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Abstract

Lipidomics is a critical part of metabolomics and aims to study all the lipids within a living
system. We present here the development and evaluation of a sensitive capillary UPLC-MS
method for comprehensive top-down/bottom-up lipid profiling. Three different stationary phases
were evaluated in terms of peak capacity, linearity, reproducibility, and limit of quantification
(LOQ) using a mixture of lipid standards representative of the lipidome. The relative standard
deviations of the retention times and peak abundances of the lipid standards were 0.29% and
7.7%, respectively, when using the optimized method. The linearity was acceptable at >0.99 over
3 orders of magnitude, and the LOQs were sub-fmol. To demonstrate the performance of the
method in the analysis of complex samples, we analyzed lipids extracted from a human cell ling,
rat plasma, and a model human skin tissue, identifying 446, 444, and 370 unique lipids,
respectively. Overall, the method provided either higher coverage of the lipidome, greater
measurement sensitivity, or both, when compared to other approaches of global, untargeted lipid
profiling based on chromatography coupled with MS.
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Like genes and proteins, lipids are essential cellular components with functions ranging
from support of membrane architecture [1] and maintenance of energy homeostasis [2-4] to
modulation of enzyme activities and transduction of cellular events (e.g., proliferation and
death) [5]. Dysregulated lipid metabolism is associated with a variety of pathological
conditions, including diabetes mellitus [6-8], neurological disorders [9-11], cancers [12,13],
and infectious diseases [14-16].
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Lipids have been classified into 8 categories by the International Committee for the
Classification and Nomenclature of Lipids in conjunction with the LIPID MAPS
Consortium, based on their chemically distinct functional backbones and hydrophobic and
hydrophilic elements [17-19]. However, due to the diversity of constituent fatty acids (e.g.,
various chain lengths, degrees of unsaturation, positions of double bonds, etc) and the
combinatorial possibilities of backbone substitution, it is estimated that there are hundreds of
molecular species within each of these categories. In addition, there are dramatic
concentration differences between different classes of lipids, depending on cell type and
cellular location [20].

For global quantitative analyses of lipid molecular species in complex mixtures, mass
spectrometry (MS)-based techniques have become the method of choice since the initial use
of electrospray ionization (ESI)-MS in the characterization of diacylglycerols [21]. There
are two fundamentally different MS-based approaches commonly employed for lipid
analysis [22]. The infusion-MS based approach, often referred to as “shotgun lipidomics”,
subjects a total lipid extract to direct MS analysis without any prior chromatographic
separation [9,20]. In general, this approach offers the most rapid and efficient analysis of
individual molecular species from crude lipid extracts and has achieved success in analyzing
well-studied lipid classes [9,20]; however, shotgun lipidomics is limited for discovery of
novel or unexpected molecular species because only the species with known MS/MS
fragmentation patterns are considered. In addition, because there are no chromatographic
separation steps, ion suppression effects and lipid-lipid interactions can affect the ionization
process, which makes the analysis of less concentrated species or those with low ionization
efficiency more difficult [20]. Further, it is challenging to distinguish and quantify isobaric
and isomeric (typically only one isobar or isomer is biologically important) species due to
the low resolution mass analyzers (e.g., triple quadrupole MS) typically used in shotgun
lipidomics studies [23].

The other approach commonly used in lipidomics analyses employs a high performance
liquid chromatography (HPLC) step to separate lipids. The LC eluate is then coupled
directly to a mass spectrometer for further online analysis. The chromatographic focusing
provided by HPLC in combination with ESI-MS makes this approach the most sensitive
method for analysis of lipids [24]. Normal- and reversed-phase HPLC are the two most
commonly used separation methods. Normal-phase HPLC employs silica columns, and the
separation is based on the physical properties of the lipid head groups such that lipids
belonging to the same class or subclass co-elute without resolution of individual lipid
molecular species, as a result it is used primarily to analyze non-polar, neutral lipids [25] or
in off-line or online fractioning strategies prior to targeted or multidimensional analyses
[26]. Conversely, reversed-phase HPLC relies on the hydrophobic interactions between the
alkyl chains on the stationary phase and those of the lipid fatty acids to separate molecular
species in the same lipid class or subclass [20,24,5]. However, co-elution of molecular
species from different lipid classes can occur [27,28], and in some cases, large or highly
hydrophobic lipid species cannot completely elute from the column, making the
quantification of these species difficult [20].

