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Abstract

The location of double bonds within unsaturated lipids can greatly affect
their biological functions. Liquid chromatography coupled to mass spectrometry
(LC/MS) has become a powerful tool for lipid separation and structural
elucidation. However, the determination of double bond position remains
challenging for both conventional MS and tandem MS (MS/MS) due to the lack
of product ions arising from fragmentation at the double bonds. Ozone can
specifically react with carbon-carbon double bonds, which generates ozonolysis
products with predictable masses that could be used for the assignment of double
bond positions. In this work, ozonolysis reaction coupled in-line with mass
spectrometry (in-line O3-MS) was developed for the unambiguous determination
of double bond positions in unsaturated lipids. The in-line O3 device was
composed of a gas-permeable, liquid-impermeable Teflon tube passing through a
glass chamber filled with the ozone gas. Unsaturated lipids in the mobile phase of
LC passed through the semi-permeable tube where they rapidly reacted with the
ozone that penetrated through the tubing wall. The ozonolysis products carried by
the LC mobile phase were then detected by MS in real-time. The in-line O3-MS
method was successfully applied to mono- and poly-unsaturated fatty acid methyl
ester (FAME), in which ozonolysis product aldehydes from the oxidative
cleavage of each double bond were detected as protonated molecular ions under
atmospheric pressure photo ionization (APPI) in positive ionization mode and
used for the double bond localization. The in-line O3-MS is compatible with LC

separations which are required in the analyses of complex lipid mixtures. Silver
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ion LC coupled to O3-MS (Ag'-LC/O3-MS) was used for the identification of
conjugated linoleic acid (CLA) isomers from various sources. The diagnostic
ions of the aldehydes resulting from the ozonolysis of the conjugated double
bonds were used to identify the positional isomers, while at the same time the
geometry of the double bond (cis or trans) could be determined by the elution
order in Ag™-LC. The O3-MS method was also expanded to double bond
localization in phospholipids (PL). For complex PL extract, heart-cut two
dimensional LC (2D-LC) using hydrophilic interaction liquid chromatography
(HILIC) for PL class separation and C18 reverse phase LC for molecular species
separation was achieved using a 10-port 2-position switching valve (HILICxC18
LC). The PL species were firstly identified using electrospray ionization (ESI) in
negative ionization mode with MS/MS analysis applied for the composition
determination of the fatty acyl chains on the glycerol backbone. The ozonolysis
device was then placed in-line between the 2D-LC and ESI source (HILICxC18
LC/O3-MS), and the ozonolysis product aldehydes allowed unambiguous
assignment of double bond positions in both fatty acyl chains of PL. Compared to
the previous methods used for double bond localization in lipids, no off-line
derivatizations are needed and also the O3-MS spectra are much simpler for
interpretation. The in-line ozonolysis experiment can be easily incorporated into
many existing LC/MS methods, and applied complementary with current
lipidomic analysis. In conclusion, the LC/O3-MS method can provide insight into
the specific structure of lipid isomers and further reveal the complexity of the

lipidome.
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CHAPTER 1

Introduction !

1.1. Structural Diversity of Lipids

Lipids play many important roles in cells such as energy storage, cell
membrane components and signal transduction [1]. It is also known that lipid
metabolism dysfunction is closely related to several diseases including cancers
[2], Alzheimer [3] and cardiovascular diseases [4]. The wide ranges of biological
functions in which lipids are involved fundamentally rely on the structural
diversity present in lipid species. A recent study using modern mass spectrometry
(MS) revealed that 150-450 phospholipids (PL) species existing in human plasma
[5,6]. By some estimation, cellular lipids could be composed of tens of thousands
of structurally distinctive species [7]. The structural elucidation of lipids is
difficult due to the diversity of lipid species. Besides, the fact that unlike protein

the lipid structures are unpredictable results in a huge analytical challenge.

Lipids have enormously diverse chemical structures that are classified into
eight main categories: fatty acyls, sterol lipids, prenol lipids, saccharolipids,
polyketides, spingolipids, glycerolipids and glycerophospholipids (GPL) [8].
Each class has its subclasses according to the classification system proposed by

LIPID Metabolites and Pathways Strategy [9]. For example, GPL is composed of

! A version of this chapter has been published. Sun, C. and Curtis, J.M. Lipid
Technol. 2013, 25, 279-282.
Reprinted with permission.



a glycerol back bone with a radyl moiety at sn-1 position linked through acyl
ester, alkyl ester or vinyl ester bonding; an acyl chain at sn-2 position; and a polar
head group at sn-3 position through phosphodiester linkage. GPL can be divided
into different classes depending on the type of head groups, for example,
phosphatidylcholine (PC) phosphatidylethanolamine (PE) and
phosphatidylinositol (PI). In addition to the different head groups, the two
substituents in GPL can also have different chain lengths, number of double

bonds and even the locations of these double bonds (Figure 1-1).
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Figure 1-1. The structural diversity of lipids, demonstrated in the case of GPL
(PC(16:0/18:1(n-9))).

Currently, mass spectrometry and tandem mass spectrometry (MS/MS) have
become powerful tools for lipidomic analysis. Take PC(18:1(n-9)/18:1(n-9)) as
an example, electrospray ionization (ESI) in positive ion mode-MS/MS analysis
of PC(18:1(n-9)/18:1(n-9)) [M+ H]" ions resulted in the dominant product ions at
m/z 184 representing phosphocholine ions. The MS/MS analysis under ESI in

negative ion mode of PC(18:1(n-9)/18:1(n-9)) [M+ HCOO] ions (ammonium



formate was added as a buffer in the mobile phase) yielded carboxylate anions at
m/z 281 (Figure 1-2b), which corresponded to 18:1 fatty acyl chains as the two
substituents. However, the determination of double bond position remains
challenging for both conventional MS and MS/MS analysis, since these MS/MS
spectra fail to provide any distinctive features indicative of double bond positions.
For example, the ESI(-)-MS/MS spectra of the [M+ HCOO] ions from
PC(18:1(n-12)/18:1(n-12)) and PC(18:1(n-9)/18:1(n-9)) standards (Figure 1-2)
are identical. The ambiguity of these two MS/MS spectra makes the

identification of these PC isomers impossible.
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Figure 1-2. The ESI(-)- MS/MS spectra of (a) PC(18:1(n-12)/18:1(n-12)) and (b)

PC(18:1(n-9)/18:1(n-9)) standards.

Although some of the lipid isomers are structurally different only in the
positions of double bonds, these subtle structural isomers have drawn more and

more interests with the progress of structure-function relationships studies of

lipids. For instance, many studies have shown that both n-3 polyunsaturated fatty

acid (PUFA) and n-6 PUFA can be released from PL by phospholipase A2 and

subsequently converted into eicosanoids that are potent mediators of

inflammation. Eicosanoids derived from n-6 PUFA such as arachidonic acid, are
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pro-inflammatory, whereas eicosanoids derived from n-3 PUFA such as
docosahexaenoic acid (DHA) have anti-inflammatory properties [10]. Another
example is conjugated linoleic acid isomers, such as cis9,trans11-18:2 and
trans10,cis12-18:2. It has been shown that only trans10,cis12-18:2 had effect on
changing body composition by reducing the uptake of lipids into adipocytes,
whereas cis9,trans11-18:2 appeared to enhance feed efficiency and growth in
animal models [11,12]. In addition, the limitation of using MS to identify isomers
with only double bonds located at different positions has been discussed in several
critical reviews [13-15]. Therefore, it is important to develop a method that can
be easily used for the accurate assignment of double bond positions in lipid, and
also still takes advantage of the powerful structural elucidation ability of mass

spectrometers.

1.2. Current Analytical Techniques for the Assignment of Double Bond

Positions in Lipids

Gas chromatography coupled with flame ionization detection (GC/FID) is
the most widely used method for fatty acid analysis by far. However, given the
enormous numbers of possible isomeric forms of unsaturated fatty acids,
obtaining authentic standards and proving sufficient chromatographic resolution
to positively identify an unknown fatty acid methyl ester (FAME) by GC-FID is
sometimes impractical. For this reason, fatty acids have been converted to
derivatives, such as picolinyl esters and dimethyloxazolines (DMOX), which
allows double bond positions to be inferred from fragment ions observed in the

electron ionization mass spectra obtained in GC/EI-MS experiments [16,17]. In



some cases, the interpretation of these spectra is clear but in other cases, and
especially for PUFA, some ambiguity remains. Under positive-ion chemical
ionization (CI), it was reported that acetonitrile could go through self-reaction and
form (1-methyleneimino)-1-ethenylium ions (CH>=C=N"=CH,, m/z 54). The
resulting ions then formed a charged covalent adduct across carbon-carbon double
bonds in unsaturated FAME. Collision induced dissociation (CID) of these
adduct ions [M+54]" resulted in two fragment ions formed by the cleavage of —C-
C—bonds that are vinylic to each double bond. These fragment ions were
diagnostic for the localization of double bonds [18-20]. In order to be compatible
with GC/MS analysis, all the lipid samples have to be converted to molecules
such as FAME that are volatile during GC analysis. While the derivatizaiton
procedures are necessary for these analyses, the exact structures are lost during
these derivatization procedures.

Although MS/MS analysis using high-energy CID can generate product ions
from fatty acid [M-H] ions for the determination of double bond positions [21],
the low ionization efficiency and excessive fragmentation lead to difficulties in
spectral interpretation. In addition, most MS/MS analysis is still overwhelmingly
conducted under CID in the low-energy range (less than 100eV), which does not
have the capacity of generating product ions arising from fragmentation at the
double bonds. In order to enhance charge remote fragmentation during low-
energy CID, metal adduct ions of fatty acids such as the di-lithium adduct ions
[M-H+2Li]" have been used in MS/MS analysis [22,23]. Derivatization methods

have also been developed to tackle this analysis challenge. The derivatization



agents such as N-(4-aminomethylphenyl) pyridinium (AMPP) react with
carboxylic groups in fatty acids, generating a functional group that can localize
the charge and hence enhance remote-site fragmentation during CID [24,25].
However, these methods still suffer from the difficulties of interpreting mass
spectra due to the extensive fragmentation, and their application is also limited to

fatty acid species.

Another approach is to use chemical derivatization to “label” double bonds
prior to MS/MS analysis. For example, double bonds on fatty acyl chains were
converted into di-hydroxy derivatives by off-line reactions with osmium tetroxide
(Os04), and then the fragment ions in the ESI-MS/MS spectra of these derivatives
can reveal the double bond positions [26]. This method has been applied to
unsaturated fatty acids and phospholipids. However, OsOj4 also reacts slowly
with other common organic functional groups resulting in the formation of
byproducts, which could lower the efficiency of vicinal hydroxylation and further
complicate mass spectra for double bond localization [27]. Recently, acetonitrile
was used as an atmospheric pressure chemical ionization (APCI) reagent. Similar
to positive-ion CI, the ions generated from the self-reaction of acetonitrile formed
a charged covalent adduct across carbon-carbon double bonds. In this way, the
double bond positions in triacylglycerol could be elucidated from the fragment
ions generated from CID of these acetonitrile adduct ions [28]. Whether this
approach can be applied to other lipids such as the PL for the determination of

double bond positions is not clear.



In summary, off-line derivatization procedures are mostly required for
existing methods that have been used for the determination of double bond
positions. Furthermore, the unambiguous assignment of double bonds is still
compromised by complex mass spectra due to extensive fragmentation. A
possible solution to this problem is to react ozone with the unsaturated lipid which
results in cleavage across the -C=C— double bond, generating ozonolysis products
with predictable mass that can be used to identify the double bond positions
[29,30]. Before describing how the ozonolysis reaction has been exploited as an
analytical tool for double bond positional assignment, it is necessary to introduce

the ozonolysis reaction mechanism.

1.3. Ozonolysis Reaction Mechanism

Ozone is an allotrope of oxygen with the chemical formula O3, existing as
a pale blue gas with distinctively pungent smell [31]. Ozone structure can be
expressed as a resonance hybrid with a single bond on one side and double bond
on the other resulting in an overall bond order of 1.5 [31]. Although ozone is
much less stable than the diatomic allotrope O2, it has much higher oxidizing
strength than O and can react with a variety of organic compounds [32]. Asa
strong oxidizing agent, ozone has been widely used in the treatment of water,
wastewater [33] and also used as sanitization process in food industry [34]. In
addition, ozone has proved to be highly useful in the chemical industry, such as in
the manufacture of azelaic and pelargonic acids by the ozonolysis of oleic acid

[35].



Ozonolysis is the reaction of ozone with alkene or alkyne at carbon-carbon
double bonds or triple bonds. The mechanism of ozonolysis was intensely studied
by organic chemists in the first half of the twentieth century. It was known that
the ozonolysis products of carbon-carbon double bonds depend on the reaction
conditions such as temperature and also other compounds that could join in the
reaction, more detailed discussions can be found in the review authored by Bailey
[36]. Currently, the 3-step mechanism proposed by Criegee is widely accepted
[37]. Here, the ozonolysis of PC(16:0/18:1(n-9)) is used to illustrate the steps
involved in the ozonolysis of one double bond (Scheme 1-1). In the first step, a
molecule of ozone attacks the double bond resulting in the rapid formation of a
so-called primary ozonide, a 1,2,3-trioxolane. These primary ozonides are usually
unstable and readily decompose to give carbonyl compounds plus the zwitterions
that are often known as Criegee intermediates. It can be seen in Scheme 1-1 that
ozonolysis of PC(16:0/18:1(n-9)) can result in the formation of two possible
Criegee intermediate/aldehyde pairs. Criegee intermediates play important roles
in the ozonolysis reaction since they can readily undergo further reactions. Then,
in the absence of any participating solvent, the Criegee intermediates and either of
the aldehydes can recombine to form secondary ozonides 1,2,4-trioxolanes that

are relatively stable.
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Scheme 1-1. Simplified ozonolysis reaction mechanism in the case of

PC(16:0/18:1(n-9)).

As can be seen in Scheme 1-1, the ozonolysis products which include the
aldehydes, Criegee intermediates and secondary ozonides, are all specific to the
location of the initial double bond. In this example, ozonolysis of the n-9 double
bond results in an aldehyde or Criegee intermediate with a 9-carbon chain length,
or a secondary ozonide at the original double bond location. As shown below, if
these ozonolysis products can be identified, then the location of the double bond

in the starting lipid is also proven.
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1.4. The Use of Ozonolysis for the Double Bond Localization

1.4.1. Off-line ozonolysis

Ozonolysis was used as an off-line reaction in the 1960s for the
determination of double bond positions in FAME [29]. At this time, a solution of
ozone in pentane at -70 °C was prepared by bubbling oxygen containing 2-3%
ozone. The FAME standard in pentane was mixed with the ozone solution,
resulting in the formation of ozonides that were then reduced to aldehydes by
hydrogen in the presence of a catalyst. Reductive ozonolysis of a
monounsaturated FAME resulted in the formation of both an aldehyde (similar to
aldehyde 2 in Scheme 1-1) and an aldehyde-methyl ester (analogous to aldehyde
1 in Scheme 1-1 but with methyl group replacing the substituted glycerol moiety)
that could then be identified by gas chromatography (GC) through comparison of
their retention times to those of standards. The chain lengths of these aldehydes
indicated the position of the double bond along the monounsaturated FAME.
Multiple double bond locations in polyunsaturated FAME could also be identified
in a similar way. Although this technique was limited to use with individual
FAME and the identification of products by retention time alone, it still showed
great promise for using the ozonolysis reaction for the determination of double

bond positions in unknowns.

More recently, Harrison and Murphy extended the use of ozonolysis as an
off-line reaction for double bond localization in phospholipids by using

electrospray mass spectrometry (ESI-MS) [30]. A PC sample was coated inside
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of a glass capillary that was placed in a flow of ozone. The ozonized PC was
dissolved in the electrospray mobile phase (methanol/ammonium acetate 85:15,
v/v) and analyzed under positive ion ESI-MS. In this way, the relatively stable
PC secondary ozonides were observed. Since secondary ozonides arise by the
addition of O3 to each double bond, a mass increment of 48 Da over the m/z for
[M+H]" ions of the corresponding intact PC molecules was observed for each
double bond present. MS/MS analysis of these PC ozonide ions following CID
gave rise to fragment ions indicative of double bond positions in both mono- and
polyunsaturated PC. In this study, the gas-liquid phase ozonolysis reaction was
effectively carried out using a simple procedure, taking advantage of the high
sensitivity and information content available from ESI-MS and MS/MS. Since
ozonolysis was performed as an off-line reaction on individual GPL standards,

this technique is not directly suitable for complicated lipid mixtures.

1.4.2. In-situ ozonolysis coupled to mass spectrometry (in-situ O3-MS)

In-situ O3-MS was first achieved by Blanksby et al who introduced ozone
into nebuliser gas flow of the ESI source on a tandem quadrupole MS instrument
(OzESI-MS) [38]. Unsaturated lipids reacted with ozone in the ionization source
rather than performing ozonolysis off-line prior to MS analysis. In this way, the
OzESI-MS technique achieved in-situ ozonolysis ie, within the mass
spectrometer. Solutions of GPL, sphingomyelins and triacylglycerols were
infused into an ESI source where ozone reacted with the double bonds of the
ionized lipids. However, unlike off-line ozonolysis, the ions of stable ozonides

were not observed. Instead, the oxidative cleavage product aldehydes, along with
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a-methoxydroperoxides formed by the addition of methanol from the mobile
phase to the Criegee intermediates, were observed and used to assign double bond
positions. While OzESI-MS is applicable to individual lipids and simple lipid
mixtures, it is less suited to the analysis of more complex lipid samples where

overlapping mass spectra and potential ion suppression effects might occur.

In a further development from the same group, the ozone induced
dissociation (OzID-MS) method was invented by introducing ozone vapor into a
linear ion trap mass spectrometer [39]. In this experiment, lipid ions generated by
ESI were mass-selected and held in the ion trap in the presence of ozone vapor for
about 10s. The reaction between the gas phase lipid ions and ozone generated the
expected aldehyde ions and the corresponding Criegee intermediates from each
unsaturated site (See Figure 1-3 for the example of PC(16:0/18:1(n-9))). These
product ions were used for the direct assignment of double bond position in GPL
and triacylglycerols. Since the ions of the targeted lipid could be isolated in the
ion trap before ozonolysis, the OzID-MS method could be applied to more
complex lipid mixtures. Published examples of the use of OzID-MS include the
analysis of lipid extracts from a human lens, bovine kidney and olive oil [39].
However, since most of the lipid ions were trapped with ozone in the ion trap for
10s in order to generate enough product ions for the assignment of double bond
position, improvements were needed in order to increase the sensitivity and speed.
This was achieved by using the OzID-MS method in a tandem linear ion-trap
mass spectrometer [40]. First, the m/z value for the lipid ions of interest were

selected by MS1; these ions then reacted with the ozone vapor that was delivered
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in continuous and stable flow into the collision cell; finally the ozonolysis product
ions were analyzed for m/z and detected in MS2. This arrangement, with a spatial
separation between the precursor ion selection and ozonolysis, can achieve fast
analyses and high sensitivity as well as having potential compatibility with LC.
Another possible advantage is that OzID and CID can be combined by applying a
potential to the collision cell, although this results in the superimposition of OzID
and CID product ions in the MS/MS spectrum. However, it should be noted that
the OzID-MS method requires some modifications to the mass spectrometer to
allow the introduction of ozone gas and that the introduction of an oxygen/ozone

mixture into the vacuum system is potentially detrimental.
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Figure 1-3. OzID spectrum of the [PC (16:0/18:1(n-9)) + Na] " ions under ESI (+).
The pair of ions resulting from ozonolysis of the double bond are labeled with m
and e, indicating aldehyde and Criegee ions, respectively. From Reference [39]

with permission of the American Chemical Society.
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1.5. Hypothesis and Proposed Studies

The reaction of ozone with unsaturated lipids has been used with great
success for the assignment of double bond positions as discussed above.
Combining the ozonolysis reaction in-situ with modern mass spectrometry such as
in the OzESI-MS and OzID-MS techniques, has been shown to simplify the
elucidation of unsaturated lipid structures and help to reveal the diversity of lipids
that exist in biological systems. However, there are undesirable instrumental
modifications needed for in-sifu ozonolysis mass spectrometry approach. In
addition, the compatibility of OzID-MS technique with LC has not been proved

either, which raises an issue for analyzing complex lipid mixtures.

Therefore, the hypothesis proposed in this thesis is that the assignment of
double bond positions in unsaturated lipids can be achieved by using the
ozonolysis reaction in-line with mass spectrometer, and this in-line ozonolysis
device is also compatible with liquid chromatography (LC) separation. In order
to test this hypothesis, the following studies were performed: (1) to investigate the
off-line ozonolysis intermediates and products of lipid standards, (2) to develop a
new approach of coupling ozonolysis reaction in-line with mass spectrometer (in-
line O3-MS) (prior to the ionization of MS), (3) to further develop the in-line Os-
MS method for the compatibility with LC, (4) to apply in-line O3-MS method to
different lipid species such as fatty acid methyl esters and phospholipids, (5) to
demonstrate the applications of the LC/O3-MS method for the unambiguous
determination of double bond positions in complex agricultural and biological

samples.
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CHAPTER 2

A Study of the Ozonolysis of Model Lipids by Electrospray

Ionization Mass Spectrometry >

2.1. Introduction

Recently, global interest in using renewable resources in place of fossil
fuels for the production of energy, fine chemicals and polymers has greatly
increased. Much research has focused on transforming vegetable oils, which are
abundant and renewable in nature, into forms that are amenable to these
applications [41]. Ozonolysis is one such transformation of vegetable oils that
has shown potential in the manufacture of bio-based polymers and chemicals.
Ozone, a very reactive oxidizing agent, can cleave the double bonds of the
unsaturated triacylglycerides (TAG) found in vegetable oils. Ozonolysis has been
used as one of the steps of making vegetable oil based polyols [42,43], these are
polyhydroxyl compounds that are precursors used in polyurethane manufacture.
However, formation of bio-based polyols by this pathway includes multiple steps,
catalysts, and there are many challenges to producing high yields of polyols [44].
It is hoped that further elucidation of the products from the ozonolysis of
vegetable oils will aid in the development of ozonolysis processes for the

commercial production of bio-based polyols and other chemicals.

2 A version of this chapter has been published. Sun, C., Zhao, Y. and Curtis, J.M.
Rapid Commun. Mass Spectrom. 2012, 26, 921-930.
Reprinted with permission.
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The mechanism proposed by Criegee, describing the reaction of ozone
with olefins is the widely accepted one [37]. Scheme 2-1 is a simplified version
showing the important intermediates and expected products for the ozonolysis of
methyl oleate. The initial reaction occurs when an ozone molecule attacks the
double bond and the primary ozonide forms. This high-energy primary ozonide
can readily decompose into the Criegee intermediates 1 and 2, nonanal and 9-
oxononanoic acid methyl ester. In the absence of any participating solvent,
Criegee intermediates can recombine with nonanal and 9-oxononanoic acid
methyl ester to form the secondary ozonide 1,2,4-trioxolanes, which include
Compound 1, 2 and 3. The Criegee intermediates are very important
intermediates of ozonolysis because they can readily undergo further reactions. In
the liquid phase, 1,3- dipolar cycloaddition results in the formation of 1,2,4-
trioxolanes. Step 3 in Scheme 2-1 is an example of 1,3-dipolar cycloaddition

between the Criegee intermediate 2 and nonanal.
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Scheme 2-1. Simplified version of ozonolysis mechanism based on Criegee
theory in the specific case of methyl oleate. The nominal values of molecular

weight are in the bracelet.

Several methods have been used for observation of both the intermediates
and the products of the ozonolysis of free fatty acids and vegetable oils, including

Fourier transform infrared (FTIR) spectroscopy and nuclear magnetic resonance
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(NMR) spectroscopy. Soriano ef al. used FTIR to follow the ozonolysis of
sunflower oil; they observed the peaks in the IR spectrum that are characteristic of
the formation of both aldehydes and ozonides [45]. Sega used 'H NMR and '*C
NMR for analysis of sesame oil before and after ozonolysis to identify
characteristic peaks that show the trend of 0zonide formation and simultaneous
decrease in double bonds. The relationship between the NMR signal and physico-
chemical measurements, including peroxide value and viscosity, was also
established [46]. Even though NMR can reveal lots of structural information,
some of the spectral details can not be entirely assigned due to the complexity of
spectrum, and a relatively large sample size is required for NMR analysis. The
application of size exclusion chromatography (SEC) additionally revealed the
formation of high molecular weight ozonolysis products, but very little structural
information can be revealed [47]. Gas chromatography (GC) has also been
widely used to analyze ozonolysis products, but its application is limited to the
light fraction of the ozonolysis products that are suitable for GC analysis [48].
Methylation is commonly used to make the sample amenable to GC analysis, if
the starting material is triglycerides or vegetable oils [49]. Ozonolysis of simple
lipids has also been studied by mass spectrometry (MS), for example, the
ozonolysis of methyl oleate was analyzed without any chromatographic
separation using direct probe introduction into chemical ionization - mass
spectrometry (CI-MS). This revealed the existence of secondary ozonides and
NMR spectroscopy was used to further assign their structures [50]. Thornberry

designed a coated-wall flow tube coupled to CI-MS to selectively monitor both
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ozone loss and the production of volatile compounds when ozone reacted on a
surface of oleic acid, linoleic acid and linolenic acid [51]. However, that work
focused on gas-phase products and their experimental design more closely
modeled ozone reactions on a particle surface than ozone reactions in a bulk
solution. To our knowledge there has not to date been a report of a
comprehensive liquid chromatography/ tandem mass spectrometry (LC-MS/MS)

method for the identification of ozonolysis products from unsaturated lipids.

In this work, methyl oleate was selected as a simple model for unsaturated
fatty acids, because it is an important component of many vegetable oils for which
ozonolysis can only occur on one double bond. Similarly, triolein is selected as
the simple model for unsaturated TAG, which is an abundant TAG in vegetable
oils containing high amounts of oleic acid such as canola or sunflower oils. The
overall objective of this study is to develop methods for the study of both the
ozonolysis intermediates and products from the model lipids, methyl oleate and
triolein. This was achieved using liquid chromatographic separation combined
with quadrupole time - of - flight (Q-TOF) mass spectrometer, allowing both

exact mass determination and MS/MS scans for structure identifications.

