively)

Relative Abundance

neutral loss of oleic acid was not observed, obviously because
oleyl was covalently modified with CsHsN'". The diagnostic
fragment formed by a cleavage of the C—C bond on the oppo-
site side of the original double bond (w fragment) was not
detected because of the low-mass cut-off of the ion trap. This
problem can be circumvented with PQD, which activates ions
at high Q values and collects fragments at low Q values,
resulting in spectra similar to CID containing also low m/z
fragments. PQD also helps to access higher-energy dissocia-
tion channels. The main drawback of PQD is less effective ion
fragmentation relative to CID, which results in spectra of low-
er overall intensities. A PQD spectrum of 1,2-palmitin-3-olein

is shown in Fig. 1c; both diagnostic fragments were detected
(x at m/z 774.5 and w at m/z 194.3). The spectra also showed
smaller peaks accompanying the o« and w fragments (14 Da
difference; +(CH,),,) created by less probable cleavages of the
more distant C—C bonds with regard to the double bond. Al-
though PQD provided both diagnostic fragments and the CID
only one, both types of activation afforded spectra allowing
for an unambiguous assignment of the double bond to the #—9
position on the 18:1 chain. A regioisomer 1,3-dipalmitin-2-
olein (TG 16:0/18:1(n—9)/16:0) provided very similar spectra,
with slightly modified ion abundances (Spectrum S7). The
spectra of other TGs with one monounsaturated acyl (see more
examples in the Electronic Supplementary Material (ESM))
provided analogous spectra, facilitating straightforward local-
ization of the double bond.

The MS? spectra of TGs with two or three identical mono-
unsaturated chains were found to be analogous to the previ-
ously discussed ones. The covalent attachment of C3HsN™
occurred randomly on one of the unsaturated chains and the
remaining chains stayed unmodified. For instance, CID of 1,
3-olein-2-palmitin (TG 18:1(n—9)/16:0/18:1(n—9)), sece
Fig. 2a, provided mainly an « ion at m/z 800.5 and fragments
consistent with the neutral loss of palmitic acid (m/z 657.2; [M
+ 55-FA6:0] ") and oleic acid (m/z 631.5; [M + 55-FA5.4]").
The CID of triolein (TG 18:1(n—9)/18:1(n—9)/18:1(n—9)) pro-
vided an o fragment at m/z 826.5 and [M + 55-FA18:1]" at m/
z657.6 (Fig. 2b). The PQD MS? spectrum of triolein (Fig. 2¢)
showed also an w fragment at m/z 194.3 and relatively high
abundant ions at m/z 318.4 and m/z 332.5. These fragments,
which are not straightforward to rationalize, were also present
as small peaks in the CID spectrum (Fig. 2b). We speculate
that these fragments did not originate from a precursor with
just one double bond modified with C3HsN " but rather from a
cross-linked precursor, where C;HsN™" bridges two double
bonds on neighboring chains. The fragments might be ratio-
nalized by C—C bond cleavages at the positions which are
vinylic to the site of the former double bonds on both chains
(m/z 332.5) and cleavages yielding a product that is one meth-
ylene group shorter (m/z 318.4). Hence, the masses of these
even electron products containing a nitrogen atom but no ox-
ygen must depend on the positions of double bonds. This was
indeed observed in the spectra of other monoacid TGs con-
taining C18:1 acyls with different double-bond positions. The
above-mentioned fragments were shifted by 56 Da (4 methy-
lene units) towards lower m/z values in trivaccenin (TG
18:1(n—7)/18:1(n—7)/18:1(n—7)), see Spectrum S32, and by
84 Da (6 methylene units) towards higher m/z values in
tripetroselinin (TG 18:1(n—12)/18:1(n—12)/18:1(n—12)), see
Spectrum S28. No shifts of the fragment masses were ob-
served in the spectrum of trielaidin (TG 18:1(n—9 t)/
18:1(n—9 t)/18:1(n—9 t)), see Spectrum S31, which has double
bonds at the same positions as triolein, but their geometry is
trans. Unfortunately, we were not able to record MS® spectra
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Fig. 2 The APCI CID MS? spectrum of the [M + 55" adduct of TG
18:1(n—9)/16:0/18:1(n—9) (1,3-olein-2-palmitin) (a) and 18:1(n—9)/
18:1(n—9)/18:1(n—9) (triolein) (b). The APCI PQD MS? spectrum of
the [M + 551" adduct of TG 18:1(n—9)/18:1(n—9)/18:1(n—9) (triolein)
(¢). The standard solution (20 pg/mL in chloroform) delivered by a sy-
ringe pump (20 pL/min) was mixed in a T-piece with acetonitrile
(0.5 mL/min) and infused into the ion source (the spectra averaged from
a 2-min record)
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and reliably measure the exact masses to confirm our hypoth-
esis further.

