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METHODS OF SEPARATING LIPIDS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of priority of 
U.S. Provisional Patent Application No. 61/811,559, filed 
Apr. 12, 2013, the disclosure of which is expressly incorpo 
rated herein by reference thereto. 

BACKGROUND OF THE INVENTION 

0002 Lipids are essential in maintaining cell structures, 
and are believed to play important roles in energy storage and 
cellular signalling. It is further believed that lipids are impor 
tant in the pathophysiology of diseases, such as, cancer, neu 
rodegenerative diseases, infections, diabetes etc. Thus, there 
is an understanding that studies on the lipids could further our 
understanding of mechanisms of diseases, including the iden 
tification of biomarkers and potential drug targets. However, 
due to their chemical and structural complexity, low concen 
trations, and complicated properties, there is a major analyti 
cal challenge to separate and characterize lipids of various 
classes from a biological sample. 
0003. Among the lipids, plasmalogens, a class of phos 
pholipids, are widespread in human tissues, consisting of 
approximately 18% of all the phospholipids in a human body 
(Hermetter A. Comments Mol. Cell Biophys. 1988: 5:133 
149). Plasmalogens are structural membrane components and 
a reservoir for secondary messengers. It is believed that plas 
malogens are involved in membrane fusion, ion transport, and 
cholesterol efflux. Further, plasmalogens are believed to be a 
cell internal antioxidant, Scavenging reactive oxygen species 
(Brosche Tet al., Exp. Gerontol. 1998:33:363-9). Despite of 
the importance recognized with plasmalogens, there has been 
very limited progress in understanding the exact role and 
action of plasmalogens due to their poor separation and char 
acterization from other lipids. 
0004 Clearly, there is a need for the development of a 
simple and effective analytical method for separating lipids of 
different classes (especially, plasmalogens) from biological 
samples. 

SUMMARY OF THE INVENTION 

0005. This invention provides novel, simple, reliable and 
effective methods for separating various lipids from biologi 
cal samples. In certain embodiments, the separation is 
achieved, in part, based on head-groups contained in polar 
lipids. Thus, the methods of the invention achieve efficient 
separation of phospholipids of various classes, which permits 
unequivocal characterization and assignment of lipid classes. 
0006. In one aspect, the invention provides a method of 
separating lipids of different classes from a biological 
sample. The method comprises steps of 
0007 
0008 ii) loading said biological sample onto an ultrahigh 
performance liquid chromatography (UHPLC) system, 
wherein said UHPLC system comprises a hydrophilic inter 
action chromatography (HILIC) column; 

i) preparing a biological sample; 

0009 iii) eluting said UHPLC system with an elution sol 
vent; and 
0010 iv) detecting lipids of different classes by using a 
detector (e.g., a mass spectrometer). 
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0011. In another aspect, the invention provides a method 
of separating ether glycophospholipids from a biological 
sample. The method comprises steps of 
0012 i) preparing a biological sample: 
0013 ii) loading said biological sample onto an ultrahigh 
performance liquid chromatography (UHPLC) system, 
wherein said UHPLC system comprises a hydrophilic inter 
action chromatography (HILIC) column; 
0014 iii) eluting said UHPLC system with an elution sol 
vent; and 
00.15 iv) detecting the ether glycophospholipids by using 
a detector (e.g., a mass spectrometer). 
0016. In certain embodiments, the ether glycophospholip 
ids are plasmalogens. 
0017. In certain embodiments, the HILIC-based UHPLC 
approach of the invention uses a normal phase separation 
system. 
0018. In certain embodiments, the invention relates to the 
use of a Waters ACQUITY UPLCR system. 
0019. The HILIC column can use any polar solid phase 
Surface chemistry, including, but not restricted to simple 
silica, silica silanol or diol, amide, amino or anionic, cationic 
or Zwitterionic materials, and bound to any type of packing 
material, e.g., monolithic, porous, Solid, pellicular (fused/ 
Solid-core, semiporous) or composite beads. For example, the 
HILIC column used herein is a Waters ACQUITY BEH 
HILIC (1.7 m, 2.1 x 100 mm) column. 
0020. In certain embodiments, the elution solvent used 
herein is obtained by mixing at least two mobile phases in 
situ. For example, a first mobile phase (A) and a second 
mobile phase (B) can be mixed in situ to obtain a solvent used 
for eluting lipids from the column. In certain embodiments, 
the volume ratio of the second mobile phase to the first mobile 
phase is in a gradient that increases during the elution step. 
0021. In certain embodiments, each of the mobile phases 
for preparing the elution solvent comprises acetonitrile and 
water. For instance, the first mobile phase (A) comprises 95:5 
by volume of acetonitrile:water, and the second mobile phase 
(B) comprises 50:50 by volume of acetonitrile: water. 
0022. It is believed that the invention achieves efficient 
separation through a quick elution and equilibration process. 
In certain embodiments, the gradient (v/v) of one mobile 
phase to another is accomplished within about 10 minutes. In 
one example, the gradient is from 0 to 20% (v/v). 
0023. In certain embodiments, the pH value of the elution 
solvent used herein is higher than 7 (e.g., a pH of 8.0). The 
elution solvent may further comprise salts, such as, ammo 
nium acetate. 
0024. According to the invention, the detector that can be 
used is a mass spectrometer. Exemplified mass spectrometers 
include LC-MS/MS, MALDI-MS, tandem quadrupole mass 
spectrometer, and ESI-MS, or a combination thereof. 
0025. The methods of the invention can be applied in 
separating lipids from biological samples, such as, blood, 
plasma, urine, body tissue, and a lipid extract from cells or 
tissues. The cells or tissues can be those obtained from ani 
mals, bacteria, plants, or fungi. 
0026. The methods of the invention may further include 
further separation and/or characterization steps of the lipids 
that have been separated and/or detected by using instrumen 
tal systems, such as, off-line 2D LC system, nanoUHPLC 
system, UHPLC system, LC-MS/MS, mass spectrometry, 
MALDI-MS, ESI-MS, nuclear magnetic resonance, infrared 
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analysis, flow injection analysis, capillary electrochromatog 
raphy, ultraviolet detection or a combination thereof. 
0027. The methods of the invention may be used to sepa 
rate lipids from all kinds of biological samples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0028 FIG. 1 is a graph showing the relationship of m/z vs. 
retention time obtained by the HILIC-based UHPLC method 
for lipids of different classes. 
0029 FIGS. 2 ai) are chromatograms showing multiple 
reaction monitoring (MRM) traces for lyso-phosphatidyle 
thanolamines (Lyso-PEs); the Lyso-PEs in traces a-d contain 
a plasmalogen. Each trace represents a specific precursor ion 
to fragmention transition. 
0030 FIG. 3 a-b) are chromatograms of lipid classes 
extracted from monkey plasma: a) ESI+ chromatogram; and 
b) ESI- HILIC UHPLC chromatogram. 
0031 FIGS. 4 a-g) are chromatograms showing MRM 
traces for phosphatidylcholines (PCs): the PCs in traces a-d 
contain a plasmalogen or ether (and double bond). Each trace 
represents a specific precursor ion to fragmention transition. 
0032 FIGS.5a-b) show summed MRM transitions for 28 
phosphatidylcholines (PCs) and 19 sphingomyelins (SMs) as 
observed by a). reversed-phase UHPLC; and b). HILIC-UH 
PLC. 
0033 FIGS. 6 a-b) are extracted ion chromatograms with 
a 2 mDa window for sphingomyelin (SM) (18/18:0), m/z. 
731.6062, and phosphatidylcholine (PC) (32:1), m/z. 732. 
5538. 

