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Abstract

The goal of untargeted lipidomics is to have high throughput, yet comprehensive and 

unambiguous identification and quantification of lipids. Novel stationary phases in LC separation 

and new mass spectrometric instruments capable of high mass resolving power and faster scanning 

rate are essential to achieving this goal. In this work, 4 reversed phase LC columns coupled with a 

high field quadrupole orbitrap mass spectrometer (Q Exactive HF) were thoroughly compared 

using complex lipid standard mixture and rat plasma and liver samples. A good separation of all 

lipids was achieved in 24 min of gradient. The columns compared include C30 and C18 

functionalization on either core–shell or totally porous silica particles, with size ranging from 1.7 

to 2.6 μm. Accucore C30 column showed the narrowest peaks and highest theoretical plate 

number, and excellent peak capacity and retention time reproducibility (<1% standard deviation). 

As a result, it resulted in 430 lipid species identified from rat plasma and rat liver samples with 

highest confidence. The high resolution offered by the up-front RPLC allowed discrimination of 

cis/trans isomeric lipid species, and the high field orbitrap mass spectrometer afforded the clear 

distinction of isobaric lipid species in full scan MS and the unambiguous assignment of sn-

positional isomers for lysophospholipids in MS/MS. Taken together, the high efficiency LC 

separation and high mass resolving MS analysis are very promising tools for untargeted lipidomics 

analysis.
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1. Introduction

Lipids are small molecules of great importance due to their functions in energy storage, 

biological membrane structure and signal transduction [1–3]. Dysregulations of lipids have 

been related with many diseases and the interest for their study has grown in the past decade. 

In this respect, Lysophosphatidic acid (LPA) has been linked with cancer, since it has been 

found to stimulate cell proliferation, migration and survival by acting on its cognate G-

protein-coupled receptors [2]. Insulin resistance and type 2 diabetes have been associated 

with a clustering of interrelated plasma lipid and lipoprotein abnormalities, which include 

reduced HDL cholesterol, a predominance of small dense LDL particles, elevated 

triglyceride levels, and increased risk of atherosclerosis and coronary heart disease [4]. In 

addition, dysregulated lipid metabolism has been involved in neurological disorders [5]. For 

example, Alzheimer’s disease has been linked with aberrant cholesterol metabolism [6], 

while the abnormal glycolipid metabolism was shown to be associated with Parkinson’s 

disease [7].

Different methods have been developed for global lipidomic analysis [8]. Lipids, 

particularly phospholipids and glycerolipids, generate lipid-class characteristic fragment 

ions and neutral losses when the molecular ions are fragmented under low energy collision 

induced dissociation in a tandem mass spectrometer. Based on this, various direct infusion 

(shotgun) tandem mass spectrometric (MS) methods have been developed for quickly 

profiling lipid species [9–11]. However, the omission of chromatographic separation of lipid 

samples in these methods make them incapable of differentiating isobaric and isomeric 

lipids; in addition, ion suppression could also be an issue if lipid class based fractionation is 

not performed prior to mass spectrometric analysis [8]. To overcome these limitations, new 

developments in this technique have been made recently, including novel multiplexed 

approach for extraction of lipids, implementation of multiple informative dimensions for MS 

interrogation and the development of new bioinformatics approaches for enhanced 

identification and quantitation [11].

Chromatographic methods have also been used widely for separation of lipids. In this case, 

thin layer chromatography, solid phase extraction and normal phase liquid chromatography 

(LC) have been used for purification and fractionation of different lipid classes, while gas 

chromatography (GC) and reversed phase LC for analysis of the different lipid molecular 

species. In particular, reversed phase LC separates lipid molecules based on the interaction 

between the hydrophobic stationary phase and the hydrophobicity of fatty acyls (including 

the number and position of unsaturation), as well as the polarity of lipid head group [12]. 

Among the various stationary phases, C18 has been the mostly used packing material, with 

particle sizes ranging from 5 to sub-2 μm for enhanced resolving power. To overcome the 

ultrahigh backpressure resulted from porous sub-2 μm particles, core–shell particles has 

gained popularity in recent years for their reduced resistance to mass transfer and high 

particle uniformity [13,14]. For example, Witting et al. [15] compared sub-2 μm core–shell 

columns and sub-2 μm porous columns for in depth lipidomic study of Caenorhabditis 

elegans, and demonstrated that the Cortecs C18—a core–shell column, showed superior 

performance in case of chromatographic peak characteristics (plate number, number of 

detected lipid features) in comparison with the others. In addition, C18 particles with low 
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level surface charge has also been used to enhance the separation and increase the loading 

capacity [16]. For the separation of cis and trans phospholipid isomers, Bird et al. [12] 

observed that the column incorporating charged surface produced sharper peaks when 

compared with a fused-core or a fully porous core non-charged C18 columns.

Although C30 stationary phase is much less used in untargeted profiling of lipidome, its 

potential has been demonstrated in separation of phospholipids [9]. The aim of the present 

work is to compare different reversed phase columns, including core–shell and porous 

particles, with C18 and C30 stationary phases, for the most reproducible, high resolving 

power, and comprehensive lipidomic analysis. The evaluation of column performance was 

based on both complex lipid standard mixture and complex biological samples, i.e. rat liver 

and plasma lipid extracts. The optimized LC method, when combined with the newer 

generation, high resolution, fast scanning mass spectrometer (Q Exactive HF) has 

demonstrated to be powerful in global lipidomic analysis.

