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Abstract

Mono-, di- and triacylglycerol (MAG, DAG, TAG), sterol ester (SE), free sterol (S) and free fatty acid (FFA) standards were analyzed in the
presence of ammonium ions and ammonia by flow injection MS2 and MS3, and by normal phase-liquid chromatography (NP-LC) MS2 positive
electrospray ionization (ESI) mass spectrometry (MS). The MS data recorded for ammonium adducts ([M + NH4]+) of TAGs, DAGs, and MAGs
were consistent with stepwise fragmentation mechanisms. In the first step, ammonium ion in [M + NH4]+ donates proton to acylglycerol and
ammonia is released. In the second step, FFA is cleaved from protonated TAG, water from protonated 1,3-DAG and MAG, both FFA and water
from protonated 1,2-DAG, hence leading to formation of [DAG]+ ion from TAG and 1,3-DAG, [DAG]+ and [MAG]+ ions from 1,2-DAG, and
[MAG]+ ion from MAG. In the third step, [DAG]+ ion of TAG is fragmented to yield [Acyl]+, [Acyl + 74]+, [DAG − 74]+ ions, [DAG] ion of
1,3-DAG to [Acyl]+ ions, and [MAG]+ ion of MAG to protonated FAs, which are decomposed to water and [Acyl]+ ions in the fourth step. A
stepwise mechanism for fragmentation of FFA was also evident from MS2 and MS3 data.

Molecular species of low erucic acid rapeseed oil simple lipids were identified from characteristic ions produced in the NP-LC–ESI-MS2

of [M + NH4]+ ions. The percentage composition of the molecular species of each lipid class was calculated from integrated extracted ion chro-
matograms of [(M + NH4)]+ ions of SE, TAG, MAG, and FFA, of the sum of [(M + NH4)]+ and [(M + NH4) − NH3 − H2O]+ ions of both regioisomers
of DAGs, and of sterol fragment ions of S.
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1. Introduction

In the present study, we studied the identification of molecular
species of simple lipids (mono-, di- and triacylglycerol (MAG,
DAG, TAG), sterol ester (SE), free sterol (S) and free fatty
acid (FFA)), and the fragmentation paths of their ammonium
adducts in collision induced decay (CID) in flow injection and
normal phase-liquid chromatography (NP-LC) positive electro-
spray ionization (ESI) mass spectrometry (MS).

Simple lipids, i.e., lipids, which yield in saponification at
most two types of primary hydrolysis products [1], are important
lipid components. In nutrition, the major simple lipids, TAGs,
play an important role as energy source and storage. The rest of
simple lipid classes, i.e., DAGs, MAGs, FFAs, Ss and SEs, are
present in fats and oils in minor amounts, but have significant
nutritional, metabolic and technological importance.

Duffin et al. studied CID of ammonium adducts of MAGs,
DAGs and TAGs produced by ESI [2]. The CID of ammonium
adducts of TAGs has been further considered by several investi-
gators using ESI ionization [3–9]. ESI tandem mass spectrom-
etry of sodium and lithium adducts of TAGs has been applied
for structural analysis as well [3,10–12]. Han et al. used intra-
source lipid class-selective ESI and neutral loss and precursor
ion scanning in identification and quantification of molecular
species in FFA, TAG, and several subclasses of phospholipids
[11]. Recently, vegetable oil DAGs and TAGs have been char-
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tion of relative ratios of esterified Ss and esterified FAs in SEs
of low erucic acid rapeseed oil [19].

The objective of present study was to investigate all simple
lipid classes (TAG, DAG, MAG, SE, S, and FFA) by positive
electrospray ionization, in the presence of ammonium ions and
ammonia, and NP-LC–ESI-MS2 and flow injection-ESI-MS2

and -MS3 of standard compounds. Our aim was to conclude the
fragmentation mechanisms from tandem MS data. In order to
demonstrate the applicability of the methods developed, sim-
ple lipids of low erucic acid rapeseed oil were identified from
NP-LC–ESI-MS2 and the percentage composition of molecular
species of each lipid class was determined.

2. Experimental

2.1. Materials

2.1.1. Standards
Cholesterol ester standards, 1-lauroyl-2-oleoyl-3-palmitoyl-

rac-glycerol, 1,3-dihexadecanoylglycerol, monoacid TAG and
DAG standards, and MAG and FFA standards were purchased
from Nu Chek Prep (Elysian, MN, USA), Sigma (St. Louis, MO,
USA) and Fluka (Buchs, Switzerland), and 1-monopalmitin, 1-
mono-olein, and plant sterol mixture from Larodan Fine Chem-
icals (Malmo, Sweden).
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cterized by positive ESI Fourier transform (FT) ion cyclotron
esonance (ICR) MS [13]. Furthermore, atmospheric pressure
hemical ionization (APCI) LC–MS [14–16] as well as matrix-
ssisted laser desorption ionization (MALDI) MS [17] have been
pplied in the characterization of DAGs. To our knowledge,
esides the publication of Duffin et al. [2] no other studies using
SI-MS in the analysis of MAGs have been published. Precursor

on tandem MS in positive ion mode of ESI ionized cholesterol
sters [18] and plant SEs [19] has been used for identification
nd quantification. Furthermore, electron impact (EI) and chem-
cal ionization (CI) gas chromatography (GC) MS [20], and EI
nd negative ion (NI) CI-GC–MS [21], has been applied in the
haracterization of sterol fatty acid esters, whereas LC–ESI-
S/MS in positive and negative ion modes has been used in the

tudy of sterol ferulates [22]. FFAs have been characterized by
I-ESI tandem MS [23] and by two-dimensional ESI-MS [11],
ydroxy-FAs by NI-ESI tandem MS [24], and dilithiated adducts
f long-chain unsaturated FFAs have been analyzed by ESI-MS
ith low energy collisionally activated dissociation with the

im to locate the double bond positions [25]. Reversed phase
RP) LC–ESI-MS and -MS/MS, in the negative ion mode, has
een applied for characterization and quantification of FFAs, as
ell as in the study of charge-remote fragmentation mechanism

26,27].
Rapeseed oil TAGs have been analyzed by GC–CI-MS [28],

I-CI-MS/MS [29], APCI-MS [30,31,15], and ESI-FT–ICR-
S [13]. DAGs in the same matrix have been identified by
PCI-MS [15,30], and the relative abundances of ACN:DB
AG classes and those of FFAs have been determined by either
ositive or negative ESI-FT–ICR-MS, respectively [13]. Precur-
or ion positive ESI-MS/MS has been applied to the determina-
.1.2. Solvents
All solvents were purchased from Rathburn, UK and were of

PLC grade.
Low erucic acid rapeseed oil was purchased from local store.

.2. Liquid chromatography–electrospray ionization mass
pectrometry (LC–ESI-MS)

.2.1. High performance liquid chromatography (HPLC)
Lipid standards and vegetable oil solutions were ana-

yzed by normal phase HPLC using two Phenomenex Luna
�m silica columns (100 mm × 2.0 mm) and a guard column

4 mm × 2.0 mm) in series. A multistep binary gradient of hex-
ne (A) and hexane–methyl-tert-butyl ether–acetic acid (B) was
mployed at flow rate of 0.1 ml/min (Table 1).

.2.2. HPLC with electrospray ionization mass
pectrometry (LC–ESI-MS)

An ion-trap Bruker Esquire LC–MS (Bruker Daltonic, Bre-
en, Germany) was operated in positive electrospray ionization
ode. Acquisition parameters in the method for SE, TAG, and
AG and (in that for FFA, S, and DAG) were: capillary volt-
ge 3000 V (3000 V), capillary exit offset 30 V (30 V), skimmer
otential 20 V (20 V), and trap drive value of 70 (40). Full scan
SI mass spectra were recorded using a scan range of 15–1200

50–500) m/z and summation of 15 spectra. Nebulizer (nitrogen)
ow was 8 l/min and drying temperature 300 ◦C. Auto-MS/MS
pectra for two most intense ions eluting concurrently were
ecorded using helium (99.996%) as the collision gas. In addition
o auto-MS/MS, time windows for isolating and fragmentation
f the ions for minor components of low erucic acid rapeseed oil
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Table 1
Multistage binary gradient system in the NP-HPLC

Time (min) %B (by vol.) Flow (ml/min)

0 0.0 0.1
2 7.5 0.1

16 7.5 0.1
22 9 0.1
30 9 0.1
31 45 0.1
52 45 0.1
62 90 0.1
63 99 0.1
64 99 0.5
75 99 0.5
76 0.0 0.5
80 0.0 0.5
81 0.0 0.1

130 0.0 0.1

Solvent A: hexane; solvent B: hexane/methyl-tert-butyl ether/acetic acid
80:20:1, by vol.

were used. The reagent solvent, chloroform/methanol/ammonia
water (25%) 20:10:3 (v/v), was pumped with a flow rate of
6.0 ml/min via a 1:100 split device to effluent flow [7].