2.2. Experimental

2.2.1. Materials

Methyl oleate and triolein standard were purchased from Nu Chek Prep
Inc. (Elysian, MN, USA). Hexanes, acetonitrile (ACN), isopropanol (IPA) and

methanol (MeOH) were purchased from Fisher Scientific Company (Ottawa, ON,
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Canada) and were of analytical grade. HPLC-grade ammonium acetate (>99%)
was supplied by Sigma (St. Louis, MO, USA). A solution of porcine renin
substrate tetetradecapeptide at 10 pmol/ uL in acetonitrile/water (1:1, v/v) in a
chemical standards kit was obtained from Applied Biosystems (Forster City, CA,
USA). ESI-L low concentration tuning mix was purchased from Agilent

Technologies Canada Inc. (Mississauga, ON, Canada).
2.2.2. Ozonolysis of methyl oleate and triolein

A mixture of 0.87 g lipid standards (methyl oleate or triolein) and 50 mL
hexane was placed in 50 mL flask and the temperature of the flask was kept at 10
°C using Julabo F25 circulating chiller (Julabo USA Inc., Allentown, PA, USA).
An ozone/oxygen mixture was introduced into the flask at a rate of 50 mL/min
through a long stainless steel needle with an ozone concentration of
approximately 0.4 g/m>. Ozone was generated by passing dry oxygen as the feed
gas through an Azcozon ozone generator coupled to a controller unit (RMU 16-16
and RMDC-32D, Azco Industries Limited, Langley, BC, Canada). During
ozonolysis, 25 pL aliquots were taken from the reaction at 10, 15, 20, 30, 40, 50,
75,90, 105, 120, 140, 160, 180, 210 and 240 min. The 25 pL aliquot was mixed
with 75 pL hexane and immediately stored at -20 °C. The samples were diluted

100 times in hexane before any further analysis.

2.2.3. Liquid chromatography/ mass spectrometry (LC/MS)

LC/MS analysis was conducted on an Agilent 1200 series HPLC system

(Agilent Technologies Inc, Palo Alto, CA, USA) coupled to a QSTAR Elite mass
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spectrometer (Applied Biosystems/MDS Sciex, Concord, ON, Canada) using
electrospray ionization (ESI) in positive ion mode. Analyst QS 2.0 software was
employed for data acquisition and analysis. 2 pL of sample was injected for

LC/MS analysis.

For the ozonolysis of methyl oleate, chromatographic analysis was
performed on an Ascentis Si silica column (150 mmx2 mm 1.d.) with a particle
size of 3 um (Sigma, St. Louis, MO, USA). The mobile phase A was hexane and
B was IPA. The gradient was as follows: 0—4 min, 2% B; 4-10 min, 100% B; 10—
14 min, 100% B; 14-20 min, 2% B. 40 mmol/L ammonia acetate in MeOH and
IPA (3:1, v/v) was used as post-column flow at a rate of 25 pl/min. The mass
spectra were acquired over the mass range of m/z 100 - 1,000. The ion source
temperature was kept at 300°C. The other instrumental conditions were as
follows: curtain gas 25; auxiliary gas 20; nebulizing gas 60. All the gas numbers
are in arbitrary units, and nitrogen was used for all these gases. The ionspray
voltage, declustering potential (DP), focus potential (FP), and DP2 were 5200 V,
35V, 150 V and 10 V, respectively. For MS/MS analysis, collision induced
dissociation (CID) at a collision energy of 28 eV and at a collision gas setting of 8

units was used.

For ozonolysis of triolein, chromatographic analysis was performed on an
Ascentis Cig column (150 mmx*2 mm i.d.) with a particle size of 3pum (Sigma, St.
Louis, MO, USA). The mobile phase A consisted of ACN and B of IPA. The
gradient was as follows: 0—0.1 min, 20% B; 0.1-25 min, 90% B; 25-27min, 90%

B; 27-27.1 min, 90% B; 27.1-36 min, 20% B. The same ammonia acetate
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solution was used as post -column flow at a flow rate of 20 pl/min. The mass
spectra were acquired over the mass range of m/z 100 - 2,000. The ion source
temperature was kept at 400°C. Other mass spectrometer conditions were the
same as the conditions used for the ozonolysis of methyl oleate. MS/MS analysis

used CID at a collision energy of 32 eV and a collision gas setting of 8 units.

All mass spectra were recorded using the high resolution TOF mass
analyzer providing mass accuracies typically below 5 ppm over the range of m/z
reported after calibration. The mass spectrometer was tuned by infusing porcine
renin substrate tetetradecapeptide (m/z 879.9723, doubly charged ion and
fragment ion at m/z 110.0713) at a resolution of above 10000 full width at half
maximum (FWHM) in positive ion mode. This solution was also used for
calibration of m/z 100-1,000; the Agilent ESI low concentration tuning mix was

used for calibration of m/z 100-2,000.

2.2.4. Gas chromatography/mass spectrometry (GC/MS)

GC/MS analysis was only performed on the sample from the ozonolysis of
methyl oleate. A 1 pL aliquot was analyzed using an Agilent 7890A gas
chromatograph equipped with Agilent 5975C mass selective detector (MSD)
(Agilent Technologies Inc, Palo Alto, CA, USA). An Rxi-5ms capillary column
(30 mx0.25 mm 1.d, 0.25 pum film thickness) (Restek Corporation, Bellefonte, PA,
USA) was used. The helium flow was kept constant at I ml/min. The oven
program was 40 °C for 3 min, then rising to 280 °C at a rate of 30 °C/min with a

final hold at 280 °C for 2 min. Electron ionization was used at 70eV electron
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energy and a mass scan range of m/z 35 - 500. An Agilent MSD Chem Station

E.02.02.1431 was used for data analysis.

2.3. Results and Discussion

2.3.1. Identification of the products and the intermediates from the ozonolysis of

methyl oleate

Lipids with double bonds on the fatty acyl chain can be oxidized with
ozone. Due to the complexity of products and intermediates that could be formed
by the ozonolysis of natural lipid mixtures, methyl oleate, which has only one
double bond at the n-9 position, was instead studied as a model lipid compound.
A sample of methyl oleate after 40 min of ozonolysis was introduced into the
mass spectrometer by flow injection in positive ESI mode using a mobile phase of
hexane and isopropanol (98:2, v/v) and with a post-column addition of 40mM
ammonia acetate to aid ionization. The resulting mass spectrum is shown in
Figure 2-1. The ions seen at m/z 362 and 406 are ammonium ion adducts of the
Compounds 1 and 2 respectively (see Scheme 2-1), while ions at m/z 367 and 411
correspond to their sodium ion adducts and ions at m/z 383 and 427 are their
potassium ion adducts. Furthermore, the elemental composition of ion at m/z
362.2898 was determined to be [C19H3605 + NH4]" (A= -0.83 ppm), and that of
m/z 406.2797 was determined to be [C20H3607+ NH4]" (A=-0.49 ppm), consistent

with the elemental compositions of Compounds 1 and 2 (Scheme 2-1).
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Figure 2-1. Flow injection ESI (+) mass spectrum of the products of the

ozonolysis of methyl oleate for 40 min.

In order to confirm this identification, MS/MS spectra of the [M+NH4]"
ions of Compounds 1 and 2 at m/z 362 and 406 were obtained. As can be seen in
Figure 2-2, the MS/MS spectra of ions at m/z 362 (al) and 406 (b) are very
similar, showing that ions at m/z 186 and 155 are the main product ions in both
cases. The fragment ion at m/z 142 is only observed in the MS/MS spectrum of
m/z 362; this fragmentation pathway is illustrated in the inset of Figure 2-2(al).
The cleavage initially occurs at the peroxide bridge of trioxolane, and there can be
either ab or ac cleavage. The result of ac cleavage is an aldehyde radical, which
is the product ion at m/z 186. The other part of this cleavage is the Criegee
intermediate 2, the ion of which is not seen in the MS/MS spectrum. However,
this Criegee intermediate was observed in work of Thomas where methanol was
present in the mobile phase, which reacts quickly with the Criegee intermediate to

form a stable ion [38]. Apparently the ion at m/z 155 cannot directly form by this
25



route but rather is attributed to the cleavage of the ion m/z 186. Similarly, ab
cleavage results in a product ion at m/z 142 of low intensity. Compound 2 is a
symmetric trioxolane (Scheme 2-1), so its ab and ac cleavage of ion at m/z 406
produces the same product ion at m/z 186. The pattern of these product ions also
agrees with Wu’s results, even though in that work the trioxolane compounds
were analyzed under chemical ionization conditions [50]. Hence, the accurate
mass measurements and MS/MS spectra of the ions at m/z 362 and 406 support
the conclusion that they are ammonium adducts of the secondary ozonides,

Compounds 1 and 2 in Scheme 2-1.
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Figure 2-2. ESI (+) MS/MS spectra of the ions at (al) m/z 362, (a2) m/z 367 and

(b) m/z 406 of the products from the ozonolysis of methyl oleate for 40 min. The

inset of (al) is the fragmentation pathway of secondary ozonide Compound 1 (m/z

362). The inset of (a2) is the fragmentation pathway of secondary ozonide

Compound 1 (m/z 367).
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It is interesting to note that the fragment ions arising from the [M+NH4]"
ion of Compound 1 m/z 362 do not retain the ammonium adduct but instead are
odd-electron species (Figure 2-2(al)). For comparison, the MS/MS spectrum of
the corresponding sodiated ion at m/z 367 [M+Na]" of Compound 1 shows that
product ions are at m/z 225, 209, 180 and 165 (Figure 2-2(a2)), all of which
retain the sodium ion. These product ions can be explained based on the
trioxolane structure proposed for Compound 1 in Figure 2-2. For example,
product ions at m/z 225 and 209 are formed by cleavage at the trioxolane group.
This generates either the aldehyde ion at m/z 209 or the Criegee intermediate that
can rearrange into the carboxylic acid observed at m/z 225. Other fragmentation
due to cleavage of the hydrocarbon chain adjacent to the trioxolane group results
in ions at m/z 180 and 165 (Figure 2-2(a2)). Hence, in contrast to the
fragmentation observed for the [M+NH4]" ion of Compound 1, the [M+Na]" ion
of Compound 1 fragments in a manner that is closely analogous to that previously

reported for trioxolane derivatives of other unsaturated lipids [30].

In order to confirm the existence of the secondary ozonides Compounds 1
and 2 as distinct species, normal phase-LC/MS was performed. The
chromatogram in Figure 2-3(a) is the total ion current (TIC) trace for the
separation of the products obtained following 40 min of ozonolysis of methyl
oleate, using a silica column. The ions at m/z 362 and 406 are the base peaks of
mass spectra eluting at 2.5 and 2.9 min, respectively. Since normal phase
chromatography was used, the compound (m/z 406) eluting at 2.9 min is likely

more polar than the compound (m/z 362) eluting at 2.5 min. This is consistent
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with the structures of Compound 1 and 2 in Scheme 2-1, which show that
Compound 2 has two ester groups compared to only one on Compound 1.
Another dominant ion seen by flow injection (Figure 2-1) is the ion at m/z 186
which could either be the ammonium ion adduct of an intact compound or else an
in-source fragment ion. Extracted ion chromatograms (XIC) of ion at m/z 362,
406 and 186 are shown in Figure 2-3(b). These indicate that the ion at m/z 186
has the same retention time as ion at m/z 362. Furthermore, the MS/MS spectrum
of m/z 362 (Figure 2-2(al)) has a major fragment ion at m/z 186. Based on this
discussion, it appears to us that the ion at m/z 186 in the positive ion ESI spectrum
shown in Figure 2-1 is indeed a product ion of the secondary ozonide compound

at m/z 362 rather than another unknown product from the ozonolysis of methyl

oleate.
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Figure 2-3. (a) Total ion current (TIC) chromatogram of products from the
ozonolysis of methyl oleate for 40 min by LC/ ESI(+)-MS. (b) Extracted ion
chromatograms (XIC) of the ions at m/z 362, 406 and 186.
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It should be noted that the ion corresponding to intact methyl oleate is not
observed under this experimental condition, even though methyl oleate was found
to still exist in the sample based on GC/MS analysis. This is because methyl
oleate is a neutral lipid, which does not ionize well by ESI as we have previously
observed. Chemical derivatization, such as phosphonium labelling of these
neutral lipids, has been shown to improve ionization under ESI [52]. On the other
hand, we have obtained [M+H]" ions from methyl oleate using positive ion
atmospheric pressure photo ionization (APPI) and atmospheric pressure chemical
ionization (APCI) from the same ozonolysis sample. Methyl oleate has very low
polarity, hence more easily ionized by APPI and APCI than by ESI. However,
only fragment ions of secondary ozonides are observed using positive ion APCI
and APPI. Overall, compared to APPI and APCI, ESI with post-column addition
of ammonium ions was found to be a better choice of ionization method for the

observation of ozonolysis products.

GC/MS results (Figure 2-4) indicate that nonanal, nonanoic acid and 9-
oxononanoic acid methyl ester are the main volatile ozonolysis products.
Nonanal and 9-oxononanoic acid methyl ester were seen to form at the beginning
of ozonolysis whereas nonanoic acid is only observed by GC/MS in samples
taken after 30 minutes of ozonolysis. Nonanoic acid can be formed either as a
result of further oxidation of nonanal, which is abundant after ozonolysis starts, or
via an internal rearrangement of the Criegee intermediate to form a more
thermodynamically stable structure [53]. A mass balance between the reactants

and volatile and involatile products formed during ozonolysis could not be
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achieved in this study due to a constant loss of volatiles. Nevertheless, these
qualitative observations by GC/MS are in agreement with the expected products

indicated in Scheme 2-1.
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Figure 2-4. TIC of GC/EI-MS analysis of products from ozonolysis of methyl

oleate for 30 min.

Ions of high m/z value (>500) were not observed in any of the mass
spectra obtained following ozonolysis of methyl oleate for periods of up to 4
hours. Several researches have shown that Criegiee intermediates are able to
react with other Criegee intermediates or acids to form oligomeric or polymeric
compounds [54,55,56]. However, there are also reports showing that no
oligomers are observed either in aerosol particles or in a bulk solution of oleic
acid [57]. In the present study, both the presence of a large amount of an inert

solvent (hexane) and the absence of the free carboxylic acid group in the methyl
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oleate as starting material, likely minimize the probability oligomer formation

through the Criegee intermediates and acids.

Ozonolysis has been used for determination of double bond position in
unsaturated fatty acids and ester [30,38]. For example, a low temperature plasma
(LTP) probe was recently used to for in situ ozonolysis [58]. The plasma
containing ozone was directed at the sample and the resulting ions were sampled
into a linear ion trap MS. For a fatty acid ester, only aldehyde oxidation products
retaining the ester chain were observed in positive ion mode. In the case of a free
fatty acid, only the aldehyde products from the oxidation of a double bond with
retention of the carboxylic acid head group were observed in both positive and
negative ion modes. The m/z values of these products can be used to assign the
double bond location. However, in general the ozonolysis intermediates, such as,
ozonides and diperoxides, were not observed. In contrast, in our study the
ozonolysis products are present at low concentration in the solvent and the

observation of ozonides besides 9-oxononanoic acid methyl ester is facile.

2.3.2. ldentification of the products and intermediates from the ozonolysis of

triolein

Identification of the major intermediates and products arising from the
ozonolysis of methyl oleate should elucidate at least some of the basic principles
and mechanisms important for ozonolysis in general. These can be extended in
the interpretation of the ozonolyis products of a triolein standard. Investigation of

TAG is more relevant to the vast majority of lipids in nature and triolein in
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particular is the most abundant TAG found in canola oil. The triolein standard
before and after ozonolysis for 60 min was analyzed using non-aqueous reverse
phase (NARP) LC/MS as shown in Figure 2-5. The positive ion NARP- LC/MS
chromatogram of triolein (Figure 2-5(a)) shows a single peak for a compound of
m/z 902, consistent with the [M+NH4]" ion of triolein. Following ozonolysis
(Figure 2-5(b)), additional peaks appeared in the chromatogram and their
molecular weight information is summarized in Table 2-1. It is evident from
Figure 2-5(b) that three prominent groups of peaks appear at retention times of
around 12, 15 and 19 min following ozonolysis. It was also observed that each of
these groups is comprised of multiplets of isomeric compounds, mostly resolved

by NARP chromatography.
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Figure 2-5. LC/ESI(+)-MS TIC chromatograms of (a) the triolein standard and
(b) after 60 min of ozonolysis of triolein. Inset (a) is the mass spectrum of the
triolein standard. Inset (b) is the mass spectrum after 60 min of ozonolysis of
triolein averaged at retention time of 23.1 min. Inset (c) is the mass spectrum after
60 min of ozonlysis of triolein averaged at retention time of 13.6. The mass
spectrum averaged at retention time of 13.9 min is the same as that at retention

time of 13.6 min.

An ion of m/z 950 is the base peak in the mass spectra of compounds
eluting at 19.3 and 19.6 min. This ion indicates the formation of mono-ozonide
since the exact mass indicates that this ion contains an additional 3 oxygen atoms

compared to the [M+NH4]" ion of triolein (m/z 902). Since each fatty acyl chain
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of triolein contains one double bond at the #-9 position and ozone can attack the
double bond on either sn-1,3 or sn-2 fatty acyl chain, there can be two
constitutional mono-ozonide isomers that differ in the location of trioxolane
group. From a statistical consideration, the probability of forming an sn-1 or 3
isomer is twice that of forming sn-2 isomer. Figure 2-5(b) clearly shows the
peak at 19.3 min is smaller, preceding a larger peak at 19.6 min; this indicates that
peak at 19.3 min probably contains an sn-2 isomer. In order to confirm this and
get more structural information, tandem mass spectrometry was performed on the
ion at m/z 950 eluting at 19.6 and 19.3 min (Figure 2-6(al and a2)). It can be
seen that the relative intensity of the product ion at m/z 603 is considerably greater
in the former case. The ion at m/z 603 is the result of neutral loss of ammonia
along with loss of a fatty acyl chain that contains a trioxolane group [(Cs7H10409
+ NHy) - C1sH340s - NH3]" (cleavage at position a or equivalent). An ESI study
of the ammonium ion adducts of TAG positional isomers described by Byrdwell
[59] demonstrates that the loss of a fatty acyl chain from either the sn-1 or the sn-
3 positions is energetically favoured over the loss from the sn-2 position. Thus, it
is expected that loss the fatty acyl chain containing the trioxolane group would be
more facile at the sn-1 or 3 positions compared to that at the sn-2 position.

Hence, the higher intensity of the fragment ion at m/z 603 of the compound
eluting at 19.6 min compared to that eluting at 19.3 min suggests that the former
has the trioxolane group at sn-1 or 3 positions whereas the latter is substituted at
sn-2. This interpretation is also consistent with the above discussion concerning

the abundance of these isomers.
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Other product ions at m/z 493, 509 and 465 are also observed (Figure2-
6(al and a2)). The loss of a fatty acyl chain and the cleavage of trioxolane group
along with neutral loss of ammonia lead to the formation of ion at m/z 493
[(Cs7H10409 + NHs) - C13H340; - CoH1302 - NH3]". This is shown as cleavage at
position b and ¢ in the inset of Figure 2-6(al) for the illustrative example of an
sn-1 mono-ozonide with loss of the sn-3 fatty acyl chain. Similarly, the fragment
ion at m/z 509 [(Cs7Hi0409 + NHy) - C13H340; - CoHi30 - NH3] * results from
cleavage at positions equivalent to » and d. Previously it has been proposed that
fragmentation at the trioxolane group can cause the cleavage of the hydrocarbon
chain adjacent to the trioxolane group [30]. For example, cleavage of the bond
between n-8 and n-9 positions, which results in the formation of a product ion at
m/z 465 [(Cs7H10409 + NHy) - C1sH3403 - C19H1903 - NH3]" (cleavage at position

b and e or equivalent).
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Figure 2-6. The MS/MS spectra of (al) the mono-ozonide eluting at 19.6 min,

(a2) the mono-ozonide eluting at 19.3 min, (b) the di-ozonides and (c) the tri-

ozonides. The insets are examples of the proposed structures with letters

indicating fragment positions. The structures given are examples of the possible

isomeric structures and are not meant to imply unique structural assignments.
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The peaks in the chromatogram at retention time of 15.6, 15.9 and 16.2
min (Figure 2-5(b)) were found to have the same [M+NH4]" ion at m/z 998 as the
base peak in each case. This indicates the formation of at least 3 isomeric forms
of the di-ozonide. Since the di-ozonide has an additional oxygen-containing
functional group with 3 more oxygens compared to the mono-ozonide, it has
higher polarity and would be expected to elute earlier in NARP chromatography.
This is consistent with the peak elution order seen in Figure 2-5(b). The di-
ozonide from triolein can exist as sn-1, 3 or sn-1, 2 positional isomers. In
addition, each positional isomer can also have cis/trans geometric isomers [60],
some of which maybe separated under the chromatographic conditions used here.
Theoretically, there can be three cis/trans isomers of an sn-1, 3 di-ozonide plus
three cis/trans isomers of an sn-1, 2 di-ozonide. However, in the present
experiment a total of only three peaks are separated, so assignment of the exact

isomeric structure of each peak is not yet possible.

The MS/MS spectrum of the di-ozonide [M+NH4]" ion shows the same
product ions at m/z 493 (-NH3, cleavage at position b and c), m/z 509 (-NH3,
cleavage at position b and d) and m/z 465 (-NH3, cleavage at position b and e) as
was seen for the mono-ozonide. In addition, product ions at m/z 399 (-NH3s,
cleavage at a, c and g), m/z 383 (-NH3, cleavage at a, ¢ and f) and m/z 415 (-NH3,
cleavage at a, d and g) (Figure 2-6(b)) are also observed. These come from the
loss of one fatty acyl chain and the cleavage of both trioxolane groups, which
results in aldehyde/aldehyde, aldehyde/carboxylic acid and carboxylic

acid/carboxylic acid at the former two #n-9 positions. The ion at m/z 635 is the

38



product ion from neutral loss of ammonia along with fragmentation at position d
and /. The MS/MS spectra of the [M+NH4]" ions (m/z 998) of the compounds
eluting at 15.6, 15.9 and 16.2 min all contain the same product ions, but with
differences in their intensity ratios. This probably arises due to the presence of
positional and geometrical isomers but at this point there is no further data

available for us to draw any conclusion on which isomers are present.

The mass spectra from the peaks at 11.9, 12.3, 12.6 and 12.9 min all have
the ion at m/z 1046 as their base peak. Clearly the observation of the [M+NH4]"
ion at m/z 1046 demonstrates tri-ozonide formation. Since all of the double bonds
have been ozonized, tri-ozonide can only exist as cis/trans geometric isomers,
which is also the reason that there are four peaks instead of one peak shown
between 11.0 and 13.0 min. Figure 2-6(c) is the MS/MS spectrum of a tri-
ozonide [M+NH4]" ion, which has product ions at m/z 399 (-NHj3, cleavage at a, ¢
and g), m/z 383 (-NHs, cleavage at a, ¢ and f) and m/z 415 (-NH3, cleavage at a, d
and g) similar to the di-ozonide. Product ions at m/z 369 (-NH3s, cleavage at a, e
and g) and m/z 353 (-NH3, cleavage at a, e and f) are also observed. The other
isomeric tri-ozonide MS/MS spectra differ only also in the relative intensities of

the product ions.

Besides the formation of ozonides, the peaks at 13.6 and 13.9 min in
Figure 2-5(b) show the presence of ozonolysis intermediates. Thus, the ion at
m/z 792 is the base peak of the mass spectra of peaks at 13.6 and 13.9 min
(Figure 2-5, Inset (c)). From the elemental composition (Table 2-1) and

knowledge of the ozonolysis reaction pathway, this ion is likely the
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decomposition product of a mono-ozonide with an aldehyde group at an n-9

position. Since this aldehyde can be present on sn-2 or sn-1 positions, two

isomeric peaks are observed. Other intermediate ions such as m/z 888 and m/z

840 are also observed, which are the decomposition products of di-ozonides and

tri-ozonides with an aldehyde group at n-9, respectively.

Table 2-1. Retention times, mass accuracy measurement and elemental

composition of molecular ions of ozonolysis intermediates and products.

Retention Time tR  Experimental Error Elemental
Compounds
(min) m/z (ppm) Composition

Triolein 23.1 902.8211 4.4 [Cs7H10s06NH4]"
Mono-ozonide 19.3,19.6 950.8016 -1.6 [Cs7H10409NH4]"
Di-ozonide 15.6, 15.9, 16.2 998.7850 -1.6 [Cs7H1()4012NH4]Jr
Tri-ozonide 11.9, 12.3, 12.6, 1046.7717 04 [Cs7H1()4015NH4]Jr
Ozonolysis 13.6,13.9 792.6704 -1.0 [CasHssO7NH4]"
9.9, 10.0 840.6541 2.1 [CasHssO10NH4]"

Intermediates
49,63 888.6378 -3.3 [CasHssO13NH4]"
15.6,15.9,16.2 1776.2390 -3.8 [CosH172027NH4]"
18.2,18.4,18.7 1728.2534 -4.5 [CosH172024NH4]"
Dimers 20.9 1680.2731 -1.9 [CosH172021NH4]"
23.1 1632.2839 -4.7 [CosH172018NH4]"
25.6 1584.3033 2.2 [CosH172015sNH4]"

In addition to the intermediates and products listed in Table 2-1, high

molecular weight products were also formed. Figure 2-7 shows the XIC over the

range of m/z 1,000 to 2,000 from the reaction of triolein with ozone for 60, 105

and 120 min. At 60 min of ozonolysis, an ion at m/z 1776 appears with low

intensity in the mass spectrum compared to the base peak at m/z 998, a di-ozonide
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(Figure 2-7, Inset (a)). However, after 120 min of ozonolysis, peaks at similar
retention times have mass spectra in which the ion at m/z 998 is absent whereas
the ion at m/z 1776 is the base peak (Figure 2-7, Inset (b)). Hence, longer
reaction times are resulting in the formation of higher amounts of high molecular
weight products. The structure of ion at m/z 1776 is proposed in Inset (c) of
Figure 2-7, which might be formed by the cyclo-additon of the ozonolysis
intermediate having an aldehyde group at n-9 (m/z 888) with the corresponding
Criegee intermediate. It should be noted that the ozonolysis intermediate with
[M+NH4]" ion at m/z 888 was also observed (Table 2-1). Although the dimer
[M+NH4]" ion at m/z 1776 has the same retention time as the di-ozonide
[M+NH4]" ion at m/z 998, it can be seen from Figure 2-7 that the abundance of
former ion is a function of ozonolysis time and is therefore unambiguously a

reaction product and not formed in the ion source.
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Figure 2-7. Extracted ion chromatograms of m/z 1,000-2,000 from LC/ESI(+)-
MS runs of samples taken after the ozonolysis of triolein for 60, 105 and 120 min.
The insets (a) and (b) are mass spectra averaged over retention times of 15.0-17.0
min for 60 and 120 min ozonolysis period samples, respectively. The inset (c) is

the proposed structure of the dimer ion at m/z 1776.