Compared with wide bore analytical columns, capillary HPLC columns offer higher
sensitivity and smaller sample requirements [29]. Due to continuous innovations in surface
chemistry and decreases in particle sizes of column packing materials, we evaluated the
performance of three reversed-phase packing materials [27,30-33] — Cg (1.7 jum), C15 (3.0
pm) and HSST3-Cyg (1.8 wm) — in capillary column format as the front end method for
separation of a representative lipid standard mixture comprised of 55 species from 6 lipid
classes. Reproducible retention times and peak areas were obtained with these reversed-
phase capillary columns, and the limits of quantification for most of the lipid standards were
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sub-fmol. The use of high resolution LTQ-Orbitrap and LTQ-Orbitrap Velos mass
spectrometers employing higher energy collision dissociation (HCD) fragmentation provides
relative quantification and confident identification of lipid molecular species based on
accurate mass measurements of precursor ions and diagnostic fragment ions obtained from
data-dependent MS/MS events (i.e. combined top-down and bottom-up lipidomics) [34].
The utility of our method was further demonstrated in comprehensive analyses of lipids
from three representative biological samples, a human lung epithelial cell line (Calu-3), rat
plasma, and a model human skin tissue. Overall, the method provided either higher coverage
of the lipidome, greater measurement sensitivity, or both, when compared to other
approaches of global, untargeted lipid profiling based on chromatography coupled with MS.

MATERIALS AND METHODS

Chemicals

HPLC-grade acetonitrile and isopropanol were purchased from Fisher Scientific (Fair Lawn,
NJ), while MS-grade ammonium acetate was obtained from Fluka (St. Louis, NJ).

Lipid standards

Lipid standards (Table S1) were purchased from Avanti Polar Lipids (Alabaster, AL), and
equimolar standard mixtures were prepared in the following concentrations: 0.5 nM, 1 nM, 5
nM, 10 nM, 50 nM, 100 nM and 500 nM. Deuterated 1,2-dimyristoyl-sr+glycero-3-
phosphocholine (14:0 PC D4) was spiked into the unlabeled standard mixtures at a fixed
concentration of 50 nM in order to generate calibration curves for evaluating the dynamic
range and sensitivity of the LC-MS method and not for absolute quantification of lipids.

Lipid extraction

Lipids were extracted from biological samples (see Supplemental Methods) using cold (-20
°C) chloroform/methanol (2:1, v/v) in a 5:1 ratio over the sample volume. The mixtures
were vortexed for 10 s and allowed to stand on ice for 10 min, followed by vortexing for an
additional 10 s. After centrifugation at 13,5239 for 10 min, 200 pL of the chloroform layers
were removed by pipetting and dried /n vacuo. Prior to LC-MS analysis, the lipid extracts
were reconstituted in 200 pL of isopropanol containing 10 mM ammonium acetate. This
sample processing approach resulted in an extraction recovery efficiency of >70% for eight
lipid standards representative of the major lipid classes present in mammalian samples and
evaluated according to the method of Matuszewski et al [35] (see Supplemental Methods).

Capillary ultra-performance liquid chromatography-mass spectrometry (UPLC-MS)

A small trapping column (180 pm i.d. x 2 cm) packed with reversed-phase particles
(Symmetry Cyg, 5 pm; Waters, Milford, MA) was used prior to the analytical column for
fast (within 1.5 min at a flow rate of 10 pL/min) loading of lipid samples, followed by
washing of the column-bound lipids to remove chemical impurities and non-lipid sample
components. Reconstituted lipids (4 pL) were loaded onto the trapping column under the
following isocratic conditions: 93% acetonitrile/water (40:60) containing 10 mM ammonium
acetate (solvent A) and 7% acetonitrile/isopropanol (10:90) containing 10 mM ammonium
acetate (solvent B). The lipids retained on the trapping column were then forward-flushed to
the analytical column using gradient elution (Table S1).