2.2.3. Flow injection electrospray ionization mass
spectrometry (FI–ESI-MS)

Chloroform solution of lipid standard was pumped using
syringe pump (Cole Parmer 74900 series), at a flow rate of
500 �l/h, to the eluent flow (Table 1). The composition of elu-
ent corresponded to that of the LC–MS efluent, in which the
compound concerned was eluted. The mass spectrometric con-
ditions were the same used in the LC–MS for the respective lipid
class.

2.2.4. Calibration
The amount/area ratios were determined for ammonium

adducts of the following mixtures: monoacid TAGs 54:0,
54:3, 54:6, 51:0, 48:0, 48:3, 42:0, 36:0; monoacid DAGs
16:0, 24:0, 24:2, 32:0, 32:2, 36:0, 36:2, 36:4, 38:0, 38:2;
MAGs 16:0, 18:0, 18:1, 18:2, 18:3; FFAs 16:0, 18:0, 18:1,
18:2, 18:3; Ss brassica-, campe-, stigma-, and sitosterol. The
extracted ion chromatograms (EIC) of ammonium adducts
for the standard compounds in each standard mixture were
extracted from total ion current data of LC–ESI-MS, and
duly integrated. The amount/area ratio was calculated for
each standard compound. For calculation of amount/area
ratios for the TAGs with ACN:DB not present in stan-
dard mixtures, plots of amount/normalized area versus ACN
were produced for saturated TAGs (regression equation:
y = 0.0053x2 − 0.3656x + 6.3881, R2 = 0.877, n = 20) and ACN
54 TAGs with different unsaturation (y = −0.2086x + 1.8768,
R2 = 0.906, n = 9). Respective plots were produced for satu-
rated DAGs (y = 0.0744x − 1.2635, R2 = 0.941, n = 10), diene
DAGs (best fit: y = 0.0517x − 0.9422, R2 = 1.000, n = 8), and
for ACN 36 DAGs with varying degrees of unsaturation
(y = −0.2353x + 1.4924, R2 = 0.960, n = 6). For SE with different
unsaturation the correction factor of the corresponding CE was
used [19].
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Table 2
Characteristic ions in full scan and product ion tandem mass spectra of ammonium a
chromatography mass spectrometry (LC–MS) modes

Standard MS type [M + NH4]+, 1a [(M + NH4) −
NH3]+, 2a, 2ba

TAG 54:3 MS 903 (100)b

FI
MS2 903 886 (7)
MS3 903 → 886
MS3 903 → 603

TAG 54:3 MS2 903 886 (7)
L
T
F

T
T
L
T
L

C–MS
AG 54:6 MS2 897 880 (91)
I

MS3 897 → 880
AG 54:6 LC–MS MS2 897 880 (76)
AG 48:0 MS2 825
C–MS
AG 48:3 MS2 819 802 (3)
C–MS

a Refer to the structure proposed in Scheme 1.
b m/z (abundance %).
c [Acyl + 74]+.
d [(M + NH4) − NH3 − FA − 74]+.
. Results

.1. Triacylglycerols (TAGs)

Under the experimental conditions used, TAGs formed only
mmonium adducts without fragmentation, as observed else-
here [7]. In the MS2 of unsaturated monoacid TAGs, abundant

dducts of monoacid triacylglycerols recorded in flow injection (FI) and liquid

[(M + NH4) − NH3 –
H2O]+

[(M + NH4) − NH3 −
FA]+, 3a, 3ba

Acyl Other

603 (100)
868 (13) 603 (100)

265 (85) 339 (100)c,
529 (20)d

603 (100)

600 (100)

862 (20) 600 (100)
862 (8) 600 (100)

552 (100)

548(100)
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Fig. 1. Mass spectra of trioleoylglycerol recorded in the flow injection mode.
(A) Full scan mass spectrum of ammonium adduct. (B) Tandem mass spectrum
(MS2) of ammonium adduct. (C) Mass spectrum of ion with m/z 886 produced
in collision induced decay of ammonium adduct = MS3 (903 → 886). (D) Mass
spectrum of ion with m/z 604 produced in collision induced decay of ammonium
adduct = MS3 (903 → 604).

DAG ions [(M + NH4) − NH3 − FA]+ and [(M + NH4) − NH3]+

ions with varying intensity were found (Table 2, Fig. 1B). The
MS2 of triolein and tripalmitolein ammonium adducts showed
low intensity ions m/z 886, and 802 formed by loss of ammonia
and intense ions m/z 603 and 548, formed by cleavage of oleic
acid and palmitoleic acid, respectively, along with ammonia
(Table 2). Whereas, the MS2 of trilinolein ammonium adduct
showed abundant ions m/z 880 (76%), and 600 (100%) and a low
intensity ion m/z 862 (8%), formed by cleavage of ammonia,
linoleic acid along with ammonia, and ammonia and water,
respectively. In the MS2 of saturated TAG (tripalmitin) these
ions were not observed and DAG ion [(M + NH4) − NH3 − FA]+

was the only product in CID. FI–MS3 [M + NH4]+ → [(M +
NH4) − NH3]+ yielded [(M + NH4) − NH3 − H2O]+ and
[(M + NH4) − NH3 − FA]+ ions, with medium and high abun-
dance, respectively (Table 2, Fig. 1C). FI–MS3 [M + NH4]+ →
[(M + NH4) − NH3 − H2O]+ showed abundant [Acyl]+, [Acyl +
74]+, and medium abundance [(M + NH4) − NH3 − FA − 74]+

ions (Table 2, Fig. 1D).
These data of unsaturated TAGs (Table 2, Fig. 1) indicate

a stepwise fragmentation mechanism (Scheme 1). In the first
step (1) of this mechanism: the ammonium ion of [M + NH4]+

donates a proton to one of the ester carbonyls of triacylglycerol 1,
ammonia is released, and the onium ions 2a and 2b are formed.
The relative abundances of ion 2a or 2b vary from a few per-
cent points up to 70–90% in tandem MS of triene and hexaene
T
c

onium ions 2a or 2b and the carbocation formed primarily is
expected to be isomerized to [DAG]+ ion 3a or 3b, respectively,
which is stabilized by five- or six-membered rings. This became
evident from the FI–MS3 [M + NH4]+ 1 → [(M + NH4) − NH3]+

2 of triolein and trilinolein. Furthermore, in the MS2 spectra of
all saturated and unsaturated TAG, [DAG]+ ion 3 is the base
peak. In the third step (3) of the mechanism, characteristic
[Acyl]+, [Acyl + 74]+ 4a, and [(M + NH4) − NH3 − FA − 74]+

4b ions are formed, as observed in the FI–MS3 [M + NH4]+ 1 →
[(M + NH4) − NH3 − FA]+ 3 of triolein.