The fragmentation spectra were noticeably different for
TGs with the double bond located at the chain terminus
(n—1 position). In the CID spectrum of triundecenoin (TG
11:1(n—1)/11:1(n—1)/11:1(n—1)) (Fig. 3a), the most abundant
fragment at m/z 630.5 corresponded to the loss of methyl
radical. The PQD spectrum (Fig. 3b) showed m/z 96.2 as a
basepeak, indicating C—C bond cleavage at a position that is
allylic to the site of the former double bond. Analogous diag-
nostic fragments (M + 55-CH;]" and m/z 96) were also found
in the randomized TGs with one or two 10Z-undecenoyls
(Spectra S1, S11, S107, and S111).
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Fig. 3 The APCI CID (a) and PQD (b) MS? spectra of the [M + 55]™
adduct of TG 11:1(n—1)/11:1(n—1)/11:1(n—1) (triundecenoin). The
standard solution (20 pug/mL in chloroform) delivered by a syringe
pump (20 pL/min) was mixed in a T-piece with acetonitrile (0.5 mL/
min) and infused into the ion source (the spectra averaged from 3- and
5-min records, respectively)
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As regards the double-bond geometry, no significant dif-
ferences between fragmentation spectra were observed. The
ion abundances were similar for the cis and trans isomers, see
Spectra S2/S3 and S4/S5.

In all TGs with one or more identical monounsaturated
chains, the diagnostic fragments reliably and unambiguously in-
dicated the position of double bond(s). However, TGs can consist
of two or three monounsaturated chains with different positions
of the double bond. For such TGs, the MS? spectra did not allow
the assignment of the double-bond position to a particular chain.
In principle, MS® spectra can be used in these cases. In diolein-
palmitolein (TG 18:1(n—9) 18:1(n—9)_16:1(n—7)), for instance,
two o ions were recorded: «, - at m/z 826.4 and «,,o at m/z
798.6 (Fig. 4a). We, of course, know that the palmitoleyl has an
n—7 double bond and the oleyl an n—9 double bond, but one
cannot say that from the spectrum. Supposedly, MS® of the «
ions should show a neutral loss of 18:1 acid (if we fragment an
ion derivatized on the 16:1 chain) or a loss of both 16:1 and 18:1
acids (if we fragment an ion derivatized on the 18:1 chain). This
is indeed true; the fragmentation of &, o gives [, o-FA;g.4]" (m/
z 516.5) and [, o-FA 6.1]" (m/z 544.5) (Fig. 4b), whereas the
fragmentation of o, 5 gives mostly [oy, -FA g.1]" (m/z 544.5)
(Fig. 4c). Therefore, an n—7 double bond must be in a 16:1 chain,
whereas an n—9 double bond in an 18:1 chain. However, this
approach was found to be somewhat limited by low specificity.
In the MS® spectrum of «,,_;, we also detected a small but
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Fig. 4 The APCI CID MS? spectrum of the [M + 55]" adduct of TG
18:1(n—9) 18:1(n—9) 16:1(n—7) (a),the MS*® spectrum of « ions
corresponding to the n—9 double bond (911.9 — 798.6) (b) and the
MS? spectrum of « ions corresponding to the n—7 double bond (911.9
— 826.5) (¢). The standard solution (20 pg/mL in chloroform) delivered
by a syringe pump (20 pL/min) was mixed in a T-piece with acetonitrile
(0.5 mL/min) and infused into the ion source (the spectra averaged from a
2-min record)

significant peak [ot, 7-FA 6.1]" (m/z 572.4), which in theory
should not be formed. The presence of this peak can be explained
by (i) the co-isolation of an «-like ion derivatized on the 18:1
chain but cleaved in a propenylic C—C bond or (ii) the scrambling
or migration of the C3HsN'" modification. The MS? spectra of
[M + 55-FA]™ also provided fragments indicating the double-
bond positions (analogous to « fragments; the loss of hydrocar-
bon radical), but at unusably low intensities.