Three different analytical columns (Table 1) were slurry packed, as previously described
[27], and evaluated in separations of the lipid standard mixture and biological sample
extracts using a Waters NanoAcquity LC system. The columns (150 pm x 20 cm) were
maintained at 40°C in a column oven, and gradient elution was performed as shown in Table
S1 over 90 min.
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The LC system was interfaced to a LTQ-Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA) using a chemically etched ESI emitter [36], and the ESI emitter and MS inlet
capillary potentials were 2.2 kV and 12 V, respectively. Data-dependent MS/MS scan events
were performed in the ion-trap (collision-induced dissociation; CID) or Orbitrap (HCD)
using a normalized collision energy (NCE) of 35 and 40 arbitrary units, respectively. Both
CID and HCD were set with a maximum charge state of 2 and an isolation width of 2 m/z
units. An activation Q value of 0.18 was used for CID. The full scan mass ranges for
positive and negative ESI modes were 300-2000 and 200-2000 77/z, respectively. In other
analyses, a LTQ-Orbitrap Velos (Thermo Scientific) mass spectrometer was used with a
NCE of 35 and 30 arbitrary units for CID and HCD, respectively. Each sample was analyzed
in triplicate in both ESI modes.

Data processing

Data were acquired under the control of Thermo Xcalibur software (Thermo Scientific).
Chromatographic peaks of lipid standards were integrated using Xcalibur Quan Browser in
order to construct calibration curves. The PRISM Data Analysis system [37], a series of
software tools freely available at http://ncrr.pnl.gov/software/ and developed in-house, was
used to process and analyze the LC-MS data generated from the biological sample lipid
extracts. The first step involved deisotoping of the raw MS data to give the monoisotopic
mass, charge state, and intensity of the major peaks in each mass spectrum using Decon2LS
[38]. The data were next examined in a 2-D fashion using MultiAlign to identify groups of
mass spectral peaks that were observed in sequential spectra (i.e., “features”) using an
algorithm [39] that computes a Euclidean distance in n-dimensional space for combinations
of peaks. LC-MS features were then chromatographically aligned across all replicates for
each sample using the LCMSWARP algorithm [40] in MultiAlign, and the identities of
detected lipids were determined using the in-house software LipidMiner (see Supplemental
Methods).

RESULTS AND DISCUSSION

Total lipid extracts of cell, tissue, and biofluid samples are complex, with sample
components often numbering in the hundreds to thousands and present in a wide range of
concentration. For example, participants in the LIPID MAPS consortium recently performed
a quantitative assessment of the human plasma lipidome and measured 588 individual
molecular species of fatty acyls (107), glycerolipids (73), glycerophospholipids (160),
sphingolipids (204), sterol lipids (36), and prenol lipids (8) using targeted molecular analysis
approaches [41]. Importantly, these species were present in concentrations ranging from
0.009 pmol/mL (the eicosanoid 11-trans-LTC4) to 0.820 wmol/mL (free cholesterol; total
cholesterol was measured as 3.76 wmol/mL) [41], almost 10 orders of magnitude difference
and mirroring the concentration range reported for human plasma proteins [42]. The
quantitative measurement of the range of lipids in biological samples is not yet possible in a
single analysis with current technology. However, useful information for assessing
biological status can be obtained from untargeted lipid profiling experiments, and the goal of
the current study was to develop a sensitive capillary LC-MS method for such applications.