2. Experimental

2.1. Chemicals and columns

Ammonium formate, isopropanol (IPA) and water (Optima® LC–MS grade) were obtained 

from Fisher Scientific (Fair Lawn, NJ). Acetonitrile (ACN) and formic acid were of LC/MS 

quality and acquired from Fluka (Germany). Chloroform (HPLC grade) and methanol 

(LC/MS grade) were provided by Merck (Germany) and EMD Chemicals (Gibbstown, NJ) 

respectively. Columns used (Table 1) were supplied by Phenomenex (USA), Waters 

(Ireland) and Thermo Scientific (USA).

Phospholipids standards were acquired from Avanti Polar Lipids (Birmingham, AL), while 

acylglycerols, fatty acids, cholesterol and cholesterol esters were obtained from Nu-Chek-

Prep, Inc. (Elysian, MN). Cardiolipin from bovine heart was supplied by Sigma–Aldrich (St. 

Louis, MO). Standard lipid solutions were prepared by dissolution in ACN/IPA/water 

(65:30:5, v/v/v) in a concentration of 0.025 μg/μL.

Pierce LTQ Velos ESI Positive Ion Calibration Solution and Pierce LTQ Velos ESI 

Negative Ion Calibration Solution were provided by Thermo Fisher Scientific (Waltham, 

MA).

Rat plasma and liver were obtained from BioreclamationIVT (Baltimore, MD), both of them 

came from the same animal.

2.2. Lipid extraction from rat plasma and liver samples

Prior to lipid extraction, the liver was homogenized by using an Omni TH homogenizer 

(Omni International, Warrenton, VA). Lipids were extracted in duplicate from 50 μL aliquot 

of plasma and 0.05 g of liver according to the Folch method [17] under cold conditions (−20 

°C) using chloroform/methanol (2:1, v/v) in a 5:1 and 20:1 ratios over the sample volume, 

respectively. The mixtures were vortexed for 10 s and allowed to stand on ice for 10 min. 

After being mixed again by vortexing, they were centrifuged at 9279 × g for 10 min. For 

plasma samples, 200 μL of the organic layers were collected, while for the liver samples, all 
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the organic solvents were collected and filtered through filter paper (Fisher Scientific). 

Then, the extracts were evaporated to dryness under vacuum. Prior to LC–MS analysis, the 

lipid extracts were reconstituted in 100 μL of chloroform for plasma samples while in the 

case of liver samples, the residue was re-dissolved at a final concentration of 0.05 μg/μL. 

The whole procedure was carried out using glass vials to avoid contaminations from 

container.

2.3. Chromatographic and mass spectrometric conditions

A Vanquish UHPLC system (ThermoFisher Scientific) with a binary pump and an 

autosampler was used for this study. The separation was performed using different columns. 

The column oven temperature suitable for all columns was 40 °C. A generic binary gradient 

elution was carried out using different ratios of eluents A (ACN:water, 60:40,v/v) and B 

(IPA:ACN, 90:10, v/v), both containing 10 mM ammonium formate and 0.1% formic acid 

[18]. A better separation for all the columns studied was achieved using the following 

gradient: −3 −0 min isocratic elution with 30% B for the equilibration of the column; 0–5 

min, 30–43% B; 5–5.1 min, 43–50%; 5.1–14 min, 50–70% B; 14.1–21 min, 70–99% B; 21–

24 min, 99% B; 24–24.1 min, 99–30%; 24.1–28 min, 30% B for column washing and 

equilibration. The separation time for the analytes was 24 min and the total analysis time 

including column re-equilibration was 31 min. The flow rate was set to 350 μL/min, the 

temperature of the sample tray was set to 15 °C and the injection volume was 5 μL.

The comparison of the columns was completed using the lipid standard mixture on a TSQ 

Quantiva triple quadrupole mass spectrometer (ThermoFisher Scientific) operated in full 

scan mode. All MS experiments were performed in positive and negative ion modes using a 

Heated Electro Spray Ionization (HESI) source. Tune parameters were optimized using 

PC(18:1(9Z)/18:1(9Z)), Cer(d18:1/18:1(9Z)), PG(18:1(9Z)/18:1(9Z)) in both negative and 

positive ion modes, and TG(16:0/16:0/16:0), DG(18:1(9Z)/18:1(Z)/0:0) and 18:1 choresteryl 

ester in positive ion mode. Due to the high flow rate used, a sweep cone was used for best 

performance and protection of the system. The spray voltage for positive ion mode was 3 

kV, while 2 kV was used for negative ion mode. The flow rates of sheath, auxiliary and 

sweep gases were 20, 7 and 1 (arbitrary units), respectively, for both ionization modes. Ion 

transfer tube and vaporizer temperatures were at 350 and 400 °C, respectively. Scan range 

was 100–1900 m/z, while the scan rate was 1000 amu/s. The resolution was set at 0.7 

(FWHM).