MS? of [M + 55]™: TGs with di- and polyunsaturated chains
With the increasing number of double bonds in acyls, the frag-
mentation spectra of [M + 55]" become more complex. The
covalent adduct formation took place on each double bond of

the chains, which increased the structural variability of the [M +
55]" precursors. Upon fragmentation, each double bond-site pro-
vided specific fragments (cleavages vinylic (or allylic) to the site
of the double bond), together with unspecific fragments (cleav-
ages on more distant C—C bonds from the site of the double
bond). Consequently, the diagnostic ions became less pro-
nounced and somewhat hidden among other fragments. We have
noticed that the efficiency of adduct formation (or cleavage)
depends on the double-bond position. Thus, for instance, the
spectrum of distearin-linolein (TG 18:0_18:0 18:2(n—06))
showed a significantly more abundant o-ion corresponding to
the n—6 double bond (o, at m/z 866.5) when compared to
the a-ion corresponding to the n—9 double bond (x,,—o at m/z
826.6) (Fig. 5a). It can be explained by the easier accessibility of
the double bonds closer to the chain termini and/or by electronic
effects. The same trend was also observed for other TGs with
polyunsaturated chains, see for instance distearin-o-linolenin
(TG 18:0_18:0 18:3(n—3)), Spectrum S21. For all three identical
polyunsaturated acyl chains, the diagnostic fragments were easier
to distinguish among other ions, like in the case of trilinolein (TG
18:2(n—6)/18:2(n—6)/18:2(n—06)), see Fig. 5b. Although the inten-
sities of o« and w ions generally decreased with the distance of
the double bond from the unsaturated chain terminus, some TGs
showed enhanced intensities of « ions corresponding to the sec-
ond (or third) double bond counting from the chain terminus (see
for instance tri-o-linolenin, Spectrum S87). The most polyunsat-
urated TG investigated in this work was tridocosahexaenoin (TG
22:6(n—3)/22:6(n—3)/22:6(n—3)), Fig. 5c. Even in this com-
pound, the x-ions corresponding to all double bonds were rela-
tively easily recognizable. We can conclude that the localization
of double bonds in TGs with one or more identical di- and
polyunsaturated chains can be achieved. At least, the double
bonds close to chain termini provided signals reliably indicating
their positions.

The spectra of TGs with all the acyls unsaturated and/or poly-
unsaturated in various positions were challenging to interpret.
The intensities of diagnostic ions indicating double bonds closer
to glycerol in polyunsaturated chains were significantly sup-
pressed. The spectra usually clearly showed only diagnostic ions
corresponding to a double bond in the monounsaturated chain(s)
and the outermost double bond in polyunsaturated chain(s). For
instance, in the CID spectrum of dipetroselinin-linolelaidin (TG
18:1(n—12) _18:1(n—12) 18:2(n—6 t)), Fig. 6a, the double bond
on the monounsaturated petroselinyl chain provided easily dis-
tinguishable o, 1,'%" at m/z 782.6, similarly to the n—6 double
bond in the diunsaturated linolelaidinyl chain («,, ¢'** at m/z
866.7). The %, 052 jon reflecting the n—9 double bond in the
linolelaidinyl chain was detected at m/z 826.6, but its inten-
sity did not exceed the surrounding ions. The polyunsaturat-
ed chains frequently contain double bonds on the same po-
sitions counting from the chain termini (“#—3” or “n—6”
fatty chains). In these cases, the diagnostic fragments had
the same mass and their intensities were enhanced. For
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Fig. 5 The APCI CID MS? spectra of the [M + 55]*" adduct of distearin-
linolein (TG 18:0_18:0_18:2(n—6)) (a), trilinolein (TG 18:2(n—6)/
18:2(n—6) 18:2(n—6)) (b) and tridocosahexaenoin (TG 22:6(n—3)/
22:6(n—3)/22:6(n—3)) (¢). The standard solution (20 pg/mL in chloro-
form) delivered by a syringe pump (20 pL/min) was mixed in a T-piece
with acetonitrile (0.5 mL/min) and infused into the ion source (the spectra
averaged from 4-, 2-, and 2-min records, respectively)

