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Abstract. Over 1500 different lipids have been
reported in human plasma at the sum composi-
tion level. Yet the number of unique lipids present
is surely higher, once isomeric contributions from
double bond locat ion(s) and fat ty acyl
regiochemistry are considered. In order to resolve
this ambiguity, herein, we describe the incorpora-
tion of ozone-induced dissociation (OzID) into
data-independent shotgun lipidomics workflows
on a high-resolution hybrid quadrupole-Orbitrap

platform. In this configuration, [M +Na]+ ions generated by electrospray ionization of a plasma lipid extract were
transmitted through the quadrupole in 1 Da segments. Reaction of mass-selected lipid ions with ozone in the
octopole collision cell yielded diagnostic ions for each double bond position. The increased ozone concentration
in this region significantly improved ozonolysis efficiency compared with prior implementations on linear ion-trap
devices. This advancement translates into increased lipidome coverage and improvements in duty cycle for data-
independent MS/MS analysis using shotgun workflows. Grouping all precursor ions with a common OzID neutral
loss enables straightforward classification of the lipidome by unsaturation position (with respect to the methyl
terminus). Two-dimensional maps obtained from this analysis provide a powerful visualization of structurally
related lipids and lipid isomer families within plasma. Global profiling of lipid unsaturation in plasma extracts
reveals that most unsaturated lipids are present as isomeric mixtures. These new insights provide a unique
picture of underlying metabolism that could in the future provide novel indicators of health and disease.
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Introduction

Human blood plasma is a tightly regulated biological fluid,
rich in lipids and metabolites that is readily available in

clinical settings. The composition of the plasma lipidome can
provide a snapshot of human metabolism [1]. Moreover,
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changes in plasma lipid concentrations have been widely stud-
ied in biomarker discovery for various pathologies, including
Alzheimer’s disease [2], prostate cancer [3], metabolic dys-
function [4], and cardiovascular disease [5], among others [6].

The unparalleled sensitivity and specificity of contemporary
mass spectrometers (and associated developments in bioinfor-
matics) have led to mass spectrometry-based methods becom-
ing the analytical tool of choice for characterizing complex
lipid extracts from biological systems; including human blood
plasma. Plasma lipid extracts have been analyzed by high-
resolution Btop-down^ shotgun lipidomics [7, 8], or in con-
junction with prior fractionation by chromatographic and/or
ion-mobility separations to resolve lipid classes [9–11], or
unique lipids within a class [12]. These collective efforts have
driven the development of certified standard reference mate-
rials (e.g., SRM1950: metabolites in human plasma, National
Institute of Standards and Technology) [13] and isotopically
labeled lipid standard mixtures (e.g., SPLASH® Lipidomix®,
Avanti Polar Lipids) that mimic human plasma, to facilitate
more accurate quantitation of plasma lipids. Despite these
achievements, the challenge of fully elucidating the human
plasma lipidome has been clearly laid out by an inter-
laboratory study using SRM1950 [14]. Among the 1527 dif-
ferent lipids identified at the sum composition level (number of
carbons and degree of unsaturation), consensus between 5 or
more laboratories could only be reached for the concentration
of 339 lipid species. Unsurprisingly, there is a continued im-
petus to develop guidelines in order to standardize lipidomics
approaches in order to bridge the gap between the analytical
laboratory and clinical diagnostics [15–17].