For the untargeted lipidomic analysis, a Q Exactive HF (QEHF) hybrid quadrupole-Orbitrap 

mass spectrometer (ThermoFisher Scientific, USA) was employed. All MS experiments 

were performed in positive and negative ion modes using a HESI source. Tune parameters 

were optimized using PC(18:1(9Z)/18:1(9Z)), Cer(d18:1/18:1(9Z)), PG(18:1(9Z)/18:1(9Z)) 

in both negative and positive ion modes, and TG(16:0/16:0/16:0), DG(18:1(9Z)/18:1(9Z)/

0:0) and 18:1 cholesteryl ester in positive ion mode. A sweep cone was also used in this 

system. The flow rates of sheath gas and sweep gas for both polarities were adjusted to 20 

and 1 (arbitrary units), while the auxiliary gas rate was 5 for positive and 7 for negative. For 

both ionization modes, the spray voltage, the capillary temperature and the heater 

temperature were maintained at 3 kV, 350 °C and 400 °C, respectively. The S-Lens RF level 
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was set at 50. The Orbitrap mass analyzer was operated at a resolving power of 120,000 in 

full-scan mode (scan range: 114–1700 m/z; automatic gain control target: 1e6) and of 30,000 

in the Top20 data-dependent MS2 mode (HCD fragmentation with stepped normalized 

collision energy: 25 and 30 in positive ion mode, and 20, 24 and 28 in negative ion mode; 

Injection time: 100 ms; Isolation window: 1m/z; automatic gain control target: 1e5) with 

dynamic exclusion setting of 15.0 s.

The QEHF was externally calibrated within a mass accuracy of 1 ppm every week using the 

Thermo Scientific Pierce LTQ Velos ESI Negative Ion Calibration Solution (mixture 

containing sodium dodecyl sulfate, sodium taurocholate and Ultramark 1621 in an 

acetonitrile–methanol–acetic solution) and the Thermo Scientific Pierce LTQ Velos ESI 

Positive Ion Calibration Solution (containing a mixture of caffeine, tetra peptide MRFA, 

Ultramark 1621, and N-butylamine in an acetonitrile–methanol–acetic solution).

2.4. Data processing

All MS data were acquired and processed using the software package Xcalibur 3.0. 

LipidSearch software version 4.1 (Mitsui Knowledge Industry, Tokyo, Japan) was used for 

lipid molecular species identification and quantification in complex biological samples. Key 

processing parameters were: target database: QExactive; precursor tolerance: 5 ppm; 

product tolerance: 5 ppm; product ion threshold: 5%; m-score threshold: 1; Quan m/z 

tolerance: ±5 ppm; Quan RT (retention time) range: ±0.5 min; use of main isomer filter and 

ID quality filters A, B, C and D; Adduct ions: +H and +NH4 for positive ion mode, and −H, 

+HCOO and −2H for negative ion mode. The lipid classes selected for the search were: LPC 

(lysophosphatidylcholine), PC (phosphatidylcholine), LysoPE 

(lysophosphatidylethanolamine), PE (phosphatidylethanolamine), LysoPS 

(lysophosphatidylserine), PS (phosphatidylserine), LysoPG (lysophosphatidylglycerol), PG 

(phosphatidylglycerol), LysoPI (lysophosphatidylinositol), PI (phosphatidylinositol), 

LysoPA (lysophosphatidic acid), PA (phosphatidic acid), SM (sphingomyelin), MG 

(monoacylglycerol), DG (diacylglycerol), TG (triacylglycerol), CL (cardiolipin), So 

(sphingosine), Cer (ceramides), Che (cholesterol ester). The same lipid annotations within 

±0.1 min were merged into the aligned results. These parameters were first optimized using 

lipid standards before being applied to untargeted lipidomic analysis. Positions of the fatty 

acyls in lipid species identified from real samples were also manually confirmed according 

to the well-recognized rules established by tandem mass spectrometry [19,20], where the 

fatty acyls were either separated by “/” when the sn-position can be confirmed, or by “,” 

when it is unambiguous for the assignment. Free fatty acids have not been considered in the 

identification because the main fragment ion resulted from CO2 loss requires NCE > 50. 

Consequently, LipidSearch will not be able to identify free fatty acids using productions if 

[M−H-44]− is not in the product ion spectrum.

3. Results and discussion

3.1. Optimization of chromatographic conditions

By using a complex mixture of lipid standards that represents different classes of lipids with 

long and short chain fatty acyls (Table 2), we carefully optimized the chromatographic 

Narváez-Rivas and Zhang Page 5

J Chromatogr A. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conditions to achieve the best separation for the maximum number of lipid species. Four 

commercially available reversed phase columns with either core–shell or porous particles 

from three manufacturers were evaluated (Table 1). The chosen gradient allowed a better 

separation between lipid standards (Table 2) for all the columns studied. In addition, the first 

3 min of column equilibration prior to sample injection allowed the same column conditions 

to be applied for all runs, and the 4 min equilibration time applied at the end of the gradient 

resulted in minimal sample carryover as confirmed in subsequent analysis of blank samples.

Due to the high proportion of IPA in mobile phase B, and its high viscosity, we evaluated 

whether back pressure would pose a problem for these columns with small internal diameter 

and small size particles. Different flow rates were tested at 200, 300, 350, 400 and 500 μL/

min. The highest flow presented problems of overpressure in all the columns tested during 

the incremental increase of mobile phase B, except for the Accucore C30 column. The same 

problem was observed at 400 μL/min when using Kinetex C18 and Cortecs C18 columns. 