LC-MS method development and separation characteristics

The aim of untargeted lipid profiling experiments is the detection and relative quantification
of as many sample components as reasonably possible in order to identify those lipids that
can be used to describe a disease, growth condition, or some external perturbation. In the
current study, we used a capillary column and associated low flow rate in order to exploit
the increased ESI-MS efficiency (defined as the number of analyte ions recorded at the MS
detector divided by the number of analyte molecules delivered to the ESI emitter [29]) and,
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therefore, overall sensitivity of the measurements obtained from this format [43-47].
Similarly, we chose to compare lipid separations obtained using sub-2m particles to that
obtained from a more conventional LC packing material (Table 1), since such UPLC [48]
particles provide increased LC separation efficiency through a decrease in the height
equivalent to a theoretical plate, resulting in an increase in the number of theoretical plates
per column [49]. To ensure that the method would be broadly applicable in lipid profiling
experiments, we utilized a mixture comprised of 54 representative lipid standards, including
glycerophospholipids (glycerophosphocholine, PC; lysoglycerophosphocholine, LPC
glycerophosphoethanolamine, PE; lysoglycerophosphoethanolamine, LPE;
glycerophosphoserine, PS; lysoglycerophosphoserine, LPS; glycerophosphoglycerol, PG;
lysoglycerophosphoglycerol, LPG; and cardiolipins), glycerolipids (monoradylglycerols,
MG; diradylglycerols, DG; triradylglycerols, TG; glycosyldiradylglycerols, MGDG and
DGDG), sterol lipids (cholesterol and its esters), sphingolipids (sphingomyelin, SM and
ceramides, Cer), fatty acyls (free fatty acids, FA) and one isotope labeled standard 1,2-
dimyristoyl-sr-glycero-3-phosphocholine-1,1,2,2-d4 (14:0 PC D4). Based on commercial
availability, at least three different molecular species from each class were chosen when
possible, including one lipid with an unsaturated acyl chain, one lipid with a short acyl
chain, and one lipid with a long acyl chain (Table S1). The mobile phase composition and
gradient were then optimized to obtain the best separation possible of the standard mixture.
The separation of lipid standards obtained using capillary columns packed with the three
materials is shown in Figure 1 and is similar to recent reports of reversed-phase LC
separations of lipids [28,50,27] in the sense that species from more polar classes such as
lysoglycerophospholipids and FA eluted during the beginning of the separation, followed by
more hydrophobic classes such as glycerophospholipids, sphingolipids, and smaller
glycerolipids (MG and DG) in the middle of the separation, and followed finally by the most
hydrophobic classes such as sterol esters and larger glycerolipids (TG) at the end of the
separation (Table S1 and Figure S1). In addition, molecular species in a given class with
more carbon atoms in the acyl chains and fewer or no double bonds tended to retain on the
reversed-phase columns for a longer time compared to those with fewer carbon atoms or
more double bonds. Some classes, such as TG with long fatty acyl chains (e.g.,
24:1/24:1/24:1 TG in the lipid standard mixture), can be difficult to completely elute from a
traditional Cqg stationary phase, resulting in peak broadening and sample carryover. Indeed,
we observed carryover of TG species during capillary LC-MS analyses of lipid extracts from
blood plasma samples when using our previously published method [27], which relied on a
solvent system based on methanol. Importantly, the incorporation of isopropanol into the
current solvent system resulted in complete elution of the 24:1/24:1/24:1 TG with no carry-
over detected in subsequent blank samples. In addition, we added a flushing procedure at the
end of the gradient by ramping down from 99.5% solvent B after the end of the separation to
60%, followed by a return to 99.5% (Table S2) to further clean the column.

To provide an estimate of LC separation quality, we calculated the peak capacity for each
capillary column. LC column peak capacity is a measure of the column efficiency and is
generally defined as the number of fully resolved peaks that can fit shoulder-to-shoulder
within the separation space [51]. In our analyses, peak elution began ~10 min after sample
injection, and the last lipid standard eluted at ~76 min (Figure 1, Tables 1 & S1). So as not
to bias the calculation of peak capacity (e.g., by selecting a single narrow chromatographic
peak), eleven lipid molecular species from 11 different lipid classes (marked in bold in
Table S1) were selected for calculating peak capacities as the elution time range (t) divided
by 4o, where 2o corresponds to the width of a LC peak at 60% height [52]. The LC peak
capacities were then estimated based on the average of the peak capacities calculated for the
11 selected standards. As shown in Table 1, the HSS T3 column provided the highest peak
capacity in separations of the lipid standard mixture. The peak capacities could be
potentially improved by using longer columns or longer separation times, as reported in a
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previous study [53], which showed that chromatographic peak capacities of 1000-1500 were
possible for complex metabolite mixtures.