Yet even this startling result does not capture the full extent
of the task confronting the lipidomics community. Assigning a
lipid only at the sum composition level overlooks more detailed
descriptions of molecular structure, referred to by Koelmel and
co-workers as the structural resolution in lipid identification
[18]. The inability to resolve isomeric species leads to a signif-
icant underestimation of the diversity of unique molecular
species within the lipidome [19, 20], and raises the possibility
that identified biomarkers are not unique molecules but instead
represent a mixture of isomers. Isomeric overlap can arise in
glycerolipids and glycerophospholipids from the presence of
multiple species with a common lipid class and sum composi-
tion but varying in the composition and relative position (sn-
position) of fatty acyl chains on the glycerol backbone. While
acyl chain composition can be determined by tandem mass
spectrometry (e.g., PC 16:0_20:1 is resolved from PC
18:0_18:1), regioisomers differing only in the position of the
chains (e.g., PC 16:0/20:1 and PC 20:1/16:0) are typically
resolved by exhaustive chromatographic or ion-mobility sepa-
rations [21–23], combinations of CID with ion-molecule reac-
tions [24, 25], or carefully calibrated CID-based methods [26–
29]. Zacek and co-workers used a negative ion MS/MS-based
approach to quantify isomeric phosphatidylcholines (PCs) in
human plasma [30]. This analysis extended the list of 22 PCs
identified by sum composition (e.g., PC 36:1) to 41 species
with defined composition of the constituent fatty acids.

Moreover, both possible regioisomers were found to be present
in 35 of these 41 PCs. Taken together, these data contribute an
almost fourfold increase in the number of PCs assigned in
human plasma (see Fig. 1). Although this regioisomer-
specific analysis was conducted only on PCs, it is not difficult
to envisage that such diversity would be replicated across all
glycerolipid and glycerophospholipid classes.

The critical structural detail that remains beyond the reach of
conventional MS/MS-based lipidomics is the assignment of
double bond position and stereochemistry within a fatty acyl
chain, which would complete the description of the
Bstructurally defined molecular lipid^ [31]. Double bond posi-
tion has a significant impact on the physical properties of
macromolecular lipid assemblies [32–34]. Moreover, changes
in unsaturation position within the cellular lipidome (due to
dysregulation of desaturase enzymes) have been implicated in
various pathologies including cancer [35, 36]. However, dou-
ble bond-specific fragmentation is typically not observed with
low-energy CID, or the diagnostic ions are present only in
minor abundance in complex spectra [37]. Resolution of lipid
isomers varying only by double bond position has been suc-
cessfully demonstrated by ion-mobility spectrometry [38–40],
the Paternò-Büchi reaction [41], UV photodissociation [42,
43], electron impact excitation of ions from organics [44], or
by chemical derivatization prior to tandem mass spectrometry
analysis [45]. While some attempts have been made to apply
these techniques to profiling unsaturation in free fatty acids
from human plasma [46, 47], only recently has attention turned
to unsaturation within complex plasma lipids [48]. Ozone-
induced dissociation (OzID) exploits the chemical reaction
between ozone andmass-selected lipid ions, thereby generating
product ions with predictable neutral losses depending on the
position(s) of unsaturation. [49, 50] In this work, OzID is
implemented on a high-resolution hybrid quadrupole-Orbitrap
mass spectrometer (Q Exactive™ HF) in order to profile
unsaturation in multiple complex lipid classes extracted from

Figure 1. Hierarchical description of the number of unique PC
lipids in human plasma. Experimental data taken from Zacek
et al [30]. The outer circle is a theoretical maximum gained from
searching the 22 reported PC sum compositions against the
Lipid MAPS database
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human plasma using a data-independent shotgun lipidomics
approach.

Experimental
Materials

Optima LC-MS grade water, methanol, and HPLC grade meth-
yl tert-butyl ether (MTBE) were obtained from Fisher Scien-
tific (Schwerte, Germany) and used as received. Sodium ace-
tate (LC-MS grade) and citrated human blood plasma were
purchased from Sigma-Aldrich (Munich, Germany).

Lipid Extraction and Sample Preparation

Lipids were extracted from 40 μL aliquots of human plasma
following an MTBE-based lipid extraction protocol, as previ-
ously described [51]. MTBE extracts were evaporated to dry-
ness and subsequently re-dissolved in 800 μL methanol con-
taining 0.1 mM sodium acetate, as [M +Na]+ ions yield more
abundant OzID product ions relative to [M + H]+ or [M +
NH4]

+ precursor ions [38].