Raising column temperature to 40 °C from room temperature helped reducing back pressure, 

however the temperature was not further increased because two columns, Cortecs and 

HSST3 can only accept operating temperature up to 45 °C. Peak tailing was observed when 

the flow rate was decreased to 200 μL/min. Finally, 350 μL/min was selected for all the 

columns to yield narrower peaks and best resolution. The operating pressures of the LC 

system at the beginning and end of the analysis for all evaluated columns are shown in Table 

1.

Under the optimized gradient and chromatographic conditions, lysoglycerophospholipids 

and fatty acids (more polar lipids) eluted at the beginning under a higher concentration of 

mobile phase A, while higher ratios of mobile phase B at the end of the gradient resulted in 

elution of the most hydrophobic and larger lipids, such as cholesterol esters and 

triacylglycerols. The glycerophospholipids, sphingolipids, monoacylglycerols and 

diacylglycerols were eluted in the middle of the gradient.

We also tested three other columns, i.e. CSH C18 (100 × 2.1 mm, 1.7 μm, Waters), Cortecs 

C18+ (100 × 2.1 mm, 1.6 μm, Waters) and Accucore Vanquish C18 (100 × 2.1 mm, 1.5 μm, 

ThermoFisher Scientific). However, the results obtained with these columns are not 

presented here due to their overall underperformance, in particular in the region of the 

chromatogram where glycerophospholipid species elute.

3.2. Optimization of MS conditions

A TSQ Quantiva triple quadrupole mass spectrometer operated in full scan mode was 

coupled to the Vanquish UHPLC system for comparison of the columns using the lipid 

standard mixture listed in Section 2.3. Different tune parameters were optimized for the best 

operating conditions. The optimal vaporizer tempera-ture observed was 400–450©C, but no 

significant differences wereobserved between them and 400©C was chosen. At a vaporizer 

tem-perature of 500©C, the signals of TG species started to decrease, anddisappeared at 

550©C due to thermal instability. Different sprayvoltages influenced the base line of total 

ion chromatogram. Underboth ionization modes, higher spray voltages were observed 

toimprove S/N and decrease the low-frequency oscillations of thebaseline that was caused 

by spray instability. A spray voltage of3 kV was chosen for positive and 2 kV for negative 

Narváez-Rivas and Zhang Page 6

J Chromatogr A. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ion mode, andno significant improvements were observed when higher voltageswere used. 

The optimum flow rates of sheath, auxiliary and sweepgases were 20, 7 and 1 (arbitrary 

units), respectively, for both ion-ization modes. No changes in the signal were observed at 

highervalues of sweep gas. However, the signal had a significant reduc-tion when the values 

of sheath and auxiliary gases were higher than 40 and 12, respectively.

The optimized ionization conditions in the Quantiva MS were applied as the starting settings 

to optimize the electrospray ionization parameters of the QEHF system, and only slight 

modifications were deemed necessary as the electrospray interfaces on these two 

instruments were very similar. A mass resolution of 120 K at m/z 200 was chosen for 

effective differentiation of isobaric mass peaks, which could be as small as 0.03 mass units 

(see Fig. S1) [21,22]. The 60 K setting is the minimum mass resolution required for clear 

identification of both [M+H]+ ions (m/z 478.32 and 478.29 of the two lysophospholipid 

species, LysoPC(16:1p/0:0) and LysoPE (18:2)), which overlapped partially 

chromatographically at ~2.2 min. For unambiguous lipid molecular species identification 

and quantification, high mass resolution is essential to differentiate lipid species between co-

eluting isobaric molecular ions in the complex biological samples.

The optimized ionization conditions in the Quantiva MS were applied as the starting settings 

to optimize the electrospray ionization parameters of the QEHF system, and only slight 

modifications were deemed necessary as the electrospray interfaces on these two 

instruments were very similar. A mass resolution of 120 K at m/z 200 was chosen for 

effective differentiation of isobaric mass peaks, which could be as small as 0.03 mass units 

(see Fig. S1) [21,22]. The 60 K setting is the minimum mass resolution required for clear 

identification of both [M+H]+ ions (m/z 478.32 and 478.29 of the two lysophospholipid 

species, LysoPC(16:1p/0:0) and LysoPE (18:2)), which overlapped partially 

chromatographically at ~2.2 min. For unambiguous lipid molecular species identification 

and quantification, high mass resolution is essential to differentiate lipid species between co-

eluting isobaric molecular ions in the complex biological samples.

MS/MS data were acquired using a data dependent top-20 method with a mass resolution 

setting of 30 K. Even under this high mass resolution setting in the MS/MS scans, the cycle 

time of 0.04 min still allowed on average 9 MS survey scans performed on a typical 

chromatographic peak (mean of 0.39 min at the base, see Tables S1–S4), which makes 

accurate MS-level peak integration and therefore lipid quantification possible. An isolation 

width of 1 m/z provided a more pure precursor ion, which allowed a higher quality MS/MS 

spectrum for accurate identification of individual lipid species based on product ions. This 

was achieved as a result of the segmented quadrupole in the QEHF, which allows a narrow 

precursor ion isolation width with minimum transmission losses, besides of the very fast 

isolation and fragmentation capabilities [23].