DETAILED DESCRIPTION OF THE INVENTION 

0034. The present invention provides novel, simple, reli 
able and effective methods for separating various lipids from 
biological samples. The present invention will be more fully 
illustrated by reference to the definitions set forth below in the 
context of the following detailed description. 

DEFINITIONS 

0035. As used in the specification and claims, the singular 
form “a,” “an and “the include plural references unless the 
context clearly dictates otherwise. 
0036. Unless specifically stated or obvious from context, 
as used herein, the term “about is understood as within a 
range of normal tolerance in the art, for example within 2 
standard deviations of the mean. “About can be understood 
as within 10%, 9%, 8%, 7%, 6%. 5%, 4%, 3%, 2%, 1%, 0.5%, 
0.1%, 0.05%, or 0.01% of the stated value. Unless otherwise 
clear from context, all numerical values provided herein are 
modified by the term about. 
0037. As used herein, an “acyl group refers to a func 
tional group derived by the removal of one or more hydroxyl 
groups from an oxoacid. The acyl group is usually derived 
from a carboxylic acid Therefore, it usually has the formula 
RCO , where R represents an alkyl group that is attached to 
the CO group with a single bond. 
0038. The term “alkenyl refers to unsaturated aliphatic 
groups analogous to alkyls, but which contain at least one 
double bond. 
0039. The term “sample” refers to any solution of a mol 
ecule or mixture of molecules that comprises at least one 
molecule that is subjected to extraction, separation, analysis 
or profiling. Particular examples include, but are not limited 
to, biological samples including a sample from human or 
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animals (e.g., blood, blood plasma, urine, mucosal tissue 
secretions, tears, semen, and breast milk). The sample may 
further include macromolecules, e.g., Substances, such as 
biopolymers, e.g., proteins, e.g., proteolytic proteins or lipo 
philic proteins, such as receptors and other membrane-bound 
proteins, and peptides. The sample may further include one or 
more lipid molecules. 
0040. The language “biological sample” refers to any 
Solution or extract containing a molecule or mixture of mol 
ecules that comprises at least one biomolecule that is Sub 
jected to extraction or analysis that originated from a biologi 
cal Source (such as, humans and animals). Biological samples 
are intended to include crude or purified, e.g., isolated or 
commercially obtained, samples. Particular examples 
include, but are not limited to, inclusion bodies, biological 
fluids, biological tissues, biological matrices, embedded tis 
Sue samples, cells (e.g., one or more types of cells), and cell 
culture Supernatants 
0041. The language"biological fluid as used herein is 
intended to include fluids that are obtained from a biological 
Source. Exemplary biological fluids include, but are not lim 
ited to, blood, blood plasma, urine, spinal fluid, mucosal 
tissue secretions, tears, interstitial fluid, synovial fluid, 
semen, and breast milk. 
0042. As used herein, the terms “comprises.” “compris 
ing.” “containing.” “having.” and the like can have the mean 
ing ascribed to them under U.S. patent law and can mean 

99 & “includes.” “including.” and the like. 
0043. Unless specifically stated or obvious from context, 
the term “or, as used herein, is understood to be inclusive. 
0044 Ranges provided herein are understood to be short 
hand for all of the values within the range. For example, a 
range of 1 to 50 is understood to include any number, com 
bination of numbers, or Sub-range from the group consisting 
1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,33, 34,35, 36, 37, 
38, 39, 40, 41, 42, 43,44, 45, 46, 47, 48, 49, or 50 (as well as 
fractions thereof unless the context clearly dictates other 
wise). 
0045. The terms “analysis” or “analyzing” are used inter 
changeably and refer to any of the various methods of sepa 
rating, detecting, isolating, purifying, solubilizing, detecting 
and/or characterizing biological molecules (e.g., lipids). 
Examples include, but are not limited to, Solid phase extrac 
tion, Solid phase micro extraction, electrophoresis, mass 
spectrometry, e.g., MALDI-MS or ESI, liquid chromatogra 
phy, e.g., high performance, e.g., reverse phase, normal 
phase, or size exclusion, ion-pair liquid chromatography, liq 
uid-liquid extraction, e.g., accelerated fluid extraction, Super 
critical fluid extraction, microwave-assisted extraction, mem 
brane extraction, SOXhlet extraction, precipitation, 
clarification, electrochemical detection, staining, elemental 
analysis, Edmund degradation, nuclear magnetic resonance, 
infrared analysis, flow injection analysis, capillary electro 
chromatography, ultraviolet detection, and combinations 
thereof. 

0046. The term “profiling” refers to any of various meth 
ods of analysis which are used in combination to provide the 
content, composition, or characteristic ratio of biological 
molecules (e.g., a lipid molecule) in a sample. 
0047. The term “electrophoresis” refers to any of the vari 
ous methods of analyzing Small molecules by their rate of 
movement in an electric field, i.e. based on the charge to mass 



US 2014/0338432 A1 

ratio of the molecules. Examples include, but are not limited 
to, free Zone electrophoresis and capillary electrophoresis. 
0048. The term “mass spectrometric detection” refers to 
any of the various methods of mass spectroscopy. Examples 
include, but are not limited to, electrospray ionization (ESI), 
Surface desorption ionization techniques, and atmospheric 
pressure chemical ionization (APCI). 
0049. The language “surface desorption ionization” is 
intended to include mass spectrometry, such as matrix 
assisted laser desorption ionization (MALDI-MS), desorp 
tion ionization on silicon (DIOS), thermal desorption mass 
spectrometry, or Surface enhanced laser desorption ionization 
(SELDI) where desorption ionization is accomplished on a 
Surface, with or without a matrix assistance. 
0050 “High Purity” or “high purity chromatographic 
material' includes a material which is prepared form high 
purity precursors. In certain aspects, high purity materials 
have reduced metal contamination and/or non-diminished 
chromatographic properties including, but not limited to, the 
acidity of Surface silanols and the heterogeneity of the Sur 
face. 
0051. “Chromatographic core' includes a chromato 
graphic materials, including but not limited to an organic 
material such as silica or a hybrid material, as defined herein, 
in the form of a particle, a monolith or another suitable struc 
ture which forms an internal portion of the materials of the 
invention. In certain aspects, the Surface of the chromato 
graphic core represents the chromatographic Surface, as 
defined herein, or represents a material encased by a chro 
matographic Surface, as defined herein. The chromatographic 
Surface material may be disposed on or bonded to orannealed 
to the chromatographic core in Such a way that a discrete or 
distinct transition is discernable or may be bound to the chro 
matographic core in Such away as to blend with the Surface of 
the chromatographic core resulting in a gradation of materials 
and no discrete internal core surface. In certain embodiments, 
the chromatographic Surface material may be the same or 
different from the material of the chromatographic core and 
may exhibit different physical or physiochemical properties 
from the chromatographic core, including, but not limited to, 
pore Volume, Surface area, average pore diameter, carbon 
content or hydrolytic pH stability “Hydrophilic group' refers 
to a group (such as, a polar or charged functional group), that 
makes a molecule more soluble in water. In certain aspects, a 
hydrophilic group is a heterocyclic group, for example, a 
saturated, unsaturated or aromatic heterocyclic group. Suit 
able examples include nitrogen-containing heterocyclic 
groups such as pyrrolidonyl and pyridyl groups. In another 
embodiment, the hydrophilic moiety is an ether group. A 
hydrophilic molecule can be, for example, N-vinylpyrroli 
done, 2-vinylpyridine, 3-vinylpyridine, a hydrophobic moi 
ety, 4-vinylpyridine or ethylene oxide. 
0052 “Hydrophobic group’ refers to a group in a mol 
ecule or repeating unit of a polymer that makes the molecule 
or unit repelled from a mass of water. The hydrophobic group 
can be, for example, an aromatic carbocyclic group, Such as a 
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phenyl or phenylene group, or an alkyl group, Such as a 
straight chain or branched C-Cls-alkyl group. 
0053. The term “amino.” as used herein, refers to an 
unsubstituted or substituted moiety of the formula—NRaRb, 
in which Ra and Rb are each independently hydrogen, alkyl, 
aryl, or heterocyclyl, or Ra and Rb, taken together with the 
nitrogen atom to which they are attached, form a cyclic moi 
ety having from 3 to 8 atoms in the ring. Thus, the term 
“amino” includes cyclic amino moieties Such as piperidinyl 
or pyrrolidinyl groups, unless otherwise stated. An "amino 
Substituted amino group' refers to an amino group in which at 
least one of Ra and Rb, is further substituted with an amino 
group. 
0054 The term "chiral moiety' is intended to include any 
functionality that allows for chiral or stereoselective synthe 
ses. Chiral moieties include, but are not limited to, substituent 
groups having at least one chiral center, natural and unnatural 
amino-acids, peptides and proteins, derivatized cellulose, 
macrocyclic antibiotics, cyclodextrins, crown ethers, and 
metal complexes. 
0055 "Surface modifiers' include (typically) organic 
functional groups which impart a certain chromatographic 
functionality to a chromatographic stationary phase. The 
porous inorganic/organic hybrid materials possess both 
organic groups and silanol groups which may additionally be 
substituted or derivatized with a surface modifier. 