3.2. Diacylglycerols (DAGs)

In the FI–MS of 1,3-dihexadecanoylglycerol were shown an
intense [M + NH4 − NH3 − H2O]+ ion with m/z 552 (100%),
and a less intense ion [M + NH4]+, m/z 587 (25%) (Table 3,
Fig. 2A). The MS2 of [M + NH4]+ showed DAG ion [M + NH4
− NH3 − H2O]+ with m/z 552 solely (Table 3, Fig. 2B). The
FI–MS3 [M + NH4]+ → [M + NH4 − NH3 − H2O]+ consisted of
an intense [Acyl]+ ion with m/z 239, as well as low intensity
ions [Acid 16:0 + H]+ with m/z 257 and [Acyl 16:0 − H2O]+

with m/z 211 (Table 3, Fig. 2C). In the ESI LC–MS of 1,3-
dihexadecanoylglycerol, the ion chromatogram with m/z 587,
extracted by computer from total ion current data, showed an
intense peak at 48.1 min and a weak peak at 51.9 min. The
MS recorded at 48.1 min consisted of an intense DAG ion
[
i
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1
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p

AGs, respectively. In the second step (2) of the mechanism,
arboxylic acid is released from the sn-1(3)- or sn-2-position of
M + NH4 − NH3 − H2O]+ with m/z 552 (100%) and a less
ntense [M + NH4]+ ion with m/z 587 (25%) (Table 3). In the
ID of [M + NH4]+ ion with m/z 587, the ion [M + NH4 − NH3]+

ith m/z 569 (100%), was formed by cleavage of ammonia
Table 3), and in the CID of [M + NH4 − NH3 − H2O]+ ion with
/z 552, the [Acyl 16:0]+ ion with m/z 239 (100%), and the [Acyl
6:0 − H2O]+ ion with m/z 221 (55%), were formed (Table 3).

ig. 2. Mass spectra of 1,3-dihexadecanoylglycerol recorded in the flow injec-
ion mode. (A) Full scan mass spectrum of ammonium adduct. (B) Tandem mass
pectrum (MS2) of ammonium adduct. (C) Mass spectrum of ion with m/z 552
roduced in collision induced decay of ammonium adduct = MS3 (586 → 552).
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Scheme 1.

The EIC of ion with m/z 638 of dioleoylglycerol standard
showed intense peaks at 50.6 and 53.6 min (Fig. 3A). The MS
recorded for the former showed ions m/z 638 (100%) and 603
(32%), corresponding to ions [M + NH4]+ and [M + NH4 −
NH3 − H2O]+, respectively (Table 3, Fig. 3C). In the CID of
[M + NH4]+ with m/z 638, recorded at 50.5 min, an intense ion
with m/z 603 was formed by cleavage of ammonia and water
(Table 3, Fig. 3E). The MS2 [M + NH4 − NH3 − H2O]+ with
m/z 603, recorded at 50.7 min showed [Acyl 18:1]+ ion with
m/z 265 (100), [Acyl 18:1 − H2O]+ ion with m/z 247 (85),
and [M + NH4 − NH3 − 74]+ ion with m/z 529 (10%) (Table 3,
Fig. 3D).

The high abundance [M + NH4 − NH3]+ ion with m/z 569, in
the LC–MS2 [M + NH4]+ of 1,3-dihexadecanoylglycerol, sug-
gests the stepwise mechanism for fragmentation of 1,3-DAGs
proposed in Scheme 2a. In the first step (1), the ammonium ion of
[M + NH4]+ 1 donates a proton to the hydroxyl at the 2-position
and ammonia and protonated molecular ion (oxonium ion) 2 are
concomitantly formed. In the second step (2), water is cleaved

from oxonium ion 2, and the carbocation formed primarily is
isomerized to DAG ions 3a and 3b or to 3a′ and 3b′, which are
stabilized by five- or six-membered rings, respectively. Finally,
in the third step (3), acyl ions 4a and 4b are cleaved from 3a and
3b or from 3a′ and 3b′, respectively.

MS of dioleoylglycerol standard, recorded at 53.6 min,
showed an intense [M + NH4]+ ion m/z 638 (Table 3, Fig. 3F). In
the CID of [M + NH4]+ ion with m/z 638, recorded at 53.9 min,
an intense ion with m/z 339 (100%) was formed by cleavage
of ammonia and oleic acid and medium intensity ions with m/z
621 (22%) and 603 (46%) were formed by loss of ammonia,
and ammonia and water, respectively (Table 3, Fig. 3G). The
medium intensity [M + NH4 − NH3]+ ion with m/z 621 (22%)
detected supports the proposed stepwise fragmentation path of
1,2-DAGs (Scheme 2b). In the first step (1), the ammonium ion
of [M + NH4]+ 1 of 1,2-DAG donates a proton to the hydroxyl
or the carboxyl oxygen, hence leading to formation of oxonium
ions 2a, 2b, and 2c, along with ammonia. In the second step
(2), water is cleaved from oxonium ion 2a, and the carboca-
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Scheme 2.

tion formed primarily is isomerized to DAG ions 3a and 3b,
which are stabilized by five- and six-membered rings, respec-
tively, whereas the FA is released from oxonium ions 2b and 2c
and MAG ions 4a and 4b are formed, which are stabilized by
five-membered rings.

The data presented above show that 1,3- and 1,2-DAGs
have different fragmentation paths. Characteristic for MS2

[M + NH4]+ of 1,3-DAGs are abundant [M + NH4 −
NH3 − H2O]+ ([DAG]+) or [M + NH4 − NH3]+ ions. The CID of
[M + NH4 − NH3 − H2O]+ yields characteristic [Acyl]+ and
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Fig. 3. Mass spectrometric data of regioisomers of dioleoylglycerol recorded in
the liquid chromatography–mass spectrometry mode. (A) Extracted ion chro-
matogram of ammonium adduct. (B) Extracted ion chromatogram of diacyl-
glycerol ion with m/z 603. (C) Mass spectrum at 50.6 min. (D) Tandem mass
spectrum of ion with m/z 603 at 50.7 min. (E) Tandem mass spectrum of ammo-
nium adduct (m/z 638) at 50.5 min. (F) Mass spectrum at 53.6 min. (G) Tandem
mass spectrum of ammonium adduct (m/z 638) at 53.9 min.

[Acyl − H2O]+ ions. On the other hand, characteristic for
MS2 of [M + NH4]+ ion of 1,2-DAGs are abundant MAG ion
[(M + NH4) − NH3 − FA]+ and medium intensity [M + NH4 −
NH3]+ and [(M + NH4) − NH3 − H2O]+ ([DAG]+) ions. These
different fragmentation paths thus enable mass spectrometric
identification of regioisomers of DAGs.

3.3. Monoacylglycerols (MAGs)

In FI–MS of linolenoyl-, linoleoyl-, 1-oleoyl-, and 1-palmi-
toylglycerol, and in LC–MS of stearoylglycerol, [M + NH4]+

ion was the base peak or a very abundant peak, whereas
[(M + NH4) − NH3]+ ion was a medium-to-high abundance
peak (Table 4). Furthermore, in MS of 1-palmitoyl- and
stearoylglycerol a low abundance [(M + NH4) − NH3 − H2O]+

ion was observed. The MS2 [M + NH4]+ of the respective
MAGs showed very abundant (100% or close to100%) peaks
of [(M + NH4) − NH3]+ ions and low-to-high abundance peaks
of MAG ions [(M + NH4) − NH3 − H2O]+ (Table 4, Fig. 4A).
In FI–MS3 [M + NH4]+ → [(M + NH4) − NH3]+ of unsatu-
rated MAGs medium-to-high abundance (18–100%) peaks
of MAG ions [(M + NH4) − NH3 − H2O]+ were observed,
as well as very abundant (100%) [Acyl]+ ions and medium
abundance [Acyl − H2O]+ ions (Table 4, Fig. 4B). The
FI–MS3 [M + NH4]+ → [(M + NH4) − NH3 − H2O]+ of unsat-
u +

a
I
h
N

rated MAGs showed very abundant peaks of [Acyl] and
bundant peaks of [Acyl − H2O]+ ions (Table 4, Fig. 4C).
n the FI–MS3 [M + NH4]+ → [(M + NH4) − NH3]+ of 1-
exadecanoylglycerol, a very abundant peak of [(M + NH4) −
H3 − H2O]+ ion and a low abundance peak of [Acyl]+
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Table 4
Characteristic ions in full scan and product ion tandem mass spectra of monoacylglycerols recorded in flow injection (FI) and liquid chromatography mass spectrometry (LC–MS) modes

