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Abstract

The confident identification and in-depth profiling of molecular lipid species remain to be a 

challenge in lipidomics analysis. In this work, an off-line two-dimensional mixed-mode and 

reversed-phase liquid chromatography (RPLC) method combined with high-field quadrupole 

orbitrap mass spectrometer (Q Exactive HF) was developed to profile lipids from complex 

biological samples. In the first dimension, 22 different lipid classes were separated on a monolithic 

silica column with elution order from neutral to polar lipids. A total of 13 fractions were collected 

and run on a RPLC C30 column in the second dimension for further separation of the lipid 

molecular species based on their hydrophobicity, with the elution order being determined by both 

the length and degree of unsaturation in the fatty-acyl chain. The method was applied to analyze 

lipids extracted from rat plasma and rat liver. Fatty acid methyl ester analysis by gas 

chromatography-mass spectrometry was used to identify the fatty acyls from total lipid extracts, 

which provided a more confident identification of the lipid species present in these samples. More 

than 800 lipids were identified in each sample and their molecular structures were confidentially 

confirmed using tandem mass spectrometry (MS/MS). The number of lipid molecular species 

identified in both rat plasma and rat liver by this off-line two-dimensional method is 

approximately twice of that by one-dimensional RPLC-MS/MS employing a C30 column. This 

off-line two-dimensional mixed-mode LC-RPLC-MS/MS method is a promising technique for 

comprehensive lipid profiling in complex biological matrices.
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1. INTRODUCTION

Lipids are important constituents of all biological tissues and have diverse functions ranging 

from signal transduction in cells, to structural components of cell membrane and sources of 

energy. Due to the enormous sample complexity and wide variety of physical properties that 

different classes of lipids possess, the analysis of them in biological tissues and fluids 

remains a challenge.

Different methods have been implemented for lipidomic analysis. One of the most used and 

fastest methods is the analysis of the total lipid extract by one-dimensional reversed-phase 

liquid chromatography (RPLC) coupled with mass spectrometry (MS), which 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), in 

addition to the polarity of lipid head group [1]. RPLC-MS/MS technique allows a fast 

analysis of all lipids in just one run, sometimes in only 30 minutes. Generic gradients based 

on acetonitrile/isopropanol/water are the most used for global lipidomic analysis, but the 

stationary phases used have evolved over the years. Among them, the mostly used packing 

material has been C18, with particle sizes ranging from 5 to sub-2 μm for better resolving 

power. Core-shell particles have become more popular in recent years for their reduced 

resistance to mass transfer and high particle uniformity, overcoming the ultrahigh 

backpressure resulted from the porous sub-2 μm particles [2]. Recently, we applied a C30 

column to the analysis of complex lipid samples and compared it with several C18 columns, 

the results showed that it has excellent peak capacity and retention time reproducibility, 

besides of allowing the highest number of lipids identified in rat plasma and liver samples 

[3].

One-dimensional hydrophilic interaction liquid chromatography (HILIC) coupled with high-

resolution/accuracy mass spectrometry has also been used in the analysis of global lipidome; 

however, it cannot be used for the quantification of nonpolar lipid classes due to the elution 

of these species in the void volume [4]. Therefore, HILIC has been mainly used in the 

analysis of different classes of phospholipids, demonstrating good performance in some 

methods found in the literature [5], while presenting problems of co-elution of certain 
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classes, like PS and PE, in others [6]. Significant improvement in class-based lipid 

separation has been achieved recently when hybrid silica stationary phase column was 

employed in ultrahigh-performance supercritical fluid chromatography (UHPSFC), where 

both non polar and polar lipid classes can be well separated [7].

Other method used to address the total lipidomic analysis is the direct infusion (shotgun) 

tandem mass spectrometric (MS) methods for quickly profiling lipid species [8, 9], but they 

are not capable of differentiating isobaric and isomeric lipids due to omission of the 

chromatographic separation steps and the potential ion suppression issues in these methods 

[10]. Novel multiplexed approach for extraction of lipids, implementation of multiple 

informative dimensions for MS interrogation and new bioinformatics approaches for 

enhanced identification and quantitation have been developed recently to overcome the 

limitations of this technique [9].