Lipids 
0056 Lipids are essential in maintaining cell structures 
and play important roles in energy storage and cellular sig 
nalling. It is also known that lipids are important in the patho 
physiology of diseases such as cancer, neurodegenerative 
diseases, infections, diabetes etc. Accordingly, the field of 
lipidomics has emerged when efforts have been devoted in 
identifying disease biomarkers and probing for disease 
mechanisms. 
0057 Lipids constitute a group of naturally occurring 
molecules that include fats, waxes, sterols, fat-soluble vita 
mins (such as vitamins A, D, E, and K), monoglycerides, 
diglycerides, triglycerides, phospholipids, and others. Major 
lipid categories include, such as, fatty acids, glycerolipids, 
glycerophospholipids, sphingolipids, Saccharolipids, 
polyketides, sterol lipids, prenol lipids, fatty acids and their 
derivatives (including tri-, di-, monoglycerides, and phospho 
lipids), as well as other sterol-containing metabolites Such as 
cholesterol. 
0058. It is also appreciated that lipids can be classified in 
the following groups including, such as, monohexosylcera 
mide (MonoHexCer), dihexosylceramide (DiHexCer), phos 
phatidylcholine (PC), sphingomyelin (SM), lyso-phosphati 
dylcholine (LPC), phosphatidylglycerol (PG), 
phosphatidylinositol (PI), phosphatidylethanolamine (PE), 
lyso-phosphatidylinositol (LPI), and lyso-phosphatidyletha 
nolamine (LPE). 
0059. Further provided herein as examples are some of 
lipid structures: 

(A) 

Lyso-phosphatidylethanolamine 
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-continued 
(B) 

(C) 

O 

Phosphatidylethanolamine 

(D) 
O O 

Y- 'N1SN 
1 \ 2 (2) O s O OH 

-n-n-n-n-n-n-n-n- 
Plasmenylethalomine 

(E) 

O 2 
V -N1 ~~~~1N1--P 2s E (2) 

O 

Phosphatidylcholine 

(F) 
(2) 

Y-S-1a / 
O o1 \ 2N. (?) s / (2) 

--~~~~ H (3) (3) 
O 

Plasmanylcholine (choline ether) 
(G) 

O O (3) 

~. V -N1-ox O 1. n (2) \ / Y(3) 
O (2) (2) 

(3) 
Plasmenylcholine (choline plasmalogen) 

(2) indicates text missing or illegible when filed 

0060 Among all the lipids, mammalian phospholipids are have the same nominal mass, which can only be distinguished 
generally assumed to contain exclusively even numbers of by high resolution, accurate mass spectrometers. 

0061 Ether glycerolphospholipids are known to contain 
- an ether or vinyl ether (plasmalogen) moiety at the Sn-1 

that Small quantities of odd-carbon number phospholipids in position of the glycerol backbone. The following structure (b) 
mammalian samples. Some odd-carbon phospholipids can represents a plasmalogen: 

carbon in their acyl chains. Recently, it has been discovered 
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(a) Lyso-phosphatidylethanolamine; (b) plasmenyl-lysophosphatidylethalomine 

0062 Plasmalogens are enriched in the nervous, immune, 
and cardiovascular systems. Almost 30% of the glycerophos 
pholipids in the adult human brain and up to 70% of myelin 
sheath ethanolamine glycerophospholipids are plasmalo 
gens. Plasmenylethanolamines (ethanolamine plasmalogens) 
have a high propensity for adapting a non-lamellar inverse 
hexagonal phase, and facilitate rapid membrane fusion. Plas 
malogens are generally more Susceptible to oxidation than 
their fatty acid analogues due to the reactivity of the vinyl 
ether. It is now believed that reduced levels of plasmalogens 
are associated with several neurological disorders including 
Alzheimer's Disease, ischemia, spinal cord trauma, and 
Down syndrome. 

Lipid Separation Methods 
0063. The invention provides novel, simple, reliable and 
effective methods for separating various lipids from biologi 
cal samples. In certain embodiments, the separation is 
achieved, in part, based on head-groups contained in polar 
lipids. Specifically, the methods of the invention achieve effi 
cient separation of phospholipids of various classes, which 
permits unequivocal characterization and assignment of lipid 
classes. 
0064. The chemical and structural complexity of different 
lipids, their low concentrations, and their complicated physi 
cal and chemical properties pose a major analytical challenge 
for their separation and characterization. 
0065 Recent advances in mass spectrometric methods 
have addressed partially on some of the analytical challenges 
associated with lipids of major classes (Hu C et al., J. Chro 
matogr: B Analyt Technol Biomed Life Sci., 2009, 15: 877(26): 
2836-46; Shevchenko A. et al., Nat Rey Mol Cell Biol. 2010, 
11:593-8: Wenk M. R. Cell, 2010, 143:888-95; and 
Harkewicz. R. et al., Annu Rev. Biochem. 2011, 80:301-325). 
0066 For example, separations of certain lipids have been 
achieved by direct infusion method coupled to a tandem mass 
spectrometer (Shui G. et al. Lipid Res. 2007, 48:1976-1984: 
and Han X. et al., Mass Spectrom. Rev., 2005, 24:367-412). 
Nevertheless, the lack of high resolution chromatographic 
separation of the method means that the analyses are compli 
cated by isobaric interferences and the dominance of high 
abundance components. 
0067 Recently, reversed-phase ultra-performance liquid 
chromatography (UHPLC) methods offer rapid and high 
resolution separations for separating lysophospholipids and 
triacylglycerides from other classes of phospholipids. As the 
mechanism of action in reversed-phase chromatography is 