Standard MS type [M + NH4]+, 1a [M + NH4 − NH3]+, 2a [M + NH4 − NH3 − H2O]+, 3a [Acid + H]+, 4a [Acyl]+, 5a [Acyl − H2O]+

MAG 18:3 FI MS 370 (100)b 353 (25) 261 (8)
MS2 370 353 (100) 335 (14) 279 (3) 261 (23) 243 (14)
MS3 370 → 353 335 (18) 279 (13) 261 (100) 243 (46)

MAG 18:2 FI MS 372 (100) 355 (14)
MS2 372 355 (100) 337 (96) 263 (53) 245 (28)
MS3 372 → 355 337 (78) 263 (100) 245 (54)
MS3 372 → 337 263 (100) 245 (58)

1-MAG 18:1 FI MS 374 (100) 357 (28)
MS2 374 357 (82) 339 (100) 283 (5) 265 (7) 247 (2)
MS3 374 → 357 339 (62) 283 (56) 265 (100) 247 (30)
MS3 374 → 339 283 (18) 265 (100) 247 (44)

1-MAG 16:0 FI MS 348 (95) 331 (100) 313 (6)
MS2 348 331 (100) 313 (28)
MS3 348 → 331 313 (100) 239 (6)
MS3 348 → 313 257 (100)

MAG 18:0 LC–MS MS 376 (100) 359 (85) 341 (7)
MS2 376 359 (100)

MS2 359 341 (100)
MAG 16:0
LC–MS MS 348 (81) 331 (100) 313 (5) 239 (2)

MS2 331 313 (100)
MAG 12:0
LC–MS MS 292 (38) 275 (100) 257 (7)

MS2 292 275 (100) 257 (5)

a Refer to the structure proposed in Scheme 3.
b m/z (abundance %).
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Fig. 4. Mass spectrometric data of 1-oleoyl-rac-glycerol. (A) Tandem mass
spectrum of ammonium adduct (m/z 374). (B) Mass spectrum of ion with m/z 357
produced in collision induced decay of ammonium adduct = MS3 (374 → 357).
(C) Mass spectrum of ion m/z 339 produced in collision induced decay of ammo-
nium adduct = MS3 (374 → 339).

ion were observed (Table 4). The FI–MS3 [M + NH4]+

→ [(M + NH4) − NH3 − H2O]+ of 1-hexadecanoylglycerol
showed the [Acid + H]+ ion solely.

The MS2 [M + NH4]+, MS3 [M + NH4]+ → [(M + NH4) −
NH3]+, and MS3 [M + NH4]+ → [(M + NH4) − NH3 − H2O]+

(Table 4) indicate clearly a stepwise fragmentation mechanism
depicted in Scheme 3. The MS2 [M + NH4]+ indicate that, in
the first step (1) of the proposed fragmentation mechanism,

NH4
+ ion of [M + NH4]+ 1 donates a proton to one of the

hydroxyl groups, ammonia is released, and oxonium ion 2a or
2b is formed. The FI–MS3 [M + NH4]+ → [(M + NH4) − NH3]+

reveal that, in the second step (2), water is cleaved from
oxonium ion 2a or 2b and MAG ion 3a or 3b is formed,
which is stabilized by five- or six-membered ring. The FI–MS3

[M + NH4]+ → [(M + NH4) − NH3 − H2O]+ suggest that, in the
third step (3), ion 3a or 3b is decomposed, and a protonated fatty
acid ion 4 is formed. The ion 4 decomposes to [Acyl]+ ion 5 and
water, in the fourth step (4).

3.4. Sterol esters (SEs)

In the FI–MS of cholesteryl linoleate, [M + NH4]+ was the
base peak, and characteristic cholesterol fragment ion with m/z
369 was a medium abundance peak (22%). In the FI–MS2

[M + NH4]+ of cholesterol linolenate, linoleate, and oleate, the
cholesterol fragment ion was the base peak and the abun-
dances of [(M + NH4) − NH3]+ ion peaks were 4, 28, and
17%, respectively. The FI–MS3 [M + NH4]+ → cholesterol frag-
ment ion with m/z 369, showed further fragments of the frag-
ment ion with m/z 369 (Table 5). Accordingly, the LC–MS2

[M + NH4]+ of cholesterol linolenate and linoleate showed 100%
peaks of cholesterol fragment ion with m/z 369, and 7 and
14% peaks of [(M + NH4) − NH3]+ ion, respectively (Table 5).
T +

i
t
e
m
[
c
f

eme 3
Sch
he low-to-medium abundance peaks of [(M + NH4) − NH3]
on suggest a stepwise fragmentation mechanism. Similarly,
he MS2 [M + NH4]+ of low erucic acid rapeseed oil sterol
sters showed abundant peaks (100%) of characteristic S frag-
ent ions, m/z 381, 383, and 397, and low abundance (2–9%)

(M + NH4) − NH3]+ ions (Table 8). The MS2 spectra of these
haracteristic fragment ions were similar to the MS2 spectra of
ree sterol fragment ions.

.
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Table 5
Characteristic ions in mass spectra and product ion tandem mass spectra of cholesterol esters recorded in flow injection (FI) and liquid chromatography mass
spectrometry (LC–MS) mode

Standard MS type [M + NH4]+ [M + NH4 − NH3]+ [M + NH4 − NH3 − FA]+

cholesterol fragment ion
Other

CE 18:3 FI MS2 664 647 (4)a 369 (100) 607 (9), 551 (32)
MS3 664 → 369 135, 147, 149, 159, 161, 189, 217, 229, 233,

243, 257, 259, 273, 287, 313
CE 18:2 FI MS 666 (100) 369 (22)

MS2 666 649 (28) 369 (100)
MS3 666 → 369 135,147, 149, 161, 175, 189, 203, 215, 233,

243, 257, 259
CE 18:1 FI MS2 668 651 (17) 369 (100)
CE 18:3 LC–MS MS2 664 647 (7) 369 (100) 607 (74), 551 (60)
CE 18:2 LC–MS MS2 666 649 (14) 369 (100)

a m/z (abundance percentage).

3.5. Free sterols (Ss)

In the LC–MS, ion chromatograms of characteristic sterol
fragment ions 381, 383, 395, and 397 were recorded. The MS2

spectra of these characteristic fragment ions were similar to those
of sterol esters. Several fragment ions were common in the MS2

spectra of the characteristic fragment ions of all plant sterol
species (Table 8) and cholesterol (Table 5), but a few fragment
ions were specific for a certain sterol species. In addition to these,
several fragment ions were characteristic to the S with saturated
side chain (campesterol and sitosterol).

3.6. Free fatty acids (FFAs)

FI–MS of [M + NH4]+ of unsaturated FFAs showed abun-
dant (100%) peaks of [M + NH4]+ and low intensity [Acid + H]+

ion peaks (Fig. 5, Table 6). In the FI–MS2 [M + NH4]+, abun-
dant [Acid + H]+ ions, low-to-high abundance [Acyl]+ ions, and
low-to-medium abundance [Acyl − H2O]+ ions were observed.
The FI–MS3 [M + NH4]+ → [Acid + H]+ showed [Acyl]+ ions
as base peak and medium abundance peaks of [Acyl − H2O]+

ions. The MS2 [M + NH4]+ of saturated FFAs showed abundant
(100%) [Acid + H]+ ions, whereas the MS2 [M + NH4 − H]+

showed [Acid]+ ions solely (Table 7). The MS data of unsat-
urated FFAs is consistent with the mechanism presented in the
Scheme 4: In the first step (1), ammonium ion in [M + NH4]+

1
(
f

Fig. 5. Mass spectrometric data of linoleic acid recorded in the liquid
chromatography–mass spectrometry mode. (A) Mass spectrum of ammonium
adduct with m/z 298. (B) Tandem mass spectrum of ammonium adduct with m/z
298.