The intraday and interday variation was assessed by performing repeated analyses of the
lipid standards on the same day or over three consecutive days using all three capillary
columns. The median relative standard deviation (RSD) of the retention times of the
standards was 0.29%, 0.64%, and 0.51% for the capillary columns packed with the HSS T3,
traditional C4g, and Cg materials, respectively. Similarly, the median RSD of the peak areas
of the standards was 7.7%, 5.4%, and 8.2% for HSS T3, traditional C1g, and Cg materials,
respectively. These values are comparable to those in recent reports of LC-MS analyses of
lipids [50,26,28].

To estimate the sensitivity of the capillary LC-MS method when using columns packed with
the three materials shown in Table 1, a dilution series of the lipid standard mixture was
analyzed in triplicate. Table 2 shows the limits of quantification (LOQ; defined here as the
lowest amount of analyte that can be accurately measured at a signal-to-noise ratio of =10)
for columns containing each material and the associated signal-to-noise (S/N) ratios for the
lowest amount of lipid standard mixture injected. For the 11 lipid molecular species shown
in Table 2, the LOQs were generally <2 fmol for each column. The variations in LOQs for
the 11 different lipid standards can be explained by differences in their ionization
efficiencies. For example, glycerophospholipids such as PC, PE, and PS and sphingolipids
such as SM and Cer are more easily ionized than neutral lipids such as CE and TG because
they form protonated rather than adducted (e.g., NH,) ions. In particular, the cardiolipin in
our study generated both protonated and ammoniated ions, with about 5- to 10-fold higher
intensities from ammoniated ions. It is important to note the relatively large S/N associated
with the LOQs in Table 2, indicating that these values could be extended to the hundreds of
amol and that the associated limits of detection (LOD; defined here as the minimum amount
of analyte that can be accurately measured with a S/N of 3) may be much lower. With a few
exceptions, the capillary column packed with the HSS T3 material provided the highest S/N
for the 11 molecular species shown in Table 2. To evaluate the linearity of the method when
using the three columns, standard curves were constructed. The HSS T3 column in particular
showed RZ values > 0.99 over 3 orders of magnitude in concentration (Figure S2) for all
lipids in Table 2 with the exception of 18:0 MGDG (R? = 0.9841). Figure 3 shows the
standard curve of d18:1/18:1 SM with an R? of 0.9993. These values are comparable with
those of recent reports of LC-MS analyses of lipids [50,26,28].

Analysis of lipid extracts from biological samples

To evaluate the performance of the three packing materials in lipid profiling experiments,
we analyzed lipid extracts from Calu-3 cells, rat blood plasma, and human skin tissue in
triplicate using each of the capillary columns described above. Importantly, the
reproducibility of detected lipid abundances was excellent for all three capillary columns,
with Pearson correlation coefficients >0.98 between technical replicates. Consistent with our
observations in the analysis of the lipid standard mixture, the HSS T3 column showed
superior performance compared to the traditional C1g capillary column and the Cg capillary
UPLC column in terms of the number of lipid features reproducibly (n = 3) detected. For
example, 2230 lipid features were reproducibly detected from positive ESI analysis of
Calu-3 cell lipids using the HSS T3 capillary UPLC column as compared to the traditional
Cyg capillary column (1784 lipid features reproducibly detected) and the Cg capillary UPLC
column (1599 lipid features reproducibly detected). This is due to the higher separation
efficiency (Table 1) obtained using the sub-2 pm particles compared to the 3 wm particles
used in the traditional C,g column and to the greater retention of lipids by the C,g stationary
phase relative to the Cg stationary phase used in the other capillary UPLC column (Figure 2
shows a representative chromatogram obtained from analysis of Calu-3 cell lipids using the
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HSS T3 capillary UPLC column). Therefore, we focused our analysis on the data generated
from the capillary UPLC-MS method using the HSS T3 column.

The variation in the analysis of complex lipid extracts using the HSS T3 capillary column
was evaluated by calculating the RSDs of the retention times and peak areas of lipid features
detected in triplicate analysis of Calu-3 cell lipids. As in the analysis of the lipid standards,
the median RSDs of the retention times and peak areas of the 2230 lipid features
reproducibly detected in positive ESI analysis of Calu-3 cell lipids were 0.33% and 11%,
respectively. The median RSD of the lipid feature peak areas is higher than those (e.g., 5%
[28], 4.3-6.2% [50], and 2.4—6.4% [26]) in recent reports of LC-MS analyses of lipids;
however, this slight increase may be attributed to an increase in the variability of the “open”
ESI source used in our laboratory and the lack of sheath gas.