The mass spectrum of the triolein standard (Figure 2-5, Inset (a)) and the
mass spectra of peak at the same retention time (tr 23.1 min) (Figure 2-5, Inset
(b)) are very similar, except that ion at m/z 1632 1s only observed after ozonolysis.
Also, another three distinct groups of peaks are present at tr 18.4 (m/z 1728), 20.9
(m/z 1680) and 25.6 min (m/z 1584) when the reaction time was 60 min (Figure
2-7). These four groups of peaks differ in molecular weight by 48 Da, ie. 3
oxygens (Table 2-1). This is because these high molecular weight products are

formed by reactions between two ozonided triolein molecules. This occurs
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through the linkage between an aldehyde group from one ozonided triolein
molecule and a Criegee intermediate group from another ozonided triolein
molecule. The ions at m/z 1728, 1680, 1632 and 1584 (tr 18.4, 20.9, 23.1 and
25.6 min) have one, two, three, and four less trioxolane group(s) respectively,
compared to the ion at m/z 1776. The elution order of these oxygen containing
dimer products is consistent with their polarity so that the compounds containing
more oxygen atoms are more polar and have shorter retention times. Also, by
comparing the XIC of the range m/z 1000-2000 for the triolein ozonolysis
products after 60, 105 and 120 min, it is clear that all of these dimers eventually
convert to the compound of ion at m/z 1776, which is fully ozonided with no
remaining double bonds. It is the first time that these dimers formed during

ozonolysis of triolein are separated and observed under NARPLC/ESI- MS.

Based on the above study of the ozonolysis of methyl oelate and triolein,
we can see that a variety of products are formed by ozonolysis of unsaturated
lipids. These fall into three general categories: small volatile compounds such as
aldehydes and acids; secondary ozonides including trioxolanes; and high
molecular weight product dimers formed by reaction between ozonolysis

intermediates.

2.4. Conclusions

LC-MS/MS has been used to observe ozonolysis intermediates and
products of the model lipids methyl oleate and triolein. Secondary ozonide 1,2,4-

trioxolanes from both methyl oleate and triolein can be observed as [M+NH4]*
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ions under positive ESI when using post-column addition of ammonia acetate.
Dimeric ozonolysis products from triolein were detected and separated by LC-
MS. Accurate mass measurement and MS/MS provide information on the
structure of secondary ozonides. LC-MS/MS gives a clear picture of the
ozonolysis pathway for model lipids, providing the basis for understanding the

ozonolysis of more complicated lipid mixtures such as vegetable oils. Future

work will focus on applying this LC-MS/MS method to monitor the ozonolysis of

plant oils, which will be useful in the synthesis of bio-based chemicals and

polymers.
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CHAPTER 3

The Direct Determination of Double Bond Positions in Lipid
Mixtures by Liquid Chromatography/ In-line Ozonolysis- Mass

Spectrometry ?

3.1. Introduction

Lipids are a diverse class of molecules whose biological importance
includes their function as energy reservoirs, as components of cell membranes and
as signaling molecules [1]. The location and number of double bonds in fatty
acids (FAs) regulate membrane fluidity and are critical to lipid metabolism and

proper biological function [1,61].

Mass spectrometry (MS) has been used for lipid analysis almost since its
invention and recent developments have allowed MS to become a powerful tool in
many aspects of lipid elucidation, such as the new methods used in lipidomics
[62-64]. However, the identification of double bond positions by conventional
MS and tandem mass spectrometry (MS/MS) alone still remains a challenge.

This is true for fragment ions arising from the widely used low-energy collision-
induced dissociation (CID) processes that are not usually indicative of double
bond positions [38]. Many strategies have been used to overcome this limitation

of MS, as described in a recent review by Mitchell et al. on double bond

3 A version of this chapter has been published. Sun, C., Zhao, Y. and Curtis, J.M.
Anal. Chim. Acta 2013, 762, 68-75.
Reprinted with permission.
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localization methods [15]. An early approach used to elucidate double bond
positions in underivatized FAs was to use MS/MS spectra to study charge-remote
fragmentation (CRF). For example, high-energy CID of [M-H] ions [21] and
low-energy CID of di-lithium adduct ions [M-H+2Li]" of FAs and
triacylglycerols [23,65] could give fragment ions that are characteristic of double
bond positions. However, interpretation of these mass spectra was complicated
due to the extensive fragmentation seen, especially for polyunsaturated FA
(PUFA). Picolinyl ester and 4,4-dimethyloxazoline derivatives of FAs have also
been used to insert a functional group that can localize charge and hence enhance
remote-site fragmentation under electron ionization (EI) [16,17]. Recently, Yang
et al. demonstrated the identification of FA isomers using conventional
electrospray ionization (ESI)-MS/MS. The assignment of the first double bond
from the methyl group end was based on the intensity distribution of fragment
ions (loss of COz or H>0) from FA [M-H] ions at different collision energies
[66]. The localization of other remaining double bonds relied on the assumption
that double bonds in PUFA are usually interrupted by a methylene group during
biosynthesis. Clearly this method is not suitable for the determination of double
bond positions in other FAs such as conjugated FAs or hydroxyl FAs, as stated by

the author.

Another approach is to use chemical derivatization to “label” double
bonds prior to MS/MS analysis. For example, double bonds on fatty acyl chains
were converted into di-hydroxy derivatives by off-line reactions with OsOg; ESI-

MS/MS spectra of these derivatives can reveal the double bond positions [26].
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MS/MS analyses of acetonitrile adducts of fatty acid methyl esters (FAME)
formed during chemical ionization (CI) has also been used to characterize double
bond positions [18-20]. Ozone has been used to react with double bonds either
off-line or in-situ, producing fragment products of predictable mass, which can be
used to identify double bond locations. For instance, in the work of Harrison et
al., CID of the ozonolysis products of unsaturated lipids formed off-line gave rise
to fragment ions indicative of double bond positions [30]. Furthermore, in-situ
ozonolysis was achieved by Thomas et al. by introducing ozone into the ESI
source (OzESI-MS), so that ozonolysis occurred in the ionization source rather
than off-line [38]. However, OzESI-MS is not directly applicable to complicated
lipid samples. The same research group also developed the ozone-induced
dissociation (OzID-MS) method by introducing ozone vapor into an ion trap mass
spectrometer [39]. Each lipid component of interest was isolated in the ion trap
before ozonolysis, providing the possibility for the analysis of more complex lipid
mixtures. The OzID-MS method was also applied on a tandem linear ion-trap
mass spectrometer, which provided spatial separation between the mass-selection
of lipid 1ons, ozonolysis of these ions in the collision cell and mass analysis of
ozonolysis products [40]. This arrangement allows for high speed analyses at
high sensitivity, potentially compatible with on-line LC-MS analyses. However,
specific mass spectrometers and instrumental modifications are needed for the
OzID-MS method. In another report, the low temperature plasma (LTP) probe
was used for in-situ ozonolysis under ambient temperature conditions [58]. In

this work, FAs or fatty acid esters reacted with ozone generated by the LTP,
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resulting in aldehydes retaining the carboxylic acid group (for FAs) or ester group
(for fatty acid esters) which can be used to assign the double bond positions.
Even though this method needs no instrumental modifications, the applicability to
complex lipid samples is likely not as good as that from OzID-MS methods and

the LTP is required.

The time-dependent oxidation of lipids at a catalytic nanostructured
surface was described by Pavlaskova et al.[67]. Using laser desorption ionization
techniques, they observed aldehyde ions as oxidative cleavage products, as well
as intact lipid molecular ions, after exposure to ambient air for 100 min. Time-
dependent ambient ozonolysis has also been observed for unsaturated lipids
deposited onto a silica thin layer chromatography (TLC) plate [68]. Desorption
electrospray ionization (DESI)-MS was used to scan the plate in order to obtain
mass spectra of ozonolysis products. An advantage of these ambient ozonolysis
experiments is that an ozone generator is not required, making them accessible to
many laboratories. However, TLC can only provide a limited degree of
separation for complex lipid mixtures, ambient ozonolysis conditions will likely

fluctuate and long exposure time is also needed prior to MS analysis.

In summary, the previous research has shown great promise, and some
practical examples of using ozonolysis product ions for double bond localization.
The OzID-MS method especially has the potential to allow double bond position
determination even in lipid mixtures. Here we present a simple new approach to
the direct determination of double bond positions by coupling ozonolysis

reactions in-line with mass spectrometry (in-line O3-MS) without the need for
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instrumental modification. The in-line ozonolysis device used is a length of
Teflon AF-2400 tubing, a highly microporous tubing with a high gas permeability
[69]. The semi-permeable character of this tubing allows certain gases (including
ozone), but not liquids, to cross from one side to the other [70]. Using this device
we investigate the possibility of definitively assigning double bond positions in
unsaturated FAME by O3-MS under positive ion atmospheric pressure
photoionization (APPI+). A key advantage of the proposed in-line ozonolysis
reactor was expected to be the ability to directly couple HPLC separations to O3-
MS (LC/O3-MS), giving rise to an additional dimension of information for the
analysis of complex lipid extracts. In order to test this hypothesis, a sample of
bovine fat known to contain a range of positional and cis/frans isomers of
unsaturated FAME was analyzed by combined silver ion liquid chromatography /

ozonolysis - mass spectrometry (Ag -LC/O3-MS).

3.2. Experimental

3.2.1. Material

Analytical grade hexanes (HEX), acetonitrile (ACN), isopropanol (IPA)
were purchased from Fisher Scientific Company (Ottawa, ON, Canada). All the
fatty acid methyl ester (FAME) standards were purchased from Nu-Chek Prep
Inc. (Elysian, MN, USA). A solution of porcine renin substrate tetetradecapeptide
at 10 pmol/pl in acetonitrile/water (1:1, v/v) from a chemical standards kit
(Applied Biosystems, Forster City, CA, USA) was used for the tuning and

calibration of mass spectrometer. The Teflon AF-2400 tubing (0.020" OD,
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0.010" ID) was purchased from Biogeneral Inc. (San Diego, CA, USA).
NanoTight tubing sleeves (1/16" OD, 0.021" ID) and tubing nuts were purchased
from IDEX Health & Science LLC (Oak Harbor, WA, USA). The total lipid of
bovine adipose tissue was extracted into chloroform/methanol (2:1, v/v). The
total lipid extract was dissolved in 1 mL of hexane and converted to FAME using
50 uL. KOH (2M) in methanol at overnight room temperature [71,72]. FAME
standard solutions were prepared in HEX/IPA (98:2, v/v) at a concentration of

200 mg/L.

3.2.2. In-line ozonolysis reaction apparatus

Ozone was generated by passing dry oxygen as the feed gas through a
Nano ozone generator (Absolute Systems Inc., Edmonton, AB, Canada). The
ozone concentration was measured by an ozone monitor (Model 454, Teledyne
Technologies Inc., San Diego, CA, USA). The in-line ozonolysis reaction
apparatus was composed of a 0.5 L Omnifit solvent bottle, a 3-valve bottle cap
(Diba Industries Inc, Danbury, CT, USA) and the Teflon AF-2400 tubing. The
solvent bottle was filled up with ozone and oxygen vapor by flushing the bottle
under flow rate of 2.5 liter per minute (LPM) for 15s. Teflon AF-2400 tubing
was inserted into the bottle through the cap valve and was surrounded by ozone.
One end of the Teflon tubing was directly connected to the mass spectrometer

APPI ion source; the other end was connected to the HPLC.
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3.2.3. In-line O3-MS analysis of FAME standards

An Agilent 1200 series HPLC system (Agilent Technologies Inc, Palo
Alto, CA, USA) coupled to a hybrid quadrupole time - of - flight mass
spectrometer (QSTAR Elite, Applied Biosystems/MDS Sciex, Concord, ON,
Canada) was used to conduct the in-line O3-MS analysis. 3 puL of the FAME
working solution was delivered through the Teflon tubing by the LC pump with
HEX/IPA (98:2, v/v) as the mobile phase at the flow rate of 0.2 mL/min. The
FAME was oxidized by ozone gas that penetrated through the porous Teflon
tubing, and the ozonoysis products were analyzed in real time by APPI/MS in the
positive ion mode. NanoTight tubing sleeves and nuts were used to ensure leak-

tight connections.

The mass spectrometer was tuned by infusing porcine renin substrate
tetetradecapeptide (m/z 879.9723, doubly charged ion; m/z 110.0713, fragment
ion) at a resolution of above 10000 full width at half maximum (FWHM) using
ESI in positive ion mode. This solution was also used for calibration of mass
range m/z 100-1,300. The APPI ion source temperature was kept at 375°C. The
source region gas flows in arbitrary units assigned by the data system were as
follows: curtain gas 25; auxiliary gas 10; nebulizing gas 50. In all cases, high
purity nitrogen was the gas used. The ionspray voltage, declustering potential
(DP), focus potential (FP), and DP2 were 1300 V,35V, 150 Vand 10 V,
respectively. Analyst QS 2.0 software was employed for data acquisition and

analysis.
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3.2.4. Ag*-LC/O3-MS analysis of a bovine fat sample

A ChromSpher 5 Lipids column of length 250mm, internal diameter 2mm
and containing Spum particles (Varian, Lake Forest, CA, USA) was the silver ion
column used for the analysis. The sample injection amount was 3 pL and the
flow rate was 0.2 mL/min. Mobile phase A consisted of [IPA: ACN (100:0.1, v/v)
and B of HEX: ACN (100:0.1, v/v). The gradient was as follows: 0-0.1 min, 99%
B; 0.1-7 min, 99% B; 7-10min, 90% B; 10—13 min, 90% B. Addition of 0.1%
ACN to each solvent helped to reduce equilibration time for the silver ion column
whilst achieving adequate separation between FAME components with differing
degrees of unsaturation. The end of the column was connected to the 10cm
Teflon tubing by NanoTight tubing sleeves and nuts. Each FAME component
eluting from the column was subjected to ozonolysis by passing through the in-
line reaction apparatus before reaching the APPI ion source. MS conditions were

as above.

3.3. Results and Discussion

3.3.1. Development of the in-line O3-MS method

It has been shown that chemical reactions in solution can be monitored in
real-time by means of various designs of microreactors connected in-line with
atmospheric pressure ionization (API) MS. For reactions involving liquid
reactants, a commercially available mixing tee can be easily connected to the
ionization source via conventional LC tubing or a fused silica transfer capillary

[73]. However, a mixing tee is not suitable for gas-liquid reactions because of the
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poor mixing efficiency. In this research, this problem was overcome by using
semi-permeable narrow-bore, thin-walled (0.020" OD, 0.010" ID) Teflon AF-
2400 tubing as the in-line ozonolysis device. Ozone gas can pass freely through
the wall of the tubing and react with the lipid solution that flows inside of the
tubing. Furthermore, this Teflon AF-2400 tubing is directly suitable for in-line
analysis because efficient ozonolysis of double bonds can occur in the tubing
under common LC flow rates (0.2 mL/min was used here) due to the tubing’s
high surface-to-volume ratio. Thus, the semi-permeable character of the tubing
and its compatibility with available LC fittings, makes in-line ozonolysis prior to
the ion source possible without the need for modification to mass spectrometer

[38-40]. Please see Scheme 3-1 for LC/O3-MS configuration.

l 0, Nebulizing
H,C (HEC)10}C: _(CH,),co0CH, | 933 -
H \H
oY ¢ <.-(CHQ)4COOCH3
H
[?H LC Column

Semipermeahble
Adjustable length _—r
Teflon tubin

g 0,

Scheme 3-1. The configuration of LC/O3-MS with APPI as ionization source.

In this research, the parameters used to control the extent of the ozonolysis
reaction are the tubing length (L) and the ozone concentration. Figure 3-1 shows

a set of experiments in which 2 pL of a solution of methyl petroselinate standard
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(6¢c-18:1 FAME) was passed through the Teflon tubing with a variable length
exposed to the ozone. In all cases, the bottle was filled with ozone from an ozone
generator at a measured concentration of 35.6 g/m® and used immediately (the
half life of ozone at 20 °C is 3 days [74]). Without in-line ozonolysis (L= Ocm),
6¢-18:1 FAME appears in the APPI (+) mass spectrum as the protonated
molecular ion [M+H]" at m/z 297 along with fragment ions at m/z 265 and 247
that correspond to the neutral loss of CH30H and the further loss of H>O (Figure
3-1(a)). As L increases from Ocm to 40cm, the intensity of the [M+H]" ion at m/z
297 decreases whilst the intensity of ions at m/z 145 and 113, which are not
present in the L=0Ocm case, increase (Figure 3-1). This is clear evidence that the
ozonolysis reaction occurs inside of the Teflon tubing. Furthermore, increasing L
can be seen to promote the reaction since the lipid has a longer contact time with
ozone in the in-line reaction apparatus. The ions at m/z 145 and 113 are actually
the ozonolysis product ions and indicate the double bond position at n-12, as
explained in detail in Section 3.3.2. A similar series of experiments were also
performed at constant L but using ozone concentrations of 35.6, 40.1, 46.5 and
52.1 g/m>. As expected, a higher ozone concentration is found to promote the

ozonolysis reaction inside of the semi-permeable tubing under the same L.
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Figure 3-1. In-line O3-APPI(+)/MS spectrum of 6¢-18:1 FAME using tubing
length L of (a)0cm, (b)20cm and (c)40cm.

It should be noted that the tubing length L within the glass bottle
containing ozone vapor can be easily adjusted. Hence, the in-line ozonolysis
reaction apparatus is readily adaptable for lipids at different concentrations even
using the same ozone concentration. In general, it is more convenient to alter the

tubing length than the ozone concentration. For FAME analysis, it is desirable
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that both the intact FAME molecular ion and the ozonolysis product ions can be
observed in the same mass spectrum, so that both the number and position of
double bonds could be obtained in one flow injection analysis (FIA). From
Figure 3-1 it can be seen that that at the ozone concentration used (35.6 g/m> on
loading), the ions at m/z 297, 145 and 113 can all be observed with good
abundance when L is 20cm (tubing internal volume of 1.0x10® m?). Thus, this

reaction condition was selected as the optimum for use in this work.
3.3.2. In-line O3-MS analysis of monounsaturated FAME

In this experiment, unsaturated FAME react with ozone that penetrates
through the Teflon AF-2400 tubing giving rise to products that are analyzed in
real time by APPI/MS. Scheme 3-2 shows the ozonolysis reaction pathway in the
case of methyl petroselinate (6¢-18:1 FAME). First, ozone specifically reacts
with the carbon-carbon double bond forming 1,2,3-trioxolane as the primary
ozonide. This primary ozonide readily decomposes into aldehydes and the
corresponding Criegee intermediates shown in Pathway 1 and 2. These aldehydes
and Criegee intermediates can further react with each other to form secondary
ozonides, which can also decompose back to aldehydes and the corresponding

Criegee intermediates [37].
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Scheme 3-2. Ozonolysis pathway of methyl petroselinate (6¢c-18:1). Each

compound is labeled with its molecular weight.

The APPI mass spectrum of methyl petroselinate is shown in Figure 3-1.
Following ozonolysis, reaction products at m/z 145 and 113 appear along with a
large decrease in the intensity of the [M+H]" ion at m/z 297. The elemental
composition of the ion measured at m/z 145.0857 is C7H1303 (A=-1.4 ppm) which
is consistent with the protonated ion of an aldehyde that retains the methyl ester
group (see inset in Figure 3-1(b)). This ion is consistent with analogous ions
seen by Zhang et al. following oxidative cleavage of the unsaturated FAME under
positive LTP ionization [58]. Since the ion at m/z 145 contains the ester group

and the fatty acid chain up to the point of carbon-carbon double bond cleavage
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(which becomes an aldehyde), it is the unique marker of a double bond at n-12.
The ion at m/z 113 results from the neutral loss of CH30H from the ion at m/z
145. However, we did not observe the ion formation of Criegee intermediates
(MW160 and 200) and the aldehyde without ester group (MW 184 in Scheme 3-
2). This may be due to the low stability of the ions of these compounds, or be

because Pathway 1 is the major decomposition route of the primary ozonide.

There are no ions present at higher m/z value than m/z 297, either. This is
in contrast to other work that has observed ozonides of phospholipids and
triacylglycerols as sodium adduct ions under DESI(+) [68] and ESI(+) [40]. We
have shown in a previous report that secondary ozonides of FAME can also be
observed as sodium and ammonium ion adducts but only under ESI (+); these
undergo in-source fragmentation under APPI (+) and APCI (+). FAME
molecular species are not observed, or are extremely weak, using ESI(+) [75]. In
contrast, both the intact FAME and the ozonolysis aldehyde products can be
observed using either APCI(+) or APPI(+). Thus, in the present study, APPI(+)
was chosen for in-line O3-MS analysis. Not only did this result in significantly
better sensitivity and signal stability compared to APCI(+) but additionally both
FAME [M+H]" ions and the diagnostic aldehyde ions are present in the mass

spectra.

In order to further prove that the aldehyde ions seen in the APPI mass
spectra of the ozonolysis products can be used for double bond localization, the
positional isomers methyl oleate (9c-18:1 FAME) and methyl cis-vaccenate (11c-

18:1 FAME) have also been analyzed by in-line O3-MS (Figure 3-2). In each
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case the common molecular ion [M+H]" at m/z 297 is seen in the mass spectrum
whereas the ozonolysis product ions in the lower m/z range are very different
from each other. Using in-line ozonolysis with methyl oleate (Figure 3-2(a)),
ions at m/z 187 and 155 (methanol loss from m/z 187) are the main ozonolysis
cleavage products observed. These ions are characteristic of a double bond
located at n-9. For methyl cis-vaccenate (Figure 3-2(b)), ions at m/z 215 and 183
indicate a double bond at the n-7 position. It is clear that the mass differences
(Am) between intact unsaturated FAME molecular ions and the corresponding
aldehyde ions resulting from in-line O3-MS are different for each isomer and can
be used to unambiguously identify double bond positions. If “n”is the position of
the double bond in the FAME counting from the methyl terminus and the nominal
masses of an oxygen atom and methylene group are 16 and 14 respectively, the
following equation can be used to determine n and hence the double bond location

in the FAME:

n=(Am+16)/14
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Figure 3-2. In-line O3-APPI(+)/MS spectrum of 9¢-18:1(a) and 11c-18:1(b)

FAME. Ozonolysis cleavage aldehyde ions are labeled with @, and methanol loss

1ons are labeled with A.

3.3.3. Application of the in-line O3 -MS method for the analysis of

polyunsaturated FAME

Since in-line O3-MS proved effective in the case of monounsaturated
FAME, we expanded the use of this method to polyunsaturated FAME. Figure 3-
3 is the in-line ozonolysis mass spectra of methyl linolenate (6¢,12¢,15¢-18:3
FAME) and eicosapentaenoic acid (EPA) methyl ester (5c,8¢,11c,14c,17¢-20:5
FAME). Compared to Figure 3-2, more ions appear in the lower m/z range as a

result of the oxidative cleavage of each double bond by ozone. In Figure 3-3(a),
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the ions at m/z 267, 227 and 187 are aldehydes containing the methyl ester group
formed due to ozonolysis cleavage of double bonds at n-3, -6 and -9. As seen for
monounsaturates, these aldehyde ions also lose methanol, giving rise to fragment
ions at m/z 235, 195, 155. For EPA methyl ester, a highly unsaturated FAME, we
still observe the aldehyde ions at m/z 291, 251, 211, 171 and 131, resulting from
oxidative cleavage of each double bond (Figure 3-3(b)). This allows assignment
of the 5 double bond positions at n-3, -6, -9, -12 and -15, respectively. However,
the mass spectrum becomes a little more complicated due to losses of H-O and
CH3OH from these aldehyde ions. For example, ion at m/z 273 comes from the
dehydration of ion at m/z 291, and ion at m/z 241 is from further loss of CH30H
(291-18-32). The same pattern of fragmentation is also seen for the aldehyde ions
at m/z 251 and 211. Note that the equation n= (Am+16)/14 only applies to the
determination of the double bond closest to the methyl group terminus, because of
the complication of having both methylene and methane groups along the chain.
For both methyl linolenate and EPA methyl ester, the mass difference between the
intact molecular ions and ester group containing aldehyde ions from oxidative
cleavage at n-3 double bond is 26 Da. This specific mass loss after ozonolysis
can only occur to n-3 FAME. Hence, the in-line O3-MS method can be used for
the identification of n-3 PUFA that have been shown to have benefit for heart

health and are critical for brain function [76].
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Figure 3-3. In-line O3-APPI(+)/MS spectrum of 9¢,12¢,15¢c-18:3(a) and
5¢,8¢c,11c,14¢,17¢-20:4 (b) FAME. Ozonolysis cleavage aldehyde ions are labeled

with e, the ions from the loss of methanol are labeled with A.

Thus, using the in-line O3-MS method, in a single FIA the number of
double bonds can be determined from the exact mass measurement of FAME
molecular ions and the positions of double bonds can be identified from the

measured m/z values of the aldehyde products arising from ozonolysis at each

double bond.
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3.3.4 Application of the LC/O3-MS method for the analysis of a bovine fat sample

The above discussion has demonstrated how in-line O3-MS analysis of
FAME can readily be used to identify double bond positions, when individual
FAME is analyzed. Here, as an example of the potential use of LC/O3-MS for
direct double bond determination in lipid mixtures, we have investigated the use
of Ag"-LC for the analysis of a bovine fat sample. Currently, most complex
FAME mixtures are analyzed by high resolution GC methods, although an
important advantage of Ag'-LC over GC methods is that cis/trans unsaturated
FAME as well FAME with different number of double bonds can be easily
separated [77]. However, a drawback is that most FAME positional isomers can
only be partially separated [78]. As described below, this limitation can be
overcome by the use of the extra dimension of information available by coupling

LC to the O3-MS method.