3.7. Analysis of low erucic acid rapeseed oil lipids

The full scan ESI-MS were recorded in one set of experiments
using the method developed for SEs, TAGs, and DAGs, and in
another set with that developed for Ss, MAGs, and FFAs. The MS
for peaks in the reconstructed ion chromatogram were extracted
from computer, so as to reveal the m/z values of [M + NH4]+ ion

T
C ted free fatty acid recorded in flow injection mode

S [Acid + H]+, 2a [Acyl]+, 3a [Acyl − H2O]+

F 279 (7)
279 (100) 261 (8) 243 (8)

261 (100) 243 (37)
F

281(60) 263 (100) 245 (23)
263 (100) 245 (60)

245 (100)
donates proton to carboxyl oxygen of FA, in the second step
2), water is cleaved from [Acid + H]+ ion 2 and [Acyl]+ ion 3 is
ormed. In the third step (3), water is cleaved from [Acyl]+ ion.

able 6
haracteristic ions in full scan and product ion tandem mass spectra of unsatura

tandard MS type [M + NH4]+, 1a

FA 18:3 MS 296 (100)b

MS2 296
MS3 296 → 279

FA 18:2 MS 298 (100)
MS2 298
MS3 298 → 281
MS3 298 → 263

a Refer to the proposed structure in Scheme 4.
b m/z (abundance %).
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Table 7
Characteristic ions in product ion tandem mass spectra of saturated free fatty
acids recorded in flow injection mode

Standard MS type [Acid + H]+ [Acid]+

FFA 18:0 MS2 301a 284 (100)
FFA 18:0 MS2 302b 285 (100)c

FFA 16:0 MS2 273a 256 (100)
FFA 16:0 MS2 274b 257 (100)

a MS2 [M + NH4 − 1]+.
b MS2 [M + NH4]+.
c m/z (abundance %).

(or other precursor ion) of major and minor components of each
lipid class. The EICs of [M + NH4]+ of SEs, TAGs, MAGs, and
FFAs, those of [M + NH4]+ and [(M + NH4) − NH3 − H2O]+ of
DAGs, and those of characteristic fragment ions of free sterols
were integrated. For calculation of lipid class composition the
integrated areas were corrected by amount/area ratios deter-
mined for standards. Auto-MS/MS spectra were recorded using
the two methods and interpreted (Table 8).

Major and a part of minor molecular species of the 17
ACN:DB classes of TAGs could be identified from DAG ions
[(M + NH4) − NH3 − FA]+. In the recent studies [7,8] of short-
chain TAGs, using essentially the same method than in the
present study, 4–11 times lower abundance of the ion formed
by cleavage of FA from the sn-2 position relative to that
formed by cleavage from sn-1 or -3 positions was observed.
Here, we recorded MS2 for [M + NH4]+ of 1-lauroyl-2-oleoyl-
3-palmitoyl-rac-glycerol in LC–MS mode. The relative abun-
dances of [(M + NH4) − NH3 − FA]+ were 39.8/17.3/42.9 for
the ions formed by cleavage of FA from 1-, 2-, and 3-position,
respectively. The abundances, similar to those observed for long-
chain acyl/short-chain acyl/long-chain acyl isomers of three acid
TAGs [7] are applicable in identification of regioisomers. For
most molecular species the principal regioisomer could be iden-
tified (Table 8).

1,3-DAGs were identified from MS2 of DAG ions [(M + NH4)
− NH − H O]+, which showed characteristic [Acyl]+ ions, and
t
a
a

area ratios of regioisomers were calculate, as well. MAGs were
identified from MS2 [M + NH4]+, which showed characteristic
[Acyl]+ and [Acyl − H2O]+ ions.

Sterol species and esterified FAs could be identified from
MS2 [M + NH4]+ of SEs, which showed [(M + NH4) − NH3]+

and characteristic sterol fragment ion. The esterified FA was
apparent via the m/z difference [M + NH4]+ − NH3 − [sterol
fragment ion]+. In three [M + NH4]+ ions, two isobaric SEs were
identified. The composition (%) of each [M + NH4]+ ion was cal-
culated from corrected areas. In order to obtain the percentage
of isobaric SEs, the percentage of [M + NH4]+ ions with two
isobaric SE was divided in the ratio of abundances of character-
istic sterol fragment ions in the respective MS2 of [M + NH4]+.
Free sterols could be identified from characteristic fragment
ions. The identity of unsaturated FFAs was confirmed by MS2

[M + NH4]+, which showed [Acyl]+ ions and that of saturated
FFAs by MS2 [M + NH4 − H]+, which showed [Acid + H]+ or
[Acid]+ ions.

4. Discussion

4.1. Triacylglycerols (TAGs)

Lauer et al. [32] have studied EI-MS of TAGs and observed
prominent [M − RCO2]+, [M − RCOOCH2]+, [Acyl + 74]+ ions
among others, and postulated the presence of stable five- and six-
m
[
e
a
d
c
a
[
f
k
e
f
s
i
[
i
a
t
a
t
m
t
t
d

t
o
l
[
u
(

3 2
he 1,2-DAGs from MS2 [M + NH4]+ ions, which showed char-
cteristic MAG ions [(M + NH4) − NH3 − FA]+. The sum of 1,3-
nd 1,2-DAGs was calculated from the corrected areas, and the

Scheme 4.
embered rings in the [M − RCO2]+ ions and the formation of
Acyl + 74]+ ion by ketene loss from [M − RCOO]+ ion. Duffin
t al. [2] proposed, that carbocations [(M + NH4) − NH3 − FA]+

nd [Acyl + 74]+, and [Acyl]+ ions are produced from the
issociation of [M + NH4]+. Cheng et al. [3] suggested
oncerted mechanism for fragmentation of ESI-produced
mmonium adduct ions of TAG, according to which the
(M + NH4) − NH3 − FA]+ and [Acyl]+ ions are formed directly
rom [M + NH4]+, and the [Acyl + 74]+ ions are formed by
etene loss from DAG ion [(M + NH4) − NH3 − FA]+. Marzilli
t al. [6] have studied mixed acid TAG by ESI-MS and
ound in the MS3 [M + NH4]+ → [(M + NH4) − NH3 − FA]+,
aturated and unsaturated [Acyl]+ and [Acyl + 74]+ ions, and
ons formed by cleavage of fragment 74 from unsaturated
(M + NH4) − NH3 − FA]+ ions. Furthermore, they showed that
dentical MS3 [M + NH4]+ → [AB]+ were obtained from AAB
nd ABA positional isomers of long-chain TAG. During the
ime, this paper was written, McAnoy et al. [9] reported MS2

nd MS3 data of deuterium labeled saturated, monoene, and
riene TAGs, which were measured with a linear ion trap instru-

ent. Their data showed that CID of [M + NH4]+ resulted in
he neutral loss of NH3 and acyl chain as carboxylic acid, and
he authors suggested a concerted mechanism for formation of
iacyl product ion [(M + NH4) − NH3 − FA]+.

In the present study, the dependence of the abundance of
he [(M + NH4) − NH3]+ (onium ions 2a and 2b, Scheme 1)
n the level of unsaturation suggest that these ions are stabi-
ized by carbon–carbon double bonds. The abundance of ions
(M + NH4) − NH3]+ in the MS2 of unsaturated TAGs allowed
s to record the FI–MS3 [M + NH4]+ → [(M + NH4) − NH3]+

Table 2), which strongly support the stepwise mechanism.
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Table 8
Characteristic ions in mass spectra and product ion tandem mass spectra, recorded in liquid chromatography mass spectrometry mode, used for identification of
molecular species of lipids in rapeseed oil

[M + NH4]+ or other
precursor ion (m/z)

RTa Major and (minor) molecular
species; ACN:DBb

Characteristic ions in tandem mass
spectra (m/z)

Composition (%)
(mean and deviation)

Sterol esters
678.7 21.4 Bra-18:2c MS2 678: 661d, 381e; MS2 381f 4.9 ± 0.03g

Cam-18:3 MS2 678: 661d, 383e; MS2 383f 14.5 ± 0.10
680.8 21.4 Cam-18:2 MS2 680: 663d, 383e; MS2 383f 24.8 ± 0.11
682.6 21.2 Cam-18:1 MS2 682: 665d; 383e; MS2 383f 7.0 ± 0.76

Bra-18:0 MS2 682: 665d; 381e 0.8 ± 0.09
692.8 21.4 Sit-18:3 MS2 692: 675d, 397e; MS2 397f 17.5 ± 0.26