Mass Spectrometry

Mass spectra were acquired in positive ion mode using a heated
electrospray ionization source on a high-resolution Q
Exactive™ HF hybrid quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). The instrument
was modified as shown in Supporting Information Fig. S1 to
facilitate the introduction of ozone into the collision cell nor-
mally filled with nitrogen for higher-energy collisional disso-
ciation (HCD). [52] As shown in Supporting Information Fig.
S2, this configuration affords a significant increase in OzID
product ion abundances compared with implementation in a
linear ion-trap. Ozone (ca. 13% w/w O2) was produced online
by an ozone generator (HC-30, Ozone Solutions, Hull, IA) and
connected to a stainless-steel union tee with ozone-resistant
1/4″ Teflon tubing. The ozone was supplied to the instrument
via a PEEKsil™ restrictor (50 μm (i.d.) × 100 mm) to control
the flow rate of gas entering the collision cell. The HCD gas
supply line was interrupted by insertion of a 3-way ball valve,
which enables switching between the output from the
PEEKsil™ restriction and the native nitrogen supply. Down-
stream from the union tee, ozone is destroyed by a catalytic
destruct (IN USA, Norwood, MA) and ultimately exhausted
from the laboratory. Ozone monitors (2B Technologies, Boul-
der, CO) recorded the ozone concentration within the closed
system upstream from the union tee and in the ambient labo-
ratory air.

OzID spectra were acquired in a data-independent workflow
from m/z 650–950 in 1 Da increments. For these experiments,
the mass resolution was set to 240,000 (at m/z 200), the isola-
tion window 1.4 Da, and the collision energy set to the mini-
mum value (10 arbitrary units). Mass-selected precursor ions
were exposed to ozone for 0.5 s, preceding mass analysis in the
Orbitrap. Ten transients were averaged prior to the Fourier

transform. Post-acquisition, data were visualized and analyzed
using Xcalibur Qual Browser (version 3.0.63, Thermo Fisher
Scientific). Reconstructed unsaturation profiles from ions
exhibiting a common OzID neutral loss were extracted with a
tolerance of 0.1 Da.

Nomenclature

Lipid nomenclature is based on literature recommendations
[53, 54]. For example, the shorthand notation PC 34:1 repre-
sents a phosphatidylcholine lipid containing 34 carbons and a
single double bond within its fatty acyl chains. Unsaturation in
a fatty acyl chain is defined with respect to the alkyl terminus
by (n-x), where x is the number of carbons from the methyl
group to the double bond (e.g., PC 34:1(n-9)). Note that in this
representation, neither the identity of the fatty acid carrying the
double bond nor the fatty acid position on the glycerol back-
bone (sn-position) are explicitly identified. When the fatty acid
identities are known, the underscore separator is used (e.g., PC
16:0_18:1(n-9)). Explicit identification of both the fatty acid
identity and sn-position is denoted by a slash (e.g., PC 16:0/
18:1(n-9)). Double bond stereochemistry is not explicitly
defined.

Results and Discussion
Previous quantitative studies have determined that the most
abundant lipid classes in the plasma lipidome are cholesterol
and cholesteryl esters (CE), phosphatidylcholines (PC), phos-
phatidylethanolamines (PE), triacylglycerols (TG), and
sphingomyelin (SM) [9, 14]. Aside from cholesterol, each class
is comprised of at least 18 different sum compositions. The aim
of the present work is not to recapitulate these studies but to
explore the diversity of isomeric structures within a single sum
composition assignment. OzID spectra were acquired across
the range m/z 650–950 in 1 Da steps for [M + Na]+ ions
generated by direct infusion ESI of a plasma lipid extract.
The complete dataset (obtained in under 40 min) was subse-
quently interrogated to explore lipid unsaturation and isomeric
diversity in plasma. OzID spectra were obtained for unsaturat-
ed lipid species at or above 1 nmol/mL (e.g., Cer d18:1/24:1(n-
9), [9] see Supporting Information Fig. S3).