To determine if the method could provide comprehensive analysis of lipids from biological
samples, we structurally identified the lipid features detected in Calu-3 cells, rat blood
plasma, and human skin tissue. Lipids detected in lipid profiling or lipidomics analyses are
typically identified using one of two approaches. In top-down lipidomics, the masses or m/z
values of detected lipid features are compared directly to known lipid masses or m/z values
in custom or publicly available databases, or the observed masses or /7/z values are used to
calculate candidate empirical formulae for the detected lipids, which are then compared to
database entries [54,55,28]. In bottom-up lipidomics, lipids are fragmented in targeted or
data-dependent MS/MS analyses, and diagnostic and other ions are used to assign lipid class
and fatty acid composition [56,27,57,58]. In this work, we used a LTQ-Orbitrap Velos
instrument and combined top-down and bottom-up lipidomics in the same analysis to
structurally identify detected lipids in the current study. Because the fragment ion low mass
cut-off limits the identification of lipids during CID MS/MS in ion-trap instruments [27], we
also used alternating data-dependent CID and HCD fragmentation during analyses of lipid
extracts from biological samples in order to obtain as much useful MS/MS information as
possible (representative positive and negative ion MS/MS spectra of lipid molecular species
from the major lipid classes detected in our study are shown in Supplemental Figure S3)..
The latter mode provides triple quadrupole-like fragmentation, and Schuhmann et al.
recently demonstrated that HCD on a LTQ-Orbitrap Velos improved the confidence of lipid
identification in shotgun lipidomics (i.e., direct infusion-MS/MS) studies compared to CID
[34]. Recent work by Bushee and Argikar suggested that LC-MS methods relying on data-
dependent MS/MS characterizations of small molecules should incorporate both HCD and
CID for comprehensive structural information [59]. The data produced from the combined
top-down/bottom-up approach was processed using the in-house software LipidMiner for
lipid identification (See Supplemental Methods). The software first generates a list of all
fragment ions produced from each data-dependent MS/MS event along with the associated
precursor ions. The software then applies an /in silico “triple quadrupole-like” filter to
identify the diagnostic (i.e., fragment or neutral-loss) ions [57,60,61,20] (Table S3) specific
to each lipid class. The software then groups the results of this filtering process by lipid
class, and the accurate masses of the precursor ions are matched by class to entries in the
Lipid Maps (www.lipidmaps.org) database. Finally, comparison of the retention times of
identified lipids to the retentions times or ranges of the lipid standards was used as an
additional metric of identification confidence. From this process, 446, 444, and 370 lipid
molecular species were identified in the Calu-3, rat blood plasma, and human skin tissue
samples, respectively (Tables S4-S7).

of the capillary UPLC-MS method with other LC-MS approaches

In order to benchmark our approach, we compared our results to those obtained from
recently reported chromatography-MS-based lipidomics and lipid profiling methods. While
some of these methods are also based on the use of sub-2 um LC particles, the columns
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were large bore (2.1 mm i.d.) and the associated flow rates relatively high at 300-500 L/
min, which leads to decreased ESI efficiency and overall decreased sensitivity [43-47].
Indeed, 2 out of the 4 methods [28,50] reported fewer lipid features detected and fewer
lipids structurally identified than the method described in this paper, although the software
and general methodologies used for feature detection and lipid identification vary and can
influence the final numbers. In addition, these metrics depend on the dynamic range of the
mass spectrometer used and the LC sample loading.