The retention in Ag”™-LC is affected by the interaction strength between
the Ag" ions and double bonds. The general pattern seen in the Ag"™-LC
separation of FAME is that saturated FAME elute first followed by groups of
FAME of increasing degree of unsaturation with increasing retention times (tr).
Within each group, trans isomers elute ahead of cis isomers due to the weaker
interaction with Ag"ions [77]. Figure 3-4(a) shows the total ion current (TIC)
trace for an Ag"-LC/O3-MS analysis of a bovine fat sample. There are five major
peaks at tr 0f 3.78, 3.99, 4.50, 6.26 and 12.66 min. The O3-MS spectrum of peak
at 3.78 min (Figure 3-4(b)) shows no ions in the lower m/z range, indicating the

lack of double bonds. The ions at m/z 271 and 299 are identified as methyl
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palmitate (16:0 FAME) and methyl sterate (18:0 FAME), which are consistent
with the exact mass measurements (Table 3-1). In Figure 3-4(c), the O3-MS
spectrum of peak at 3.99 min, ions at m/z 169 and 201, 183 and 215, 211 and 243
appear along with the ion at m/z 297 which is the [M+H]" ion of 18:1 FAME.
Using the equation # = (Am +16)/14 for double bond location in monounsaturated
FAME, ions at m/z 201, 215 and 243 are the characteristic aldehyde ions formed
by ozonolysis cleavage of double bonds at n-8, n-7 and n-5; ions at m/z 169, 183
and 211 result from the loss of CH3OH from each aldehyde species. It can be
seen in Figure 3-4(a) that the small 18:1 FAME peak at 3.99 min elutes ahead of
the major peak centered at 4.50 min, which is also identified (Figure 3-4(d) and
Table 3-1) as 18:1 FAME. Since trans isomers elute ahead of cis isomers in Ag'-
LC, the three positional isomers of 18:1 FAME (n-8, n-7 and »n-5) eluting at 3.99
min must have the frans configuration. The mass spectra of the peak at 4.50 min
assigned to cis monounsaturated FAME have been averaged over two tr windows.
Figure 3-4(d) is the mass spectrum averaged between 4.20 and 4.40 min, where
ions m/z at 187 and 155 indicate a double bond at the #-9 position. In addition,
the n-7 (m/z 215 and 183) and n-5 (m/z 243 and 211) isomers of 18:1 FAME are
present. The mass spectrum averaged between 4.40 and 4.70 min (Figure 3-4(e))
is different, showing an additional 16:1 FAME molecular ion at m/z 269 and the
ozonolysis product ions at m/z 187 and 155 indicating a double bond at n-7. All
of these positional isomers of 18:1 FAME (n-9, n-7 and n-5) and 16:1(n-7) FAME
seen in the peak centered at 4.50 min are in the cis form. Figure 3-4(f) shows the

03-MS spectrum of peak at 6.26 min which contains the ion at m/z 295 that is the
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protonated molecular ion of 18:2 FAME (Table 3-1). The ozonolysis product
ions at m/z 227(195) and 187(155) can be used to assign the double bonds at n-6
and n-9. Finally, the mass spectrum of the peak at 12.66 min (Figure 3-4(g)) is
the same as that shown in Figure 3-3(a), which identifies the ion at m/z 293 as the
[M+H]" ion of 18:3 FAME with double bonds at n-3, -6 and -9. In addition, it has
been found that 9,12-18:2 and 9,12,15-18:3 FAME in the sample have the same
retention times as 9¢,12¢-18:2 FAME and 9c¢,12¢,15¢-18:3 FAME standards
under the same chromatographic conditions, which supports the identification that

these are both in the all cis configuration.
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Table 3-1. Identification of FAME in bovine fat sample by using Ag"-LC/O3-(APPI+)MS analysis.

Experimental  Thoretical Error Elemental tr

m/s /s (ppm) Composition Fragment Ions?® (min) FAME Identification
271.2627 271.2637 -3.7 [C17H3402]" N/A 3.78 16:0
299.2943 299.2945 -2.4 [CioH3902]" N/A 3.78 18:0

243(211) 3.83 13t-18:1(n-5)
215(183) 3.98 11t-18:1(n-7)
201(169 3.98 10t-18:1(n-8
297.2796 297.2788 2.7 [Ci9H3702]" , 43&1 1; 498 13c.18: 1((n_5))
215(183) 4.33 11c-18:1(n-7)
187(155) 4.37 9c-18:1(n-9)
269.2484 269.2475 33 [Ci7H3302]" 187(155) 4.58 9¢-16:1(n-7)
295.2639 295.2632 24 [CioH3502]" 187(155),227(195) 6.26 9c¢,12¢-18:2(n-9,n-6)

293.2479 2932475 14 [CiHz0.]"  187(155), 227(195),267(235)  12.66  9c¢,12¢,15¢-18:3(1-9,1-6,n-3)

*m/z of protonated aldehyde ions [M+H]" from oznolysis oxidative cleavage of double bond, with m/z of [M+H-32]" ions in
parentheses.
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Figure 3-4. (a) Ag" -LC/O3-(APPI+)MS TIC chromatogram of bovine fat sample;

(b) mass spectrum averaged at tr of 3.78min; (c) mass spectrum averaged at tr of

3.99min;(d) mass spectrum averaged between 4.20 and 4.40min; (e) mass

spectrum averaged between 4.40 and 4.70min;(f) mass spectrum averaged at tr of

6.26min; (g) mass spectrum averaged at tr of 12.66 min. Ozonolysis cleavage

aldehyde ions are labeled with e, the ions from the loss of methanol are labeled

with A . DB means double bond.
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The assignment of cis/trans geometry and double bond position can also
be clearly illustrated by the extracted ion chromatograms (XIC) of ozonolysis
product aldehyde ions seen in the O3-MS spectra (Figure 3-5). As an example,
the ion at m/z 243 (Figure 3-5(b)) is a characteristic ozonolysis product of a
FAME with a double bond at n-5 and has the same retention time as ion at m/z
297, the [M+H]" ion of 18:1 FAME (Figure 3-4(a)). The two peaks seen in the
XIC m/z of 243 (Figure 3-5(b)) indicate that 18:1(n-5) FAME exists in both trans
and cis configurations. A peak at 12.66 min appears in the XIC of ozonolysis
product aldehyde ions at m/z 187, 227 and 267(Figure 3-5(d) (e) and (f)). This
peak is identified as 18:3 FAME in Figure 3-4(a) and (g). Hence, the data
reveals that the peak at 12.66 min is due to an 18:3 FAME with double bonds at

position #n-9, -6 and -3.
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Figure 3-5. XIC of ion at m/z 201(a),243(b),215 (c), 187 (d), 227 (e) and 267 (f)
from Ag"-LC/O3-(APPI+)MS TIC of bovine fat sample.

The ions at m/z 243 (Figure 3-5(b), tr 4.28 min), m/z 215 (Figure 3-5(c),
tr 4.33 min) and m/z 187 (Figure 3-5(d), tr 4.37 min) are from the cis isomers of
18:1 FAME with double bond at n-5, n-7 and n-9. This elution order is consistent
with earlier reports that FAME positional isomers with double bonds closer to the
methyl terminus elute earlier in Ag™-LC [78]. The 18:1(n-5), 18:1(n-7) and

18:1(n-9) FAME isomers are not well resolved under current chromatographic
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conditions in which they all elute under the peak centered at 4.50 min in Figure
3-4(a). Nonetheless, using the unique m/z values of their corresponding
ozonolysis product aldehyde ions, a partial separation of these positional isomers
is revealed by their differing tr. Hence, even though the current Ag"™-LC method
has little chromatographic resolution between FAME positional isomers, the
additional dimensions of information available from O3-MS (molecular weight,
characteristic ozonlysis product from cleavage of each double bond) still allow

the identification of positional isomers in the lipid mixture.

In the bovine fat sample a total of 2 saturated FAME and 9 unsaturated
FAME were identified (Table 3-1) including both double bond location and
geometric configuration. Among the 18:1 FAME isomers, vaccenic acid (11t-
18:1 FA) was shown to be present; this is believed to be a precursor in the
formation of conjugated linoleic acid (CLA), a group of isomeric fatty acids some
of which may have anti-cancer potential [79,80]. Finally, it should be noted that
we have found that the use of Teflon AF-2400 tubing in-line with conventional
LC columns have little effect on chromatographic resolution due to the small
inner diameter of the tubing (0.01" ID). Hence, LC/O3-MS using other higher

resolution LC columns and methods are now being investigated.

3.4. Conclusions

The in-line O3 -MS method presented here can be used to unambiguously
assign double bond positions in mono- and poly-unsaturated FAME. The

assignment is based on the observation by APPI(+)/MS of aldehydes arising from
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the cleavage of each double bond by ozonolysis. The Ag'-LC/O3-MS analysis of
a bovine fat sample has also demonstrated the capability of the method to
determine double bond positions in complex lipid extracts. Even though the
Teflon AF-2400 tubing is used as an in-line ozonolysis reaction apparatus, this
method does not have any requirement for a specific type of mass spectrometer
and no instrumental modification is needed. We have found that the in-line
ozonolysis apparatus is easy to use and the O3-MS mass spectra of FAME are
simple to interpret. All of these advantages make it straightforward for the
LC/03-MS method to be adopted by LC/MS laboratories and used for double
bond determination in a range of applications, such as the identification of n-3
PUFA and specific trans FAs. Further work is underway to couple O3-MS with
other LC separations and ionization sources for the analysis of a wider range of

lipids, including triacylglycerides and phospholipids.
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CHAPTER 4

The Identification of Conjugated Linoleic Acid Isomers by Silver
Ion- Liquid Chromatography/ In-line Ozonolysis-Mass

Spectrometry *

4.1. Introduction

Conjugated linoleic acid (CLA) is the group of octadecadienoic acid
isomers (18:2) with conjugated double bonds, as distinct from the more abundant
non-conjugated A%!? linoleic acid. Each CLA positional isomer may also exist in
cis,cis-, cis,trans-, trans,cis- and trans,trans- configurations. In the fat of
ruminants, such as in milk or beef, rumenic acid (cis9, trans11-18:2) is the most
abundant CLA, formed by bacterial biohydrogenation of linoleic and linolenic
acid [81,82]. It has been reported that some of CLA isomers may result in anti-
carcinogenic and anti-atherogenic effects, and may bring about changes in body
composition [83-85]. Although the exact biological mechanisms for CLA activity
are still under investigation, current research has shown that individual CLA
isomers may have different impacts on lipid metabolism, cancer and diabetes

[11,12,80,86,87].

Due to the diversity of individual CLA positional and geometric isomers

and their isomer-specific biological effects, an analytical method is required that

* A version of this chapter has been published. Sun, C., Black, B.A., Zhao, Y.,
Ginzle, M.G. and Curtis, J.M. Anal. Chem. 2013, 85, 7345—7352
Reprinted with permission.
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readily allows for accurate identification of CLA isomers. Gas chromatography
coupled with flame ionization detection (GC-FID) is widely used for analysis of
fatty acid methyl esters (FAME) including CLA methyl esters [88,89]. However,
even with the best separation achieved using long (100m) polar columns with
cyanopropyl type stationary phases CLA isomers, especially the trans, trans-
positional isomers, are still not well resolved from each other. Furthermore,
interferences, such as the coelution of 20:1 FAME with CLA methyl esters, may
occur [90]. In addition, GC-FID requires a standard mixture of CLA for
identification of isomers in food and biological samples, but only a limited

number of CLA isomers are available as pure standards.

For the unambiguous identification of each CLA positional isomer, GC
combined with electron ionization mass spectrometry (GC/EI-MS) has been used
following the specific derivatization that is necessary for double bond
localization. The latter is required since the EI mass spectra of positional isomers
of CLA methyl ester are indistinguishable. Commonly employed derivatives for
CLA analyses include picolinyl esters, Diels-Alder adducts [16] and especially
dimethyloxazolines (DMOX) [17], which are easily formed and can be well
separated by GC. The fragment ions in the EI mass spectra of DMOX derivatives
of unsaturated fatty acids directly indicate the location of the double bonds and
the diagnostic fragment ions from the DMOX derivative of CLA positional
isomers from A%® to A>!5 have all been reported [91]. Reconstructed ion

chromatograms of these diagnostic ions have been used for CLA isomer
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identification [92]. However, the abundance of these ions may be too low for

their use in the identification of minor CLA isomers.

Separation by silver ion liquid chromatography (Ag'- LC) has been used
as a complementary tool along with GC for better separation of CLA isomers,
especially the trans, trans- positional isomers [91]. Since conjugated dienes show
characteristic absorptions at 233 nm, a UV detector is normally coupled with the
Ag'-LC [93]. The reported Ag'- LC separation of CLA isomers has often used
an isocratic separation with 0.1- 1.0 % acetonitrile in hexane on a ChromSpher 5
Lipids column [91,94,95]. In this way, CLA isomers can be separated into
trans,trans-, cis/trans- (cis,trans- or trans,cis-) and cis,cis- geometric groups in
this order of increasing retention time. Furthermore, studies have shown that
CLA positional isomers with conjugated double bonds located closer to carboxyl
group elute later within each geometric group [91,94,95]. Multiple Ag'- LC
columns, even up to six, have also been connected in series in order to improve
peak resolution [95]. Recently, the relative retention order of all cis, trans- and
trans, cis- CLA isomers from A%® to A'>!> were established using three Ag*- LC
columns in series [96]. Although it may be possible to resolve trans,trans-,
cis,cis- and most of cis/trans- positional isomers using multiple Ag"- LC columns
under optimal conditions, there is still a significant challenge to identify each
peak, especially closely eluting peaks. This is made worse by the instability of
retention times on Ag'- LC columns and the very different concentrations of CLA
isomers in natural samples [97]. Since cis9, trans11-CLA is the most abundant

CLA isomer existing in nature, the peak of highest intensity in the Ag"-LC
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chromatogram is normally assumed to be cis9, trans11-CLA, and from this the
identification of the other CLA isomers can be made by their relative retention
times. Furthermore, in research on the biological function of specific CLA
isomers, CLA isomers other than cis9, trans11-CLA have been used. This gives
rise to the situation where cis9, trans11-CLA is no longer the most abundant CLA

isomer in these sample [98].

The ambiguity in CLA positional isomer identification is also present
when mass spectrometry and tandem mass spectrometry (MS/MS) is used. For
example, when three Ag'- LC columns in series were coupled to atmospheric
pressure photo ionization mass spectrometry (APPI-MS), the ion M™ at m/z 294
was used to identify CLA methyl esters, but the assignment of each specific CLA
positional isomer could only be made based on the elution order in Ag'- LC [99].
To date, there is no single definitive method for the identification of CLA

positional isomers.

Ozone can specifically react with carbon-carbon double bonds producing
cleavage products of predictable mass and hence the ozonolysis of unsaturated
lipids has been used to determine double bond locations [30,38]. Blanksby et al.
have developed ozone induced dissociation (OzID-MS) in which gas phase
ozonolysis takes place within a mass spectrometer to allow for the elucidation of
double bond locations [39,40]. In recent OzID research on the identification of
CLA positional isomers, sodium adducts of aldehydes from ozonolysis at each
double bond were observed under ESI (+), and used for the assignment of double

bond positions [100]. However, this technique requires the specialized
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introduction of ozone into a mass spectrometer; furthermore it may not be suitable

for the identification of low abundance CLA isomers in complex samples.

It is highly desirable to have a single technique that could determine
double bond positions, and also achieve de novo identification of CLA positional
isomers even in complex lipid mixtures. Recently, we reported a simple approach
for the direct determination of double bond positions in FAME by coupling
ozonolysis in-line with mass spectrometry (in-line O3-MS) (Chapter 3) [101]. In
that method, the unsaturated FAME within the LC mobile phase passed through
gas permeable, liquid impermeable tubing housed within a vessel containing
ozone. With this arrangement, ozone passed through the tubing wall resulting in
the ozonolysis of unsaturated FAME directly within the mobile phase. The
aldehydes, that were the products of ozonolysis and were characteristic of FAME
double bond positions, were then analyzed in real-time by APPI-MS. A great
advantage of this technique is that it readily allows the coupling of liquid
chromatography with O3-MS (LC/O3-MS). Hence, the complete identification of

each FAME in the chromatogram of complex lipid mixtures can be achieved.

In this study, we explore the feasibility of using in-line O3-MS for the de
novo identification of CLA positional isomers. Then, we describe the
development of the LC/O3-MS method for the identification of CLA isomers in
complex lipid samples. Using this approach, we demonstrate the identification of
CLA isomers in natural matrices through the examples of a commercial CLA

supplement, bovine milk fat and a lipid extract from a bacterial culture.
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4.2. Experimental

4.2.1. Material

HPLC grade hexanes (HEX), acetonitrile (ACN), isopropanol (IPA) were
purchased from Fisher Scientific Company (Ottawa, ON, Canada). All the CLA
methyl ester standards (cis9, trans11-, cis9, cis11-, trans9, trans11- and trans10,
cis12-18:2) were purchased from Matreya Inc. (Pleasant Gap, PA, USA). FAME
standards (cis9-18:1 and trans11-18:1) were purchased from Nu-Chek Prep Inc.
(Elysian, MN, USA). Each standard solution was prepared in HEX at a
concentration of 200 pg/mL. A solution of porcine renin substrate
tetetradecapeptide at 10 pmol/puL in acetonitrile/water (1:1, v/v) from a chemical
standards kit (Applied Biosystems, Foster City, CA, USA) was used for the
tuning and calibration of mass spectrometer. The Teflon AF-2400 tubing (0.020"

OD, 0.010" ID) was purchased from Biogeneral Inc. (San Diego, CA, USA).

4.2.2. Lipid extraction and methylation

The commercial CLA supplement was obtained from a local supermarket.
It was manufactured from safflower oil and sold in capsule form for weight
control purposes. Approximately 0.05 g of CLA supplement was dissolved in
toluene and methylated using 1% sulfuric acid in methanol at 50 °C overnight
[102]. The methylated lipid was dissolved in hexane to a concentration of

approximately 50 pg/mL for analysis.

Bovine milk with 3.25 % fat content was purchased from local market.

Lipid extraction was performed on 1 g of milk using the Bligh and Dyer method
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[103]. The chloroform layer that contained lipid was dried under a flow of
nitrogen, and the residual lipid was dissolved in toluene for methylation as above.
The entire methylated lipid extract was dissolved in 10 mL hexane and diluted a

further 20 times in hexane before analysis.

Lactobacillus plantarum TMW 1460 was incubated in modified DeMan-
Rogosa-Sharpe broth, supplemented with 4 g/L linoleic acid, at 30 °C for 48 h
and extracted according to Black et al. [104]. After extraction, the fatty acids
were methylated as above. The resulting FAME was resuspended in a total
volume of 2 mL hexane. Each of two 1 mL FAME aliquots was loaded onto a
separate conditioned silver ion- solid phase extraction (Ag" - SPE) cartridge (750
mg/6 mL, Supelco Inc., Bellefonte, PA) and 6 mL hexane/acetone (99:1, v/v) was
used to elute the unretained FAME. Following this, fractions were eluted using 6
mL hexane/acetone (96:4, v/v) and 6 mL hexane/acetone (90:10, v/v) [105]. The
fractions collected from each of the two 1mL FAME aliquots were combined,

dried under nitrogen and dissolved into 1 mL of hexane.
4.2.3. In-line O3-MS analysis of CLA methyl ester standard

The in-line O3-MS method was described in detail in Chapter 3 [101]. In
this study, a 10 cm length of gas permeable tubing passed through a chamber
filled with oxygen and ozone gas (ozone concentration 35.6 g/m?) at room
temperature. A 3 puL volume of the 200 pg/mL CLA standard solution was
delivered through the gas permeable tubing by an Agilent 1200 series HPLC

system (Agilent Technologies Inc, Palo Alto, CA, USA) with hexane as the
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mobile phase and at the flow rate of 0.2 mL/min. The ozonolysis products were
analyzed using an APPI ion source in the positive ion mode attached to a hybrid
quadrupole time - of - flight mass spectrometer (QSTAR Elite, Applied
Biosystems/MDS Sciex, Concord, ON, Canada). The APPI ion source
temperature was held at 375 °C while the source region gas flows in arbitrary
units assigned by the data system were as follows: curtain gas 25; auxiliary gas
10; nebulizing gas 50. In all cases, high purity nitrogen was the gas used. The
ionspray voltage, declustering potential (DP), focus potential (FP), and DP2 were
1300 V, 35V, 130 V and 10 V, respectively. The mass spectrometer was tuned
using the ion at m/z 879.9723 and fragment ion at m/z 110.0713 obtained by
infusing porcine renin substrate tetetradecapeptide into the ESI ion source in the
positive ion mode and at a resolution of above 10,000 (full width at half
maximum). This solution was also used for calibration of the mass range m/z

100-1,300.

4.2.4. Ag*-LC/O3-MS analysis of FAME mixtures from lipid extracts

Isocratic separation on a ChromSpher 5 Lipids column (2 mm 1.d.x250
mm, 5 pm particles) (Agilent Technologies Inc, Lake Forest, CA, USA) was used
with all of the samples. The mobile phase consisted of 20% HEX: IPA: ACN
(100:1:0.1, v/v/v) and 80% of HEX. The sample injection amount was 2 pL. and
the flow rate was 0.2 mL/min. The in-line O3-MS conditions were the same as

above except that only 5 cm tubing was used for sample analysis.
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4.3. Results and Discussion
4.3.1. In-line O3-MS analysis of CLA standard

In Chapter 3, we showed that the ozonolysis product aldehydes resulting
from the oxidative cleavage at each double bond can be used as indicators of
double bond positions for monounsaturated and non-conjugated polyunsaturated
FAME [101]. Here, in-line O3-MS analysis is performed on a cis9, trans11- and
trans10, cis12- CLA methyl ester standard, in order to see whether conjugation
will have any affect on double bond assignment by ozonolysis. For both CLA
positional isomers, protonated molecular ions [M+H]" at m/z 295 are observed in
the O3-MS mass spectra under positive ion APPI (Figure 4-1). From the in-line
03-MS analysis of cis9, trans11- CLA methyl ester, we observe product ions at
m/z 213, 181, 187 and 155 (Figure 4-1(a)). The ions at m/z 213 and 187
correspond to the protonated aldehyde ions from the ozonolysis cleavage at A'!
and A’ position, and the ions at m/z 181 and 155 are due to methanol loss from
m/z 213 and 187. In contrast, for the trans10, cis12- CLA methyl ester the ions at
m/z 227,195, 201 and 169 are observed by in-line O3-MS (Figure 4-1(b)). The
ions at m/z 227 and 201 are indicative of double bonds located at A'*> and A!°
positions and the ions at m/z 195 and 169 are due to the methanol loss from these

ions.
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Figure 4-1. In-line O3-APPI(+)-MS spectrum of (a) 9¢,11/~CLA methyl ester and
(b) 102,12¢-CLA methyl ester.

In-line O3-MS analysis of cis9, cis11- and trans9, trans11- CLA methyl
ester (Figure 4-2) gives the same ozonolysis product ions as those seen for cis9,
trans11- CLA methyl ester. This result demonstrates that double bond geometry
does not affect the ozonolysis product ions observed. However, ozonolysis of
CLA isomers is generally seen to proceed at an accelerated rate compared to the
non-conjugated cis9, cis12-18:2 methyl ester. Thus, under the same reaction
condition (tubing length of 20 cm, ozone concentration 35.6 g/m?, 3 uL of 200

pg/mL standard solution), only ozonolysis product ions of CLA methyl esters can
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be observed, whereas the [M+H]" ion at m/z 295 of intact non-conjugated cis9,
cis12-18:2 methyl ester still exists. For this reason, only a 10 cm length of the
semi-permeable tubing is used here for the in-line O3-MS analysis of CLA methyl
esters so that some CLA molecular ions can still be seen in the mass spectrum.
An enhanced reaction rate for gas phase ozonolysis of CLA was also observed in

the OzID/MS experiment [100].

155
{a) 94 114-CLA
181
187 295
213
Ll 1 l !
1565 181
{b)9c,11c-CLA
187 213
205
_.IJ. L | ] | ' I
100 200 300
miz, Da

Figure 4-2. In-line O3-APPI(+)-MS spectrum of (a) 9¢,11#-CLA methyl ester and
(b) 9¢,11¢c-CLA methyl ester.

In summary, the in-line O3-MS spectra of two CLA positional isomers
indicate that the observed ozonolysis product aldehydes are indicative of double
bond locations even when the double bonds are conjugated. Even though pure

standards of every CLA positional isomer are not available, the pair of diagnostic

82



aldehyde ions arising from ozonolysis cleavage at each double bond can still be
used to reliably differentiate CLA positional isomers. All of the predicted
diagnostic aldehyde ions and their corresponding methanol loss fragment ions for

CLA positional isomers from A%3 to A!>!5 are listed in Table 4-1.

Table 4-1. In-line O3/APPI(+)-MS diagnostic ions for CLA positional isomer
identification.

A. m/z of /- of ions B. m/z of
aldehyde ions ¢ aldehyde ions m/z of ions due
CLA due to
from O3 from O3 to methanol loss
Isomer methanol
cleavage at cleavage at from B
. loss from A .
A® position A+2 position
6, 8 145 113 171 139
7,9 159 127 185 153
8, 10 173 141 199 167
9,11 187 155 213 181
10, 12 201 169 227 195
11,13 215 183 241 209
12, 14 229 197 255 223
13,15 243 211 269 237

“ Position of double bond counted form the carboxyl group end.

4.3.2. Ag"-LC/O3-MS analysis of FAME mixtures from lipid extracts

In order to demonstrate the relative retention order of cis,cis-, cis/trans-
and trans,trans- CLA isomers in silver ion chromatography, Ag"™-LC/APPI(+)-
MS analysis was performed on a standard mixture of CLA isomers (cis9, trans11-
; ¢is9, cisl1-; trans9, trans11- and trans10, cis12- CLA methyl esters), methyl
oleate (cis9-18:1) and methyl vaccenate (trans 11-18:1) (Figure 4-3). In the
extracted ion chromatogram (XIC) of m/z 297, the peaks at 6.4 and 12.9 min
represent frans11-18:1 and cis9-18:1. In the XIC of m/z 295, the first eluting peak
is trans9, trans11- CLA, the last eluting peak is cis9, cis11-CLA, and the two
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peaks in the middle are trans10, cis12- and cis9, trans11- CLA, respectively.
Within the 30 min isocratic separation, CLA geometric isomers (with the same
double bond positions) are well separated from each other and also separated from
cis- and trans- 18:1 methyl esters. Hence, coupling Ag'-LC to in-line O3-MS
provides the extra dimension of information needed to determine the double bond

geometries in addition to identifying the double bond positions from the mass

MM :

11.3 (b) XIC m/z 295
9t11t182 10t,12¢-18:2
12.4 24.7
9¢,11t-18:2 9¢,11c-18:2

spectra.

-~
~N
12.9 (c) XIC m/z 297
111131 9¢c-18:1
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Time, min

Figure 4-3. (a) Ag"-LC/APPI(+)-MS TIC trace of a mixture of FAME standards
including 11#-18:1, 9¢-18:1, 9£,11#-18:2, 9¢,11¢-18:2, 9¢,11¢-18:2 and 10¢,12¢-
18:2 methyl esters; (b) Extracted ion chromatogram (XIC) of m/z 295; (c) XIC of
m/z 297.

In the following sections, we demonstrate the application of the Ag'-
LC/O3-MS method for the identification of CLA isomers in a commercial CLA

supplement, bovine milk fat and the lipid extract of L. plantarum culture. These
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examples include distinctly different CLA sources having different levels and
distributions of CLA isomers and possible matrix interferences. In order to
observe both of the diagnostic aldehyde ions from the ozonolysis of CLA that is
present in low amounts in these samples, a shorter length of semi-permeable

tubing (5 cm) was used, reducing the extent of ozonolysis.

4.3.2.1. Commercial CLA supplement

Because of the proven and potential health benefits of CLA consumption,
foods enriched in CLA and CLA supplements have become available to
consumers. CLA supplements can be manufactured from soybean and safflower
oil that are rich in linoleic acid through either photo- or alkali-induced
isomerization [106,107]. Since these isomerization processes are not isomer
specific, multiple CLA isomers are believed to exist in these synthetic CLA

mixtures.