based on the lipophilicity of the molecules, it is hard to 
achieve good class separations of all the lipids through the 
reversed-phase (RP) methods. Indeed, co-elution of lipids 
belonging to different classes in reversed-phase separations is 
quite common. 
0068 Normal-phase (NP) liquid chromatography has also 
been used for the separation of the different lipid classes. The 
normal-phase separation is generally based on polar head 
groups of the lipids. However, it has been observed that the 
existing NP liquid chromatography often offers poor resolu 
tion and is generally time consuming due to long elution and 
equilibration times. Hydrolysis of some lipids during the NP 
separation has also been observed. 
0069. A hydrophilic interaction chromatography 
(HILIC)-based method offers benefits, such as, it can use 
Solvents typically used for reversed-phase separations, which 
are compatible with ESI. That is, solvents, such as, acetoni 
trile, methanol, and water, can be used. Further, in a HILIC 
method, a highly organic mobile phase (e.g., >80% acetoni 
trile) can be used, which in turn results in an improved elec 
trospray ionization through efficient mobile phase desolva 
tion and compound ionization. Nevertheless, a HILIC-based 
method has not yet been applied for lipid profiling. 
0070 The present inventors have discovered unexpectedly 
that when HILIC is coupled to UHPLC together with the use 
of gradient separation, enhanced chromatographic resolution 
and sensitivity can be achieved in lipid separations. 
0071. Thus, the invention relates, in part, to the use of a 
HILIC-based UHPLC method. The HILIC-based UHPLC 
method provides both effective class separation of lipids (es 
pecially, when compared to existing reversed-phase based 
methods), with a high resolution and speed (especially, com 
pared to normal-phase based HPLC methods). 
0072. In one aspect, the invention provides a method of 
separating lipids of different classes from a biological 
sample. The method comprises steps of 
0073 i) preparing a biological sample: 
0074 ii) loading said biological sample onto an ultrahigh 
performance liquid chromatography (UHPLC) system, 
wherein said UHPLC system comprises a hydrophilic inter 
action chromatography (HILIC) column; 
0075 iii) eluting said UHPLC system with an elution sol 
vent; and 
0076 iv) detecting lipids of different classes by using a 
detector (e.g., a mass spectrometer). 
0077. As known in the art, the detection and quantification 
of plasmalogens typically uses acidic hydrolysis of the plas 
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malogens to produce a lysophospholipid and fatty aldehyde, 
followed by separation using TLC or HPLC and measure 
ment of one of the products. HPLC separation of plasmalo 
gens can be performed after derivatization with acetic anhy 
dride, benzoate, or iodine. 
0078 However, due to the fact that plasmalogens may 
easily lose information on the hydrocarbon tail groups in a 
mass spectrometry, plasmalogens cannot be easily distin 
guished from non-plasmalogen odd-carbon acyl chain phos 
pholipids. Plasmalogens have a short half-life (about 30 min 
utes for PC plasmalogens), and are acid-lability. Even trace 
levels of acid in a separation system can catalyze the hydroly 
sis of plasmalogens to form a lysophospholipid and fatty 
aldehyde (Murphy E. J. et al., Lipids, 1993 28:565-568). 
Therefore, plasmalogens are often misidentified and/or 
poorly quantified. 
0079. In another aspect, the invention provides a method 
of separating ether glycophospholipids from a biological 
sample. The method comprises steps of 
0080 i) preparing a biological sample: 
0081 ii) loading said biological sample onto an ultrahigh 
performance liquid chromatography (UHPLC) system, 
wherein said UHPLC system comprises a hydrophilic inter 
action chromatography (HILIC) column; 
0082 iii) eluting said UHPLC system with an elution sol 
vent; and 
0083) iv) detecting the ether glycophospholipids by using 
a detector (e.g., a mass spectrometer). 
0084. In certain embodiments of the invention, the 
UHPLC system is a Waters ACQUITY UPLCR system. 
0085. In certain embodiments, the ether glycophospholip 
ids are plasmalogens. In one embodiment, the invention pro 
vides a HILIC-based UHPLC method for the separation of 
ether glycophospholipids (especially, plasmalogens) from 
their diacyl counterparts (or monoacyl in the case of lyso 
phospholipids) within the same phospholipid class. 
0.086. In certain embodiments of the invention, the HILIC 
based UHPLC approach uses a normal phase separation sys 
tem 

0087 Normal-phase (NP) chromatography generally 
separates lipids of different classes based on their head 
groups. Ether glycophospholipids, due to lacking of the car 
bonyl oxygen in the sn-1 positions, have reduced hydrophi 
licity in the head groups. Further, the UHPLC system as used 
herein offers high chromatographic resolution, thus enabling 
the clear distinction of plasmalogens (and other ether phos 
pholipids) from their diacyl phospholipid counterparts. 
0088. The HILIC columnused in the invention can use any 
polar solid phase Surface chemistry, including, but not 
restricted to simple silica, Silica silanol ordiol, amide, amino, 
anionic, cationic or Zwitterionic materials, and bound to any 
type of packing material, e.g., monolithic, porous, Solid, pel 
licular (fused/solid-core, semiporous) or composite beads. 
One example of the HILIC column is a Zwitterionic sulfobe 
taine column. Another example provides a Waters ACQUITY 
BEH HILIC (1.7 um, 2.1x100 mm) column. 
0089. In certain embodiments, the elution solvent used 
herein is obtained by mixing at least two mobile phases in 
situ. For example, a first mobile phase (A) and a second 
mobile phase (B) can be mixed in situ to obtain a solvent used 
for eluting lipids from the column. In certain embodiments, 
the volume ratio of the second mobile phase to the first mobile 
phase is in a gradient that increases during the elution step. 
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0090 Alternatively, the elution solvent used herein can be 
prepared by pre-mixing two or more mobile phases. 
0091. The elution solvent (and the mobile phases) may 
comprise one or more solvents that are commonly used in 
chromatography systems. Exemplified solvents that can be 
used include, such as, ethyl acetate, chloroform, water, aceto 
nitrile, isopropyl alcohol, methanol, ethanol, propanol, tet 
rahydrofuran, N,N-dimethylformamide, and dimethylsulfox 
ide. 
0092. In certain embodiments, each of the mobile phases 
for preparing the elution solvent comprises acetonitrile and 
water. For instance, the first mobile phase (A) comprises 95:5 
by volume of acetonitrile:water, and the second mobile phase 
(B) comprises 50:50 by volume of acetonitrile: water. 
0093. It is believed that the invention achieves efficient 
separation through a quick elution and equilibration process. 
In certain embodiments, the Volume ratio gradient of one 
mobile to another is accomplished within about 10 minutes. 
One example is that the system achieves a gradient is 0 to 20% 
(v/v) of mobile phase B in about 10 minutes. 
0094. In certain embodiments, the pH value of the elution 
solvent used herein is higher than 7 (e.g., a pH of 8.0). The 
elution solvent may further comprise salts, such as, ammo 
nium acetate, and ammonium formate. 
0.095 According to the invention, the detector that can be 
used is a mass spectrometer. Exemplified mass spectrometers 
include LC-MS/MS, MALDI-MS, tandem quadrupole mass 
spectrometer, and ESI-MS, or a combination thereof. 
I0096. The methods of the invention may further include 
further separation and/or characterization steps of the lipids 
that have been separated and/or detected by using instrumen 
tal systems, such as, off-line 2D LC system, nanoUHPLC 
system, UHPLC system, LC-MS/MS, mass spectrometry, 
MALDI-MS, ESI-MS, nuclear magnetic resonance, infrared 
analysis, flow injection analysis, capillary electrochromatog 
raphy, ultraviolet detection or a combination thereof. 
0097. The methods of the invention may be used to sepa 
rate lipids from all kinds of biological samples. 
0098. The methods of the invention can be applied in 
separating lipids from biological samples, such as, blood, 
plasma, urine, body tissue, and a lipid extract from cells or 
tissues. The cells or tissues can be those obtained from ani 
mals, bacteria, plants, or fungi. 
0099. In general, a biological sample can be prepared by 
any standard means generally known in the art. In certain 
embodiments of the invention, lipid extracts from biological 
fluids (such as, plasma or serum) is typically reconstituted in 
chloroform/methanol, which can be diluted in acetonitrile 
prior to injection. Samples are picked up in a sample needle 
and injected to the column in a flow of buffered acetonitrile (a 
weak primary solvent in HILIC), where the polar lipids are 
retained. 
0100 Further, the biological samples may be prepared, 
without limitation, by the methods disclosed in Bligh E G, 
Dyer W J (August 1959). “A rapid method of total lipid 
extraction and purification'. Can J Biochem Physiol 37 (8): 
911-7. PMID 13671378; Krank J. Murphy RC, Barkley RM, 
Duchoslav E. McAnoy A (2007). "Qualitative analysis and 
quantitative assessment of changes in neutral glycerol lipid 
molecular species within cells’. Meth. Enzymol. 432: 1-20; 
Ivanova PT, Milne S B, Byrne M O, Xiang Y. Brown HA 
(2007). "Glycerophospholipid identification and quantitation 
by electrospray ionization mass spectrometry. Meth. Enzy 
mol. 432: 21-57: Deems R, Buczynski M. W. Bowers-Gentry 
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R. Harkewicz, R, Dennis E A (2007). “Detection and quanti 
tation of eicosanoids via high performance liquid chromatog 
raphy-electrospray ionization-mass spectrometry. Meth. 
Enzymol. 432: 59-82; McDonald J. G., Thompson B M, 
McCrum EC, Russell DW (2007). “Extraction and analysis 
of sterols in biological matrices by high performance liquid 
chromatography electrospray ionization mass spectrometry. 
Meth. Enzymol. 432: 145-70; Garrett TA, Guan Z, Raetz CR 
(2007). 'Analysis of ubiquinones, dolichols, and dolichol 
diphosphate-oligosaccharides by liquid chromatography 
electrospray ionization-mass spectrometry. Meth. Enzymol. 
432: 117-43; Sullards MC, Allegood J C, Kelly S, Wang E. 
Haynes Calif., Park H, Chen Y. Merrill AH (2007). “Struc 
ture-specific, quantitative methods for analysis of sphingolip 
ids by liquid chromatography-tandem mass spectrometry: 
“inside-out” sphingolipidomics’. Meth. Enzymol. 432: 
83-115; or A. Frostegard, A. Tunlid and E. Baath (August 
1991). “Microbial biomass measured as total lipid phosphate 
in soils of different organic content”. J. of Microbiological 
Methods 14: 151-163. 