The findings of Castro-Perez et al. [50] offer the fairest comparison to the method reported
herein. Their method utilized a large bore (2.1 mm i.d.) column containing the same packing
material (Waters HSS T3 C;g) and same solvent system as used in our capillary UPLC
method. The total separation time for their method was 15 min (making the method useful
for rapid screening of samples) compared to the 90 min separation in our method, and they
reported fewer detected lipid features (1500) and structurally identified lipids (284) in the
analysis of human plasma lipids, compared to the 2000+ lipid features reproducibly (n = 3)
detected and 444 lipids structurally identified in our analysis of rat plasma lipids. The fewer
numbers of detected and structurally identified lipids in their study is likely a result of the
relatively fast gradient and high flow rate used (400 p.L/min), which may have resulted in
reduced separation peak capacity and decreased sensitivity. Indeed, the lowest amounts of
measured lipid standards reported by Castro-Perez and colleagues ranged from 14—73 pmol
compared to the LOQs of 2 fmol (almost 4 orders of magnitude difference) in our study.

Sandra et al. [28] and Nie et al. [26] published recent papers detailing LC methods of
comparable separation times (89 and 114 min, respectively) to the method reported here (90
min). Again, both groups utilized large bore (2.1 mm i.d.) columns and relatively high flow
rates (300 or 500 p.L/min). The method reported by Sandra and colleagues resulted in the
detection of 1528 features and at least 55 structurally identified human plasma lipids
(presumably more species were structurally identified, but the authors only provide
information for 55). Nie et a/. reported the structural identification of 721 lipids from rat
peritonea — nearly double the number of lipids structurally identified using our method in the
analysis of a similar sample type (i.e. 370 lipids reproducibly identified in human skin
tissue). However, this method was based on an online 2-D separation of lipids, with the first
dimension consisting of normal-phase separation of lipids by class, followed by reversed-
phase separation of each normal-phase fraction. Thus, the peak capacity, although not
reported by the authors, should be high due to the orthogonality of the two separation
dimensions. Despite the decrease in sample complexity of each normal-phase fraction, Nie
and colleagues report LODs of 55-65 fmol [26] — at least 27-fold higher than the typical
LOQs reported in the current work.

Quehenberger et al. [41] also reported higher numbers of structurally identified human
plasma lipids (588) compared to the 444 rat plasma lipids identified in our study.
Importantly, the authors chose to use targeted approaches to obtain absolute quantitative
data for all of the lipids identified in their study. The advantage to such an approach is the
specificity and sensitivity offered by the analytical methodology. However, this approach
may be difficult to reproduce by most researchers, considering that 7 different laboratories
participated in the measurement of the plasma lipids and that the total separation time of all
the methods employed was >290 min (if sample preparation time is factored in, then the
total analysis time far exceeds any of the other methods discussed above). Nevertheless, the
methods of Quehenberger and colleagues resulted in an impressive, quantitative
characterization of the human plasma lipidome and can be repeated when necessary,
particularly if stoichiometric information is required.
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A special acknowledgement must be made to the work of Moon [62-65] and Taguchi [66]
and colleagues. While we have previously reported the use of capillary LC coupled with MS
for the analysis of lipids [27], their laboratories have exploited the sensitivity gained with
capillary LC since 2005. Moon and colleagues, in particular, have excelled in using
nanoflow-scale (e.g., 300 nL/min) separations in the analysis of lipids. However, because
their methods are centered on the analysis of phospholipids, we assume that the
chromatography has been optimized for these classes of lipids only and therefore have not
included them with the other more global methods discussed above.

CONCLUSIONS

In summary, we have developed a capillary UPLC-MS lipidomics approach that provides
either higher coverage of the lipidome, greater measurement sensitivity, or both, when
compared to other approaches of global, untargeted lipid profiling based on chromatography
coupled with MS. In addition, the linearity and reproducibility of the method are comparable
to those of recent reports [50,26,28]. We anticipate that the method will be particularly
valuable in the analysis of samples of limited quantity, e.g., needle biopsies, aspirate fluids,
and exhaled breath condensates.
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Representative positive ESI chromatograms produced from capillary LC separations of the
lipid standard using the HSS T3, C1g and Cg materials.
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Figure 3.

Standard curve of SM d18:1/18:1 generated from triplicate UPLC-MS analysis of the
serially diluted lipid standard mixture using the HSS T3 capillary column. Deuterated PC
14:0 was added as an internal standard in a constant amount (200 fmol). The amounts of SM
d18:1/18:1 injected were 2 fmol, 4 fmol, 20 fmol, 40 fmol, 200 fmol, 400 fmol and 2000
fmol.
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