Stig-18:2 MS2 692: 675d, 395e 1.6 ± 0.02
694.7 21.4 Sit-18:2 MS2 694: 677d, 397e; MS2 397f 23.0 ± 0.57
696.6 21.5 Sit-18:1 MS2 696: 397e; MS2 397f 6.0 ± 0.02

Triacylglycerols
865.3 28.3 52:8;16:3/18:2/18:3h MS2 865: 848d, 567e, 569e, 597e 0.1 ± 0.01
867.3 27.5 52:7; 16:3/18:2/18:2 MS2 867: 850d, 570e, 599e 0.4 ± 0.00
869.3 26.0 52:6, 16:0/18:3/18:3 MS2 869: 852d, 573e, 595e 1.1 ± 0.02
871.3 24.4 52:5; 16:0/18:3/18:2 MS2 871: 854d, 573e, 575e, 597e 2.3 ± 0.02
873.3 23.3 52:4; 16:0/18:2/18:2

(16:0/18:1/18:3)
MS2 873: 856d, 573e, 575e, 577e,
599e

3.6 ± 0.02

875.3 23.8 52:3; 16:0 18:1 18:2 MS2 875: 858d, 575e, 577e, 601e 3.4 ± 0.10
877.3 22.0 52:2; 16:0/18:1/18:1 MS2 877: 860d, 577e, 603e 2.7 ± 0.03
879.3 22.0 52:1; 18:0/16:0/18:1 MS2 879: 862d, 577e, 579e, 605e 0.6 ± 0.03
891.3 28.1 54:9; 18:3/18:3/18:3 MS2 891: 874d, 593e, 595e, 597e 0.0 ± 0.00

18:4 18:2 18:3
893.3 27.4 54:8; 18:3/18:2/18:3 MS2 893: 876d, 595e, 597e 1.7 ± 0.04
895.3 26.4 54:7; 18:3/18:1/18:3

(18:2/18:3/18:2)
MS2 895: 878d, 595e, 597e, 599e 7.1 ± 0.35

897.3 25.6 54:6; 18:1/18:3/18:2
(18:2/18:2/18:2)

MS2 897: 880d, 597e, 599e,601e 13.8 ± 0.04

899.3 23.0 54:5; 18:1/18:3/18:1
(18:1/18:2/18:2)

MS2 899: 882d, 599e,601e, 603e 21.5 ± 0.47

901.3 22.3 54:4; 18:1/18:2/18:1 MS2 903: 884d,601e, 603e 19.0 ± 0.07
903.3 21.8 54:3; 18:1/18:1/18:1 MS2 901: 886d, 601e, 603e, 605e 17.9 ± 0.88

(18:0 18:1 18:2)
905.3 21.7 54:2; 18:0/18:1/18:1 MS2 905: 888d, 603e, 605e 4.3 ± 0.02
907.3 21.7 54:1; 18:0 18:0 18:1 MS2 907: 890d, 605e, 607e 0.4 ± 0.00

Diacylglycerols
608.2 51.8 1,3-34:3; 16:0/18:3 MS2 573: 261k, 243k

55.3 1,2-34:3; 16:0/18:3 MS2 608: 591d, 573i, 313e, 335e 1.4 ± 0.03g; 0.92j

610.7 51.5 1,3-34:2; 16:0/18:2 MS2 610: 575i, MS2 575: 263k,
239k

3.7 ± 0.01; 0.96

55.0 1,2-34:2; 16:0/18:2 MS2 610: 575i 337e, 313e

612.7 51.3 1,3-34:1; 16:0/18:1 MS2 577: 265k, 239k

630.7 54.6 1,2-34:1; 16:0/18:1 MS2 612: n.r.l 2.9 ± 0.05; 1.09
52.2 1,3-36:6 MS2 630: 613d, 595i

55.8 1,2-36:6; 18:3/18:3, MS2 630: 613d, 595i, 333e, 335 e,
337e

0.5 ± 0.02; 0.85

18:2/18:4
632.7 52.0 1,3-36:5; 18:2/18:3 MS2 632: 615d, 597i, 335e 4.9 ± 0.22; 0.90

55.4 1,2-36:5; 18:2/18:3 MS2 632: 615d, 597i, 335e, 337e

634.8 51.6 1,3-36:4; 18:2/18:2 MS2 634: 617d, 599i, MS2 599:
261k,263k, 265k

19.1 ± 0.24; 1.00

55.0 1,2-36:4; 18:2/18:2 MS2 634: 617d, 335e, 337e, 339e

636.9 51.4 1,3-36:3; 18:1/18:2 MS2 636: 601i, MS2 601:263k,
265k

26.9 ± 0.21; 1.03

54.6 1,2-36:3; 18:1/18:2 MS2 636: 619d, 601i, 337e, 339e

638.8 51.1 1,3-36:2; 18:1/18:1 MS2 638: 603i, MS2 603: 265k 34.0 ± 1.02; 1.20
54.3 1,2-36:2; 18:1/18:1 MS2 638: 621d, 603i, 339e

640.8 51.1 1,3-36:1; 18:0/18:1 MS2 640:, MS2 605i: 265k 5.7 ± 0.44; 1.48
54.2 1,2-36:1; 18:0/18:1 MS2 640: 623d, 605i, 339e, 341e

666.7 50.9 1,3-38:2 MS2 666: n.r. 1.0 ± 0.11; 1.32
54.1 1,2-36:2 MS2 666: n.r.
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Table 8 (Continued )

[M + NH4]+ or other
precursor ion (m/z)

RTa Major and (minor) molecular
species; ACN:DBb

Characteristic ions in tandem mass
spectra (m/z)

Composition (%)
(mean and deviation)

Monoacylglycerols
348.3 67.8 16:0m MS2 348: 331d; MS2 331: 313i 12,2, S.D. 6.49n

370.3 67.9 18:3 MS2 370: n.r. 5,7, S.D. 1.43
372.3 67.8 18:2 MS2 372: 355d, 337i, 263k, 245o 24,6, S.D. 2.81
374.3 67.7 18:1 MS2 374: 357d, 339i, 265k 48,1, S.D. 4.62
376.3 67.8 18:0 MS2 376: n.r. 9,4, S.D. 0.87

Free sterols
381.5p 51.1 Brassicasterol MS2 381: 121, 159, 173, 189, 213,

227, 241, 255q, 271, 273, 297, 311,
325, 339

11.9 ± 1.42g

383.4 51.1 Campesterol MS2 383: 119, 121, 131, 135r, 147,
149, 161, 173, 175, 187, 189, 203,
215, 217, 229, 243, 247, 257, 259,
271, 273, 285, 287, 297, 299, 301,
327, 341

32.2 ± 0.42

395.5 51.2 Stigmasterol MS2 395: 119, 125, 127, 145, 161,
171, 173, 175, 201, 203, 229, 243,
257, 261,272, 277, 283, 297, 311,
313, 376

5.8 ± 1.24

397.5 51.0 Sitosterol MS2 397: 119, 121, 135, 147, 149,
161, 165, 173, 175, 177, 187 189,
201, 203, 215, 229, 243, 247, 257,
261, 271, 273, 275, 285, 287, 299,
301, 315, 327, 341

50.1 ± 0.24

Free fatty acids
273.3s 28.0 16:0 MS2 273: 257t, 161, 143, 111
274.4 28.0 16:0 66.4 ± 3.67
275.5u 28.0 16:0 MS2 275: 257t

296.4 31.0 18:3 MS2 296: 279t, 261k, 243o 2.3 ± 0.30
298.4 29.6 18:2 MS2 298: 281t, 263k, 245o 5.2 ± 1.15
300.4 28.7 18:1 MS2 300: 282v 18.3 ± 3.33
301.4s 26.6 18:0 MS2 301: 284v