Unsaturation in Plasma Cholesteryl Esters

One of the most abundant lipids in human plasma is CE 18:2
(1.8 μmol/mL) [9, 14], that is, the cholesteryl ester of a fatty
acid with 18 carbons and 2 double bonds. Moreover, CE 18:2
in plasma has been identified as a potential biomarker for
squamous cell lung carcinoma [55]. As shown in Fig. 2b,
ozonolysis of sodiated CE 18:2 ions (m/z 671.58) in the octo-
pole collision cell for 0.5 s resulted in almost complete reaction
of the precursor ion. Ozonolysis yielded an abundant [M +
Na + 16]+ product ion (m/z 687.57), assigned to the formation
of an epoxide on the tetracyclic sterol ring system [56]. Reac-
tion of the alkene(s) on the fatty acyl chain with ozone can arise

D. L. Marshall et al.: Plasma Lipid Unsaturation by DIA-OzID 1623



from either the [M +Na + 16]+ ion or an [M +Na + 48]+ prod-
uct ion resulting from ring-opening [56]. As such, 2 pairs of
OzID product ions (offset by 32 Da) associated with each
double bond of the 18:2 fatty acyl can be assigned according
to predictable ozonolysis transitions shown in Tables 1 and 2,
consistent with the n-6 and n-9 double bonds of linoleic acid.
Thus the ion at m/z 671.58 can be confidently assigned as
exclusively comprising CE 18:2(n-6, n-9), as reported previ-
ously [57]. Similarly, the OzID spectrum in Fig. 2d shows that
CE 20:4 (m/z 695.57) is uniquely cholesteryl arachidonate (i.e.,
CE 20:4(n-6, n-9, n-12, n-15)). Conversely, the OzID spectra
shown in Fig. 2a and c demonstrate that CE 18:1 (m/z 673.59)
and CE 18:3 (m/z 669.56) have contributions from multiple
isomers. Neutral losses of 110.15 Da and 94.15 Da (see
Table 1) from either the [M + Na + 16]+ ion or [M + Na +
48]+ ion indicate that the predominant isomer contributing to
m/z 673.59 is CE 18:1(n-9). However, aldehyde product ions
with a neutral loss of 82.11 Da and 124.16 Da are also ob-
served, at lower abundance, indicative of CE 18:1(n-7) and CE
18:1(n-10). Differing rates of ozonolysis as a function of dou-
ble bond position [58] mean that relative quantitation of these

isomers is not possible without reference to pure standards;
however, a molar ratio of 1:12 has previously been reported for
the CE 18:1(n-7) and CE 18:1(n-9) isomers, which is consistent
with these data [57]. Importantly, although all precursor ions of
m/z 673.6 ± 0.7 Da react with ozone in the octopole collision
cell in the configuration presented here, subsequent high reso-
lution mass analysis enables the discrimination of isobaric
precursor ions (and their reaction products), such that the
[M + 2] isotopic peak of CE 18:2 is resolved from CE 18:1
(Δ = 7.5 mDa, Rs~90,000).

Trends in Unsaturation Across the Plasma
Lipidome

Spectral acquisition in a data-independent workflow enables
the compilation of all OzID spectra across the target m/z range
into a heat map, providing a global snapshot of unsaturation in

Figure 2. OzID spectra obtained for (a) CE 18:1 (m/z 673.59); (b) CE 18:2 (m/z 671.57); (c) CE 18:3 (m/z 669.56); and (d) CE 20:4 (m/z
695.58). The precursor ion in each spectrum is indicated by a star while [M+Na + 16]+ product ions are denoted by closed circles.
OzID product ions indicative of the positions of unsaturation are indicated with colored brackets