instance, the oo fragments in di-o-linolenin-docosahexaenoin
(TG 18:3(n—3)_18:3(n—3) 22:6(n—3)) were for all chains at
the same m/z values (00, 5>>° and «,3'°" at m/z 948.7;
06 2® and o, 60" at m/z 908.7; x,o->° and o, o' at
m/z 868.7), see Fig. 6b. The remaining (inner) double bonds
on docosahexaenoyls provided small « fragments almost

indistinguishable from the background.
Fragment intensity ratio in regioisomers
The intensities of the diacylglycerol fragments in the APCI

mass spectra of TGs ([M + H-RCOOH]") are known to indi-
cate acyl positions on the glycerol [50]. The elimination of
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and equally favored, whereas the fatty acid in the sn-2 position
is less probable to cleave (the corresponding fragment is the
least intense). Therefore, one can distinguish the acyl in the
sn-2 position from those attached to the sn-1/sn-3 positions by
comparing the fragment intensities. It is important to note that
the fragment intensities are also affected by the chain-length
and the degree of unsaturation of the cleaving fatty acid,
which can lead to an incorrect assignment of the chain posi-
tions in some cases [51, 52]. Our results have indicated that
the elimination of fatty acid in sn-2 position is less probable
also in the case of the CID of [M + 55]*". Hence, the intensities
of the [M + 55-FA]" fragments could be useful for the acyl-
position assignment like the intensities of the [M + H-FA]"
ions in the APCI full-scan mass spectra. However, the inten-
sities of [M + 55-FA]"" cannot be used exactly in the same way
as the intensities of [M + H-FA]", because the acyl with the
double bond modification is not cleaved. To test the hypothe-
sis, the MS? spectra of [M + 55]™ were repeatedly measured
for TG regioisomers and the ratios of the fragments were
calculated (Table 1). Figure 7 shows zoomed spectral regions
with fragments of 1-arachidin-2-olein-3-palmitin (TG 20:0/
18:1(n—9)/16:0; AOP) and 1-palmitin-2-arachidin-3-olein
(TG 16:0/20:0/18:1(n—9); PAO) regioisomers. The oleyl chain
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Table1 The ratio of the [M + 55-
FA]"-fragment intensities in the
CID MS? spectra of isomeric TGs

The values have been averaged
from five measurements (2-min

TG Fragment no. 1 Fragment no. 2 Fragment intensity ratio
Frg. 1/Frg. 2*
TG 18:1(n—9)/16:0/18:1(n—9) [M + 55-FA5,]" [M + 55-FA 5] 1.7+0.1
TG 18:1(n—9)/18:1(n—9)/16:0 0.4+0.0
TG 20:0/18:1(n—9)/16:0 [M + 55-FAs.0] ™ [M + 55-FA 601 ™ 0.8+0.0
TG 16:0/20:0/18:1(n—9) 0.3+0.0
TG 18:1(n—9)/18:2(n—6)/18:1(n—9) [M + 55-FAg.,]" [M + 55-FA g.4]"" 0.2+0.0
TG 18:1(n—9)/18:1(n—9)/18:2(n—6) 0.4+0.0

records)

was modified with CsHsN"". Therefore, only the two saturated
acyls were cleaved off as neutral fatty acids (or ketenes as
minor peaks). In the case of the regioisomer with both satu-
rated chains in the outer positions (AOP), the intensity of [M +
55-FA,0-0] " and [M + 55-FA;4.0] " was roughly the same
(Fig. 7a), whereas the isomer with arachidyl in the middle
(PAO) eliminated arachidic acid less efficiently (Fig. 7b). In
the full-scan APCI spectra of these regioisomers, the fragment
intensities reflected the acyl positions as expected; the frag-
ments corresponding to the acyl in the sn-2 position provided
peaks of the lowest intensities (Fig. 7c, d). Interestingly, the
peak intensity ratio [M + 55-FA,g.0]"/[M + 55-FA;¢.0]"
(Table 1) was exactly the same as the [M + H-FA,.o] /[M +
H-FA ¢.] " ratio calculated from the full-scan APCI spectrum