Due to the complexity of biological samples, RPLC, HILIC or direct infusion alone may not 

be sufficient for comprehensive lipidomic characterization, because more abundant species 

could mask lipids exist at trace level, which would render some biologically significant 

lipids unidentifiable. For that reason, to enhance the identification and quantification of 

lipids, several techniques, like thin layer chromatography (TLC), solid phase extraction 

(SPE) and normal phase liquid chromatography (NPLC), have been used for purification and 

fractionation of different lipid classes [11]. While TLC and SPE can only separate three 

different fractions that contain non-polar (triacylglycerols and cholesterol esters), medium 

polarity (diacylglycerols, monoacylglycerols and free fatty acids) and polar lipids 

(glycerophospholipids and sphingolipids), NPLC is capable of separating all classes, and the 

much more refined class-based separation reduces the number of lipid classes collected in 

each fraction and separates lipid classes that contain isobaric species into different fractions. 

However, it is challenging to get a good separation of total lipids extract so that each peak 

only corresponding to one lipid class, due to the close similarity of the polarity of certain 

lipid classes. Silica columns have been widely used for a few decades for this purpose [12], 

and separation of 12 lipid classes is by far one of the best found in the literature with this 

type of stationary phase [13]. On the other hand, monolithic columns have not been used 

frequently as the silica ones, but in recent years, some applications of these columns showed 

a good separation for up to17 classes of lipids [14]. These columns vary from the traditional 

silica columns in that they contain a silica rod instead of particles, which provides a very 

high porosity of the stationary phase and allows chromatography with much lower back-

pressure, and therefore, high flow rates can be achieved. HILIC has also gained popularity in 

the last few years and achieved success in separation of 19 classes of lipids [15], but as 

mention before, it is not a good option for those low polarity lipid classes.

The problem of trace lipids being masked by the most abundant species in one-dimensional 

chromatographic separation can be overcome by using two-dimensional HPLC, in which the 

complex lipidomic samples are separated according to the lipid head group in one dimension 

and then according to the hydrophobic property of the molecule in the other dimension. This 

technique can be performed either in on-line [13, 16] or off-line mode [15]. Both modes 

have advantages and disadvantages. Although RPLC in the first dimension and HILIC in the 

second dimension have been demonstrated [17], most of the on-line mode uses NPLC/
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HILIC in the first dimension and RPLC in the second dimension for maximum separation 

power. Due to the incompatibility of the effluents from the first dimension with the second 

dimension column, stop-flow in the first NPLC dimension coupled with a solvent 

evaporation interface [13], dual loop trapping coupled with solvent evaporation for 

continuous separation in the first NPLC dimension [18], stop-flow in the first HILIC 

dimension [5], and stop-flow in the first HILIC dimension coupled with trap column [19] 

have been developed over the years. However, sophisticated set-up, band broadening, and 

less run to run reproducibility still exist on these systems. On the other hand, the off-line 

two-dimensional HPLC is more laborious and time consuming, but it allows the separation 

conditions in both dimensions being fully optimized, which could provide in-depth coverage 

of a complex lipidome.

In this work, we combined a monolithic silica-based mixed-mode LC, operated as NPLC 

and HILIC, and a C30 particle-based RPLC in off-line mode to comprehensively separate 

complex lipidomic samples into 22 lipid classes, followed by further separation of each lipid 

class into lipid molecules according to the head group polarity and the hydrophobicity of the 

lipids. When this off-line two-dimensional HPLC separation technique was coupled to a 

high resolution mass spectrometer, it greatly enhanced the accuracy in structural elucidation 

and the number of lipids identified from complex biological samples.

2. MATERIALS AND METHODS

2.1 Materials

Ammonium formate, n-heptane, acetone, methanol, isopropanol (IPA) and water (Optima® 

LC-MS grade) were obtained from Fisher Scientific (Fair Lawn, New Jersey). Acetonitrile 

(ACN) and formic acid were of LC/MS quality and acquired from Fluka (Germany). 

Chloroform (HPLC grade) and ammonia solution were provided by Merck (Germany).