Table 1. Ozonolysis neutral losses (Da) for monounsaturated FAs

DB position (n-x) Aldehyde Ion Criegee Ion

3 26.0520 10.0571
4 40.0677 24.0728
6 68.0990 52.1041
7 82.1146 66.1197
9 110.1459 94.1510
10 124.1616 108.1667
15 194.2398 178.2449
17 222.2711 206.2762

Table 2. Ozonolysis neutral losses (Da) for polyunsaturated FAs

First DB position (n-x) All DB positions (n-x) Aldehyde Criegee

3 3 26.0520 10.0571
6 66.0833 50.0884
9 106.1146 90.1197
12 146.1459 130.1510
15 186.1772 170.1823
18 226.2085 210.2136

6 6 68.0990 52.1041
9 108.1303 92.1354
12 148.1616 132.1667
15 188.1929 172.1980
18 228.2242 212.2293

9 9 110.1459 94.1510
12 150.1772 134.1823
15 190.2085 174.2136
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the plasma lipidome. In this representation, as shown in Fig. 3,
each vertical slice is an individual OzID spectrum, with all
precursor ions falling on a diagonal line. Regardless of their
class, all lipid ions with a common position of unsaturation
(with respect to the methyl terminus of the fatty acyl) also fall
on parallel diagonal lines, as a consequence of the ozonolysis-
induced neutral loss.

The data plotted in Fig. 3 can be used to readily identify the
major complex lipids containing fatty acyls with a specific
position of unsaturation. Integrating along each diagonal line
yields a profile of all lipids containing a specific position of
unsaturation, in the form of a reconstructed spectrum of all
precursor ions exhibiting a common neutral loss, as shown in
Fig. 4. For example, the reconstructed neutral loss representa-
tion in Fig. 4e shows that the nutritionally essential n-3 fatty
acyls (identified by a common 26.05 Da loss) are located
predominantly in triacylglycerols (TGs) of 50–54 carbons but
also identifies PC 36:5 and PC 38:6 as omega-3 fatty acid
carriers. Similarly, the profiles of n-9, n-7, and n-6 double
bonds (Fig. 4a–c) are also dominated by the highly abundant
TGs of 50–52 carbons and, to a lesser extent, PCs of 34–38
carbons. While it must be noted that the ordinate of these
reconstructed spectra reflects the raw abundance of OzID prod-
uct ions (a function of both the precursor ion abundance and
ozonolysis reaction rate), these reconstructed neutral loss spec-
tra afford a rich, qualitative snapshot of unsaturation across the
extract.

Compared with C=C double bonds within fatty acyl chains,
the trans n-14 double bond within a sphingolipid long-chain
base is relatively unreactive toward ozone. [59] Thus, a neutral
loss of 180.22 Da,diagnostic for an n-14 alkene, does not yield
a useful profile of sphingosine-containing lipids. As shown in
Fig. 4d however, a neutral loss of 40.07 Da during ozonolysis
(indicative of an n-4 double bond) is exclusive to
sphingomyelins with at least 2 sites of unsaturation. This
hypothesis is consistent with the presence of an (n-4, n-14)-

sphingadiene as the long-chain sphingoid base, [60] although it
is feasible that the n-4 double bond may instead be on the fatty
acyl. For example, SM d34:2 in human plasma consists of 85%
SM d18:2/16:0, whereas only 29% of SM d42:2 carries a
sphingadiene motif, as determined by MS/MS in negative ion
mode [9]. The OzID spectrum acquired from the [SM d34:2 +
Na]+ ion (m/z 723.54) features abundant product ions assigned
to the n-4 double bond position. By contrast, ozonolysis of SM
d42:2 (m/z 835.67) yields product ions diagnostic for both the
n-4 and n-9 positions. The abundance of the latter ions are
greater than the former, consistent with the presence of SM
d18:1/24:1(n-9) as the major isomer, and SM d18:2(n-4, n-14)/
24:0 as the minor contributor (see Supporting Information, Fig.
S4).