The FAME mixture from the CLA supplement was first analyzed by Ag™-
LC/APPI(+)-MS without ozonolysis (Figure 4-4). In the XIC for [M+H]" ions at
m/z 295 of linoleic acid isomers, there are two major peaks at 10.8 and 11.8 min
with four other minor peaks at 6.4, 6.7, 23.1 and 24.9 min. The mass spectra of
these peaks are identical and thus the double bond positions in these isomers
cannot be distinguished directly. Figure 4-5(a) is the total ion current
chromatogram (TIC) of the same sample after in-line O3-MS; the mass spectra of
each visible peak at 6.8, 7.2, 11.2 and 12.3 min are also shown. The mass spectra

of the peaks at 6.8 (Figure 4-5(b)) and 11.2 min (Figure 4-5(d)) are almost the
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same; the pair of diagnostic ions at m/z 227 (methanol loss ion at m/z 195) and
201(methanol loss ion at m/z 169) can be used to unambiguously assign the
double bond position at A'? and A'°. Similarly, in Figure 4-5(c) and (e) the same
pair of diagnostic ions at m/z 213 (methanol loss ion at m/z 181) and 187
(methanol loss ion at m/z 155) can be seen, which identify these peaks as A *!!
CLA isomers. In all of these mass spectra, the [M+H]" ion at m/z 295 is not seen,
partly because of the accelerated ozonolysis reaction rate of CLA compared to
non-conjugated isomers, as described above. In addition, the CLA content of a
natural sample such as milk, cheese and butter is only up to 2% of the total fatty
acids [108,109]. This much lower abundance also contributes to the failure to

observe CLA molecular ions in the mass spectra after ozonolysis.

(a) TIC
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Figure 4-4. The Ag'-LC/APPI(+)-MS analysis of a CLA supplement (a) TIC; (b)
XIC m/z 295.
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Figure 4-5. The Ag'-LC/O3-APPI(+)-MS analysis of a CLA supplement (a) TIC;
(b) mass spectrum averaged at 6.8min; (c) mass spectrum averaged at 7.2min; (d)

mass spectrum averaged at 11.2min; (e) mass spectrum averaged at 12.3min.

Even though there are two small peaks at 23.1 and 24.9 min in the XIC of
m/z 295 (Figure 4-4(b)), these peaks are difficult to see in Ag"™-LC/O3-MS TIC
trace in Figure 4-5(a) and hence some CLA isomers might be overlooked.
However, a simple screening for all possible CLA positional isomers can be
performed by generating XICs for each pair of diagnostic ions listed in Table 4-1.

Peaks appearing at the same retention time (tr) in these XICs correspond to the
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specific CLA positional isomer. For example, in Figure 4-6(a), the three peaks at
7.2, 12.3 and 25.1 min in the XIC of m/z 213 are also present in the XIC of m/z
187 meaning that these peaks are all due to CLA isomers with double bonds
located at A'! and A°. From the known elution order of CLA geometric isomers
in Ag"-LC, the peaks at 7.2 min and 25.1 min must be trans9, trans11- and cis9,
cis11- CLA. The peak at 12.33 min could be either cis9, trans11- or tran9, cis11-
CLA which are not readily distinguished by their retention time. However, in this
particular case, the peak at 12.3 min is identified as cis9, trans11-CLA which is
confirmed by addition of cis9, trans11- CLA standard to the sample (Figure 4-7).
Similarly, the XICs of another pair of diagnostic aldehyde ions at m/z 227 and 201
reveals three geometric isomers of A'%!? CLA at 6.8, 23.9 and 11.2 min (Figure
4-6(b)), which are identified as trans10, trans12-, cis10, cis12- and trans10,
cis12- CLA (the latter confirmed by addition of trans10, cis12- CLA standard to
the sample). In summary, the results show that the commercial CLA supplement
sample contains primarily cis9, trans11- and trans10, cis12-CLA, along with
minor amounts of their geometric isomers trans9, transl1-, cis9, cis11-, trans10,
trans12- and cis10, cis12-CLA. This finding is consistent with a previous
publication that used Ag*-LC and GC- (EI) MS to analyze a commercial CLA

mixture [110].
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Figure 4-6. The Ag"-LC/O3-APPI(+)-MS analysis of a CLA supplement (a) XIC
of m/z 187 and 213; (b) XIC of m/z 201 and 227; (c.f. TIC trace in Figure 4-5(a)).
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Figure 4-7. XIC of m/z 295 from Ag'-LC/APPI(+)-MS analysis of (a) CLA
supplement ; (b) CLA supplement sample with addition of cis9, trans11- CLA

standard 1:1 (v/ v) mixed.
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It is important to clarify that as in this example, in-line O3-MS can directly
identify CLA positional isomers without requiring standards, but it is not able to
differentiate the geometric isomers. On the other hand, the elution order in Ag'-
LC provides complementary information on double bond geometry, especially
when both double bonds are in the same configuration (trans,trans- and cis,cis-).
However, the elution order of a positional isomer having double bonds in
cis,trans- and trans,cis- configurations is less definite, and may depend upon
column conditions, temperature and mobile phase composition [96,97]. The
addition of a CLA standard can help the identification of cis/trans- geometric
isomer as shown above, but only if the CLA isomer is available as a pure
standard. Overall, this example demonstrates that the Ag"-LC/O3-MS method is
capable of de novo identification of CLA positional isomers in lipid mixtures,
despite the fact that it is not in itself able to differentiate cis, trans- and trans,cis-

CLA geometric isomers.

4.3.2.2. Bovine milk fat

Milk fat is complicated mixture that contains up to 20 CLA isomers,
among them rumenic acid (cis9, trans11-18:2) is normally the most abundant
CLA isomer [111]. CLA content and isomer distribution in cow milk is greatly
influenced by the season, feeding practice and by the diet of the cow.
Identification of CLA isomers in milk is important for the dairy industry and also

for nutritional research [112,113].
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The XICs of [M+H]" ions at m/z 295 and 297 for 18:2 and 18:1 FAME
from Ag'-LC/APPI(+)-MS analysis of a milk fat FAME mixture is shown in
Figure 4-8. The peak at 12.2 min in the XIC trace of m/z 297 that is present at
high intensity is due to methyl oleate (cis9-18:1), the most abundant 18:1 fatty
acid in milk. Due to this high abundance of methyl oleate, the peak at 12.2 min in
the TIC appears to be a single component. However, the separation of all minor
CLA species can still be observed in the XIC of m/z 295 because of the high

selectivity achieved in this trace.
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Figure 4-8. The Ag'-LC/APPI(+)-MS analysis of milk fat (a) TIC; (b) XIC of m/z

295; (¢) XIC of m/z 297.
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It is apparent from Figure 4-8(b) that more than one CLA isomer must
exist in the sample, so Ag'-LC/O3-MS analysis was performed for the elucidation
of the double bond positions in the CLA positional isomers. In Figure 4-9, both
the traces showing the characteristic aldehyde ions (in dark blue) and methanol
loss fragment ions (in light red) are overlaid in order to avoid false positives -
especially important for complex samples like the milk fat. For example, in
Figure 4-9(a) there is a peak at around 3.0 min in the XIC of m/z 215 (diagnostic
aldehyde ions of A!! double bond), 241 (diagnostic aldehyde ions of A'® double
bond) and 209 (methanol loss from ion at m/z 241), but this peak is totally missing
from the XIC of m/z 183 (methanol loss from ion at m/z 215). As seen in the Os-
MS of two CLA standards (Figure 4-1) and also the CLA supplement sample
(Figure 4-5), methanol loss from the ozonolysis product aldyhyde ions occurs
during APPI ionization and the fragment ions have even higher intensity than
their aldehyde ion precursors. Therefore, the peak at 3.0 min in XIC of m/z 215 is
not due to cleavage of double bond at A!! by ozonolysis. The peaks in the XIC of
ions at m/z 241, 209, 215 and 183 overlay each other at 10.5 min (Figure 4-9(a)),
which is thus identified as A'"!'* CLA in cis, trans- or trans,cis- configuration.

The peaks that superimpose at 6.9, 11.2 and 11.6 min in the XICs of ions at m/z
227,195, 201 and 169 (Figure 4-9(b)) are identified as transl0, trans12-,

trans(or cis)10, cis(or trans)12-, cis(or trans)10, trans(or cis)12- CLA.
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Figure 4-9. The Ag"-LC/O3-APPI(+)-MS analysis milk fat (a) XIC of m/z 183
and 209 (in red), m/z 215 and 241(in blue); (b) XIC of m/z 169 and 195 (in red),
m/z 201 and 227 (in blue); (¢) XIC of m/z 155 and 181(in red), m/z 187 and 213
(in blue).
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We can also confirm the existence of A>!! CLA positional isomers at 7.3
min as trans9, trans11- CLA and at 12.8 min as cis9, trans11- CLA (proved by
the addition of a standard of cis9, trans11- CLA in the sample). We notice that
the peak at 10.8 min in XIC of m/z 187 and 155 are much wider and of much
higher intensity than the corresponding peak in XIC of m/z 213 and 181 (Figure
4-9(c)). This is because the abundant methyl oleate (cis9-18:1) elutes just behind
cis9, trans11- CLA and the characteristic ions indicating A’ double bond are also
m/z 187 and 155. Despite this coelution, extracting the two pairs of characteristic

ions still allows for the correct identification of cis9, trans11- CLA.

Thus, by using Ag"-LC/O3-MS we are able to positively identify six CLA
isomers including trans(or cis)11, cis(or trans)13- CLA at 10.5 min, trans10,
trans12- CLA at 6.9 min, trans(or cis)10, cis(or trans)12- CLA at 11.2 min, cis(or
trans)10, trans(or cis)12- CLA at 11.6 min, trans9, trans11- CLA at 7.3 min and

cis9, trans11- CLA at 12.8 min (Figure 4-9) in the milk fat sample.

Unlike other reports that used multiple Ag*-LC columns in series,
resulting in long separations for CLA isomers [91], only a 30 min isocratic
separation on a single column is needed in this study to provide adequate
separation of the CLA isomers. Then, the in-line O3-MS results can be used for
the de novo identification of CLA positional isomers irrespective of any coelution
or interference. In addition, the poor retention time stability often seen with Ag*-
LC and also observed in our study, has no impact on CLA positional isomer
identification since the de novo assignment only depends on the extraction of the

two pair of characteristic ions listed in Table 4-1 instead of a comparison against
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the retention times of CLA standards. This is especially an advantage for

complex lipid samples containing a low abundance of CLA isomers.
4.3.2.3. Lipid extract from L. plantarum culture

Although animal studies testing the activity of CLA show promise,
conflicting results have arisen in studies attempting to show human health benefit
when natural sources of CLA were used, for example CLA from food grade
bacteria [114]. This inconsistency could relate to the fact that different CLA
isomers may elicit a different biological response, and at the same time suitable
methods for identification of CLA isomers at low concentration are still lacking.
Lactobacillus species have a safe history of use in food production and can be
utilized to transform linoleic acid to CLA for human consumption [114,115].
However, a majority of studies do not report on the geometric isomers produced
by Lactobacillus species and other food-grade bacteria [114,115]. Here, we have
employed L. plantarum for bioconversion of linoleic acid as it is known to

produce trans9, trans11-, cis9, trans11-, and trans10, cis12-CLA [116,117].

A lipid extraction from L. plantarum culture was purified and converted to
FAME for analysis by the Ag"-LC/O3-MS method. The XICs of the two pairs of
characteristic ions clearly show the presence of A%10 A% Al012and A1214 CLA
positional isomers (Figure 4-10), and the retention times allow for the partial
assignment of CLA geometric isomers. Finally, it can be concluded that trans9,
trans11- (8.2 min), cis9, trans11- (12.9 min), trans10, trans12- (7.8min), trans10,

cis12- (11.8min), trans12, trans14- (6.1min) and trans8, trans10- CLA (9.5min)
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are found in L. plantarum culture sample. Hence, in addition to CLA isomers
previously elucidated from the conversion of linoleic acid by L. plantarum, the
use of the Ag™-LC/O3-MS method in this study has revealed that three additional
CLA isomers are also produced. These additional, previously unidentified
isomers may partially be responsible for the lack of definitive and reproducible

results in human studies involving CLA from lactobacilli cultures.
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Figure 4-10. The Ag"™-LC/O3-APPI(+)-MS analysis of a lipid extract from L.
plantarum culture. Each identified CLA isomer is indicated by its retention time.
(a) XIC of m/z 155 and 181(in red), m/z 187 and 213 (in blue); (b) XIC of m/z 169
and 195 (in red), m/z 201 and 227 (in blue); (c) XIC of m/z 197 and 223 (in red),
m/z 229 and 255 (in blue); (d) XIC of m/z 141 and 167 (in red), m/z 173 and 199
(in blue).
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4.4. Conclusions

In this study, we have demonstrated that ozonolysis product aldehyde ions
from in-line O3-MS can be used for the identification of CLA positional isomers.
Coupling Ag"-LC to in-line O3-MS successfully identifies CLA positional
isomers and most of geometric isomers in complex samples, which has been
shown in the analysis of CLA isomers in a CLA supplement and even complex
lipid mixture such as milk fat and lipid extract of L. plantarum culture. Since the
diagnostic ozonolysis aldehyde ions and methanol loss fragment ions are
predictable, it is easy to extract these target ions (Table 4-1) for the de novo
identification of CLA positional isomers. Furthermore, the Ag"-LC/ O3-MS
method is unaffected by the retention time instability of Ag"™-LC columns because
the identification solely relies on extracting the diagnostic ions without reference
to the retention times of CLA standards. Future work will apply Ag"-LC/ O3-MS
for quantitation of CLA, dependent on the availability of suitable isotopically
labeled internal standards. In summary, the Ag"-LC/ O3-MS method described
here could be expected to facilitate the fast and direct identification of the CLA

isomers present in lipid extracts from any source.
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CHAPTER 5

Elucidation of Phosphatidylcholine Isomers using Two
Dimensional Liquid Chromatography coupled in-line with

Ozonolysis- Mass Spectrometry °

5.1. Introduction

Phospholipids (PL) are important structural and functional components of
cell membranes [1]. Phosphatidylcholine (PC), which is comprised of the
characteristic choline head group and fatty acyl chains at sn-1 and sn-2 position of
the glycerol backbone, is the most abundant PL class in eukaryotic cell
membranes. The chain length, number and position of double bonds along the
fatty acyl chains of PC can greatly influence the structural and dynamic properties
of membranes. For example, membrane fluidity is at a maximum when the
double bond is located in the middle of the fatty acyl chain [118]. Despite the
importance of double bond locations to the function of phospholipids, it remains a
challenge in lipidomic studies to differentiate all of the isobaric species that may
exist. Strategies to differentiate between phospholipid isomers with different
head groups have been described [119] but assumptions are often made in order to

assign substituent fatty acid isomers.

5 A version of this chapter has been published. Sun, C., Zhao, Y. and Curtis, J.M.
J. Chromatogr. A 2014, 1351, 37-45.
Reprinted with permission.
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The use of electrospray ionization- mass spectrometry (ESI-MS) not only
achieves sensitive detection of PL [120], but also can achieve the identification of
PL classes and even PL molecular species when combined with the high
separating power of liquid chromatography (LC) [14,121,122]. Normal phase LC
(NPLC) retains analytes based on their polar interaction with a silica stationary
phase. Thus, PL are separated into classes, depending on the nature of their head
group, such that the more polar PL class has a longer retention time (tr) in NPLC.
Chloroform, methanol, hexane and 2-propanol are typical mobile phases used for
NPLC separations of PL classes but in addition, electrospray compatible aqueous
buffers such as ammonium hydroxide and ammonium formate are also added in
the mobile phase to improve peak shape and response [122-124]. Reverse phase
LC (RPLC) has been mainly used for the separation of molecular species within a
single PL class, since the hydrophobicity of acyl chains depends on the chain
length and the number of double bonds. Both isocratic [125-127] and gradient
elutions [128] on C18 columns have been used for the separation of PC molecular
species in food and biological samples. When the retention orders of PC
molecular species were established under different separation conditions, most
species retained the same relative elution order, which could be helpful for the
1dentification of unknown PC isomers. However, differences in PC elution orders
were found between literature reports, probably due to differences in mobile
phase composition [125-127]. Furthermore, despite achieving good separations
between PC species, many PC assignments remain ambiguous especially for those

identified by LC methods not compatible with MS.
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Due to the natural diversity present within PL classes and molecular
species, no single technique can provide adequate separation for all PL. molecules.
Hence, the idea of combing the NPLC separation of PL classes and the RPLC
separation of molecular species was proposed in order to achieve a nearly
complete separation of all PL. molecules in complex biological samples [129].
Houjou et al used NPLC to separate PL extracts into classes that were separately
collected then analyzed by C30 RPLC/ESI-MS for molecular species
identification [130]. This off-line two dimensional (2D) LC/MS experiment did
reveal the diversity of PL species present in rat liver, but had some disadvantages
due to the need for fraction collection, potentially leading to sample loss and
oxidation. The first application of on-line NPLCxRPLC/MS analysis for PL
profiling was realized by a solvent-evaporating interface [131]. In this system,
the mobile phase from the NPLC first dimension was evaporated by a vacuum
pump at the interface; then the mobile phase from RPLC passed through the
interface and transferred the fraction into the second dimension C18 column for
further molecular species separation. In this way, the problem of immiscibility
between the mobile phases from NPLC and RPLC was solved, and the
components of interest were also enriched at the interface. Another solution to
the problem of solvent incompatibility between NPLC and RPLC is the use of
hydrophilic interaction chromatography (HILIC), a version of NPLC. However,
unlike other NPLC that uses high proportions of organic solvents, a partially
aqueous mobile phase with a polar organic solvent such as acetonitrile can be

used on a HILIC column. A stop-flow 2D-LC/MS method for PL analysis was
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recently developed in which 23 fractions separated by HILIC were collected and
injected onto a C18 column for species separation via a 100 uL. sample loop

[132].

Even though MS and tandem MS (MS/MS) have emerged as powerful
tools for the structural elucidation of PL, they still fail to provide some key
aspects of PL structure information such as the position of double bonds in the
fatty acyl chains that are critical to certain biological function. The assignment of
the specific fatty acyl chains still relies heavily on the natural abundance of the
fatty acids that are present in the PC fraction, as determined by gas
chromatography coupled to flame ionization detector (GC-FID) following PC
hydrolysis and methylation [133-135]. However, this is not a definite
identification of the fatty acyl substituents of a particular PC molecular species.
In order to confirm the identification of unsaturated fatty acids where many
positional isomers are possible, GC coupled to electron ionization mass
spectrometry (GC/EI-MS) analysis was performed on dimethyloxazolines
(DMOX) derivatives of fatty acids from PC [17,123]. In another approach,
multiple-stage MS (MS") analysis of lithiated adducts of PL was performed on a
linear ion-trap mass spectrometer. The product ions arising from MS" scans of
[M+Li]" and [M-H+2Li]" ions were used for assignment of the polar head group
and fatty acyl substituents, as well as for the localization of double bonds along
the chains [136]. However, not all mass spectrometers have the capacity of
performing MS" analysis and this method is likely only suitable for major PL

species.
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Ozone-induced dissociation (OzID-MS) is another approach for the
determination of double bond locations that has been shown to be applicable to
PL [39]. During OzID-MS analysis, ozone vapor was introduced into an ion trap
MS for in-situ ozonolysis, and the ozonolysis products with characteristic m/z
were used for localization of double bonds in PL. However, this may not be
directly compatible with LC and introduction of 0zone into the mass spectrometer
is needed. In order to have an ozonolysis method compatible with LC separations
of complex lipid extracts, we have developed a method utilizing a type of gas-
permeable, liquid-impermeable Teflon tubing as an in-line ozonolysis device (O3-
MS) (Chapter 3) [101]. In the O3-MS experiment, a length of the semi-permeable
tube passes through a glass chamber filled with ozone. The ozone penetrates the
tubing walls and reacts with unsaturated lipids in the sample within the mobile
phase flowing along the tube. The characteristic ozonolysis products that result
from the oxidative cleavage of double bonds are then detected in real- time by
MS. With an LC column placed prior to the in-line ozonolysis device, each
eluting compound can undergo ozonolysis at the site of any unsaturations. Hence,
double bond positions from complex lipid mixtures can be determined, as we
have demonstrated for fatty acid methyl ester mixtures (Chapter 3 and 4)
[101,137]. Potentially, this approach could also be applied to lipid extracts for the

identification of PL molecular species.

In this study, we further develop in-line O3-MS method for the
unambiguous assignment of double bond positions in both fatty acyl chains of PC

molecules. On-line 2D-LC is developed for the separation of PC molecular
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species, and the 2D-LC is also coupled to in-line O3-MS for the detailed structural
determination of PC molecules in the mixture. In addition, 2D-LC/O3-MS
approach is applied to the rat liver PL extract for the identification of PC

molecular species.

5.2. Experimental

5.2.1. Nomenclature

We adopted as much as possible the nomenclature and abbreviation
conventions from Fahy et al [8]. Diacyl-phosphatidylcholine is described by the
PC (n:j/s:t) nomenclature, where n is the number of carbon atoms and j is the
number of double bonds in one substituent; s is the number of carbons, and t is the
number of double bonds in the other substituent. They only indicate the
composition of these two chains; the order does not necessary represent their sn-1
or sn-2 position, except for the PC standards. In this study, it is advantageous to
locate the double bond by counting from the terminal methyl group, thus the “n-"
terminology is used. For example, 1-octadecanoyl-2-(9Z,12Z-octadecadienoyl)-

sn-glycero-3-phosphocholine is expressed as PC(18:0/18:2 (n-6,9)).

5.2.2. Materials

HPLC grade water, tetrahydrofuran (THF), chloroform, methanol,
acetonitrile (ACN), isopropanol (IPA) were purchased from Fisher Scientific
Company (Ottawa, ON, Canada). HPLC grade ammonium formate and formic
acid were obtained from Sigma (St. Louis, MO, USA). All the standards

PC(18:0/22:6(n-3,6,9,12,15,18)), PC(18:0/20:4(n-6,9,12,15)), PC(18:1(n-
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9)/18:1(n-9)), PC(18:0/18:2(n-6,9)), PC(18:1(n-12)/18:1(n-12)) and

PC(18:0/18:1(n-9)) were purchased from Avanti polar lipids, Inc. (Alabaster, AL,
USA). Each standard solution was prepared in methanol at a concentration of 200
pug/mL. The Teflon AF-2400 tubing (0.020" OD, 0.010" ID) was purchased from

Biogeneral Inc. (San Diego, CA, USA).

5.2.3. Extraction of PL from rat liver

Rat livers from suckled rats were collected and ground in liquid nitrogen.
The ground rat liver was used as the sample for PL extraction according to a
modified Bligh and Dyer method developed by Xiong et al [138]. In brief, 100
mg of samples were mixed with 2 mL of extraction solvent
(chloroform/methanol/water, 1:2:0.8) and homogenized at 10,000 rpm for 5 min
with a Polytron PT1300 D homogenizer (Kinematica AG, Switzerland) and then
centrifuged at 3000 rpm for 5 min. The extraction procedure was repeated three
times and all of the supernatants were combined in a 10 mL volumetric flask and
made up to volume with methanol. The extract solution was diluted a further 10-

fold with methanol prior to analysis.

5.2.4. LC and MS instrument

An Agilent 1200 series HPLC system (Agilent Technologies Inc, Palo
Alto, CA, USA) coupled to a hybrid quadrupole time - of - flight mass
spectrometer (QSTAR Elite, Applied Biosystems/MDS Sciex, Concord, ON,
Canada) with ESI source was used for all the LC-MS analysis. The mass

spectrometer was tuned using the ion at m/z 879.9723 and fragment ion at m/z
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110.0713 obtained by infusing porcine renin substrate tetetradecapeptide into the
ESI ion source in the positive ion mode and at a resolution of above 10,000 (full
width at half maximum). This solution was also used for calibration of the mass
range m/z 100-1,300 under ESI (+). Taurocholic acid (m/z 514.2844 and the
fragment ion at m/z 79.9568) was used for calibration of the mass range m/z 70-
1500 under ESI (-). The ion source temperature was kept at 375 °C and the
ionspray voltage was at 5500V for positive (ESI (+)) and -4500V for negative
ionization mode (ESI (-)). Source region nitrogen gas flows assigned by the data
system in arbitrary units were as follows: curtain gas 25; auxiliary gas 10,
nebulizing gas 50. The declustering potential (DP), focus potential (FP), and DP2
were 40 V, 150 V, 10 V and -40 V, -150 V, -10 V for ESI (+) and ESI (-),
respectively. MS/MS analysis was performed using collision induced dissociation
(CID) with collision gas at 8, and collision energy of 35 eV under ESI (+) and -38
eV under ESI (-). Analyst QS 2.0 software was used for data acquisition and

analysis.

5.2.5. On-line 2D-LC

A 10-port 2-position switching valve (Rheodyne, Rohnert Park, CA) was
used to interface between the HILIC column as the first dimension of LC and the
C18 column as the second LC dimension (Scheme 5-1). The conditions of
gradient separation used for the HILIC column and isocratic separation used for

the C18 column were shown below.
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Scheme5-1. The 2D-LC/MS configuration: (a) valve position A (b) valve position
B.

5.2.5.1. First dimension- HILIC

Gradient elution on an Ascentis Express HILIC column (2.1 mm 1.d.x150
mm, 2.7 um particles) (Sigma, St. Louis, MO) was used for PL class separation.
The mobile phase A was ACN and B was 10 mM ammonium formate in water at
pH 3.0, adjusted using formic acid. The gradient was as follows: 0—0.1 min, 8%
B; 0.1-10 min, from 8% to 30% B; 10.0-10.1 min, from 30% to 95% B, and hold
at 95% B until 17 min; then back to 8% B at 17.1 min until the end of run at 30
min. The flow rate was at 0.2 mL/min except the period between 23.0 and 29.0

min which was at 0.4 mL/min for quicker equilibrium of the column.
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5.2.5.2. Second dimension- C18 RPLC

An Ascentis Express C18 column (2.1 mm i.d. X150 mm, 2.7 um
particles) (Supelco, Bellefonte, PA USA) was used for RPLC separation of PC
molecular species. The isocratic mobile phase at 0.475 mL/min (selected to
maximize flow rate at acceptable back-pressure) was composed of THF: ACN:
IPA: 10 mM ammonium formate in water at pH 3.0 (5:20:16:9, v/v/v) at 60 °C,
modified from the method used by Dugo et al [132]. Both dimensions of LC and
the switching valve were controlled by Analyst software. The valve switching
program was: 0-8.2 min, valve at position A; 8.2-9.0 min, valve at position B; 9.0-

30 min, valve at position A (see Scheme 5-1).

5.2.6. In-line O3-MS analysis of PC molecular species

The development and setup of the in-line ozonolysis device was described
in detail in Chapter 3 [101]. Briefly, a 20 cm length of gas permeable and liquid
impermeable Teflon tube passed through a chamber filled with oxygen and ozone
gas (ozone concentration 56.2 g/m?) at room temperature. One end of the tube
was connected to the 10-port 2-position switching valve; the other end was
directly connected to the ESI source, as seen in Scheme 5-1. All the PC species
eluting from the C18 column passed through the semi-permeable tube where
ozone vapor immediately reacted with the carbon-carbon double bonds in the PC
molecules. The ozonolysis products were then carried directly towards the ESI

source by mobile phase for ESI-MS analysis.