Phospholipids standards and sphingomyelin solution from bovine milk were acquired from 

Avanti Polar Lipids (Alabaster, AL), while glycerolipids, fatty acids, cholesterol and 

cholesterol esters were obtained from Nu-Chek Prep, Inc. (Elysian, MN). Phospholipid 

standard solution from soybean (ref: P3817-1VL) containing phosphatidylethanolamine, 

phosphatidylcholine, lysophosphatidylcholine and phosphatidylinositol was purchased from 

Supelco (Bellefonte, PA). Triethylamine (TEA) and cardiolipin from bovine heart were 

supplied by Sigma-Aldrich (St. Louis, MO). Standard lipid solutions were prepared by 

dissolution in chloroform. Nonanoic acid methyl ester, hexacosanoic acid methyl ester, 

octocosanoic acid methyl ester, triacontanoic acid methyl ester and 37 Component FAME 

Mix, used as reference standard mixture for the fatty acid identification, were obtained from 

Supelco (Bellefonte, PA).

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, USA).

Rat plasma and liver, collected from the same animal, were obtained from Bioreclamation 

IVT (Baltimore, MD).
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2.2 Sample preparation

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

(Omni International, Warrenton, VA). Lipids were extracted in duplicate from 100 μL 

aliquot of plasma and 0.05 g of liver according to Folch’s method [20] 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 9,279g for 10 min. For 

plasma samples, 400 μL of the organic layers were collected, while for the liver samples, all 

the organic solvents were collected and filtered through filter paper (Fisher Scientific). Then, 

the extracts were evaporated to dryness under vacuum. Prior to mixed-mode fractionation, 

the lipid extracts were reconstituted in 10 μL of chloroform for plasma samples while in the 

case of liver samples, the residue was re-dissolved at a final concentration of 0.10 μg μL−1. 

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

containers.

2.3 Lipid fractionation using monolithic silica column

Mixed-mode fractionation of total lipid extracts into lipid classes was performed using a 

Chromolith Performance Si column (100mm×4.6mm, macropores size 2.1μm and 

mesopores size 13nm, Merck, Darmstadt, Germany). The HPLC system consisted of an 

Agilent (Palo Alto, CA, USA) 1200 liquid chromatograph, with a quaternary pump, an 

autosampler with variable injection volume (0 – 100 μL), a column oven and an Agilent 

1260 Infinity evaporative light scattering detector (ELSD) (Palo Alto, CA, USA). A 1200 

Infinity interface Box II was used for controlling and monitoring the system. The 

temperature of the column was held at 25 °C. Gradient elution was carried out using 

different ratios of the following solvents and solutions: A: Heptane, B: Acetone, C: 

chloroform:methanol:ammonia solution (80:19.5:0.5, v/v/v) and D 

chloroform:methanol:TEA:water (69.53:25.58:0.49:4.40, v/v/v/v). An optimized separation 

was obtained using the gradient showed in Table 1. The injection volume was 10 μL.

Elution of different lipids occurred during the first 49 min and a post-run time of 9 min was 

added to equilibrate the column before the next injection. For operation of ELSD, nitrogen 

was used as the nebulizing gas. The ELSD nebulizer and evaporator temperature were both 

set at 30 °C, and the nitrogen gas flow was set at 1.5 L min−1. The peak area of each lipid 

was used as the analytical signal.

Fractions of lipid classes were collected using an Agilent 1260 fraction collector, evaporated 

to dryness under vacuum and dissolved in 10 μL of ACN/IPA/water (65:30:5, v/v/v) for the 

following RPLC-MS/MS analysis.

2.4 RPLC-MS/MS conditions

The different lipid fractions were analyzed according to our previous work [3]. A Vanquish 

UHPLC system (ThermoFisher Scientific) with a binary pump and an autosampler was used 

for this study, which was online coupled to a Q Exactive HF (QEHF) hybrid quadrupole-

Orbitrap mass spectrometer (ThermoFisher Scientific). The separation was performed using 

a core-shell Accucore C30 column (ThermoFisher Scientific). The column oven temperature 
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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 and 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 to 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−1 and the temperature of the 

sample tray at 15 °C. The injection volume was 5 μL.

All MS experiments were performed on the QEHF 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(9Z)/0:0) and 18:1 cholesteryl ester in positive ion 

mode. A sweep cone was used for best performance and protection of the system due to the 

high flow rate used. The flow rates of sheath gas and sweep gas for both polarities were 20 

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

negative. The spray voltage, the capillary temperature and the heater temperature were 

maintained at 3 kV, 350 °C and 400 °C, respectively, for both ionization modes. The S-Lens 

RF level 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 (NCE): 25 and 30 in positive ion mode, and 20, 24 and 28 in 

negative ion mode; maximum ion injection time: 100 ms; isolation window: 1 m/z; 

automatic gain control target: 1e5) with dynamic exclusion setting of 15.0 second.