302.3 26.6 18:0 7.7 ± 1.10

a Retention time.
b The number of acyl group carbons: the number of double bonds for acylglycerols.
c SE = steryl ester, Bra = brassicasteryl, Cam = campesteryl, Sit = sitosteryl, Stig = Stigmasteryl, 18:2 = linoleate, 18:3 = linolenate, 18:1 = oleate.
d [M + NH4 − NH3]+.
e [M + NH4 − NH3 − FA]+.
f Sterol fragment ions similar to those of respective free sterols. See below.
g Percentage calculated from corrected areas. Mean and deviation in duplicate measurement.
h The structure with slashes denotes the most abundant regioisomer, e.g., 18:1/18:3/18:2 denotes 1-oleoyl-2-linolenoyl-3-linoleoyl-rac-glycerol. The structure

without slashes denotes molecular species, which regioisomeric structure could not be deduced from MS2 data.
i [M + NH4 − NH3 − H2O]+.
j The area ratio of 1,3- and 1,2-regioisomers.
k [Acyl]+ ion.
l Not recorded

m 16:0 = palmitoyl/palmitic acid, 18:3 = linolenoyl/linolenic acid, 18:2 = linoleoyl/linoleic acid, 18:1 = oleoyl/oleic acid, 18:0 = stearoyl/stearic acid.
n Percentage calculated from corrected areas. Standard deviation, n = 4.
o [Acyl − H2O]+ ion.
p Sterol fragment ion [Sterol + H+ − H2O]+.
q Underlined m/z denote ions specific for the sterol species.
r Bold m/z denote ions specific for sterols with saturated side chain.
s [M + NH4 − H+]+ ion.
t [Acid + H]+ ion.
u [M + NH4 + H+]+ ion.
v [Acid]+ ion.

The mechanism shown in Scheme 1, differs from those pre-
sented by Duffin et al. [2], Cheng et al. [3], and McAnoy
et al. [9]. However, the stepwise mechanism presented here
is consistent with the MS2 and MS3 data of labeled TAGs

[9], which indicate that �-methylene and the hydrogen atoms
of glycerol are not involved in the loss of carboxylic acid
but the hydrogen atoms of ammonium ion. Furthermore, our
FI–MS3 [M + NH4]+ → [(M + NH4) − NH3 − FA]+ data indi-
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cated, unlike Duffin et al. [2] and Cheng et al. [3], but in agree-
ment with Marzilli et al. [6] and McAnoy et al. [9] that [Acyl]+

ions are formed from the DAG ion [(M + NH4) − NH3 − FA]+,
not directly from [M + NH4]+. Furthermore, our data showed that
[Acyl + 74]+ and [(M + NH4) − NH3 − FA − 74]+ are formed
from DAG ion [(M + NH4) − NH3 − FA]+ in accordance with
data published elsewhere [3,6,9].

4.2. Diacylglycerols (DAGs)

To our knowledge, mass spectrometric differention of regioi-
somers of intact DAGs have not been reported previously.
Duffin et al. [2] acquired at 130 eV collision energy the MS2

spectrum of ammonium adduct of dipalmitin, which was pro-
duced in the presence of 10 mM ammonium acetate. The MS2

spectrum showed in addition to [M + NH4 − NH3 − H2O]+ ion
[M + NH4 − NH3 − FA]+ and [Acyl]+ ions, thus differing from
the MS2 spectra of 1,3-dipalmitin, 1,3- and 1,2-diolein recorded
in this study under different conditions. APCI LC–MS has been
applied to identification of DAGs [14–16,30], but no regiospe-
cific information was obtained. Positive ESI-FT–ICR-MS pro-
vided ACN:DB fingerprints of DAGs [13] and MALDI time of
flight MS only protonated sodium and potassium adducts [17],
and thus no information on esterified FAs nor regioisomers.

In the present study, ammonium ions in the presence of
ammonia made available soft ionization conditions, which prob-
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Scheme 5.

and low abundance [Acid + H]+ ions. In the MS of satu-
rated MAGs both [M + NH4]+ and [M + NH4 − NH3]+ were
abundant but the intensity ratio of the former to the latter
decreased as the chain length decreased; in addition the MS2

[M + NH4]+ showed abundant [M + NH4 − NH3]+ and low-to-
medium abundance [(M + NH4) − NH3 − H2O]+ ions. There-
fore, MS2 [M + NH4]+, which can be recorded in auto-MS/MS
mode, of unsaturated MAGs provided more acyl-specific infor-
mation than that of saturated MAGs. However, owing to the pres-
ence of one acyl group per MAG molecule [M + NH4 − NH3]+

and [(M + NH4) − NH3 − H2O]+ ions in the MS2 [M + NH4]+

gave relatively reliable evidence for the ACN of saturated
MAGs.

4.4. Fragmentation paths of acylglycerols (TAGs, DAGs,
and MAGs)

The MS data presented for ammonium adducts of TAGs,
DAGs, and MAGs exhibited similarity in their fragmentation
paths (Scheme 5). In the first step (1), the ammonium ion of the
ammonium adduct donates a proton to acylglycerol, and ammo-
nia is concomitantly released. In the second step (2), FFA is
cleaved from protonated TAG, water from protonated 1,3-DAG
and MAG, both FFA and water from protonated 1,2-DAG, thus
leading to formation of [DAG]+ ion from TAG and 1,3-DAG,
[ + + +
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bly led to different fragmentation paths for 1,3- and 1,2-DAGs
Scheme 2a and b) and thus permitted mass spectrometric iden-
ification of regioisomers. Fragmentation seemed to be sensitive
o the changes in the analytical conditions, as shown by the

S2 data of 1,3-dihexadecanoylglycerol: under similar mass
pectrometric conditions, MS2 [M + NH4]+ produced in the
C–MS and FI mode 100% peaks of [(M + NH4) − NH3]+ and

(M + NH4) − NH3 − H2O]+ ions, respectively (Table 3).
The presence of [M + NH4 − NH3]+ ions with variable abun-

ance, in the MS2 [M + NH4]+ of 1,3- and 1,2-DAGs indi-
ated the stepwise fragmentation mechanisms (Scheme 2a
nd b). However, a strong evidence by MS3 [M + NH4]+

[(M + NH4) − NH3]+ for the second fragmentation step of
AGs could not be presented as shown for TAGs and MAGs. The

hird step of fragmentation of 1,3-DAGs is evident from FI–MS3

M + NH4]+ → [M + NH4 − NH3 − H2O]+. The second step of
ragmentation of 1,2-DAGs is consistent with MS2 [M + NH4]+.

.3. Monoacylglycerols (MAGs)

Duffin et al. [2] recorded ESI-MS2 of monopalmitin under
he same conditions described for dipalmitin. The spectrum
howed [M + NH4 − NH3]+, [(M + NH4) − NH3 − H2O]+, and
Acyl]+ ions. In the present study, the MS2 [M + NH4]+,
I–MS3 [M + NH4]+ → [(M + NH4) − NH3]+, and FI–MS3

M + NH4]+ → [(M + NH4) − NH3 − H2O]+, provided distinct
vidence for the proposed stepwise mechanism (Scheme 3). In
he MS of unsaturated MAGs, the ammonium adduct ion was the
ase peak and the [M + NH4 − NH3]+ ion was a medium abun-
ance peak, whereas the MS2 [M + NH4]+ showed low-to-high
bundance [Acyl]+, low-to-medium abundance [Acyl − H2O]+,
DAG] ion and [MAG] ion from 1,2-DAG, and [MAG] ion
rom MAG. In the third step (3), [DAG]+ ion of TAG is frag-
ented to yield [Acyl]+, [Acyl + 74]+, [DAG ion − 74]+ ions,

DAG] ion of 1,3 DAG to [Acyl]+ ions, and [MAG]+ ion of MAG
o protonated FA, which is decomposed to water and [Acyl]+

ons, in the fourth step (4).

.5. Sterol esters and free sterols (SEs and Ss)

Lusby et al. [20] observed in the GC–EI-MS of sterol esters
ollowing characteristic ions: [M − RCOO]+, [M − RCOOH]+,
M − RCOOH − CH3]+, [M − RCOOH − side chain]+, [M −
COOH − side chain − 2H]+, [M − RCOOH − side chain
42]+. The MS data presented showed that the m/z values

nd (relative abundance in percentage) of above fragments for
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sitosteryl linoleate were 397(36), 396(58), 381(6), 255(12),
253(1), 213(13), respectively, and for campesteryl linolenate
383(37), 382(51), 367(5), 255(11), 253(0), 213(10), respec-
tively. The characteristic ions with the same m/z values are
present among others in the EI-MS of sitosterol and campes-
terol trimethylsilyl ethers [33].