Fig.7 The zoomed regions of the

(the intensity ratio [M + H-FA,(.0] /[M + H-FA 4.] " was 0.8
for AOP and 0.3 for PAO). In a regioisomeric pair 1,3-diolein-
2-palmitin (TG 18:1(n—9)/16:0/18:1(n—9); OPO) and 1,2-
diolein-3-palmitin (TG 18:1(n—9)/18:1(n—9)/16:0; OOP),
Spectra S17 and S18, one of two oleyls was modified with
C3HsN™, likely with similar probability. Again, the neutral
loss from the sn-2 position was less efficient as the ratio [M
+ 55-FA 5.1]"/[M + 55-FA4.0] "~ was significantly higher for
OPO with both oleyls in the outer positions on glycerol
(Table 1). Not surprisingly, the corresponding fragment inten-
sity ratio was also significantly higher for OPO in the full-scan
APCI spectra (the intensity ratio [M+H-FA g.;]"/[M+H-
FA 6.0] was 7.7 for OPO and 1.7 for OOP). The position of
acyls on the glycerol backbone was also possible to follow in

[M+85-FA, ] b [M+55-FAq,]"

APCI CID MS? spectra of the [M [M+55-FA,,.]" 687.6 687.5
T . 1004 1007
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16:0/20:0/18:1(1-9)) (b). The S 601 S 607
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the CID spectra of polyunsaturated TGs like in 1,2-olein-3-
linolein (TG 18:1(n—9)/18:1(n—9)/18:2(n—6); OOL) and 1,3-
olein-2-linolein (TG 18:1(n—9)/18:2(n—6)/18:1(n—9); OLO)
(Spectra S42 and S43). However, as the probability of the
C3HsN™ adduct formation might be different for individual
double bonds in various (poly)unsaturated chains, the
fragment-ion ratios should be interpreted with caution. In this
particular example, the neutral loss of linoleic acid was more
efficient in the case of OOL (Table 1), which is again in agree-
ment with the less efficient neutral loss from the sn-2 position.

Applications

The applicability of HPLC/APCI-MS? with [M + 55]" frag-
mentation in the ion trap for the comprehensive structural
characterization of TGs in mixtures was assessed using olive
oil and unsaturated TGs isolated from vernix caseosa. The TG
molecular species were resolved using a proven method based
on Nova-Pak C18 columns and an acetonitrile/propan-2-ol
gradient [47, 19, 53]. There was no need to modify the sepa-
ration conditions as acetonitrile in the mobile phase afforded
the formation of the [M + 55]" adducts. The full-scan spectra
provided molecular adducts and fragments useful for deduc-
ing the total number of carbons and double bonds in TG acyls
[54]. The same information was possible to extract also from

the CID spectra of [M + 55]". The masses of the precursors
determined the total number of carbons and double bonds.
The fatty-acid neutral loss ions (M + 55-FA]"") were used
for the determination of the number of carbon atoms and dou-
ble bonds in acyls and the relative proportions of these ions
reflected the positions of acyl on the glycerol backbone, like in
case of [M + H-FA]" in the full-scan spectra. Moreover, the
CID MS/MS spectra provided information on the double-
bond positions.

Table 2 shows the results on the olive oil sample obtained
by the interpretation of the CID spectra of [M + 55]" only; the
full-scan data were not used. For comparison purposes, the
data were also interpreted in a classical way using the full-
scan APCI spectra; the results summarized in the ESM
(Table S1; Fig. S1) were in excellent agreement with a previ-
ously published report [47]. The interpretation of the CID
spectra of [M + 55]" allowed us to gain information on
double-bond positions in 20 TGs. Those were the most abun-
dant TGs in the sample (93 % of the sample based on the peak
areas); the spectra were interpretable even for TGs with the
relative peak areas as low as 0.1 % in some cases. In the
interpretation procedure, we focused on o ions labeled relative
to the precursor ([M + 55]"") mass. The o ions thus appeared
at —29 Da, —43 Da, —57 Da, —71 Da, —85 Da, —99 Da,
—113 Da etc., and indicated double bonds in the positions

Table 2 The unsaturated TGs identified in olive oil using CID of [M + 55]"