It is known that fragmentation efficiency of lipid ions is dependent upon the collision energy 

applied during collision induced dissociation, and optimal collision energy varies with lipid 

classes and fatty acyl compositions of lipids. To this end, stepped collision energy has been 

used in both ionization modes. By combining fragmentation at low and high energy to give a 

broader range of fragment ions, all the lipid classes can be effectively fragmented under the 
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same MS/MS experimental settings, which circumvents the need for multiple LC–MS/MS 

runs each with a different collision energy setting optimized for each lipid class.

3.3. Column comparison using lipid standards

Initial evaluation of the selected columns was conducted using a mix of different lipid 

standards (Table 2), under identical gradient conditions in positive and negative ion modes 

(Fig. 1). All columns presented comparable time of analysis for the standard mixture used, 

peak elution started ~1 min after sample injection and the last lipid standard eluted between 

17.00–18.91 min in negative ion mode and between 20.48–22.33 min in positive ion mode. 

Kinetex C18 column showed the lowest retentivity for the standard lipids.

Retention time, peak area, height and width were extracted for each standard lipid (Tables 

S1–S4), and their means and standard deviations (SD) were used as the basis for evaluating 

the performance of each column. Remarkably, Accucore C30, Cortecs C18 and HSS T3 

columns presented excellent retention time reproducibility from several injections of the 

lipid standard mixture, with no change in retention time in most of the cases, with the 

standard deviation always <1%. The only exception is the Kinetex C18 column, in positive 

ion mode one peak at 0.91 min had retention time SD of 3.30%, which is likely due to the 

co-elution of three lysophospholipids, i.e. LysoPG(14:0/0:0) + LysoPI(20:4/0:0) + 

LysoPC(14:0/0:0) at the beginning of the gradient (Table S4). Witting et al. [15] compared 

the Cortecs C18 and Kinetex C18 columns, and their results also showed that the SD of 

retention time were higher when using Kinetex C18. However, it looks like a better time 

reproducibility was obtained in the present work than that of Witting et al. [15], since most 

of retention time differences were 0.00 min.

In terms of the peak widths, Accucore C30 yielded the narrowest peaks from the four 

columns investigated with a range of 0.58–0.10 min in positive ion mode, followed by HSS 

T3 (0.66–0.16 min), Cortecs C18 (0.63–0.18 min) and Kinetex C18 (0.75–0.16 min). 

However, in negative ion mode, Kinetex C18 had the narrowest peaks with a range of 0.69–

0.11 min, followed by Cortecs C18 (0.83–0.13 min), Accucore C30 (0.93–0.16 min) and 

HSS T3 (0.88–0.23 min), but the average peak widths on Accucore C30 and Kinetex C18 

were the same (0.39 min) and higher on Cortecs C18 (0.41 min) and HSS T3 (0.44 min).

Theoretical plate numbers for the different lipid standards are also reported in Tables S1–S4 

to measure the separation efficiency of the different columns. The number of theoretical 

plates (N) was calculated using the following formula: N = 16(tR/w)2 , where tR is the peak 

retention time and w is the peak width. In general, it was observed that the number of 

theoretical plates increased with the fatty acid chain length for the same class of lipids, for 

example, a plate number of 9589 was obtained for the peak of PE(12:0/12:0) using the 

Accucore C30 column in negative ion mode, while it was 29383 for PE(18:1(9Z)/18:1(9Z)) 

species. In positive ion mode, Accucore C30 presented the highest number of plates for the 

lysophospholipids and PE species, followed by the HSS T3 column. The number of plates 

for SM and Cer species was comparable for Accucore C30, Cortecs C18 and HSS T3. The 

corresponding peaks of those species on Kinetex C18 were broader, showed a lower 

retention time and as a consequence, a smaller plate number than the other three columns. 

For PC species, all columns performed equally well. HSS T3 and Kinetex C18 yielded two 
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separate peaks for PS(14:0/14:0) and PG(14:0/14:0) species, but only one peak for 

PS(18:1(9Z)/18:1(9Z)) and PG(18:1(9Z)/18:1(9Z)). The Cortecs C18 and Accucore C30 

columns also presented one peak for the above PS and PG species containing the same fatty 

acids and had smaller plate number than the other two columns. Interestingly, HSS T3 

showed the highest number of theoretical plates for DG and TG species, except for TG 22:1. 

Regarding to the results obtained in negative ion mode, Accucore C30 performed better than 

the other columns, showing a higher plate number for PC, PE, plasmalogen, Cer, PI, PG, PS 

and SM species. Although PI can ionize in either negative or positive ion mode, negative ion 

mode is used more frequently because of the carboxylate anions of the fatty acids and 

unique fragments produced by the polar head group [24]. All columns performed equally for 

fatty acids and for lysophospholipids, except that the highest number of plates for 

LysoPC(22:0/0:0) was obtained from Accucore C30, and HSS T3 presented the highest 

number for LysoPG(14:0/0:0) and LysoPI(20:4/0:0). In the case of CL species, no clear 

trend was observed. Overall, using the lipid standard mixture, Accucore C30 showed higher 

performance than the other columns in negative ion mode, but in positive ion mode, 

Accucore C30 and HSS T3 were comparable in performance depending on the type of lipid 

studied.