High Resolution MS with OzID Resolves Isobaric
and Isomeric Lipids

Plasmanyl-, and plasmenyl- (i.e., plasmalogen) ether lipids are
isomeric species that are not typically resolved by chromatog-
raphy or low-energy CID, although selective chemical deriva-
tization of the plasmalogen double bond has proven successful
[61]. Previous studies of human plasma have grouped isomeric
alkyl ether and vinyl ether lipids (with the same total number of
double bonds) together as single species [9]. Plasmalogens are
differentiated from their alkyl ether counterparts by the rapid
reaction of the electron-rich vinyl ether with ozone, resulting in
a neutral loss of 194.24 Da (for P-16:0) or 222.27 Da (for P-
18:0). [62] Fig. 5 highlights that the major PC plasmalogens in
human plasma contain 32–38 carbons, generally partnered by a
polyunsaturated fatty acid (PUFA). For example, the largest
peak identified for both P-16:0 (Fig. 5a) and P-18:0 (Fig. 5b)
species contains a 20:4 fatty acid. Note that the relative abun-
dances obtained from these profiles differ from the total ether
PC lipid profile previously reported [9, 14]. These data confirm
that plasmalogens exhibit a unique profile that is concealed in

Figure 3. The unsaturation profile of complex plasma lipids from a data-independent OzID workflow obtained by plotting all
precursor ions against product ions. Ions corresponding to all lipid carriers of n-6 and n-9 double bonds are indicated by highlighted
diagonal lines
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measurements that do not resolve these species from isomeric
plasmanyl alkyl ether lipids. Moreover, from these data, it is
clear that biomarkers identified only at the sum composition
level can actually be isomeric mixtures. For example, plasma
PC O-38:5 has been proposed as a plasma biomarker for
prostate cancer [3] but is in fact comprised of at least 4 isomers
(see Supporting Information, Fig. S5).

High-resolution mass analysers are beneficial for re-
solving isobaric lipid ions in complex samples [63].
Highlighting the utility of applying OzID on an Orbitrap

mass spectrometer, ether-linked PCs are differentiated
from isobaric dialkyl PEs (with 2 additional carbons in
the fatty acyls) that differ in mass by approximately 38
mDa (Rs~20,000). As the neutral loss is consistent for all
double bonds at the same (n-x) position, it follows that
product ions resulting from ozonolysis will be similarly
resolved. The OzID spectrum shown in Fig. 6 demon-
strates that both PC O-34:1 (m/z 768.59) and PE 36:1
(m/z 768.55) carry n-9 double bonds. Moreover, the
absence of product ions corresponding to n-15 or n-17
double bonds (see Fig. 5) confirms that PC O-34:1 is

Figure 4. Unsaturation profiles reconstructed from ions
exhibiting a common neutral loss (indicated in parentheses).
Cholesterol esters are not shown in these profiles due to addi-
tional reaction of the sterol head group with ozone

Figure 5. Compiling all precursor ions exhibiting a common
neutral loss characteristic for: (a) n-15 or (b) n-17 double bonds
generates a profile of all plasmalogens

Figure 6. Identification of n-9 double bonds in isobaric PC O-
34:1 and PE 36:1 lipids
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comprised exclusively of plasmanyl ether lipids, and
plasmalogens are not present.