0101. As above discussed, further detection and/or analy 
sis of elutes from the chromatography can also be performed 
by instrumentation including, without limitation, off-line 2D 
LC system, nanoUHPLC system, UHPLC system, solid 
phase extraction, Solid phase micro extraction, electrophore 
sis, mass spectrometry, e.g., LC-MS/MS, MALDI-MS or 
ESI, liquid chromatography, e.g., high performance, reverse 
phase, normal phase, or size exclusion, ion-pair liquid chro 
matography, gas chromatography, liquid-liquid extraction, 
e.g., accelerated fluid extraction, Supercritical fluid extrac 
tion, microwave-assisted extraction, membrane extraction, 
SOXhlet extraction, precipitation, clarification, electrochemi 
cal detection, staining, elemental analysis, Edmund degrada 
tion, nuclear magnetic resonance, infrared analysis, flow 
injection analysis, capillary electrochromatography, ultravio 
let detection, and combinations thereof. 
0102 The methods of the invention are simple and effec 

tive in separating lipids by class in a similar fashion to nor 
mal-phase chromatography. Further, the methods are much 
faster than conventional normal-phase methods. The methods 
of the invention use less toxic solvents that are compatible 
with electrospray mass spectrometry. In certain embodi 
ments, HILIC columns separate the lipid classes by their head 
groups, which can be complementary to reversed-phase sepa 
ration techniques, which separate the individual lipid species 
by fatty acid chain length and degree of saturation. As HILIC 
and reversed-phase separations are orthogonal in their sepa 
rations, it is believed that a HILIC column can be used as the 
first dimension for a more comprehensive 2DNP-RPUHPLC 
separation strategy. 
0103) Further, the high chromatographic resolution of 
UHPLC of the invention enables a rapid separation of ether 
glycophospholipids (especially, plasmalogens) from other 
lipid classes. In addition, by using mobile phases with a high 
pH value (e.g., pH 8), acid-catalyzed hydrolysis of ether 
glycophospholipids (especially, plasmalogens) can be 
avoided. Clearly, the methods of the invention allow accurate 
quantification of ether glycophospholipids (especially, plas 
malogens) without the need for derivatization. 
0104 Moreover, by using tandem quadrupole MS systems 
for quantification, the chromatographic separation of lipids 
by class allows synchronization of the MRM transitions with 
the lipid retention times, increasing the number of data points 
acquired across the chromatographic peak. This therefore 
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results in greater experimental reproducibility compared to 
reversed-phase methods that do not discriminate by class. 
0105. The methods of the invention may also be combined 
with other chromatography steps as part of a multi-dimen 
sional UHPLC separation method. Such chromatography 
steps include, for example, HILICxRP, either on-line or off 
line (following fraction collection, as described), or other 
separation methods, such as, ion mobility. 
0106. This method can be employed on any combination 
of UHPLC/UHPLC and MS system, and may include any 
number of stages of MS. The HILIC column can use any polar 
Solid phase surface chemistry, including, but not restricted to 
simple silica silanol ordiol, amino oranionic, amide, cationic 
or Zwitterionic, and bound to any type of packing material, 
e.g. monolithic, porous, Solid, pellicular (fused/solid-core, 
semiporous) or composite beads. 
0107 The methods of the invention can be applied to any 
sample containing lipids (e.g., plasmalogens). The samples 
include, Such as, biological fluids such as plasma, serum, 
urine, but also extracts from cells and tissue (particularly 
neural) including bacteria, plants and fungi. 

Separation Systems 

0108. In certain embodiments, the systems used herein 
include an ultrahigh performance liquid (UHPLC) chroma 
tography system coupled to a detector (e.g., a mass spectrom 
eter). The UHPLC system, for example, comprises an 
autosampler, liquid handling pump and mixer, an analytical 
column (e.g., a HILIC column), and heater. 
0109. In certain embodiments, the invention employs the 
following instruments and conditions: 

LC Conditions 

0110 LC system: Waters ACQUITY UPLC(R) System (a 
UHPLC system) 

0111 Column: Waters ACQUITY BEH HILIC 1.7 um, 
2.1 x 100 mm 

(O112 Column temp. 30° C. 
0113 Flow rate: 500 uL/min 
0114 Mobile phase A: Acetonitrile/Water (95:5) with 10 
mMAmmonium Acetate, pH 8.0 

0115 Mobile phase B: Acetonitrile/Water (50:50) with 10 
mMAmmonium Acetate, pH 8.0 

0116 Gradient: Linear, 100 to 80% A in 10 min 

MS Conditions 

0117 MS system: Waters Xevo QT of MS 
0118 Ionization mode: ESI Positive/Negative 
0119) Capillary voltage: 2800 V (Positive)/1900 V (Nega 
tive) 