Peak capacity is a good measurement of separation efficiency and can be calculated from the 

peak widths w according to the method of Neue [25]. Fig. 2 shows a bar plot of the peak 

capacity for all columns, bar height representing the mean of five injections and error bars 

showing ±standard deviation. It can be observed that the peak capacity was higher in 

positive ion mode than that in negative ion mode. Besides, Accucore C30, Cortecs C18 and 

HSS T3 column presented similar peak capacity (~68) in positive ion mode and all higher 

than Kinetex C18. However, in negative ion mode, the highest peak capacities were 

obtained with Accucore C30 (peak capacity = 63.3) and Kinetex C18 (peak capacity = 62.4).

The ionization efficiency of different lipid species within the same polar lipid class is mainly 

dependent on their identically charged head group, while their differential acyl chains 

including the length and unsaturation only slightly affect the ionization efficiency under 

certain conditions [26]. The physicochemical properties of lipid molecules will affect their 

binding strength to the different stationary phases used in each column. With relatively polar 

mobile phase at the initial stage of the gradient, this may induce solubility problems in a 

species-dependent manner that leads to differential ionization efficiency. In addition, the 

applied gradient can also introduce alterations in ionization efficiency and cause ionization 

instability during elution [26]. This variation could explain some of the differences observed 

between the different columns used, since the same gradient was used.

Previously, Gao et al. showed that HSS T3 column has better performance when compared 

with Jupiter C18 and Waters C8 columns using lipid standards [27]. On the other hand, 

Damen et al. [28] demonstrated the superior separation of different isomers using the CSH 

(charged surface hybrid) C18 column in comparison with the HSS T3. Despite its bigger 

particle size (2.6 μm), Accucore C30 column showed higher performance than the other 

three columns with sub 2 μm particles. This very likely is due to the stronger interaction 

between the fatty acids moieties and the C30 stationary phase, while the influence of the 

fatty acyl chains is greater than that of the polar head group. Although a good separation of 
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lipids can be achieved in reversed-phase chromatography, co-elution of lipids belonging to 

different classes in reversed-phase separations is quite commonly observed due to the fact 

that the mechanism of action of lipids is based on their lipophilicity, which is governed by 

the carbon chain length and the number of double bonds [29]. As an alternative, hydrophilic 

interaction liquid chromatography (HILIC) can provide a simple and effective means to 

separate lipids by class, offering a complementary separation technique to the reversed-

phase methods [30]. Because of the orthogonality in separation mechanisms between HILIC 

and RPLC, oftentimes they are coupled for 2D lipid analysis. However, HILIC typically 

lacks the separating power achievable on RPLC, therefore it is used mostly in the first 

dimension for fractionation of lipids into classes, while RPLC in the second dimension for 

further separation of lipids in the same class into molecular species. Although the 2D 

method is comprehensive in coverage of lipids, it will increase substantially the time for 

analysis, which is not feasible when hundreds of samples need to be analyzed in a 

lipidomics study. Recently, one dimension HILIC–ESI–MS method has been used for 

analysis of phospholipids, good separation of lysophopholipids was achieved, while co-

elution of other different lipid classes, like PS and PE, was also observed [31]. Although its 

performance has greatly improved over other HILIC-based lipid separations, its capability in 

complete separation of phospholipid classes is less desirable compared with a normal phase 

column, where no co-elution was achieved using a Chromolith–HPLC–ESI–MS [32]. 

Another disadvantage of using HILIC is that most of the methods in the literature are not 

applicable for the quantification of nonpolar lipid classes due to their elution in the void 

volume [33].

Very limited use of C30 as stationary phase has been reported. For the study of 

phospholipids from rat liver and PE mixture from bovine brain, the Deverosil C30 (5 μm, 

100 mm × 0.3 mm i.d.) column has been applied to separate the minor molecular species [9]. 

For the profiling and separation of triacylglycerols in palm and canola oils [34], a C30 

column showed good separation for several triacylglycerol regioisomers. In addition, a C30 

column (YMC Carotenoid 5 μm, 250 × 4.6 mm id) was reported for carotenoid analysis 

[35].

Due to its high performance, Accucore C30 column is also being evaluated for the long-term 

stability in terms of variations in retention time and peak width. A mixture composed of four 

standard lipids was used as the quality control sample, and it has been injected periodically 

onto the column amidst a large batch of biological samples. Fig. 3 showed that the 

chromatogram obtained for this sample after 250 injections is almost identical to the original 

chromatogram, proving that this column has the required stability in large scale lipidomics 

studies.

3.4. Profiling of lipids in rat liver and rat plasma lipid extracts

To further evaluate the performance of different columns in analysis of complex biological 

samples, we analyzed the lipids extracted from rat liver and rat plasma (Figs. S2 and S3, 

respectively). Four injections of total lipid extracts from each sample type were performed 

in every column in both positive and negative ion modes.
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Various software have been developed to identify and quantify lipids in global lipidomics 

analysis, such as LipidSearch [22], LipID [36] and Progenesis QI [37]. The LC–MS/MS 

data acquired from the rat liver and plasma samples were searched using Lipid-Search, 

which has a database containing more than 1.5 million lipid ions and their predicted 

fragment ions. For the mobile phases used in our separation, [M+H]+ and [M+NH4]+ adduct 

ions were being considered for the precursor ions in positive ion mode, and [M−H]− and [M

+HCOO]− for negative ion mode, respectively. Examples of MS/MS spectrum of different 

lipids from real samples (rat liver and rat plasma) are shown in Figs. S4–S20, which were 

obtained using HCD fragmentation in either positive or negative and ion modes.