Towards Identification of Structurally-Defined
Lipids

Based on these data alone, it must be emphasized that the
position of unsaturation cannot be localized to a specific fatty
acyl moiety within a complex lipid. For example, identification
of an n-9 double bond from ozonolysis of PC 34:1 is insuffi-
cient to distinguish isomers that vary in the composition of fatty
acyl chains (e.g., PC 16:0/18:1(n-9), PC 18:0/16:1(n-9)) and
relative sn-position (e.g., PC 18:1(n-9)/16:0, PC 16:0/18:1(n-
9)). As demonstrated above for sphingomyelins, further insight
can be obtained by combining DIA-OzID data with results
from MS/MS experiments that resolve such ambiguities.
For example, the major isomer of PC 34:1 in human plasma
is PC 16:0/18:1 (89%), followed by the alternate regioisomer
PC 18:1/16:0 (11%) [30]. As shown in Fig. 7a, ozonolysis
of sodiated PC 34:1 ions (m/z 782.57) yields pairs of
product ions assigned to the n-9 (major) or n-7 (minor)
double bonds of a monounsaturated fatty acid. In the
absence of PC 18:0_16:1 or other fatty acid combina-
tions, these double bonds can be uniquely assigned to 2
different isomers of an 18:1 fatty acyl. Comprising 2
different regioisomers and 2 double bond positions, PC
34:1 is composed of up to 4 distinct isomers, namely PC
16:0/18:1(n-7), PC 16:0/18:1(n-9), PC 18:1(n-7)/16:0,
and/or PC 18:1(n-9)/16:0, consistent with recent analysis
by Zhang and co-workers [48]. Further MSn interrogation

of the precursor ion using a top-down combination of
CID and OzID on an ion trap mass spectrometer would
be required to determine whether a specific double bond
position is selectively partitioned to the 18:1 fatty acyl at
the sn-1 or sn-2 position, and unambiguously assign the
lipid structure [25]. Similarly, PC 34:2 in human plasma
is comprised of predominantly PC 16:0/18:2 and its
regioisomer PC 18:2/16:0 [30]. As shown in Fig. 7b,
the OzID spectrum of PC 34:2 features pairs of product
ions assigned to the n-6 and n-9 double bonds of a
PUFA, consistent with linoleic acid. Also observed in
the OzID spectrum are product ions assigned to a mono-
unsaturated FA with a double bond in either the n-7 and
n-9 position, consistent with the presence of PC 16:1_18:1 in
human plasma [48, 64].

Conclusions
The array of lipids found in human plasma is remarkably
diverse in terms of structure and concentration, posing a
significant analytical challenge to the complete quantitative
elucidation of the lipidome. Even with the additional di-
mension of MS/MS, most mass spectrometry-based
methods identify plasma lipids only at the sum composition
or molecular lipid level, thus the complexity of the plasma
lipidome is systematically understated. In this work,
ozonolysis was implemented as part of a data-independent
acquisition workflow on a high-resolution mass spectrome-
ter in order to resolve this complication by profiling
unsaturation in human plasma lipids across a wide dynamic
range down to the low nmol/mL level. Regardless of lipid
class, fatty acyls with a common position of unsaturation
relative to the methyl terminus can be classified by a
characteristic neutral loss resulting from ozonolysis of the
alkene. This enables the post-acquisition generation of
pseudo neutral loss profiles for a given double bond posi-
tion in monounsaturated and polyunsaturated lipids. Using
this approach, plasmalogens are readily distinguished from
isomeric plasmanyl ether lipids and isobaric interferences
by the presence of the vinyl ether double bond.

Qualitatively, the predominant double bond positions
within fatty acyls are consistent across the major lipid
classes. Previous studies have shown that the distribution
of carbon-carbon double bond locations within fatty acyl
chains are tightly conserved between free fatty acids and
cholesterol esters within a common plasma sample [47,
57]. The conservation of double bond profile between
different lipid classes confirms their common origins in
lipid biosynthesis. More broadly, the data obtained here
represent a comprehensive archive of unsaturation in the
human plasma lipidome and will be a valuable resource
to interrogate for unresolved isomers as new lipid bio-
markers are identified. Moreover, this profile may be
used to identify target lipids for comprehensive structural
analysis using complementary MSn methods [25].

Figure 7. Ozone induced-dissociation mass spectra obtained
for (a) PC 34:1 (m/z 782.57); (b) PC 34:2 (m/z 780.57).
Ozonolysis of phosphatidylcholines identifies multiple double
bond isomers but does not pinpoint the fatty acyl moiety on
which they are located
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