I0120 Cone voltage: 35 V 
I0121 Desolvation temp.: 500° C. 
(0.122 Desolvation gas: 1000 L/Hr 
(0123 Source temp.: 120° C. 
0.124 Acquisition range: 100 to 1200 m/z. 
0.125 Further, the invention may use other monolithic and/ 
or core-shell columns. These columns include, Such as, those 
as follows: 

(0.126 Merck Sequant ZIC-HILIC 
(O127 Phenomenex Kinetex core-shell 1.7 um HILIC 
0128. Agilent 1.8Lum ZORBAX Rapid Resolution High 
Definition HILIC Plus 

0129. Fortis 1.7 um HILIC Diol 
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0.130. Ascentis Express 2.7 um fused-core HILIC 
I0131 HALO 2.7 um fused-core HILIC 
(0132 ChromStore 1.8 pum Polar-100, Silica, Diol, Pyri 

dine, Imidazole HILIC UHPLC 
0133. VisionHT 1.5um HILIC 120A UHPLC 

0134. In one example, the HILIC separations are per 
formed by using an ACQUITY UPLCR) system (Waters, Sin 
gapore) comprising an ACQUITY BEH HILIC 1.7 um, 2.1 x 
100 mm analytical column. Mobile phases used are mobile 
phase A, 95:5 (v/v) acetonitrile:water with 10 mM ammo 
nium acetate, pH 8.0, and mobile phase B, 50:50 (v/v) aceto 
nitrile: water with 10 mM ammonium acetate, pH 8.0. The 
column temperature is maintained at 30° C., and separation 
achieved using a 10 minute linear gradient from 0 to 20% 
mobile phase Bata flow rate of 0.5 mL/min. The column was 
then flushed with 80% mobile phase B for 3 minutes and 
re-equilibrated with the starting mobile phase composition 
for another 3 minutes. 
0135) It is also possible to use reversed-phase separations. 
For example, an ACQUITY UPLCR HSST3, 1.8 um, 2.1 x 
100 mm column can be used at 65° C. in the above UHPLC 
system. The reversed-phase mobile phases employed include 
mobile phase A, 40.60 (v/v) acetonitrile:water with 10 mM 
ammonium acetate, pH 5.0, and mobile phase B, 10:90 (v/v) 
acetonitrile:isopropanol with 10 mMammonium acetate, pH 
5.0, with a gradient of 40% to 100% mobile phase B in 10 
minutes. 

0136. The HILIC-based UHPLC-MS method of the 
invention can modified by changing the mobile phase com 
position (such as solvent composition, and additives such as 
salts, buffers and pH modifiers), pH, gradient (time, shape, 96 
A and % B, etc.), column/packing material (size, chemistry, 
porous/non-porous, core-shell, etc.), temperature (sample, 
Solvent, column), pressure and flow rate. The method is scal 
able, for example, may be performed by nanoUHPLC. 
0.137 The methods of the invention may further include a 
step of collecting fractions eluted from a HILIC-based sys 
tem. The collected fractions can be either time fractions or 
class separated fractions. The fractions can be collected either 
manually or automated, which then can be analyzed by 
MALDI or used for further separation (off-line 2D LC). 

EXAMPLES 

0.138. The present invention may be further illustrated by 
the following non-limiting examples describing the methods 
of the invention. 

Example 1 

General Methods and Systems 

a) Chemicals 

0139 Acetonitrile and isopropanol (Optima LC/MS 
Grade) were obtained from Fisher Scientific (Fair Lawn, 
N.J.). Ammonium acetate (LC-MS Ultra, Fluka), ethanol, and 
citrated human plasma were obtained from Sigma-Aldrich 
(St. Louis, Mo.). Phospholipid standards were obtained from 
Avanti Polar Lipids (Alabaster, Ala.). Deionized water (>18 
MS2) was produced in-house using a Milli-Q water purifica 
tion system (Millipore, Bedford, Mass.) fitted with a LC 
PakTM C18 cartridge on the outlet. 
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b) Lipid Extraction 
0140 100 uL of human plasma was loaded into each well 
of an Ostro sample preparation plate designed for selective 
binding of phospholipids (Waters Corp, Milford, Mass.). 800 
LL of ethanol was added to each sample and mixed thor 
oughly by repeated aspiration using a micropipette. The mix 
ture was drawn through the plate under 15" Hg vacuum and 
collected. This step was repeated with the further addition of 
800 uL of ethanol and the fractions combined as the “flow 
through'. 
(0.141. A 800 uL of elution solvent, 4.5:4.5:1 (v/v/v) chlo 
roform/methanol/triethylamine was then added to each 
sample well and an “eluate fraction was collected under 15" 
Hg vacuum. This step was repeated with the further addition 
of 800 u, of elution solvent bringing the total eluate fraction 
volume to approximately 1600 uL. 
0142. Both the eluate and flow through fractions were 
dried down under nitrogen and reconstituted with 200 uL 1:1 
(v/v) chloroform/methanol. 

c) Liquid Chromatography 
0.143 HILIC separations were performed on an 
ACQUITY UPLCR) system (Waters, Singapore) using an 
ACQUITY UPLCR BEH HILIC 1.7 um, 2.1 x 100 mm ana 
lytical column. Mobile phases used were: 
0144) Mobile phase A, 95:5 (v/v) acetonitrile:water with 
10 mMammonium acetate, pH 8.0; and 
(0145 Mobile phase B, 50:50 (v/v) acetonitrile:water with 
10 mMammonium acetate, pH 8.0. 
0146 The column temperature was maintained at 30°C., 
and separation achieved using a 10 minute linear gradient 
from 0 to 20% mobile phase B at a flow rate of 0.5 mL/min. 
The column was then flushed with 80% mobile phase B for 3 
minutes and re-equilibrated with the starting mobile phase 
composition for another 3 minutes. 
0147 For reversed-phase separations, an ACQUITY 
UPLCR HSST3, 1.8 um, 2.1x100 mm column was used at 
65° C. in the same UHPLC system. The reversed-phase 
mobile phases employed were A, 40:60 (v/v) acetonitrile: 
water with 10 mMammonium acetate, pH 5.0, and B, 10:90 
(v/v) acetonitrile:isopropanol with 10 mM ammonium 
acetate, pH 5.0, with a gradient of 40% to 100% mobile phase 
B in 10 minutes. 

d) Mass Spectrometry 

0.148. Identification and confirmation of lipid species were 
performed on a Xevo G2 Qtof mass spectrometer (Waters, 
Manchester, UK) with both positive and negative electro 
spray ionization (ESI), in MS mode (Plumb R. S. et al., 
Rapid Commmun. Mass Spectrom. 2006, 20:1989-1994). 
Capillary and cone voltages of 2.8 kV and 35 V were 
employed for positive ESI, and 1.9 kV and 45 V for negative 
ESI. The source and desolvation temperatures were set at 
120° C. and 500° C. respectively, and the desolvation gas flow 
1000 L/Hr. For MS, data were collected in two channels 
simultaneously; low collision energy (6 V) for precursor ions 
and high collision energy (20-35 V) for productions. Mass 
accuracy was maintained using 2 point LockMass (leucine 
encephalin, m/z 556.2771 and 278.1141). 
0149 Targeted quantification of the lipids was achieved 
by multiple reaction monitoring (MRM), whereby specific 
precursor to fragmention transitions were monitored using a 
Xevo TQ-Standem quadrupole mass spectrometer (Waters, 
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Manchester, UK) with positive-negative polarity Switching. 
The number of transitions in each class and the timing of the 
transitions monitored are Summarized in Table 1. 

TABLE 1. 