The total number of lipids identified from each replicate of rat liver lipid extract sample is 

listed in the bar graph of Fig. 4A and B. Accucore C30 column yielded the most number of 

identifications in positive ion mode. However, Cortecs C18 showed the highest number of 

lipids identified in negative ion mode, followed by Accucore C30. Similarly, the results 

obtained for lipid extract samples from rat plasma are shown in Fig. 4C and D for the 

positive and negative ion mode, respectively. Again, the most lipid species identified were 

using the Accucore C30 column in positive ion mode. In negative ion mode, on average 

Accucore C30 still yielded the highest number of identifications, while the lowest was found 

using Cortecs C18.

The lipid species identified from the positive and negative ion modes can be aligned using 

LipidSearch to combine search results, so the total number of lipids identified from each 

sample under both ionization modes can be obtained without duplicated compound 

identifications. Table 3 summarizes the total number of lipids identified in rat liver and rat 

plasma extracts using all the columns, including the ones mentioned in Section 3.1. The 

highest number of lipids identified in both type of samples was achieved using Accucore 

C30, followed by Cortecs C18, HSS T3 and Kinetex C18. In comparison, much lower 

number of identifications was obtained with the other three columns, Cortecs UPLC C18+, 

Accucore Vanquish C18 and Acquity UPLC CSH C18. The surface charged columns 

(Cortecs C18+ and CSH) showed the lowest number of identifications. Although having the 

largest particle size in all of the columns tested, Accucore C30 outperformed all other 

columns in the number of lipid molecules identified from complex biological samples, 

which could be contributed from the better separation resulted from stronger interaction 

between the fatty acyls and the longer alkyl chains of the stationary phase.

All of the lipids identified in rat plasma and rat liver extract are presented in the 

Supplemental material (Tables S5 and S6). Different molecular species of Cer, DG, LysoPC, 

LysoPE, PC, PE, PI, PS and TG were found in both types of samples. However, sphingosine 

(So) species were only present in rat plasma samples, while CL, LysoPI, LysoPS, LysoPG, 

PA, PG and SM species were found just in rat liver samples. Besides PE, PI and PA species 

ionized much more efficiently in negative ion mode, CL and PG species were obtained just 

in negative ion mode and DG and TG in positive ion mode. Therefore, combination of both 

ionization modes is necessary for a comprehensive characterization of lipid species in a 

complex lipidomic sample.
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3.5. Lipid isomer separation

It is of great interest to separate cis/trans isomers in the chromatographic analysis, for 

example humans only synthetize cis fatty acids endogenously but synthetic trans fatty acids 

are also present in the human body due to the dietary intake, and they play an important role 

in several metabolic diseases [28]. To this end, the ability of differentiating between cis/

trans isomers was evaluated on the Accucore C30 column. The separation of cis and trans 

isomeric PC species, such as PC(18:1(9Z)/18:1(9Z)) and PC(18:1(9E)/18:1(9E)), can be 

easily achieved, as shown in Fig. 5A. Similarly, very good separation was obtained for the 

PE(18:1(9Z)/18:1(9Z)) and PE(18:1(9E)/18:1(9E)), and for the PG(18:1(9Z)/18:1(9Z)) and 

PG(18:1(9E)/18:1(9E)) isomers, with a difference in the retention time of 0.6 min between 

the two isomers. Cis isomers appeared always at a lower retention time than the trans 

isomers, because the cis fatty acyl moieties experience a weaker interaction with the alkyl 

chains of the stationary phase due to the U shaped geometry of the cis isomers. For the lipid 

molecular species identified in rat liver or rat plasma extracts, we noticed that lipid species 

eluted at different retention times could be annotated as the same lipid molecule by 

LipidSearch, this observation is likely due to the position of the double bonds or to the cis/

trans configurations. An example is shown in Fig. 5B, three PC 40:6 species (m/z of 833.59) 

were observed from the rat liver lipid extract, and the latter two peaks were both annotated 

as PC (18:0/22:6); however, the exact molecular configurations of these two lipids cannot be 

determined due to lack of standards and many possible conformations for the 6 C=C double 

bonds.

With respect to positional isomers, we found that PC(16:0/18:1(9Z)) and PC(18:1(9Z)/16:0) 

could not be chromatographically separated on this column, nor could the positional isomers 

of diacylglycerols. However, these positional isomers could be differentiated using MS/MS. 

Although the same fragmentation ions are expected from these sn-positional isomers [38], 

they have different intensities, and the intensity ratio between certain ions can help to 

distinguish them. For example, the intensity ratio of fragment ions m/z 184.1 to 104.1 can be 

used to distinguish between the sn-1 and sn-2 isomers of LysoPCs, with the sn-2 isomer has 

higher ratio than the sn-1 isomer [38]. As demonstrated in Fig. 5(C) and (D), similar pattern 

was observed for the MS/MS spectra for LysoPC(18:0/0:0) and LysoPC(0:0/18:0) from rat 

plasma extracts. The intensity ratio difference between these two ions was used by us to 

assign the sn-positions for the LysoPC isomers, since LipidSearch program does not assign 

the sn-position to these isomers. Levels of specific positional isomers of LysoPC has been 

reported as useful clinical diagnostic markers to reveal the pathophysiological changes [38]. 