5.3. Results and Discussion
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5.3.1. MS and in-line O3-MS analysis of PC standards

The following experiments were performed in order to illustrate how
detailed PC structural information can be obtained, including fatty acyl chain
composition and double bond locations. Firstly, flow injection ESI-MS and ESI-
MS/MS was performed to identify molecular formulae and fatty acid
compositions. This was followed by in-line O3-MS analyses to locate double

bond positions.

5.3.1.1. MS analysis of PC

ESI (+)-MS analysis was performed on PC(18:1(n-9)/18:1(n-9)) and
PC(18:0/20:4(n-6,9,12,15)) using ACN/ water with 10 mM ammonium formate
(85:15, v/v) as the mobile phase at 0.2 mL/min. Since the phosphate anion in PC
can be easily protonated, PC(18:1(n-9)/18:1(n-9)) and PC(18:0/20:4(n-6,9,12,15))
readily form [M+H]" ions at m/z 786 and 810. The following MS/MS analysis of
these two [M+H]" ions reveals fragments that are phosphocholine ions at m/z 184
as the dominant products, as expected for all choline containing PL. Due to the
high intensity of m/z 184 fragment ions, other fragment ions that might be used
for the determination of fatty acyl chain composition, are barely observed under
ESI(+)-MS/MS. As a result, it is necessary to perform ESI(-)-MS and MS/MS
analysis to identify the fatty acyl composition. Under the conditions used,
formate adduct [M+ HCOO]" at m/z 830 and 854 for PC(18:1(n-9)/18:1(n-9)) and
PC(18:0/20:4(n-6,9,12,15)) are formed under ESI(-). Although CID of [M+

HCOOY] at m/z 830 and 854 yields the demethylated ions [M-CH3] at m/z 770 and
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794 as the main product ions, likely due to loss of a choline methyl group, fatty
acid carboxylate anions are also generated with high intensity which can be used
to assign PC fatty acyl chain composition (Figure 5-1). In Figure 5-1a, the
product ion at m/z 281 corresponds to 18:1 fatty acid chains in PC(18:1(n-
9)/18:1(n-9)), and the very low intensity product ions at m/z 488 and 506 are due
the loss of a methyl group plus the 18:1 fatty acid chain or the 18:1 ketene,
respectively. Similarly in the MS/MS spectrum of the ion at m/z 854, the product
ions at m/z 283 and 303 correspond to the 18:0 and 20:4 fatty acid chains while
the product ions at m/z 508 and 528 arise from the loss of a methyl group plus
18:0 and 20:4 ketene (Figure 5-1b). We also notice another fragment ion with
much lower intensity at m/z 259, which is 44 Da lower than the 20:4 product ion
at m/z 303. This fragment ion is probably formed by the loss of CO> from m/z

303, consistent with that observed in other research [123].

Overall, it was found that for unknown sample analyses, even though the
intensities of PC molecular ions are generally lower in negative ionization mode
than in positive mode, the PC species still need to be analyzed under ESI(-) for

the determination of the fatty acid compositions.
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Figure 5-1. ESI(-)-MS/MS analysis of (a) PC(18:1(n-9)/18:1(n-9)) and (b)
PC(18:0/20:4(n-6,9,12,15)).

5.3.1.2. In-line O3-MS analysis

The ESI-MS and -MS/MS analyses of PC reveal the fatty acid
composition but no insight into the positions of double bonds can be derived since
no product ions characteristic of fragmentation at double bonds are generated. In
other work, the in line O3-MS method has been successfully applied to the
determination of double bond positions in fatty acid methyl esters [101]. Here,
we expand on this approach for the assignment of double bond positions in the

fatty acyl chains of PC.
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First, a flow injection of PC(18:1(n-9)/18:1(n-9)) (400ng) was delivered in
the mobile phase (0.4 mL/min) through gas-permeable tubing surrounded by
ozone. The resulting ozonolysis products were directly detected under
ESI(+)/MS. As seen in Figure 5-2a, the ozonolysis product ions at m/z 676 and
566 appear in the O3-MS spectrum along with the intact [M+H]" ions of
PC(18:1(n-9)/18:1(n-9)) at m/z 786. The neutral loss of 110 Da giving the ion at
m/z 676, is the same neutral loss as that observed previously in the in-line
ozonozlysis of 18:1(n-9) fatty acid methyl ester [101]. This ion arises from the
oxidative cleavage of the n-9 double bond located in one of the 18:1 fatty acyl
chains. The accurate mass measurement of this ozonolysis product at m/z
676.4539 (A=1.3 ppm) is consistent with the proposed aldehyde product (see
Figure 5-2a). The ion at m/z 566 corresponds to the other ozonolysis product
aldehyde resulting from oxidative cleavage of both n-9 double bonds in PC. In-
line O3-MS analysis was also performed on PC(18:0/20:4(n-6,9,12,15)), which
has a long chain poly unsaturated fatty acid (PUFA) as one of the acyl chains. In
addition to the intact [M+H]" ions at m/z 810, ions at m/z 742, 702, 662, 622 are
present in the O3-MS spectrum (Figure 5-2b). The ozonolysis product ions at m/z
742 are due to the neutral loss of 68 Da as expected from ozonolysis of an n-6
double bond, as explained in Chapter 3 [101]. The observed mass difference of
40 Da (CsH4) between the four ozonolysis product ions is due to the presence of
methylene interrupted double bonds. These ozonolysis product aldehydes formed
in solution reflect the exact location of double bonds along the 20:4 fatty acyl

chain of this PC species, which are at n-6, n-9, n-12 and n-15 positions. This is
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consistent with the earlier reports of the products from gas phase ozonolysis of PC

ions by OzID which were used for the assignment of double bond positions [39].
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Figure 5-2. In-line O3-MS spectrum of (a) PC(18:1(n-9)/18:1(n-9)) and (b)
PC(18:0/20:4(n-6,9,12,15)) in positive ion mode.

In-line ozonolysis products of PC(18:1(n-9)/18:1(n-9)) and
PC(18:0/20:4(n-6,9,12,15)) were also analyzed by ESI(-)-MS and characteristic

ozonolysis product aldehydes were observed as formate adducts ions, although at
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much lower intensity than the corresponding ions under ESI (+). For this reason,
the in-line ozonolysis products of PC are observed under ESI (+) for all the later

sample analyses.

In summary, ozonolysis product aldehyde ions that are characteristic of
the double bond locations along the fatty acyl chains of PC are observed due to
the specific oxidative cleavage of each double bond by ozone vapor. This allows

the unambiguous localization of double bonds in the fatty acyl chains of PC.

5.3.2. Development of HILICxCI8 LC

2D-LC using NPLC for PL class separation and RPLC for molecular
species separation has shown great promise of comprehensive analysis of PL
[122,130,132]. For a natural complex PL sample, such chromatographic
separation will not only be necessary for the confident identification of minor
species, but also allows for the unambiguous assignment of double bond locations
in each PC species by combining with in-line ozonolysis. Here, on-line 2D LC is
achieved by using a HILIC column in the first dimension and a C18 column in the

second dimension, and is directly coupled to O3-MS.

5.3.2.1. Optimization of HILIC and C18 LC separation

Recently, we have successfully used gradient elution on a HILIC column
for PL class separation in both food and biological samples [138,139]. Using this
approach, a PL standard mixture composed of phosphatidylinositol (PI),
phosphatidylethanolamine(PE), lysophosphatidylethanolamine(LPE), PC,

lysophosphatidylcholine (LPC) and sphingomyelin (SM) was analyzed by
114



HILIC/ESI (+)-MS under full scan mode. As seen in the total ion current (TIC)
chromatogram (Figure 5-3a), the PL standard mixture is successfully separated
into PI, PE, LPE, PC, SM and LPC with increasing tr. The PC class elutes
between 8.2 and 9.0 min and is well separated from other PL classes. This makes
the separation suitable to perform a heart-cut of the PC fraction for the second
dimension RPLC separation of molecular species. In general, C18 column
separates the PC species by their hydrophobicity due to constituent fatty acyl
chains. Equivalent carbon number (ECN) is defined as the number of carbon
atom minus two times the number of double bonds in the acyl chains and is used
to describe the retention of lipid species on the RPLC column. The PC standard
mixture containing six PC molecular species with ECN between 28 and 34 was
used to test separation efficiency of the C18 column used here. As seen in Figure
5-3b, good separation between PC species with different ECN is realized and the
species with higher ECN are retained longer. In addition, isomeric PC species
with the same ECN such as PC(18:1(n-9)/18:1(n-9)), PC(18:0/18:2(n-6,9)),
PC(18:1(n-12)/18:1(n-12)) (3,4 and 5 in Figure 5-3b) are also almost baseline

separated from each other.
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Figure 5-3. (a) HILIC/ESI(+)-MS analysis of a PL standard mixture TIC trace;
(b) C18 LC/ESI(+)-MS analysis of a PC standard mixture TIC trace.

5.3.2.2. Configuration of heart-cut HILICxCI8 LC

A 10-port 2-position switching valve is used to divert all of the PC species
eluting in the first dimension of LC onto the second dimension of LC, as shown in
Scheme 5-1. Before 8.2 min, the valve position is at A and all of the eluting PL
compounds from HILIC column are discarded. Between 8.2 and 9.0 min, the
valve is switched to position B so that the HILIC mobile phase containing the PC
fraction is directed onto the C18 column. Then, since the mobile phase from the

HILIC column is too weak to elute the PC fraction from C18 column, the PC
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fraction is retained at the head of C18 column. After 9.0 min, the valve switches
back to position A and a mobile phase with much higher strength in RPLC passes
through the C18 column allowing the PC molecular species to elute according to

their hydrophobicity. During this period the HILIC eluent goes to waste.

In on-line 2D-LC separations, peak distortion and band broadening in the
second dimension of LC can be encountered due to immiscibility of the mobile
phases [140]. In this study, HILIC was used as the first LC dimension since the
mobile phase used in HILIC column is completely miscible with that used in C18
column. Furthermore, band focusing onto the head of the second dimension C18
column is achieved between 8.2- 9.0 min (valve position B) due to the relative
strength of the HILIC mobile phase on the C18 column. The C18 column used in
this work is composed of particles having a solid core and a porous shell [141].
These fused-core columns allow fast separations without high back pressure and
at flow rates that are still compatible with ESI (0.475 mL/min was used in this
work). The relatively high flow rate into the 2.1 mm ID second dimension C18
column also allows for fast equilibrium of this column after valve switching. In
addition, the column used is composed of 2.7 pm fused-core particles that provide
high peak resolution and separation efficiency comparable to ultra performance
LC [141]. Hence, the second dimension column is effective for the separation of

many PC molecular species that are present in the sample.
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5.3.3. Structural determination of PC molecules in rat liver PL extract

The above results demonstrate that detailed structural identification of a
PC in a complex mixture can be achieved. The PL extract is first analyzed by
HILIC/MS in positive ion mode in order to obtain the elemental composition of
PC and also the retention time of the PC class on the HILIC column.
HILIC/MS/MS analysis is then performed in negative ion mode for the
determination of fatty acyl chain composition. HILICxC18 LC/MS analysis is
performed for the separation of molecular species in the PC class selected in the
first dimension. The second dimension of separation also allows for confirmation
of the presence of minor PC species. Finally, 2D-LC is coupled to in-line O3-MS
so that the double bond positions within each molecular species can be assigned

unambiguously.

This approach was applied to a PL extract from rat liver for the
identification of PC molecular species. This is of interest since it has been shown
that hepatic PC biosynthesis can regulate the metabolism of plasma lipoprotein,

and it is also related to liver and heart diseases [142].

5.3.3.1. HILIC/MS analysis for the determination of PC composition

2 pL of rat liver PL extract was first analyzed by HILIC/ESI (+)-MS. As
expected, the PC class is well separated from other PL classes (Figure 5-4a). The
mass spectrum averaged across the PC peak at between 8.2 and 9.0 min (Figure
5-4b) indicates the presence of many individual PC species. The accurate masses

of [M+H]" ions of these PC species allow determination of their elemental
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formulae which are listed in Table 5-1. When HILIC analysis was coupled with
ESI (-)/MS, PC is present as [M+ HCOO] ions that are 44 Da higher in mass than
the corresponding [M+H]" ions formed under ESI(+). This helps to confirm the

identification of these PC molecular species (compare Figure 5-5a and Figure 5-

4b).
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Figure 5-4. (a) HILIC/ESI(+)-MS analysis of rat liver PL extract TIC trace; (b)

Mass spectrum of the PC class averaged between 8.2 and 9.0 min.
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Table 5-1. PC species identified in rat liver PL extract.

Mass .
Ton (m/7) Formula Accuracy Molecular species tr (min) Dli);l:;:folz(:id gﬁl‘;&lﬁ:];ol:;og: /czt)
(ppm)
732.5534 C4oH7oNOgP* -0.5 PC 32:1 (ECN=30) 16:0/16:1 14.74 n-7 650
14:0/18:1 14.74 n-17 510
734.5696 C4oHgiNOgP* -0.5 PC 32:0 (ECN=32) 16:0/16:0 17.01 Saturated Saturated
756.5535 C42H79NOgP* -0.4 PC 34:3 (ECN=28) 16:0/18:3 14.11 n-6,9,12 688, 648, 608
16:1/18:2 13.49 n-4/ n-9,12 716/ 606,566
758.5712 C42HgINOgP* 2.3 PC 34:2 (ECN=30) 16:0/18:2 15.15 n-6,9 690, 650
760.5814 C42HgsNOgP* -4.8 PC 34:1 (ECN=32) 16:0/18:1 16.98 n-9 650
762.5993 C4HssNOsgP* -1.8 PC 34:0 (ECN=34) 16:0/18:0 20.14 Saturated Saturated
782.5706 C44HgNOgP* 1.5 PC 36:4 (ECN=28) 16:0/20:4 14.76 n-6,9,12,15 714, 674, 634, 594
18:2/18:2 13.77 n-6,9/n-6,9 714, 674/ 606,566
784.5823 C44HgsNOgP* -3.5 PC 36:3 (ECN=30) 16:0/20:3 15.71 n-6,9,12 636, 676,716
18:1/18:2 15.29 n-9/n-6,9 674/ 606, 566
786.5995 CasHgsNOgP* -1.5 PC 36:2 (ECN=32) 18:1/18:1 17.43 n-9/n-9 676/ 566
18:0/18:2 17.94 n-6,9 718,678
788.6166 Cu4Hg7NOgP* 0.3 PC 36:1 (ECN=34) 18:0/18:1 21.27 n-9 678
806.5696 CasHgINOgP* 0.2 PC 38:6 (ECN=26) 16:0/22:6 14.19 n-3,6,9,12,15,18 780, 740, 700, 660, 620, 580
18:2/20:4 13.50 N/A N/A?
810.5998 CasHgsNOgP* -1.1 PC 38:4 (ECN=30) 18:0/20:4 17.36 n-6,9,12,15 742,702, 662, 622
812.6159 C4sHg7NOgP* -0.6 PC 38:3 (ECN=32) 18:0/20:3 18.82 n-6,9,12 744,704, 664
832.5821 Cu4sHssNOgP* -3.6 PC 40:7 (ECN=26) 18:1/22:6 14.29 N/A N/A?
834.5990 C4gHgsNOgP* -2.0 PC 40:6 (ECN=28) 18:0/22:6 16.49 n-3,6,9,12,15,18 808, 768, 728, 688, 648, 608

? The ozonolysis product aldehyde ions are too weak to observe.
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Figure 5-5. (a) Mass spectrum across the PC class from the HILIC/ESI(-)-MS
analysis of rat liver PL extract; (b) ESI(-)-MS/MS spectrum of the ion at m/z 850

in the rat liver PL extract.

As seen in the MS/MS analysis of PC standards (Figure 5-1a and b), CID
of [M+ HCOOY] ions generates carboxylate anions that can be used for the
assignment of fatty acyl chains. Hence, ESI (-)-MS/MS analysis of rat liver PL
extract was performed under information dependent acquisition (IDA) mode,
selecting precursor ions between m/z 700 and 1000 of intensity higher than 10

cps. As an example, Figure 5-5b is the MS/MS spectrum of the ion at m/z 850
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from the rat liver sample. The elemental composition of this ion is [C4sHgoNOgP+
HCOQOYT, corresponding to PC 38:6. The product ion at m/z 327 is identified as
22:6 fatty acid which indicates that the other fatty acid should be 16:0 according
to the elemental composition. This would give rise to a deprotonated ion at m/z
255, which is indeed observed in the MS/MS spectrum (Figure 5-5b). However,
other product ions are also observed, indicating that the PC species at m/z 850 is
actually a mixture of isomers with different fatty acyl chain combinations. The
product ions at m/z 303 and 279 correspond to 20:4 and 18:2 fatty acids generated
from CID of the isomeric PC(18:2/20:4). We observe the neutral loss of CO»
from m/z 327 (22:6 fatty acid) resulting in the formation of fragment ion at m/z
283, similar to the CO; loss from m/z 303 in the MS/MS spectrum of
PC(18:0/20:4) in Figure 5-1b, and as described elsewhere [123]. The loss of CO2
from caboxylate anions of PUFA was also observed for other PC species such as
PC(16:0/20:4), PC(18:0/20:4), PC(18:0/22:6) that are present in the sample.
Several studies have showed that the sn-2 carboxylate anion had higher intensity
than sn-1 carboxylate anion, which could be useful for the assignment of sn-1/sn-
2 position [120,143]. However, it has been proved that this ion ratio is greatly
affected by chain length, degree of unsaturation and the collision energy used
during CID [144,145]. For example, the neutral loss of CO> from carboxylate
anions of PUFA can result in changes in the intensity ratio between sn-1 and sn-2
fragment ions and so complicate the region-isomer assignment. When it comes to
complex natural PL samples, the relative abundances of the carboxylate anion

fragments are also affected by the mixture of regio-isomers that co-elute. Hence,
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there is considerable uncertainty in assigning the sn-1/sn-2 positions of fatty acyl
chains from relative intensities [146]. Therefore, in this study regio-specific sn-

1/sn-2 position of the fatty acyl chains in PC are not assigned.

5.3.3.2. 2D-LC/MS analysis for molecular species separation

HILICxC18 LC/MS analysis was first performed on the rat liver PL
extract in positive ion mode. There is no peak in the first 8 min of the 2D-LC/MS
TIC trace (Figure 5-6), since all of the PL fractions eluting before PC class on the
HILIC column is discarded. Between 8 and 10 min, there is a fluctuation of the
baseline due to the valve switching from A to B and back to the A position while
transferring and loading the PC class onto C18 column. The least retaining PC
species elutes at around 13.5 min, about 3 min past the baseline fluctuation.
Hence, the PC fraction is sufficiently retained by the C18 column to allow the
desired further species separation. Other PC molecular species are much better
separated from each other on the second dimension C18 column than on the first
dimension HILIC column on which they are barely resolved. At least 10 peaks
are clearly visible in Figure 5-6, indicating the diversity of PC molecular species
present in the sample. The extracted ion chromatograms (XIC) also reveal the
existence of many other minor PC species, as listed in Table 5-1. The retention
of most PC species on C18 column increases proportionally with their ECN,
which ranged from 26 to 34. However, the PC species containing PUFA as one
of the fatty acyl chains retain more strongly than the PC species with even higher
ECN. For example, 16:0/18:3 PC (tr 14.11 min) and 16:1/18:2 PC (tr 13.49 min)

with the same ECN of 28 elute earlier than 16:0/22:6 PC (tr 14.19 min) with ECN
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of 26. This kind of elution exception has also been observed in other studies
[126,132] and demonstrates that the use of relative retention times alone for the

assignment of specific PC species is insufficient.
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Figure 5-6. The 2D-LC/ESI(+)-MS analysis of rat liver PL extract TIC trace.

In the current second dimensional C18 separation most of the major PC
isomeric species are well resolved. For example, in the XIC of the PC 36:4 at m/z
782, PC(18:2/18:2) at 13.77 min is well separated from PC(16:0/20:4) at 14.76
min (Figure 5-7c¢). The resolution between other isomeric PC species is also
observed in the XIC of PC 38:6 at m/z 806 (Figure 5-7b), PC 36:3 at m/z 784
(Figure 5-7d), PC 36:2 at m/z 786 (not shown) and PC 34:2 at m/z 756 (not
shown). A further comparison of tr within each group of PC isomers also
indicates that the isomer with PUFA as one of the fatty acyl chains is normally
retained longer than the other PC isomer. For example, PC(16:0/20:4) has a

longer retention time than PC(18:2/18:2) (Figure 5-7¢).
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Figure 5-7. XIC of the PC [M+H]" ion at m/z (a)758, (b)806, (c)782 and (d) 784;
The O3-MS spectra of the labeled peak at (al)15.15 min, (b1)14.19 min,
(c1)13.77 min, (c2)14.76 min, (d1)15.29 min and (d2)15.71 min.
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5.3.3.3. 2D-LC/O3-MS analysis for detailed structural elucidation of PC

Although HILICxC18 LC/MS analysis is successfully used to isolate the
PC class and separate PC molecular species, unambiguous identification of each
PC species is not possible without the assignment of double bond positions. This
may be especially important for PC with PUFA chains with distinctively different
biological functions for #-3 and n-6 PUFA isomers [76]. Hence, the in-line
ozonolysis device was placed between the second dimension C18 column and the
ionization source of mass spectrometer while keeping other experimental settings
the same. Each PC species eluting from the 2D-LC separation passes through the
gas-permeable tube surrounded by ozone vapor and the ozonolysis products that
are characteristic of double bond positions are detected in real-time by ESI (+)-

MS.

Here, the 2D-LC/O3-MS spectra of the ions at m/z 758, 806, 782 and 784
arising from PC species in the rat liver extract are shown in Figure 5-7. In
Figure 5-7al, the intact PC(16:0/18:2) molecular ion at m/z 758 is present along
with the ozonolysis product aldehyde ions at m/z 690 and 650 indicating that the
two double bonds in the 18:2 chain are located at the n-6 and 9 positions. This
method is also applicable for PC containing PUFA. For example, in Figure 5-
7b1 the ozonolysis product ion at m/z 780, 26 Da lower than the [M+H]" ion of
PC(16:0/22:6) at m/z 806, 1s used to assign one of the double bonds at n-3
position. Other ions at m/z 740, 700, 660, 620 and 580 indicate the locations of
the other double bonds to be n-6, -9, -12, -15 and -18. Thus, PC(16:0/22:6) must

contain docosahexaenoic acid. In Figure 5-7¢, the PC isomer at 14.76 min is
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identified as PC(16:0/20:4) containing arachidonic acid, based on the observation
of ozonolysis product aldehyde ions at m/z 714, 674, 634 and 594 that are used to
locate double bonds at n-6,-9,-12,-15 position (Figure 5-7¢2). The other peak at
13.77 min in the XIC of m/z 782 is identified as PC(18:2(n-6,9)/18:2(n-6,9)) by
the O3-MS spectrum shown in Figure 5-7¢1. The ozonolysis product ions at m/z
714 and 674 with a 40 Da mass difference between them, indicates that they are
located at n-6 and n-9 in one 18:2 chain; the other ozonolysis product ions at m/z
606 and 566 are due to oxidative cleavage of the two double bonds located at n-6

and »-9 in the other 18:2 chain.

A more complicated example of PC containing two unsaturated fatty acyl
chains is the PC(18:1/18:2) eluting at 15.29 min (Figure 5-7d). In the O3-MS
spectrum of PC(18:1/18:2) (Figure 5-7d1), an ion at m/z 758 arising from
PC(16:0/18:2(n-6,9)) (tr 15.15 min) appears due to a partial co-elution, and the
ions at m/z 690 ad 650 are its ozonolysis product ions that were described above
(Figure 5-7al). Despite this interference, the ozonolysis product ion at m/z 674 is
used to assign the double bond at #-9 in an 18:1 chain; the ions at m/z 606 and 566
are due to the ozonolysis of double bonds at n-6 and -9 in an 18:2 chain. The
isomeric PC at 15.71 min (Figure 5-7d) is identified as PC(16:0/20:3(n-6,9,12))
due to the presence of ozonolysis product ions at m/z 716, 676 and 636 (Figure 5-
7d2). Using a similar approach, the double bond positions could be determined
for virtually all of the PC molecular species that are present in the extract and are
listed in Table 5-1 along with the diagnostic ozonolysis product aldehyde ions.

There are only two PC species, PC(18:2/20:4) and PC(18:1/22:6), for which the
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double bond positions could not be assigned since both these PC are present in
very low abundances and consequently the ozonolysis product ions are too weak

to observe.

Overall, 21 PC molecular species were positively identified and the
specific fatty acyl chains, including the double bond positions, were assigned for
19 of these PC species. It can be seen that in-line ozonolysis is not only suitable
for the determination of double bond positions in PC species that contain only one
unsaturated fatty acyl chain such as PC(16:0/22:6), but is also applicable where
both PC fatty acyl chains are unsaturated, as shown in Figure 5-7¢1 and 5-7d1.
Isocratic elution on the second dimension C18 column provides adequate
separation between PC molecular species in many cases, but co-elutions do still
occur and are especially evident where one of the PC species is present in high
abundance. However, even in these cases, in-line ozonolysis product aldehydes
can still be used for the assignment of double bond positions, as seen for the

example shown in Figure 5-7d1.

5.4. Conclusions

This study demonstrates that double bond locations within the fatty acid
chains of PC molecules can be directly assigned from the ozonolysis product
aldehyde ions observed by in-line O3-MS analysis. The 2D-LC method can
achieve both on-line PL class and species separation, in addition to being
compatible with in-line ozonolysis. Hence, 2D-LC/O3-MS allows the

unambiguous identification of PC species in complex mixtures. This approach
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was successfully applied to a rat liver PL extract for the detailed structural
elucidation of PC molecules. Although lipidomic analyses using various LC/MS
and MS/MS methods can reveal abundant structural information about lipids in
complex mixtures, many isomeric species remain unidentified. The in-line Os-
MS experiment can provide complementary insight into the specific structure of
PL molecules and can be easily incorporated into the LC/MS analyses. In
addition, the potential exists to develop algorithms that automatically identify the
ozonolysis diagnostic product ions, which have predictable m/z values, and hence

identify specific PC isomers.
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CHAPTER 6

Profiling of Phospholipids by Two Dimensional Liquid
Chromatography coupled in-line with Ozonolysis- Mass

Spectrometry °

6.1. Introduction

Glycerophospholipids (GPL) and sphingomyelins (SM), the two main
classes of phospholipids (PL), are important structural and functional components
of eukaryotic cell membranes [1]. Dietary PL from animal and plant sources
often with unsaturated fatty acids (FA) located at the sn-2 position, can be
delivered and incorporated directly into the cell membranes [147]. Thus, the fatty
acid composition of dietary PL can potentially change membrane components of
certain cells and so ultimately influence cellular function and have implications in
the treatment of diseases. For example, in a mouse model dietary intake of SM
has shown a preventive effect on the formation of colon cancer [148]. Also, an n-
3 polyunsaturated fatty acid (PUFA) rich GPL extract from a marine source has
shown a blood cholesterol lowering effect in patients suffering from
hyperlipidaemia [149]. Since PL are known to be safe and ubiquitous
components in food, a recommendation to increase dietary intake of specific PL
for the prevention of disease does not carry the risks associated with an increased

consumption of other non-food compounds. Therefore, a systematic study of the

6 A version of this chapter has been submitted for publication.
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PL profile of foods may increase understanding of how PL interacts with other
metabolites after digestion and absorbance, which may lead to results that could

be beneficial in studies of nutrition and health.