R, [min] [M+55]" Fatty acid (neutral loss) Double-bond position TG* ECN
65.0 933.5 18:2 n—6, n—9 18:2(n—6,9)/18:2(n—6,9)/18:2(n—6,9)° 42
65.8 933.5 n=9, n—6, n—3 18:1(n—9) 18:3(n—3,6,9) 18:2(n—6,9)° 42
71.2 935.8 18:1, 18:2 n=9, n—6 18:1(n—9)_18:2(n—6,9)_18:2(n—6,9)° 44
71.7 909.8 16:1, 18:1, 18:2 n=9, n=7, n—6 16:1(n—9) 18:1(n—9) 18:2(n—6,9) 44
71.9 935.6 18:1, 18:3 n=9, n=3 18:1(n—9) 18:1(n—9) 18:3(n—3,6,9) 44
72.6 909.5 16:0, 18:2 n=9, n—6 16:0_18:2(n—6, 9)_18:2(n—6, 9)° 44
73.4 909.6 16:0, 18:1, 18:3 n=9, n=3 16:0 18:1(n—9) 18:3(n—3,6,9) 44
77.0 937.7 18:1, 18:2 n=9, n—6 18:1(n—9) 18:1(n—9) 18:2(n—6,9) 46
77.6 911.6 16:1, 18:1 n=9, n—7 16:1(n—7)_18:1(n—9) 18:1(n—9) 46
78.5 911.6 16:0, 18:1, 18:2 n=9, n—7 16:0 18:1(n—9) 18:2(n—6,9) 46
80.3 925.8 17:1, 18:1 n—9, n—8 17:1(n—8) 18:1(n—9) 18:1(n—9) 47
81.8 899.9 17:1 n=9, n—8 16:0 _17:1(n—8)_18:1(n—9) 47
82.7 939.6 18:1 n=9 18:1(n—9)/18:1(n—9)/18:1(n—9)° 48
83.9 939.9 n=9, n—6 18:0 _18:1(n—9) 18:2(n—6, 9)° 48
84.3 913.5 16:0, 18:1 n=9 16:0_18:1(n—9)_18:1(n—9)° 48
87.9 967.7 18:1, 20:1 n=9 18:1(n—9)_18:1(n—9)_20:1(n—9)" 50
89.1 967.7 18:1, 20:0 n=9 18:1(n—9) 18:2(n—6,9) 20:0 50
89.7 941.7 n=9 18:0 _18:1(n—9) 18:1(n—9)° 50
94.6 969.7 18:1, 20:0 n—9 18:1(n—9)_18:1(n—9)_20:0° 52

#The most likely structures of TGs identified from the spectra
® Unambiguously identified

¢ The missing information on acyl composition has been taken from the full-scan spectrum
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n=3, n—4, n—=5, n—6, n—7, n—8, n—9, respectively. When the
neutral radical already carried one double bond (i.e., another
double bond existed closer to the chain terminus), the values
were 2 mass units shifted. In the case of methylene-interrupted
double bonds, the distances between « ions in the spectra
were 40 Da. We clearly detected o ions corresponding to
double bonds in monounsaturated acyls. In the case of poly-
unsaturated chains, we frequently observed only « ions indi-
cating the outermost double bonds. If methylene-interrupted
acyls were expected, this information was sufficient. Howev-
er, an unequivocal interpretation of the spectra was not always
possible even for a complete set of « ions. It is important to
realize that the MS? spectra afforded cumulative information
on double bonds in all three chains, without direct information
on which chain the double bond existed. The double-bond
assignment to a particular chain would be possible using
MS? performed with o ions or [M + 55-FA]" ions. Unfortu-
nately, the MS>-spectra intensities were low, which makes
their practical use hard to imagine. Nevertheless, the MS?
alone might be sufficient for unambiguous double-bond local-
ization in some cases. For instance, the peak in 71.2 min rep-
resented TG with one 18:1 and two 18:2 acyls (based on
the[M + 55]"" and [M + 55-FA]" masses) with the 18:2 chain
in the sn-2 position (based on the [M + 55-FA]"" fragment
intensity ratio), see Fig. 8a. The « ions appeared at m/z
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Fig. 8 The APCI CID MS? spectra of the TG [M + 55]" adduct taken
across the chromatographic peak (fg=71.2 min) in the olive oil sample
and interpreted as 18:1(n—9) 18:2(n—6,9) 18:2(n—6,9) (a) and the
chromatographic peak (fg=70.0 min) in the vernix caseosa sample (b).
For experimental conditions, see the “Material and methods™ section