Therefore, annotation of the exact sn-position for the lysophospholipids is a very important 

step in the accurate quantification of their levels. In this respect, the methods that we 

adopted in this study enable the most accurate annotation of lipid molecular species, as 

detailed in Tables S5 and S6, which could be adapted for other studies for unambiguous 

characterization of sn-positional isomers of lysophospholipids. Previously, offline 2D 

combination of HILIC fractionation in the first dimension followed by the reversed phase 

LC analysis of collected fractions in the second dimension allowed a comprehensive 

characterization of lipids in complex biological samples [30], and the separation of sn1- and 

sn2-lysophospholipid regioisomers was achieved in HILIC and the higher relative 

abundance of fatty acyl ions formed by the cleavage of fatty acid from sn2-position in 
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negative ion ESI mass spectra enabled the differentiation of lysophospholipid regioisomers. 

Similar results to those obtained previously can be achieved with the present method while 

only using one dimensional reversed phase analysis. Most recently, one dimension HILIC–

ESI–MS coupled with HCD–MS/MS was used for the identification of regioisomeric 

species of LPCs [31]. However, the fragmentation patterns reported by those authors are 

different from the ones obtained in the present work; for example, neither the m/z 104.11 for 

the sn-2 LPC nor the [M+H-(P-Chol)]+ ion for the sn-1 LPC were obtained in their study. 

This may be due to different collision energies used in these two studies, i.e. NCE 20 was 

used in their study compared with NCE 25 or 30 used by the present method in positive ion 

mode.

4. Conclusion

In this work, four different reversed phase LC columns were compared extensively, with 

three containing core–shell particles and one porous particles, and three having C18 and one 

C30 stationary phase. Using a complex lipid standard mixture for column performance 

evaluation, the narrowest peaks and highest theoretical plate number were typically obtained 

on the Accucore C30 column, while the Accucore C30, Cortecs C18 and HSS T3 column 

showed similar peak capacity in positive ion mode, and the C30 and Kinetex C18 had 

highest peak capacity in negative ion mode. Further evaluation was performed on complex 

biological samples of rat plasma and rat liver, and we found that again the highest number of 

lipids were identified using Accucore C30. In addition, the LC–MS/MS method that we 

developed allowed differentiation of isobaric lipid ions using ultra high mass resolving 

power, cis/trans lipid isomers based on retention time, and the co-eluting snpositional 

isomers based on relative fragment ion intensity ratios using tandem mass spectrometry. The 

fast scan rates of QEHF provided sufficient scans across the chromatographic peak even 

under very high mass resolution settings for both MS and MS/MS scans, which make 

accurate quantification and unambiguous identification readily achievable. This reversed 

phase LC–MS/MS method is very promising for high throughput lipidomic analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Total ion chromatograms of lipid standard mixture obtained under positive (A) and negative 

(B) ion modes. Identity and retention time of each peak are listed in Tables S1–S4.
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Fig. 2. 
Bar plot showing the peak capacity obtained from the lipid standard mixture (see Tables 1, 

S1–S4) for every column under positive and negative ion modes. Bar heights represent the 

mean of five injections and error bars show ± standard deviation.
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Fig. 3. 
Overlaid chromatograms of lipid standards after 250 injections (red line) using Accucore 

C30 column in negative ion mode. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. 
Number of lipid compounds identified in rat liver (A: positive ion mode, B: negative ion 

mode) and rat plasma (C: positive ion mode, D: negative ion mode) by LC–MS/MS.
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Fig. 5. 
(A) Total ion chromatogram of lipid standards PC (18:1(9Z)/18:1(9Z)) and PC (18:1(9E)/

18:1(9E)) in positive ion mode. (B) Extracted ion chromatogram of m/z 833.59 obtained in 

the positive ion mode for [M+H]+ of PC (40:6) from rat liver lipid extract. Product-ion 

spectrum of the [M+H]+ ion of LysoPC (18:0/0:0) (C) and LysoPC (0:0/18:0)
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Table 1

Characteristics of the chromatographic columns used in this study.

Column Supplier Phase type Dimensions (length × 
ID) (mm) Pore size (Å) Particle size (μm) Pressure (bar)

Kinetex C18 Phenomenex Core–shell 100 × 2.1 100 1.7 400–650

HSS T3C18 Waters High strength silica 
porous particles

100 × 2.1 100 1.8 380–570

Cortecs C18 Waters Core–shell 100 × 2.1 90 1.6 470–790

Accucore C30 Thermo Core–shell 150 × 2.1 150 2.6 300–500

The pressure ranges listed indicate the operating pressures of the LC system at the beginning and end of the analysis.
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Table 3

Number of lipids identified using LipidSearch from the data acquired by LC–MS/MS, lipids from positive and 

negative ion modes were combined after alignment of the four replicates.

Column Rat liver Rat plasma

Accucore C30 432 424

Kinetex C18 398 373

HSS T3C18 419 390

Cortecs C18 424 386

Cortecs C18+ 346 322

Accucore Vanquish C18 366 323

CSH C18 350 348
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