GPL can be divided into different “classes” depending on the polar head
group at the sn-3 position of the glycerol backbone, such as
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylcholine
(PC) and phosphatidylserine (PS). Within each class, a range of molecular
species exists due to different fatty acid substituents at sn-1 and 2 positions. In
lipidomics, electrospray ionization mass spectrometry (ESI-MS) and tandem MS
(ESI-MS/MS) have become powerful tools for analysis of PL species
[120,125,129]. Since most PL molecules have a characteristic head group,
lipidomic studies can target these characteristic features by using specific
scanning modes, such as a precursor ion scan of m/z 184 for choline-containing
PL, and a neutral loss scan of 260 Da for PI. Such experiments can be used for
both identification and quantification of these PL classes [150,151]. Since ion
suppression can occur in ESI when multiple species co-elute and thus compete in
the ESI process, an attempt must be made to optimize chromatographic
separations of complex lipids mixtures. A long established strategy in PL
separation is the use of normal phase liquid chromatography (NPLC), which can
be used for class separation of PL prior to MS analysis [122]. Even though the
number of PL species that can be identified increases greatly after NPLC class
separation, the lack of separation between species within each PL class means that

only the major molecular species can be positively identified by NPLC-MS
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methods. Thus, two dimensional LC (2D-LC) using NPLC for PL class
separation combined with reverse phase LC (RPLC) for molecular species
separation is highly desirable for the detailed analysis of a complex PL mixture.
This approach has been described in a few recent studies. In a PL profiling study
of rat liver, the PL extract was first separated by NPLC, then the PE and PC
fractions were collected off-line and injected onto a C30 column for further
molecular species separation. Identification of the individual molecular species
containing targeted fatty acyl chains was achieved by a precursor ion scan of
targeted carboxylate anions [RCOO] under ESI (-) [130]. Later, PL profiling in
biological and food samples was achieved by on-line 2D-LC/MS, employing a
multiple-port, 2-position switching valve and a sample loop as the interface
[131,132,140]. For the analysis of a milk PL extract, 23 fractions of PI, PE, PS,
PC, SM and lysophosphatidylcholine (LPC) from the first dimensional
hydrophilic interaction liquid chromatography (HILIC) column, were injected one
at a time onto the second dimensional C18 column under the stop-flow mode
during one analysis. In this work, the mass measurements of PI [M-H] ions and
of the [M+H]" ions of other PL classes, were used for the identification of
molecular species. These were also confirmed using PL standards and by

comparison with literature results [132].

In general, 2D-LC/MS and -MS/MS analyses have revealed a large
diversity in both PL classes and in PL molecular species within each class.
However, the identification of a specific molecular species may rely on a

combination of LC/MS analysis with the separate identification of the overall
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fatty acid profile, as determined by gas chromatography coupled to flame
ionization detector (GC-FID) [133,134] or from the literature [132,139,152]. A
necessary part of the full identification of fatty acids is the specific assignment of
double bond positions. In GC-FID, this can often be achieved via the retention
times of fatty acid methyl ester (FAME) derivatives. In other cases, the fatty
acids from hydrolysis of PL have been converted into dimethyloxazolines
(DMOX) derivatives. Under conditions of electron ionization mass spectrometry,
DMOX derivatives of fatty acids undergo charge remote fragmentations and these
fragmentation patterns can reveal double bond locations [17,123]. However, in
these GC/MS analyses of DMOX or FAME derivatives, the precise PL molecular
structure is lost and the derivitization procedures add additional complexity to the

analysis.

Recently, we have successfully coupled on-line 2D-LC with in-line
ozonolysis-MS (O3-MS) to allow the detailed structure determination of PC
molecular species, as demonstrated for a PL extract from rat liver (Chapter 5). In
that study, HILIC/MS analysis was first performed on the PL extract under ESI
(+) for the separation PL classes. From these data, the elemental compositions of
all PC species were determined. HILIC/MS analysis was also performed under
ESI (-), during which the collision induced dissociation (CID) of PC formate
adducts generated carboxylate anions [RCOQ]  that were used for the
determination of the molecular formulae for the fatty acyl chains present in PC.
Then, 2D-LC was developed for the on-line separation of PC molecular species.

The fraction containing PC species eluted from the first dimension HILIC column
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at between 8.2 and 9.0 min were directly injected onto the second dimension C18
column through a 10-port 2-position switching valve. The PC molecular species,
eluting from the HILIC x C18 LC separation, then passed through the ozonolysis
device that was connected between the C18 column and the ESI source. The
ozonolysis device is a length of gas-permeable Teflon tube that passes through a
chamber filled with ozone vapor, as described in Chapter 3 [101]. The ozonolysis
reaction occurred for all double bonds in the PC molecules eluting from C18
column and passing through the device. This resulted in the formation of
characteristic ozonolysis product aldehydes that were detected as protonated
molecular ions under ESI (+), and used for the direct assignment of double bond
positions in unsaturated PC species. Therefore, by performing HILIC/MS,
HILIC/MS/MS and 2D-LC/O3-MS analysis the PC molecular species in a
complex PL mixture can be unambiguously identified without any off-line

derivatization or comparison with standards.

In this study, the in-line O3-MS method will be applied to PL classes such
as PI, PE, SM, lysophosphatidylethanolamine (LPE) and LPC for the direct
assignment of double bond positions. The on-line 2D-LC method will also be
extended to allow the molecular species separation of other PL classes such as PI
and PE. Overall, we show for the first time this strategy can allow for the
complete profiling of PL mixtures, including the assignment of each significant

molecular species, as demonstrated here for egg yolk PL extract.
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6.2. Experimental

6.2.1. Material

HPLC grade water, tetrahydrofuran (THF), chloroform, methanol,
acetonitrile (ACN), isopropanol (IPA) were purchased from Fisher Scientific
Company (Ottawa, ON, Canada). HPLC grade ammonium formate and formic
acid were obtained from Sigma (St. Louis, MO, USA). All the standards
P1(18:0/20:4 (n-6,9,12,15)), PE(18:0/20:4 (n-6,9,12,15)), SM(d18:1/18:1(n-9)),
LPE(18:1(n-9)) and LPC(18:1(n-9)) were purchased from Avanti polar lipids, Inc.
(Alabaster, AL, USA). Each standard solution was prepared in methanol at a
concentration of 200 ug/mL. The Teflon AF-2400 tubing (0.020" OD, 0.010" ID)

was purchased from Biogeneral Inc. (San Diego, CA, USA).

6.2.2. Extraction of PL from egg yolk

Fresh eggs were purchased from local markets, and the egg yolks from six
eggs were separated from the whites and mixed together. The fresh egg yolks
were used for PL extraction according to a modified Bligh and Dyer method
[139]. In brief, 100 mg of samples were mixed with 2 mL of extraction solvent
(chloroform/methanol/water, 1:2:0.8) and homogenized at 10,000 rpm for 5 min
on a Polytron PT1300 D homogenizer (Kinematica AG, Switzerland) and then
centrifuged at 3000 rpm for 5 min. The extraction procedure was repeated three
times, and all supernatants were combined and made up to 10 mL using methanol.

The extract was further diluted 10-fold with methanol prior to analysis.
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6.2.3. LC and MS instrument

An Agilent 1200 series HPLC system (Agilent Technologies Inc, Palo
Alto, CA, USA) coupled to a hybrid quadrupole time - of - flight mass
spectrometer (QSTAR Elite, Applied Biosystems/MDS Sciex, Concord, ON,
Canada) with ESI source was used for all the LC-MS analysis. The ion source
temperature was kept at 375 °C and the ionspray voltage was at 5500V for ESI (+)
and -4500V for ESI (-). Source region nitrogen gas flows in arbitrary units
assigned by the data system were as follows: curtain gas 25; auxiliary gas 10,
nebulizing gas 50. The declustering potential (DP), focus potential (FP), and DP2
were 40 V, 150 V, 10 Vand -40 V, -150 V, -10 V for ESI (+) and ESI (-),

respectively. Analyst QS 2.0 software was used for data acquisition and analysis.

6.2.4. HILICxC18 LC/MS analysis

The 2D-LC configuration was the same as described in Chapter 5
(Scheme 5-1) using a 10-port 2-position switching valve (Rheodyne, Rohnert
Park, CA) as the interface between the HILIC column and the C18 column.
Separation conditions were modified for the shorter analysis time. The Ascentis
Express HILIC column (2.1 mm 1.d.x150 mm, 2.7 um particles) (Sigma, St.
Louis, MO) was used as first dimension LC for PL class separation. The mobile
phase A was ACN and B was 10 mM ammonium formate in water at pH 3.0, and
the flow rate was at 0.2 mL/min. The gradient was as follows: 0—10 min, from
8% to 30% B; 10.0-10.1 min, from 30% to 95% B; 10.1-15.0 min, held at 95% B;

15.0-15.1 min, from 95% to 8% B; 15.1-20.0 min, held at 8% B. In order to
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achieve molecular species separation of PI, PE and PC class within 20 min, the
Ascentic Express C18 column with half-length of that was used in the study
described in Chapter 5 (2.1 mm i.d. X 75 mm, 2.7 um particles, Supelco,
Bellefonte, PA USA) was used as the second dimension LC. The mobile phase at
0.475 mL/min was composed of THF: ACN: IPA: water with 10 mM ammonium

formate at pH 3.0 (5:20:16:9, v/v/v) at 45 °C.

The injection of the fraction from the HILIC column to the C18 column
was done by switching the valve from A to B position and back to A position.
For PI class, the fraction between 4.0-4.8 min from the first dimension HILIC
column was transferred to the second dimension C18 column and detected under
ESI (-); For PE and PC, the fractions between 5.6-6.4 min and 8.2-9.0 min were
transferred onto C18 column and analyzed under ESI (+), respectively. In this
study, LPE, LPC and SM were analyzed by one dimension HILIC/MS instead of

2D-LC/MS, which would be discussed later.
6.2.5. In-line O3-MS analysis

The method development of in-line O3-MS approach for double bond
position determination has been described in details in Chapter 3 [101]. In this
study, a 20 cm length of gas permeable and liquid impermeable Teflon tube
passed through a chamber filled with oxygen and ozone gas (ozone concentration
56.2 g/m?) at room temperature. This ozonolysis device was placed in-line
between 2D-LC and ESI source of the mass spectrometer for the analysis of PI,

PE can PC molecular species. For the analysis of LPE, LPC and SM species,
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ozonolysis device was coupled in-line with HILIC column. In this way, each PL
species eluting from either the second dimension C18 column or the HILIC
column passed through the semi-permeable tube, ozone vapor immediately
reacted with carbon-carbon double bonds existing in the molecules, and the

ozonolysis products of which would be directly detected by ESI-MS.

6.3. Results and Discussion

In Chapter 5, the mass measurements of PC [M+H]" ions were used for
the determination of elemental compositions. Carboxylate anions [R{COO] and
[R2COO] generated from CID of PC [M+HCOO] ions were used for the
determination of fatty acyl chains compositions. Then, double bond positions in
these fatty acyl chains were unambiguously assigned by in-line O3-MS analysis
using the diagnostic ozonolysis product aldehyde ions. In this study, PE, LPE,
SM, LPC and PI standards were first used for ESI-MS, MS/MS and in-line O3-
MS analysis to see whether we can get similar structure information as from PC

that was achieved by our previous study.

6.3.1. ESI-MS and MS/MS analysis of PE, LPE, SM, LPC and PI standards

Flow injection analysis (FIA) was performed on PI(18:0/20:4 (n-
6,9,12,15)), PE(18:0/20:4 (n-6,9,12,15)), SM(d18:1/18:1(n-9)), LPE(18:1(n-9))
and LPC(18:1(n-9)) standard in positive ion mode using a mobile phase of ACN/
water with 10mM ammonium formate (85/15, v/v). PE, SM, LPE and LPC
[M+H]" ions were observed with high abundance. In contrast, in the ESI (+)-MS

spectrum of PI(18:0/20:4 (n-6,9,12,15)), the [M+H]" ion at m/z 887 appeared at
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very low intensity, and the spectrum was dominated by the ion at m/z 627 that
arise from the neutral loss of 260 Da. The mass measurement of [M+H]" ions of
LPE and LPC were directly used for the determination of fatty acyl chain
composition, since there is only one fatty acyl chain in these molecules. For PE
and SM, the mass measurement of [M+H]" ions were used to deduce the
elemental composition. However, the ESI (+)-MS/MS analyses of PE and SM
[M+H]" ions failed to provide fragment ions that could be used for the
determination of fatty acyl chain composition. The dominant product ions in
these MS/MS spectra arose from the fragmentation of the head group, such as
phosphocholine ions at m/z 184 for SM, and the product ions from neutral loss of
phosphoethanolamine (141 Da) from [M+H]" ions of PE, which has also been

observed in other studies [139,150,153].

FIA of PE(18:0/20:4 (n-6,9,12,15)) in negative ion mode resulted in [M-
H] ions at m/z 766. MS/MS analysis using collision energy (CE) at -35 eV of the
ion at m/z 766 generated carboxylate anions at m/z 283 and 303 that are
characteristic of 18:0 and 20:4 fatty acyl chains (Figure 6-1a). For
SM(d18:1/18:1(n-9)), [M+HCOQOY] ions at m/z 773 were observed by FIA. The
MS/MS analysis of these ions using CE of -42 eV (Figure 6-1b) resulted in the
demethylated ions [M-CH3]™ at m/z 713 as the dominant product ions. A similar
ionization and fragmentation pattern was previously observed for MS/MS
analysis of PC under ESI (-), since both PC and SM have a phosphocholine head
group. However, unlike the MS/MS spectrum of PC, fragment ions directly

corresponding to the N-acyl chain or long-chain base (LCB) were not observed
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for SM. Instead the ion at m/z 449 was observed, which was formed by the
neutral loss of N-acyl chain (18:1 ketene) from the demethylated ion at m/z 713.
Thus, the mass difference between the ion [M-CH3- R1CO] (m/z 449 in this case)
and the demethylated ion [M-CH3] (m/z 713 in this case) can be used to assign the
N-acyl chain. Then the composition of LCB can be deduced. The same
fragmentation pattern of SM [M+HCOO] ion was also observed in another study

and used for molecular species assignment of SM [151].

In contrast to the weak [M+H]" ions seen under positive ion mode,
PI(18:0/20:4 (n-6,9,12,15)) molecular ions [M-H]" at m/z 885 were seen with high
intensity under ESI (-). Thus, the mass measurements of [M-H] ions can be used
for the determination of elemental composition of PI class. The MS/MS spectrum
(CE=-42 eV) of the ions at m/z 885 is presented in Figure 6-1c. The [RCOO]
ions at m/z 283 and 303 corresponded to the 18:0 and 20:4 fatty acyl chain, and
the inositol phosphate ion at m/z 241 were present with high intensity. Other
product ions at m/z 599 ([lysostearoyl PI-H]") and 581 [lysostearoyl PI-H- H>OJ")
were also observed, probably formed by the loss of 20:4 acyl chain and the further
loss of H2O. The product ion at m/z 419 was due to the further loss of inositol
from the [lysostearoyl PI-H] ion at m/z 599. The similar fragmentation pattern of

PI under ESI(-)-MS/MS were also observed by other studies [124,154].
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Figure 6-1. ESI (-)-MS/MS analysis of (a) PE(18:0/20:4 (n-6,9,12,15)); (b)

SM(d18:1/18:1(1-9)); (c) PI(18:0/20:4 (1-6,9,12,15)).
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6.3.2. In-line O3-MS analysis of PE, LPE, SM, LPC and PI standards

For LPE and LPC, even though the chain length and number of double
bonds can already be determined by the mass measurement of [M+H]" ions, the
position of double bonds along the chain can not be assigned. Hence, in-line O3-
MS analysis of LPE(18:1(n-9)) and LPC(18:1(n-9)) were performed under ESI
(+) (Figure 6-2a and b). The ozonolysis product of LPE(18:1(n-9)) was observed
at m/z 370 as well as the intact [M+H]" ion at m/z 480 (Figure 6-2a). The ion at
m/z 370 corresponded to the characteristic ozonolysis product aldehyde that was
formed by oxidative cleavage of the #n-9 double bond in LPE. The mass loss of
110 Da after ozonolysis has also been observed in other lipids with double bonds
located at n-9 position such as methyl oleate [101] and PC(16:0/18:1(n-9)). The
ion at m/z 352 was probably due to the neutral loss of one H2O molecule from the
ion at m/z 370. For LPC(18:1(n-9)), a similar mass loss of 110 Da from the intact
molecular ion at m/z 522 was observed resulting in the ion at m/z 412 after in-line

ozonolysis (Figure 6-2b).

In the O3-MS spectrum of PE(18:0/20:4 (n-6,9,12,15)) (Figure 6-2c¢), the
ozonolysis product aldehyde ions at m/z 700, 68 Da mass lower than intact
[M+H]" ion at m/z 768, were generated by the ozonolysis of the double bond at n-
6 position. The product ions at m/z 660, 620 and 580 corresponded to the further
oxidative cleavage of successive methyle interrupted double bonds. In addition,
the neutral loss of one H>O molecule from the aldehyde ion at m/z 580 was

observed at m/z 562. This kind of neutral loss of HoO molecule from the
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ozonolysis product aldehyde ions apparently involves the ethanolamine head

group, since it is only observed in the O3-MS spectra of LPE and PE.

The O3-MS spectrum of SM(d18:1/18:1(n-9)) (Figure 6-2d) contained the
intact [M+H]" ion at m/z 729 and the high intensity ozonolysis product at m/z 619,
which resulted from ozonolysis of the double bond at #-9 position in the N-18:1
chain. The low intensity ions at m/z 549, 180 Da lower mass than [M+H]" ions at
m/z 729, were formed by ozonolysis of the double bond located in the d18:1
chain. The ozonolysis of both double bonds in SM(d18:1/18:1(n-9)) resulted in
the ion at m/z 439. The ozonolysis product aldehydes formed by oxidative
cleavage of double bonds located along N-acyl chain (m/z 619 in this case) can be

used for the direct assignment of double bond positions in N-acyl chain.

The in-line ozonolysis products of PI(18:0/20:4 (n-6,9,12,15)) were
detected in negative ion mode, since the molecular ions of PI can only be
observed as [M-H] ions. In the resulting O3-MS spectrum (Figure 6-2e), intact
[M-H] ions at m/z 885 were still observed along with the deprotonated ozonolysis
product aldehydes ions at m/z 817, 777, 737 and 697, due to the oxidative
cleavage of double bonds at n-6,-9,-12,-15 positions. The same group of
ozonolysis product aldehyde ions were also observed during OzID-MS analysis of
P1(18:0/20:4 (n-6,9,12,15)) under ESI (-) [39]. Along with these characteristic
ozonolysis aldehyde ions, another set of ions at m/z 851, 811, 771 and 731 were
also observed. These ions with mass difference of 40 Da between each other have
34 Da higher masses than the corresponding deprotonated aldehydes ions at m/z

817,777,737 and 697. We suspect that these ions are generated from the further
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reaction of “Criegee intermediate” that are carbonyl oxides formed by ozonolysis
of each double bond. The possible structure of the product ion at m/z 731 has
been shown in the inset of Figure 6-2e, and these products are probably due to the
adduction of H20 molecule in the mobile phase to the Criegee intermediates. The
Criegee intermediates were observed as the carbonyl oxide ions with 16 Da higher
mass than their corresponding aldehyde ions during the OzID-MS analysis of PI
under ESI (-) [39]. Whether these Criegee intermediate adducts form during in-
line ozonolysis reaction or during the negative electrospray ionization is not clear,
but it does not diminish the use of the ozonolysis product aldehydes for the direct

assignment of double bond positions as shown in Figure 6-2e.

In summary, for in-line ozonolysis of LPE, LPC, PE and SM, both the
intact molecules and ozonolysis product aldehydes that are characteristics of
double bond positions were detected as [M+H]" ions. For PI, the molecular ions
could only be observed as [M-H] ions under negative ion mode; and the in-line
ozonolysis products were also detected under ESI (-) among which the aldehyes

could still be used for the unambiguous assignment of double bond locations.
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Figure 6-2. In-line O3-MS spectrum of (a) LPE(18:1(n-9)) (+ve); (b) LPC(18:1(n-
9)) (+ve); (c) PE(18:0/20:4 (n-6,9,12,15)) (+ve); (d) SM(d18:1/18:1(n-9)) (+ve);
(e) PI(18:0/20:4 (n-6,9,12,15)) (-ve).
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6.3.3. PL profiling of egg yolk PL extract

Egg yolk is a good source of dietary PL, and PL from egg yolk has been
introduced as a novel food in EU recently [148]. In addition, the egg yolk fatty
acid profile can be possibly changed through the hen’s diet. For example, the
abundance of n-3 PUFA in egg yolk can be increased by enriching seal blubber
oil in hen’s diet [124]. The main class of PL in egg yolk includes PI, PE, LPE,
PC, SM and LPC [124,138,139]. In the following sections, we demonstrate the
use of HILIC/MS and HILIC/MS/MS analyses for PL class separation and for the
determination of elemental and fatty acyl chain composition. Additionally, on-
line 2D-LC/MS analysis is carried out for the separation of molecular species
within each PI, PE and PC class, and 2D-LC/O3-MS analysis is also performed to
assign the double bond positions directly. Finally, HILIC is coupled to O3-MS
(HILIC/O3-MS) in order to determine the double bond positions in LPE, LPC and
SM class, since the molecular species within these three classes are relatively

simple and can be already separated on HILIC column.

6.3.3.1. HILIC/MS and HILIC/MS/MS analysis

We have previously demonstrated the separation of PL classes using
HILIC column with gradient elution (Chapter 5). The egg yolk PL extract was
analyzed by HILIC/ESI-MS under both positive and negative ion mode in order to
observe molecular ions from each PL class (Figure 6-3). In HILIC/ESI(+)-MS
spectrum (Figure 6-3a), the PL from egg yolk were separated into PE, LPE, PC,

SM and LPC classes within 20 min, these classes formed abundant positive ions
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especially for PC which had the highest intensity. Under ESI (-) (Figure 6-3b),
the PI class, which did not form abundant positive ions, appeared between 4.0 and
5.0 min. PE, LPE, PC, SM and LPC classes could still be observed under
negative mode, but with about half of the intensity of that seen under ESI (+).
Thus, the mass measurements of PE, PC and SM [M+H]" ions and PI [M-H] ions
were used for the determination of elemental compositions, and the mass
measurements of LPE and LPC [M+H]" ions also directly assigned the fatty acyl
chain composition.
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Figure 6-3. TIC of HILIC/MS analysis of egg yolk PL extract: (a) detected under
ESI (+); (b) detected under ESI (-).
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In order to obtain the information of fatty acyl chain composition in PI,
PE, PC and SM, information dependent acquisition (IDA) was used during
HILIC/MS/MS analysis in negative ion mode. During IDA, CID with CE of -35
and -42 eV were applied to ions with intensity higher than 10 cps. The product
ions [R1COQO] and [R2COQ] from the CID of [M-H] ions of PE, PI and
[M+HCOO] ions of PC were used for the determination of fatty acyl chain
composition. For SM, the mass difference between [M-CH3] and [M-CHs-
R1CO] ions was used to determine the composition of N-acyl chain, then the
composition of LCB chain in SM could also be deduced from this information. In
this way, the chain length and number of double bonds in PI, PE, PC and SM
were assigned even for the isomeric species such as PE(18:0/18:3) and

PE(18:1/18:2), which were listed in Table 6-1.

148



Table 6-1. PL species identified in egg yolk PL extract.

Tons Formula Mass Accuracy Molelular Species t].{ Doul?lf: Bond Ozonolysis Product Aldehyde
(ppm) (min) Position n- Ions (m/7)
PI [M-HJ
833.5182 Ca3H73013P -0.5 34:2(ECN=30) 16:0/18:2 7.37 n-6,9 765,725
857.5182 CasH73013P -0.5 36:4(ECN=28) 16:0/20:4 7.16 N/A N/A?
859.5307 CusHsoO13P -4.1 36:3(ECN=30) 16:0/20:3 7.60 n-6,9,12 791,751,711
861.5537 CasHg2013P 4.4 36:2(ECN=32) 18:0/18:2 8.30 n-6,9 793,753
863.5684 CasHgsO 3P 34 36:1(ECN=34) 18:0/18:1 9.43 n-9 753
885.5486 Ca7H5:013P -1.5 38:4(ECN=30) 18:0/20:4 8.11 n-6,9,12,15 817,777,737,697
887.5657 C47H34O13P 0.2 38:3(ECN=32) 18:0/20:3 8.60 n-6,9,12 819,779,739
PE [M+H]"
716.5223 CsoH7sNOsP -0.3 34:2(ECN=30) 16:0/18:2 10.14 n-6,9 648,608
718.5356 CsoH77NOsP -3.5 34:1(ECN=32) 16:0/18:1 11.36 n-9 608
740.5231 Ca1H7sNOsP 0.8 36:4(ECN=28) 16:0/20:4 9.91 n-6,9,12,15 672,632,592,552
18:2/18:2 9.39 N/A N/A?
742.5376 CaH77NOsP -0.6 36:3(ECN=30) 18:0/18:3 10.53 n-6,9,12 674,634,594
18:1/18:2 10.21 N/A N/A?
744.5536 CaH79NOsP -0.3 36:2(ECN=32) 18:0/18:2 11.73 n-6,9 676,636
746.5703 C41HgiINOsP 1.2 36:1(ECN=34) 18:0/18:1 13.58 n-9 636
764.5262 C43H7sNOsP 4.8 38:6(ECN=26) 16:0/22:6 9.56 n-3,6,9,12,15,18 738,698,658,618,578,538
768.5552 Ca3H79NOsP 1.8 38:4(ECN=30) 18:0/20:4 11.38 n-6,9,12,15 700,660,620,580
792.5534 CasH7oNOsP -0.5 40:6(ECN=28) 18:0/22:6 10.89 n-3,6,9,12,15,18 766,726,686,646,606,566
PC [M+H]*
732.5537 CaoH79NOsP -0.1 32:1(ECN=30) 16:0/16:1 11.86 n-9 622
734.5672 C40Hs1NOsP -3.0 32:0(ECN=32) 16:0/16:0 12.86 Saturate Saturate
756.5550 Ca2H79NOsP 1.6 34:3(ECN=28) 16:0/18:3 11.43 n-3,6,9 730,690,650
758.5683 CsHgiINOsP -1.5 34:2(ECN=30) 16:0/18:2 12.02 n-6,9 690,650
760.5860 C42HssNOsP 1.2 34:1(ECN=32) 16:0/18:1 12.93 n-9 650
762.5998 C42HssNOsP -1.2 34:0(ECN=34) 16:0/18:0 14.52 Saturate Saturate
780.5535 C44H79NOsP -0.4 36:5(ECN=26) 16:0/20:5 10.95 N/A N/A?
782.5693 CusHgINOsP -0.1 36:4(ECN=28) 16:0/20:4 11.84 n-6,9,12,15 714,674,634,594
784.5832 CusHssNOsP 2.4 36:3(ECN=30) 16:0/20:3 12.27 n-6,9,12 636,676,716
18:1/18:2 12.07 n-9/n-9,12 674/ 606,566
786.5987 CasHgsNOsP -2.5 36:2(ECN=32) 18:1/18:1 13.01 n-9/n-9 676/566
18:0/18:2 13.26 n-6,9 718,678
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Table 6-1. Continued: PL species identified in egg yolk PL extract.