Number of MRM transitions and their timings used by the two methods. 
Acquisition 

Number of Period of 
MRM MRMs (mins 

LipidClass Transitions HILIC RP 

Method 1 Monohexosylceramide 18 O-2 1-13 
1OOx (MonoHexCer) 
dilution Dihexosylceramide 16 2-4 1-13 

(DiHexCer) 
Phosphatidylcholine (PC) 48 5-7 1-13 
Sphingomyelin (SM) 19 7-9 1-13 
Lyso-Phosphatidylcholine 11 8-10 O-7 
(LPC) 

Method 2 Phosphatidylglycerol (PG) 2O 1-3 O-13 
No Phosphatidylinositol (PI) 27 3-5 O-13 
dilution Phosphatidylethanolamine 34 3-5 O-13 

(PE) 
Lyso-Phosphatidylinositol 11 5-7 O-13 
(LPI) 
Lyso-Phosphatidylethanol- 11 6-8 O-13 
amine (LPE) 

Total transitions, Method 1 112 
Total transitions, Method 2 103 

0150. For HILIC separations, the MRM time windows 
were set across the range of expected elution times for each 
class, whereas for reversed-phase, the same MRM transitions 
spanned the length of the gradient. Source conditions were set 
at 3.0 kV capillary voltage, 450° C. desolvation temperature, 
1000 L/hr desolvation gas flow, 150° C. source temperature 
and 3.6x10 mBar collision cell pressure. Data analysis and 
processing were performed using TargetLynxTM (Waters 
Corp). 

Example 2 

Lipid Separation from Human Plasma 
0151. Phospholipids were extracted from 100 ul of human 
plasma using Ostro. Briefly, plasma was drawn through an 
Ostro 96-well plate (Waters P/N: 186005518) with 2x800 uL 
of ethanol and the flow through containing ceramides, PEs, 
PIs and PGs collected. PCs and SMs were extracted by adding 
2x800 uL of 4.5:4.5:1 (v/v/v) chloroform/methanol/triethy 
lamine to the plate and collecting the eluate. Both fractions 
were dried and reconstituted with 200 uL 1:1 (v/v) chloro 
form/methanol. 
0152 The following separation conditions were 
employed: 
0153. LC Conditions: 

0154) LC System: ACQUITY UPLC(R) System (a 
UHPLC system) 

O155 Column: ACQUITY BEH HILIC 1.7 um, 2.1 x 
100 mm 

0156 Column Temp. 30° C. 
(O157 Mobile Phase A: Acetonitrile/Water (95:5) with 

10 mMAmmonium Acetate, pH 8.0 
0158 Mobile Phase B: Acetonitrile/Water (50:50) with 
10 mMAmmonium Acetate, pH 8.0 

0159 Gradient: 0-20% B/10 min 
(0160 Flow Rate: 500 uL/min 
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(0161 MS Conditions: 
(0162 MS System: XevoTMTQ-S 
0.163 Ionization Mode: ESI, +/- switching 
(0164 Capillary voltage: 3.0 kV 
(0165. Desolvation temp.: 450° C. 

(0166 Desolvation Gas: 1000 L/hr 
(0167 Source Temp.: 150° C. 
(0168 Collision Cell Press.: 3.6x10 mBar 

0169. Data Management: 
(0170 MS Software: MassLynx, 
0171 Informatics: TargetLynx 

0172. The different lipid classes are clearly segregated 
when the HILIC elution times are plotted against m/z for the 
polar lipids (FIG. 1). In contrast to reversed-phase separa 
tions, where the retention times increase with lipophilicity 
(increasing chain length and decreasing number of double 
bonds) (Rainville P D et al., J. Proteome Res. 2007; 6:552 
558), the HILIC elution times decrease with increasing lipo 
philicity within each class of lipids (Waters Application Note 
720004.048). The more lipophilic diacyl phospholipids elute 
about 2 minutes earlier than the monoacyl lyso-phospholipids 
with the same head group. 
0173 Further, lysophosphatidylethanolamines and phos 
phatidylethanolamines are divided into two groups due to the 
separation of the plasmalogens from their lyso- and diacyl 
phospholipid analogues, as demonstrated by the MRM traces 
in FIG. 2. 
0.174 As above discussed, in the plasmalogens, the sn-1 
ester moiety is substituted with a less polar vinyl ether. The 
vinyl double bond effectively extends the alkenyl chain, and 
loss of the protruding carbonyl oxygen also increases the 
lipophilicity of the headgroup (Hermetter A. Comments Mol. 
Cell Biophys. 1988, 5:133-149). This results in a small but 
significant reduction in the retention times of the plasmalo 
gens relative to their acyl phospholipid counterparts (Re 
Zanka T. et al., Lipids 2011, 46:765-780). 
0.175. As shown in FIG. 2, this separation is most marked 
for the single chained Lyso-PEs (0.5 min), than for the sepa 
ration of the plasmalogens from the diacyl phosphatidyletha 
nolamines (0.2 min.), and phosphatidylcholines (0.1 min.). It 
is expected that there will also be separation of the lyso 
phosphatidylcholines and their plasmalogens, but there was 
insufficient abundance of lyso-PC plasmalogens for this to be 
observed in the study. 
(0176) The HILIC UHPLC-MS total ion chromatograms 
are shown in FIGS. 3 a-b). Although the HILIC method 
results in a narrow spread of retention times within each class 
of lipids as compared to RP-UHPLC (Rainville P. D. et al., J. 
Proteome Res. 2007, 6:552-558), the separation between the 
different classes increased significantly. This is illustrated by 
the separation of the phosphatidylcholines (PC), sphingomy 
elins (SM) and lysophosphatidylcholines (LPC) in the posi 
tive ion chromatogram (FIG.3a). The complete separation of 
these classes was not possible using RP-UHPLC (Castro 
Perez J. M. et al., J. Proteome Res. 2010, 9:2377-2389). 
0177. The triacylglycerols and diacylglycerols were not 
expected to interact strongly with the HILIC column and thus 
were not observed, whereas the ceramides (Cer) eluted early 
in the gradient. In the negative ion mode, phosphatidylglyc 
erols (PG), phosphatidylinositols (PI) and phosphatidyletha 
nolamines (PE) were separated from the PCs and eluted ear 
lier (see FIG. 3b). 
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0178. In contrast to reversed-phase, where the retention 
times increase with lipophilicity, the HILIC elution times 
decrease with increasing lipophilicity (increasing chain 
length and decreasing number of double bonds) within each 
class of lipids. 
(0179. It is noted that Dihexosyl ceramides (DiHexCer) 
elute later than monohexosyl ceramides (MonoHexCer) of 
the same chain length. It is believed that the reasons are that 
DiHexCer are more hydrophilic than MonoHexCer, as 
DiHexCer contain a greater number of hydroxyls in the 
dihexoside headgroup. The monoacyl lyso-phospholipids 
elute about 2 minutes later than the diacyl phospholipids with 
the same head group. 