The present ESI-MS data were similar to the EI-MS
data to some extent. The MS2 [M + NH4]+ of SEs showed
[M + NH4 − NH3 − FA]+ ions (characteristic sterol fragment
ions), which have the same m/z values as the [M − RCOO]+

ions in EI MS (Table 8). The MS2 [M + NH4 − NH3 − FA]+ of
sterol esters and the MS2 of [characteristic sterol fragment]+

ions of Ss showed further fragment ions of m/z series with
increment of 14 mass units, which are formed in the fragmenta-
tion of side chain. For example, MS2 [M + NH4 − NH3 − FA]+

of sitosterol esters or sitosterol fragment ion of free sitosterol
showed two series: m/z 341, 327, –, 299, 285, 271, and 315,
301, 287, 273. In the MS2 [M + NH4 − NH3 − FA]+ of sitosterol,
campesterol and stigmasterol esters, and in those of respec-
tive ions of Ss, [M − NH3 − FA − side chain]+ ion is the ion
with m/z 257 and the fragments of sterol nucleus are ions with
m/z 243, 229, 215, 201, 187, and 173. In the EI MS of sitos-
terol and campesterol trimethylsilyl ethers, the ion formed by
cleavage of side chain is ion with m/z 255, and further frag-
ment of sterol nucleus is [M − RCOOH − side chain − 42]+

ion with m/z 213 [33]. In the MS2 [M + NH − NH − FA]+
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CI-MS/MS [29] and by APCI-MS [30,31,15]. Low intensity
[M + NH4]+ ions for ACN classes 50, 56, and 58 of TAGs were
detected, but the additional recordings required for identifica-
tion of molecular species of these classes were not pursued. In
the CID of the [M + NH4]+ ions of triacid TAGs, the relative
abundance of [(M + NH4) − NH3 − sn-2 FA]+ ions varied in the
range 21–28%. This is a high range relative to the respective rel-
ative abundance of 1-lauroyl-2-oleoyl-3-palmitoyl-rac-glycerol
(17%), which indicates that molecular species of low erucic
acid rapeseed oil TAGs are in fact mixtures of regioisomers.
However, the dominant regioisomer can be deduced from rel-
ative abundance data. In the dominant regioisomers, palmitic
and stearic acids were esterified predominantly (96 and 93%,
respectively) in the sn-1(3) position (Table 8), which agrees
with the stereospecific distribution of saturated FAs in vegetable
oils [34]. Furthermore, this is in agreement with the high pro-
portion of palmitic and stearic acids among FFAs, which may
be released from these positions via hydrolysis by 1,3-specific
lipases. The five predominating regioisomers in the present study
was consistent with those in two studies using APCI-MS [30,15].
Furthermore, the identification of two and four regioisomers in
this study was the same as in the studies [30] and [15], respec-
tively. The identity of four regioisomers was the same in the
studies of Mottram et al. [30] and Holčapek et al. [15], but
different from that observed in our study. Recall that, in order
to deduce the identity of a regioisomer from MS recorded by
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4 3
f brassicasterol esters and in those of respective ion of free
rassicasterol, [M + NH4 − NH3 − FA − side chain − 2H]+ ion
ith m/z 255 instead of [M − NH3 − FA − side chain]+ ion was
bserved, along with fragments of sterol nucleus m/z 241, 227,
13 (Table 8).

.6. Free fatty acids (FFAs)

Kerwin et al. [23] used low-energy NI-ESI-MS and -MS2

o characterize saturated and unsaturated FFAs. Han et al. [11]
etermined FFA anions in two-dimensional ESI-MS by com-
arison of their intensities with that of internal standard. Carrier
nd Parent [26] used RP-LC–NI-ESI-MS to quantify FFAs in
hospholipid based formulations, whereas Perret et al. [27]
sed RP-LC–NI-ESI-MS and -MS2 to determine and identify
FAs in chocolate samples. Hsu and Turk [25] studied dilithi-
ted adducts of long-chain unsaturated FFAs using positive ion
SI-MS and -MS2. The MS2 in the studies [23,25,27] could be
sed for the localization of double bonds in unsaturated FFAs.
he applicability of NP-LC with positive ion ESI-MS and -MS2

f [M + NH4]+ (or [M + NH4 − H]+) ions for identification and
uantification of FFAs has apparently not been presented previ-
usly. However, our data did not convey any information on the
ocation of double bonds in unsaturated FFAs. The MS3 and MS2

f unsaturated FFA indicated clearly the stepwise fragmentation
echanism (Scheme 4).

.7. Analysis of low erucic acid rapeseed oil

In our study, 23 molecular species in 17 ACN:DB classes
f TAGs could be identified. This is less than identified by NI-
C–APCI-MS, the molecular species has to be chromatograph-
cally separated from the molecular species of other ACN:DB
lasses. In the ESI-MS this is not required, because the regioi-
omer is deduced from CID of isolated [M + NH4]+ ion.

Byrdwell et al. [31] quantified rapeseed (Canola) oil TAGs
sing APCI-MS and response factors calculated from FA%
atios determined by GC-FID and APCI-MS. Holčapek et al.
15] identified regioisomers of rapeseed oil TAGs from APCI-

S, and quantified the TAG species on the basis of the relative
eak areas measured with UV detection. There is a relatively
ood agreement of the proportions of major and minor molecular
pecies between our study and the aforementioned two studies.

Mottram et al. [30] identified eight molecular species of
AGs in low erucic acid rapeseed oil by APCI-MS, whereas
olčapek et al. identified only five [15], but no data pertaining

o regioisomers nor quantitative estimation of molecular species
f DAGs were presented in either study. In the present study,
he sum of regioisomers of DAGs and their area ratios was cal-
ulated. If standards with known regioisomer ratio would be
vailable for calibration, the real ratios of regioisomers could be
easured by the present method. To our knowledge, this is the
rst mass spectrometric determination of MAGs.

In the present study the SE composition (%) was calcu-
ated. In order to compare the present data to the data obtained
y precursor ion MS2 and GLC of transesterified isolated SE
raction [19], the compostions of esterified Ss and esterified
As were calculated. A relatively good consistency in terms of
’s composition was obtained between the present study (%),

hat determined by precursor ion MS2 (mol%) [19], and that
etermined by GLC (mol%) [19], as apparent from the values
ertaining to brassicasterol esters (5.7, 3.49, and 4.96, respec-
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tively), campesterol esters (46.3, 44.61, and 43.67, respectively),
stigmasterol esters (1.6, 2.31, and –, respectively), and sitosterol
esters (46.5, 49.14, and 53.8, respectively).

The composition (%) of Ss calculated from corrected areas of
characteristic S fragment ions m/z 381, 383, 395, and 397 agreed
well with the composition (mol%) determined by (GLC) [19], as
apparent from the values pertaining to brassicasterol (11.9 and
12.19, respectively), campesterol (32.2 and 32.98, respectively),
stigmasterol (5.8 and 1.00, respectively), and sitosterol (50.1 and
53.82, respectively).

The deviations of duplicate measurements of SE, TAG, DAG,
and S were relatively small and varied for the most abun-
dant species (i.e., >10%) in these lipid classes (and for the
least abundant species) (i.e., <10%) between 0.4–2.5 (0.3–10),
0.3–5 (0.3–10), 0.8–3 (0.3–11), and 0.5–12 (21)%, respectively
(Table 8). The deviations of MAGs and FFAS were higher: the
relative standard deviations of MAGs varied between 9 and 53%,
and the deviation of duplicate measurements of FFAs varied in
the range 6–22%.

4.8. Significance of the results

The knowledge of fragmentation pathways plays a central
role in mass spectrometry, and is required for correct inter-
pretation of MS data besides being crucial for development of
analytical method. In order to test the applicability of the MS
a
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