Tons Formula Mass Accuracy Molelular Species t].{ Doul?lf: Bond Ozonolysis Prodcut Aldehyde
(ppm) (min) Position n- Ions (m/z)
788.6195 C44Hg7NOgP 3.9 36:1(ECN=34) 18:0/18:1 14.68 n-9 678
806.5696 Cs6Hg1NOgP 0.2 38:6(ECN=26) 16:0/22:6 11.57 n-3,6,9,12,15,18 780,740,700,660,620,580
808.5830 Cs6HgsNOgP -2.6 38:5(ECN=28) 18:0/20:5 12.21 N/A N/A?
18:1/20:4 11.88 N/A N/A®?
810.6009 CisHgsNOgP 0.2 38:4(ECN=30) 18:0/20:4 12.98 n-6,9,12,15 742,702,662,622
812.6151 C46Hs7NOsP -1.6 38:3(ECN=32) 18:0/20:3 13.67 n-6,9,12 744,704,664
834.5990 C4sHgsNOgP 2.0 40:6(ECN=28) 18:0/22:6 12.59 n-3,6,9,12,15,18 808,768,728,688,648,608
LPE [M+H]*
454.2930 C21H4sNO7P 0.4 sn-2-16:0 7.72 Saturated Saturated
sn-1-16:0 7.87 Saturated Saturated
466.3295 C23H4oNOGP 0.6 18:1-eLPE 7.47 n-9 356
480.3079 Ca3H47NO7P -1.2 18:1 7.78 n-9 370
482.3239 C23H4oNO7P -0.4 sn-2-18:0 7.57 Saturated Saturated
sn-1-18:0 7.73 Saturated Saturated
SM [M+H]*
703.5737 C39HgoN2O6P -1.7 d18:1/16:0 9.84 Saturated Saturated
705.5927 C39HgaN2OgP 3.1 d18:0/16:0 9.73 Saturated Saturated
731.6078 C41HgaN>OgP 2.1 d18:1/18:0 9.72 Saturated Saturated
813.6846 C47Ho4N>O6P 0.2 d18:1/24:1 9.43 n-9 703
LPC [M+H]*
496.3400 Co4Hs1NO/P 0.4 sn-2-16:0 10.54 Saturated Saturated
sn-1-16:0 10.72 Saturated Saturated
522.3541 Ca6Hs3NO-P -0.5 sn-2-18:1 10.40 n-9 412
sn-1-18:1 10.60 n-9 412
524.3705 Ca6HssNO7P -1.1 sn-2-18:0 10.32 Saturated Saturated
sn-1-18:0 10.50 Saturated Saturated

 The intensity of ozonolysis product aldehyde ions is too low to observe.
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6.3.3.2. 2D-LC/MS and 2D-LC/O3-MS analysis of PI, PE and PC class

In Chapter 5, HILICxC18 LC was successfully developed for on-line
molecular species separation of PC from rat liver using a 10-port 2-position
switching valve as the interface. In this study, a C18 column with the same type
of solid phase but only half the length (75 mm) was used in order to shorten the
second dimensional separation time from 30 min to 20 min, since separation
capacity and resolution was not much compromised by using this shorter column.
Accordingly, the gradient of HILIC was modified in order to achieve class
separation within 20 min, which has been described in details in Experimental
Section. Here, 2D-LC/MS analysis was applied for the molecular species
separation of PI, PE and PC class from egg yolk PL extract. In-line ozonolysis
was also performed for the detailed structure inspection of each eluting molecule

in PI, PE and PC class.

For 2D-LC separation of PI molecular species, the fraction eluting from
the HILIC column was transferred and injected on the C18 column by switching
the valve to Position B at 4.0 min and back to Position A at 4.8 min. ESI(-)-MS
was used for the detection of PI species, since molecular ions can only be
observed as [M-H] ions. Compared to the HILIC separation (Figure 6-3b), the
molecular species of PI were much better separated on C18 column (Figure 6-
4a). The observed molecular species and their corresponding tr have been listed
in Table 6-1. The elution order of these PI species was consistent with their
ECN, meaning the PI molecules with higher ECN were retained longer on the

C18 column. In order to assign the specific fatty acyl chains in these PI species,
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2D-LC was coupled to O3-MS in the negative ion mode. As an example, the Os-
MS spectrum of PI(18:0/18:2) in this egg yolk PL extract is shown in Figure 6-
4b. In addition to the intact [M-H] ions at m/z 861, ozonolysis product ions
appeared at m/z 753, 787, 793 and 827. The ions at m/z 787 and 827 have 34 Da
higher masses than the ions at m/z 753 and 793 respectively, indicating that they
correspond to the H>O adducts of the corresponding Criegee intermediates,
consistent with the product ions generated by in-line ozonolysis of PI(18:0/20:4)
standard (Figure 6-2¢). The ions at m/z 793 and 753 are deprotonated ions of
ozonolysis product aldehydes from the oxidative cleavage of double bonds at 7n-6
and -9 along the 18:2 acyl chain. For the other PI molecular species in this
sample, the ozonolysis product aldehydes along with the products of 34 Da higher
masses are also observed and used for the determination of double bond positions

(Table 6-1).
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Figure 6-4. (a) TIC of 2D-LC/MS analysis of PI class in egg yolk PL extract in
negative ion mode; (b) O3-MS spectrum of PI(18:0/18:2) in the egg yolk sample.

For molecular species separation of PE class, the fraction eluting between
5.6 and 6.4 min from the HILIC column was re-injected onto the C18 column
during a separate injection. While certain degree of PE species separation could
be obtained by the HILIC column (Figure 6-3a), the diversity of PE molecular
species was much better observed after 2D-LC separation (Figure 6-5a). PE
were easily ionized as [M+H]" molecular ions under ESI (+) and had higher

intensity than [M-H] ions under ESI (-), thus 2D-LC/MS analysis was carried out
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under positive ion mode. Due to the valve switching at 5.6 and 6.4 min, a
baseline fluctuation was observed around 6 min. The first eluting species was
PE(16:0/22:6) (ECN =26) at 9.56 min and the rest PE molecular species eluted
generally according to their ECN ranging from 26 to 34. One exception was
observed for PE(18:0/22:6) with ECN of 28 eluting at 10.89 min, which retained
longer even than PE(16:0/18:2) (tr 10.14 min) with ECN of 30. A similar
retention order exception was also observed during 2D-LC separation of PC in rat
liver in Chapter 5, which is probably related to the existence of PUFA chain in
these PE and PC molecules. Even though PE species containing PUFA such as
PE(16:0/22:6), PE(18:0/22:6), PE(16:0/20:4) and PE(18:0/ 20:4) were relatively
well separated from other species, no more detailed structure information could be
derived from just the 2D-LC/MS analysis to identify them as n-3 or n-6 PUFA.
Therefore, 2D-LC/O3-MS analysis was also performed on PE species. As an
example, the O3-MS spectrum of PE(18:0/22:6) in the sample is shown in Figure
6-5b. The mass difference of 26 Da between the intact PE(18:0/22:6) [M+H]" ion
at m/z 792 and the ozonolysis product ion at m/z 766 directly assigned the first
double bond at the n-3 position. The successive ozonolysis product ions at m/z
726, 686, 646, 606 and 566, with 40 Da mass differences between each other,
provided the evidences that these double bonds were connected by methylene
groups. Thus, PE(18:0/22:6) in egg yolk contains the n-3 fatty acid

docosahexaenoic acid (DHA).
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Figure 6-5. (a) TIC of 2D-LC/MS analysis of PE class in egg yolk PL extract in
positive ion mode; (b) O3-MS spectrum of PE(18:0/22:6) in the egg yolk sample.

PC class eluting between 8.2 and 9.0 min from the HILIC column was
also re-injected to C18 column for the further separation of molecular species.
The major PC species were listed in Figure 6-6a; other minor PC species are
shown in Table 6-1 due to their partial co-elution with major species. Compared
to Pl and PE, PC class had even higher level of species diversity with ECN ranged

from 26 to 34. PC molecular species still eluted based on their ECN, with the
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exception that PC molecules with PUFA such as PC(16:0/22:6) and
PC(18:0/22:6) had longer retention than the PC species with higher ECN. In-line
ozonolysis was also performed on PC species and the ozonolysis product
aldehydes that are characteristic of double bond positions were detected as
[M+H]" ions. The isomers of PC36:2 in the egg yolk were used as an example to
illustrate how the double bond positions were assigned by using in-line
ozonolysis. In the extracted ion chromatogram (XIC) of the ion at m/z 786
(Figure 6-6b), two peaks appeared at 13.01 and 13.26 min, indicating they were
PC(18:1/18:1) and PC(18:0/18:2) isomers. In the O3-MS spectrum of the peak at
13.01 min (Figure 6-6¢), ozonolysis product ions were observed at m/z 676
besides the intact molecular ion at m/z 786, which directly assigned the double
bond at n-9 in one of 18:1 acyl chains; the other ozonolysis product ion at m/z 566
was generated from the further ozonolysis of the double bond in the other chain,
and the mass loss of 110 Da from m/z 676 also located the second double bond at
n-9 position in the other 18:1 acyl chain. The ion at m/z 760 of PC(16:0/18:1)
also appeared with its ozonolysis product ion at m/z 650 due to the partial co-
elution, but it did not affect the ozonolysis of PC(18:1/18:1) at 13.01 min. In
Figure 6-6d, the ozonolysis product ions at m/z 718 and 678 facilitate the

assignment of the double bond positions at #-6 and 9 in PC(18:0/18:2).
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Figure 6-6. (a) TIC of 2D-LC/MS analysis of PC class in egg yolk PL extract in
positive ion mode; (b) XIC of m/z 786 from (a); (¢c) O3-MS spectrum of peak at
13.01 min; (d) O3-MS spectrum of peak at 13.26 min.
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6.3.3.3. HILIC/O3-MS analysis of LPE, LPC and SM class

Initially, as in the 2D-LC/MS analysis of PI, PE and PC, LPE class eluting
between 7.2-8.0 min and LPC class eluting between 10.2-11.0 min from HILIC
column were also injected on C18 column and eluted using the same isocratic
condition. However, all the species in both LPE and LPC class had very little
retention and almost eluted within one single peak on C18 column. The low
retention of LPE and LPC class on C18 column was also observed in the off-line
2D-LC study, in which LPE and LPC classes from HILIC column were collected
and injected onto a C18 column separately for molecular species separation. All
the species of both LPE and LPC classes eluted within 6 min with partial or
complete co-elution even though the separation condition of C18 column has been

optimized [155].

On the contrary, partial molecular species separation of LPE and LPC was
already achieved on the HILIC column as seen in the insets of Figure 6-3a. The
mass measurement of the ion at m/z 454 identified it as LPE(16:0). In the XIC of
the ion at m/z 454 from Figure 6-3a, two peaks at 7.73 and 7.87 min appeared,
representing regio-isomers of the LPE with 16:0 acyl chain at either sn-1 or sn-2
position. The regio-isomers of LPE(18:0) at m/z 482 were also observed at 7.57
and 7.73 min. The accurate assignment of the regio-isomers cannot be achieved
by our study. It has been shown that sn-1 LPE and LPC retained longer than the
corresponding sn-2 isomers on HILIC column [155]. Thus, the assignment of sn-
isomers was solely based on the retention time on the HILIC column in our study

(Table 6-1). LPE(18:1) at m/z 480 were observed at 7.78 min, co-eluting with
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LPE(16:0). We also observed the ions at m/z 466 from a LPE species existing in
low intensity with tr at 7.47 min. The exact mass measurement at m/z 466.3295
was used to determine the elemental composition as C23H47NO7P*, which
excluded the possibility that this ion represented LPE(17:1). Thus, this ion is
identified as the 18:1 eLPE with the chain bonded by 1-O-alkyl ether (plasmanyl)
or 18:0 pLPE with chain boned by 1-O-alk-1’-enyl (plasmenyl). At this point, we
can not determine the exact structure as either 18:1 eLPE or 18:0 pLPE, since the
MS/MS spectrum in both positive and negative polarity failed to provide product
ions that could be used for the specific assignment. The acidic hydrolysis
treatment has been performed on the ether PL before MS analysis, since the
double bond in 1-O-alk-1’-enyl linkage is unstable under the acid treatment [156].
It has also been shown that product ions from the loss of R{OH could only be
observed from MS/MS analysis of the pLPC [M+Li]" ions, not from the MS/MS

analysis of eLPC [M+Li]" ions [157].

For LPC, the regio-isomers were also observed from LPC(16:0),
LPC(18:0) and LPC(18:1) in their XIC of m/z 496, 524 and 522, respectively.
Like LPE, the identification of regio-isomers only relied on their retention time on

HILIC column (Table 6-1).

For SM, even though there are two substituents in the molecules besides
the polar head group, the SM fraction eluting between 9.2 and 10.0 min from
HILIC column had poor retention and resolution under current C18 column
separation condition. On the other hand, the SM molecular species were

separated on HILIC column just like LPE and LPC (inset of Figure 6-3a).
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SM(d18:1/24:1) eluted at 9.43 min and was well separated from SM(d18:1/16:0)
(tr 9.84 min) and SM(d18:1/18:0) (tr 9.72 min); only SM(d18:0/16:0) co-eluted

with SM(d18:1/18:0) at 9.73 min.

Although the separation of molecular species of LPE, LPC and SM class
was already achieved on the HILIC column, the double bond positions in
unsaturated species such as LPE(18:1), LPC(18:1) and SM(d18:1/24:1) could not
be assigned. Therefore, the in-line ozonolysis device was coupled with HILIC
column (HILIC/O3-MS), in this way each eluting molecules from LPE, LPC and
SM class would go through the in-line ozonolysis device, and the ozonolysis
products were detected by ESI (+)-MS. For example, in Figure 6-7a the ion at
m/z 370 appeared in the O3-MS spectrum of LPE(18:1) besides the intact [M+H]"
ions at m/z 480, the mass loss of 110 Da immediately assigned the only double
bond in this LPE at n-9 position. The ion at m/z 454 representing LPE(16:0)was
also observed due to the co-elution, but did not compromise using characteristic
ozonolysis product aldehydes for the determination of double bond position. In
the O3-MS spectrum averaged at between 7.45 and 7.50 min, the ion at m/z 466
was still observed, and the ozonolysis product ion appeared at m/z 356, which
indicated the double bond locates at n-9 position. The observation of this
ozonolysis product ion supports the suggestion that the ion at m/z 466 corresponds
to eLPE(18:1(n-9)), not 18:0 pLPE (the double bond located next to the ether
group at the end of the chain). In this case, the in-line O3-MS experiment appears

to distinguish plasmanyl and plasmenyl LPE isomers such as eLPE(18:1(n-9))and
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pLPE(18:0). Further development of O3-MS method is needed for this specific

identification purpose.

370 454
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Figure 6-7. (a) O3-MS spectrum of LPE(18:1);(b) O3-MS spectrum of
SM(d18:1/24:1) in the egg yolk sample.

For SM(d18:1/24:1) in the sample, the ozonolysis product aldehydes were
observed at m/z 703 and 523 besides the intact [M+H]" at m/z 813 (Figure 6-7b).
The double bond along the N-24:1 chain was localized at n-9 position based on

the observation of the ion at m/z 703 that had 110 Da lower masses than m/z 813.
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The ion at m/z 523 represented another ozonolysis product aldehyde generated by
further oxidative cleavage of the double bond in d18:1 chain besides the N-24:1
chain. The similar pattern of ozonolysis product ions was seen in the O3-MS

spectrum of SM(d18:1/18:1(n-9)) standard (Figure 6-2d).

Therefore, in the egg yolk PL extract all the molecular species in PI, PE
and PC were unambiguously identified by using HILIC/MS and MS/MS analysis
followed by 2D-LC/ O3-MS; LPE, LPC and SM molecular species were
accurately assigned by using HILIC/MS and HILIC/Os-MS analysis. All these
identified species including 7 PI, 11PE, 19 PC, 3 LPE, 1 eLPE, 4 SM and 6 LPC
have been listed in Table 6-1. Our findings have revealed even more diversity of
PL species in egg yolk compared with previous reports [124,139]. The results are
comparable to egg yolk profiling using the off-line 2D-LC/MS method developed
by Lisa et al [155]. Besides, our method has demonstrated the unambiguous

identification of each species with the position of double bond directly assigned.

6.4. Conclusions

In this study, we have successfully developed a comprehensive method for
PL profiling by using the combination of HILIC/MS(/MS) and on-line 2D-LC/MS
analysis. The use of in-line ozonolysis coupled with HILIC column and 2D-LC
column has been shown to be necessary for the elucidation of the exact structure
of the chains within the molecules. While shotgun lipidomics reveals a great lipid
diversity within relatively short analysis time, the minor species and most isomers

can only be observed with chromatographic separation prior to MS detection, and
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other analytical techniques are also required to confirm the species identification.
Compared with shotgun lipidomics, although the method demonstrated here
requires longer analysis time, it can be used for the separation and identification
of individual molecular species, especially the minor species. The experimental
setup is also very flexible, which is especially helpful for the profiling of PL that
is a group of chemically diverse compounds. This approach has shown great
promised for PL profiling including detailed molecular structures, which can be

applied complementary with shotgun lipidomics.
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CHAPTER 7

General Discussions and Conclusions

In this study, the unambiguous determination of double bond positions in
lipids has been successfully achieved by using in-line ozonolysis mass
spectrometry (O3-MS). The gas-permeable and liquid- impermeable Teflon tube
was used as the in-line ozonolysis device placed prior to the ionization source of
mass spectrometer. In this experiment, as the lipid molecules in mobile phase
were passing through the semi-permeable tube, ozone that penetrated through the
wall of the tube could immediately react with double bonds, resulting in oxidative
cleavage products. Then, these ozonolysis products carried by the mobile phase
were directed to ionization source and analyzed in real time by the mass
spectrometer. The m/z values of these diagnostic ozonolysis product ions were
then used for the double bond localization. The configuration of this in-line
ozonolysis device was also found to be compatible with liquid chromatography
(LC) (LC/O3-MS), which is very important for the double bond position
assignment for unsaturated lipids existing in complex samples. The applications
of the LC/O3-MS method for the direct assignments of double bond positions in
natural lipid samples were demonstrated by the analyses of fatty acid methyl ester

(FAME) (Chapter 3 and 4) and phospholipids (PL) mixtures (Chapter 5 and 6).

Many of the previous methods for the determination of double bond
positions in lipids are based on the principle of charge remote fragmentation, such

as gas chromatography coupled with electron ionization mass spectrometry
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(GC/EI-MYS) analysis of fatty acid dimethyloxazolines (DMOX) derivatives [17],
tandem mass spectrometry (MS/MS) analysis of lithiated adduct ions of fatty acid
[22] and triacylglycerols (TAG) [65], and N-(4-aminomethylphenyl) pyridinium
(AMPP) detrivatives of fatty acids [24,25]. Theoretically, the information of
double bond positions could be derived from the fragment ions in these mass
spectra. However, ambiguities still exists due to the low intensity of the
diagnostic ions due to extensive fragmentation, which is especially problematic
for the species present in low abundance and also for polyunsaturated species.
Compared to these previous methods, the mass spectra from in-line O3-MS
analyses are much simpler, as has been well demonstrated in this work (Chapter
3,4, 5 and 6). Ozonolysis reactions have high specificity, meaning ozone vapor
dominantly reacts with carbon-carbon double bonds in unsaturated lipids [37].
Therefore, only ions corresponding to ozonolysis products from oxidative
cleavage right at the double bonds are observed during in-line O3-MS analyses.
These ozonolysis product ions have characteristic m/z valves that can be directly

used for unambiguous assignment of double bond positions.

While ozonolysis reactions have been used for assignment of double bond
positions in unsaturated lipids before, the in-line O3-MS method described in this
work possessed obvious advantages for its practical and easy use. Unlike off-line
ozonolysis experiments [30], during in-line O3-MS analysis the ozonolysis
reaction occurs in the semi-permeable tube that is placed in-line with ionization
source. This configuration greatly simplifies the procedure and also avoids the

possible sample loss problem that is associated with off-line reactions. Since the
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ozonolysis reaction occurs totally outside of the mass spectrometer, no
instrumental modifications are needed for the introduction of 0ozone vapor into the
mass spectrometer unlike ozone electrospray ionization mass spectrometry
(OzESI-MS) [38] and ozone-induced dissociation (OzID-MS) [39] approaches.

In OzID-MS experiments, ozone vapor was introduced into either an ion trap [39]
or liner ion trap mass spectrometer [40] for gas-phase reaction between lipid ions
and ozone vapor. The lipid ions of interests were trapped for certain time in order
to generate enough ozonolysis product ions. Thus, the OzID-MS approach could
only be performed on ion trap mass spectrometers and also might suffer from the
low sensitivity. On the other hand, there is no specific requirement of certain type
of mass spectrometer for in-line O3-MS analysis, and the in-line ozonolysis device
is compatible with all mass spectrometers equipped with a spray ionization

source.

Another advantage of the in-line O3-MS method is its compatibility with
LC, which makes the analysis of complex lipid mixtures possible. The ends of
the Teflon tube can be easily connected to the LC column using the tubing sleeves
and nuts of standard dimensions. In this way, each eluting fraction from the LC
column can pass through the in-line ozonolysis device according to their retention
times. Thus, coupling with LC separation greatly reduces the ion suppression that
can be a problem for detecting minor lipid species, at the same time the O3-MS
spectrum becomes simple for interpretation. As has been described in Chapter 5
and 6, the in-line ozonolysis device is also compatible with two dimension LC

(2D-LC) using hydrophilic interaction liquid chromatography column as the first
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dimensional LC for PL class separation and C18 column as the second
dimensional LC for molecular species separation. This is a huge advantage for
the structural elucidation of the fatty acyl chains in PL which consists of diverse
molecular species. While co-elution still exists due to the limited LC column
efficiency and the large number of isomers, double bond positions of these co-
eluting species can still be assigned based on the observation of diagnostic
ozonolysis product ions with different m/z values. This was demonstrated by the
double bond localization of 18:1 FAME positional isomers in bovine fat sample
(Chapter 3) [101], conjugated linoleic acid isomers from different sources
(Chapter 4) [137] and also phosphotidycholine species in rat liver (Chapter 5) and

egg yolk samples (Chapter 6).

It is not possible to determine whether the double bonds are in the cis or
trans configuration by in-line O3-MS method itself. However, this structural
information can be derived from the retention order on the LC column, especially
when using a silver ion LC (Ag™-LC) column, where an isomer with a trans
double bond elutes earlier than the corresponding isomer with cis double bond
[77]. By coupling Ag*-LC column with O3-MS, in a 30 min analysis all of the
18:1 FAME isomers in a bovine fat sample were identified including the position
and the configuration of double bonds assigned (Chapter 3). In contrast to the
previous studies using 2D-GC and Ag™-LC/MS [78], no standards were needed
and nor was excessive resolution between the 18:1 FAME isomers necessary
during Ag"-LC/O3-MS analysis, since the assignment of double bond position

only depended on the observation of the characteristic ozonolysis product ions.
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The configuration of the double bond was then easily determined by the relative
retention time. Ag'-LC/O3-MS analyses were also applied for the identification
of CLA isomers from different sources. For CLA isomers, a pair of diagnostic
ozonolysis products ions indicating the position of the conjugated double bonds
was observed and the m/z values are these diagnostic ions are fully predictable.
Thus, CLA positional isomers were identified de novo and confirmed by
examining the extracted ion chromatograms (XIC) of these diagnostic ions. The
retention times of CLA isomers on Ag'-LC column were then used to determine
whether the conjugated double bonds were in cis, cis- or trans,trans-
configuration. The Ag*™-LC/O3-MS method greatly simplifies the CLA analysis

procedures and also avoids the identification ambiguity.

The degree of ozonolysis reaction can be easily controlled by adjusting the
length of the semi-permeable tube that is inserted into the chamber filled with
ozone vapor. Therefore, sufficient ozonolysis of double bonds can be achieved
for lipid species covering a wide range of abundances and also under LC flow
rates of between 0.2 and 1 mL/min. Current lipidomic analyses using various
LC/MS and MS/MS methods can now reveal abundant structural information of
lipids in complex mixtures. However, many isomeric species that may possess
important biological functions remain unidentified [7,63,64]. The in-line O3-MS
method can provide insight into the specific structure of these isomers and further
reveal the complexity of the lipidome. Furthermore, the in-line ozonolysis
experiment can be easily incorporated into many existing LC/MS methods due to

its compatibility with LC and most of mass spectrometers. It is also possible for

168



most analytical laboratories to adapt the in-line O3-MS method for direct double

bond localization by the addition of an inexpensive low-flow ozone generator.

In conclusion, this work has demonstrated a novel approach to coupling
the ozonolysis reaction with modern mass spectrometers for unambiguous
assignment of double bond positions in lipids. Combining LC with in-line O3-MS
has shown great success in the analyses of FAME and PL species existing in
complex samples. The in-line O3-MS method has been proved to be a very
practical and relatively easy solution to the analytical challenge of identifying
subtle structure differences between lipid species. Future work will include
applying the O3-MS method to TAG species. Since TAG moleculs contain three
fatty acyl chains, they will give O3-MS spectra that are more complicated to
interpret. The in-line O3-MS experiment can provide insight into the specific
structure of unsaturated lipid molecules and at the same time can be easily
incorporated into LC/MS analyses. It would also be possible to develop
algorithms to automatically identify the diagnostic ozonolysis product ions and
hence identify specific lipid isomers. This could be complementary to the current

shotgun lipidomic approach.
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