864.7 (=71 Da, n—6), m/z 822.6 (—113 Da, n—9), and m/z
824.6 (—111 Da, n—9 in an acyl with one additional double
bond closer to the chain terminus). In this case, the interpre-
tation was unequivocal: the double bonds n—6 and n—9 were
in the doubly unsaturated acyls and #»—9 is in the monounsat-
urated acyl. Therefore, the spectrum represented olein-
dilinolein with linoleic acid in the sn-2 position (cis double
bonds assumed). The spectral interpretation was also straight-
forward in the case of TGs with identical unsaturated acyls
(e.g., the most abundant peak at the 82.2nd min with all dou-
ble bonds in #—9, identified as trioloein, or the peak at the
84.3rd min with one C16:0 and two n—9 C18:1 chains,
interpreted as palmitin-diolein). In several minor TGs, we
were not able to detect the [M + 55-FA]"" fragments reliably,
but we clearly saw « ions, enabling us to localize the positions
of double bonds.

Vernix caseosa lipids are known as an extremely complex
mixture of various lipids with branched and unsaturated
chains [55]. TGs of vernix caseosa consist of an exceptionally
large number of molecular species, which makes their analysis
particularly challenging. A comprehensive analysis of all TGs
in vernix caseosa was not attempted in this work and the data
were interpreted only partially. The o fragments mostly
showed a double bond up to n—12, but small peaks in some
spectra also indicated double bonds at more distant positions
from the chain termini. Figure 8b shows a spectrum for a peak
at the 70.0th min (see the basepeak chromatogram in ESM
Fig. S2). The spectrum represents a mixture of TGs with two
saturated fatty acyls (14:0, 15:0, or 16:0) and one monounsat-
urated acyl (14:1, 15:1, 16:1, or 17:1) with double bonds
mainly in #n—10 and #—8. The results indicated the feasibility
of the localization of double bonds in the TGs of vernix
caseosa; however, a reliable and comprehensive analysis can-
not be achieved without substantial improvement of the sepa-
ration method. As the concentration of acetonitrile in the mo-
bile phase gradually decreased in the course of the analysis,
TGs with high ECN values were ionized at low concentrations
of acetonitrile. Consequently, the efficiency of the [M + 55]*"
formation was reduced and the MS? spectra were of rather
poor quality at higher retention times. The concentration of
acetonitrile during ionization might be increased by a post-
column addition of acetonitrile, but this approach was not
tested in this work.

Conclusions

The results in this work have proven that acetonitrile-related
[M + 55]" ions formed in APCI source are useful for the
structure elucidation of TGs. The fragmentation spectra of
these ions provided information on (i) the total number of
carbons and double bonds in the whole molecule (the mass
of the [M + 55]" precursor), (ii) the number of carbons and
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double bonds in acyls (masses of the [M + 55-FA]"™ frag-
ments), (iii) the acyl in the sn-2 position on the glycerol back-
bone (the intensity ratios of the [M + 55-FA]"" fragments), and
(iv) the double-bond positions in acyls (the masses of the o
and w ions). The [M + 55]" ions were generated under the
common conditions used for the separation of TGs on classi-
cal HPLC columns, i.e., in the mobile phases containing ace-
tonitrile and submilliliter per minute flow rates. Therefore, it is
not difficult to adapt the existing HPLC/APCI-MS methods
for the localization of double bonds. The fragmentation of [M
+ 55]" was achieved in the ion trap using either CID or PQD.
Although PQD afforded for each double bond two diagnostic
ions and CID only one, the CID was preferred because of its
higher sensitivity. Although the fragmentation spectra of [M +
55]" usually provide all information for characterizing TG
structures, such spectra are better to be used for double-bond
localization only; all the other information is more easily ac-
cessible from the full-scan spectra. The MS? spectra of [M +
55]" generally contained diagnostic peaks for all (or most) of
the double bonds in the molecule. Yet in the case of un-
knowns, the interpretation was not always straightforward.
The MS? spectra contained cumulative information on all
double bonds in all three acyls, which complicated or even
hindered a correct assignment of particular signals. This lim-
itation would likely have been solved by the use of MS?, but
the sensitivity was an issue. Despite the limitations discussed
above, the method is an easy way of determining double
bonds in TGs, which has been demonstrated with a large set
of standards and also for natural samples.
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