Example 3 

Separation of Sphingomyelins (SMs) and 
Phosphatidylcholines (PCs) 

0180. Identification of lipids can be performed, based on 
precursor masses and the corresponding fragment or neutral 
loss characteristic of each group of lipids. However, some 
groups, such as the PCs and SMS not only produce character 
istic fragments of the same mass (m/z 184.0738), but they are 
also only separated by 1 Da, and hence their isotopes interfere 
with the detection and quantification of one another. This is an 
issue with direct infusion where there is no separation of the 
different lipid classes, and is also true for RP-LC separations, 
where the lipid classes overlap, as illustrated in FIG.5a. 
0181 Class-distinct separation can be achieved by nor 
mal-phase HPLC methods, but typically require about an 
hour for efficient separation (Shui G. et al., PLoS One 2010, 
5:el 1956). Thus, a normal-phase-like method providing 
effective separation of different lipid classes on UHPLC 
timescales (about 10 minutes) is highly desirable. The above 
desired result has been achieved using HILIC, as demon 
strated in FIG.5b. The separation of PCs from SMs using the 
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HILIC is exemplified by PC(32:1), m/z. 732.5545 and SM 
(18/18:0), m/z. 731.6069. These are closely eluting when 
using reversed-phase chromatography, but are separated by 
around 2 minutes using HILIC (FIG. 6). The separation of 
these two classes of lipids into distinct regions of the chro 
matogram allows unambiguous detection and measurement. 
0182. Using the HILIC-based UHPLC method, the SM 
and PC classes are well separated and therefore there is 
greater confidence in the accuracy and reliability of the data 
on the presence and abundance of the SMs. 
0183) One exception is the greater number SM species 
observed and with significantly greater intensities for the 
reversed-phase method compared to HILIC. Since PCs are 
significantly more abundant than SMS in plasma, isotopic 
interference from PCs greatly affect SM detection and mea 
Surement, and hence SMS may potentially have been greatly 
over-represented in the reversed-phase data. 

Example 4 

Quantification: HILIC Versus RP 
0184. It is known that quantitative tandem MS experiment, 
maintaining Sufficient duty cycle to obtain good quantifica 
tion limits the number of species that can be analysed simul 
taneously. The elution time range for each lipid class is nar 
row and predictable for the HILIC-based UHPLC method. 
0185. By restricting the MRM transitions to only the class 
(es) expected to elute in a time range, the number of transi 
tions used at a particular time are significantly reduced. This 
increases the number of data points that can be acquired 
across the chromatographic peak, resulting in better defini 
tion and quality of the measured MRM peaks, thus improving 
the reliability and reproducibility of quantification. This 
manifests in the consistently lower relative standard devia 
tions (% RSDs) for the peak areas measured with the HILIC 
approach compared to the reversed-phase method (Table 2). 

TABLE 2 

Species Average 
Detected Intensity % RSD 

Lipid Reversed Reversed Reversed 
Class HILIC Phase HILIC Phase HILIC Phase 

LPCs 9 9 303,741 332,736 2.1 4.2 
SMS 15 19* 11,380 65,036* 4.3 4.4 
PCs 42 43 1,133,030 1,736,154 2.2 4.0 
LPES 11 11 49,527 20,934 4.5 11.5 
LPIs 1 O 1,799 15.6 
PIs 26 17 127,011 33,096 6.0 13.6 
PES 30 24 74,513 17,648 6.4 10.8 
PGs 14 19 155.422 105,587 S.O 8.0 
Cer 9 6 28,840 2,337 13.9 20.1 
(Cer)** (13) (26,184) (7.6) 
Total No. 157 123 
Lipids 
Detected 

Overall % RSD (all measurements) 4.9 8.0 

Numbers of lipid species observed by class, with the average peak area counts and% RSD for each class, as 
well as overall%RSD per experiment as a whole for six replicate injections by two separation method. 
*Sphingomyelins detected in the reversed-phase method are difficult to distinguish from isotopic interference 
from phospatidylcholines, hence assignments may be incorrect 
**Ceramides prepared through the Ostro sample preparation route. 
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0186 To achieve a similar number of points (as above 
provided) across the chromatographic peak using a reversed 
phase method would require the building of a comprehensive 
library of lipid elution times or a complicated elution time 
model. 
0187. Having greater number of points across the chro 
matographic peak also increases the likelihood that low inten 
sity peaks will be detected by the peak picking algorithm 
using the HILIC approach. The HILIC approach does detect 
a greater total number of lipid species than the reversed-phase 
approach. Each lipid class has different optimal pH for ioni 
sation. It is thus expected that when methods use different 
pHs, each method shows better results for some lipids than 
others. Regardless of the number of detected species, the 
HILIC approach has consistently lower % RSDs for the peak 
areas than the RP method, reflecting an improved duty cycle. 

INCORPORATION BY REFERENCE 

0188 The entire contents of all patents, published patent 
applications and other references cited herein are hereby 
expressly incorporated herein in their entireties by reference. 

EQUIVALENTS 
0189 Those skilled in the art will recognize, or be able to 
ascertain using no more than routine experimentation, numer 
ous equivalents to the specific procedures described herein. 
Such equivalents are considered to be within the scope of this 
invention and are covered by the following claims. 
We claim: 
1. A method of separating lipids of different classes from a 

biological sample, said method comprising steps of 
i) preparing the biological sample; 
ii) loading said biological sample onto an ultrahigh perfor 
mance liquid chromatography (UHPLC) system, 
wherein said UHPLC system comprises a hydrophilic 
interaction chromatography (HILIC) column; 

iii) eluting said UHPLC system with an elution solvent; 
and 

iv) detecting lipids of different classes by using a mass 
spectrometer. 

2. A method of separating ether glycophospholipids from a 
biological sample, said method comprising steps of 

i) preparing the biological sample; 
ii) loading said biological sample onto an ultrahigh perfor 
mance liquid chromatography (UHPLC) system, 
wherein said UHPLC system comprises a hydrophilic 
interaction chromatography (HILIC) column; 
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iii) eluting said UHPLC system with an elution solvent; 
and 

iv) detecting the ether glycophospholipids by using a mass 
spectrometer. 

3. The method of claim 2, wherein said ether glycophos 
pholipids comprise plasmalogens. 

4. The method of claim 1 or 2, wherein said elution solvent 
is obtained by mixing a mobile phase A and a mobile phase B 
in situ. 

5. The method of claim 4, wherein a volume ratio of the 
mobile phase B to the mobile phase A is at a gradient that 
increases during the elution step. 

6. The method of claim 5, wherein the mobile phase A and 
the mobile phase B, each independently, comprise acetoni 
trile and water. 

7. The method of claim 6, wherein said mobile phase A 
comprises 95:5 by volume of acetonitrile:water, and said 
mobile phase B comprises 50:50 by volume of acetonitrile: 
Water. 

8. The method of claim 5, wherein said gradient is from 0 
to 20% (v/v) and is completed within about 10 minutes. 

9. The method of claim 1 or 2, wherein a pH value of said 
elution solvent is higher than 7. 

10. The method of claim 9, wherein the pH value of said 
elution solvent is about 8. 

11. The method of claim 1 or 2, wherein said elution 
Solvent comprises ammonium acetate. 

12. The method of claim 1 or 2, wherein said mass spec 
trometer is selected from the group of LC-MS/MS, MALDI 
MS, tandem quadrupole mass spectrometer, and ESI-MS, or 
a combination thereof. 

13. The method of claim 1 or 2, wherein said biological 
sample is selected from the group of blood, plasma, urine, 
body tissue, and a lipid extract from cells or tissues, wherein 
said cells or tissues are from animals, bacteria, plants, or 
fungi. 

14. The method of claim 1 or 2, wherein said HILIC col 
umn is normal-phase. 

15. The method of claim 14, wherein said HILIC columnis 
a Waters ACQUITY BEH HILIC (1.7 um, 2.1x100 mm) 
column. 

16. The method of claim 14, wherein said HILIC column 
comprises a solid phase selected from the group of silica, 
silica silanol, silica diol, amide, amino or anionic, cationic 
and Zwitterionic materials, or a combination thereof. 

17. The method of claim 1 or 2, wherein said UHPLC 
system is a Waters ACQUITY UPLCR) system. 

k k k k k 