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).

2.5 Fatty acid analysis

Fatty acid methyl esters (FAMEs) of total lipid extract from rat liver and plasma were 

analyzed by gas chromatography (GC)-MS. FAMEs were extracted with n-hexane after cold 

methylation with 2N KOH in methanol, following a method previously described [11, 21]. 

The FAME profiling was performed using an Agilent 7890 GC system (Agilent 

Technologies, Santa Clara, CA) coupled to a Leco Pegasus HT time-of-flight MS (Leco, St. 

Joseph, MI). A HP-88 column (100 m × 0.25 mm) with a film thickness of 0.2 μm (Agilent 

Technologies) was utilized for separation of FAMEs. Three microliter of sample was 

injected using splitless and split (ratio 1/15) modes into the GC-MS inlet, which was held at 

a temperature of 250 °C. The oven temperature was kept at 100 ºC for 3 min and then 

increased to 175 ºC at a rate of 8 ºC min−1, followed by 3 ºC min−1 up to 240 ºC and held 

isothermally for 10.0 min. Helium was used as carrier gas and the flow rate was 2 mL min−1. 
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The equilibration time between injections was 0.5 min. The EI source was set to a potential 

of 70 eV. The temperatures of the MS source and transfer line were both maintained at 

250 °C. The mass spectra were acquired in full scan mode at a scan rate and mass range of 

10 scan sec−1 and 40 – 500 m/z, respectively.

The individual chromatograms corresponding to the total fatty acid composition of rat liver 

and rat plasma are shown in Supplemental material together with their corresponding 

retention times (Figure A.1 and Table A.1).

2.6 Data processing

All LC-MS data were acquired 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: 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: LysoPC (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), CE (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. Free fatty acids (FA) have not been considered in the identification 

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

LipidSearch won’t be able to identify FA using product ions if [M-H-44] − is not in the 

product ion spectrum.

GC-MS chromatograms were deconvoluted using ChromaToF 4.51.6.0 and FAMEs were 

identified by MS search V2.0 with NIST11 library and in-house FAME library. The fatty 

acids identified by this method in the total lipid extract were used to filter the lipid species 

obtained by LipidSearch.

3. RESULTS AND DISCUSSION

3.1 Development and optimization of mixed-mode LC method for lipid fractionation

To achieve the best separation of the maximum number of lipid classes, a new method was 

developed and the chromatographic conditions were carefully optimized using a mixture of 

22 lipid classes, which was composed of the following standards: phospholipids from 

soybean (sn-1 and sn-2 LysoPC, PC, PE and PI), 18:1 cholesteryl ester, 20:0 cholesteryl 

ester, cholesterol, PC(P-18:0/18:1(9Z)), LysoPE(18:1(9Z)/0:0), PE(P-18:0/18:1(9Z)), 

PS(14:0/14:0), PS(18:1(9Z)/18:1(9Z)), PG(14:0/14:0), PG(18:1(9Z)/18:1(9Z)), 
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LysoPG(14:0/0:0), PI(16:0/18:1(9Z)), PA(18:1(9Z)/18:1(9Z)), Cer(d18:1/12:0), 

Cer(d18:1/18:1(9Z)), FA(12:0), FA(18:1(9Z)), FA(26:0), MG(12:1(11Z)/0:0/0:0), 

MG(18:1(9Z)/0:0/0:0), DG(14:0/14:0/0:0), DG(14:0/0:0/14:0), TG(14:0/14:0/14:0), 

TG(16:0/16:0/16:0), CL from bovine heart and SM solution from bovine milk.

3.1.1 Column—It is challenging to achieve total separation of lipid classes with a wide 

range of polarities that are expected from the lipidome of a highly complex biological 

sample. HILIC was not chosen for the current study because of, as mentioned before, its 

inability in class separation of nonpolar lipids [6]. Monolithic silica column has been 

previously used successfully in the separation of different phospholipid classes [21] and also 

in the study of nonpolar and polar lipids in marine zooplankton [14]. Based on this, we 

chose a Chromolith silica column manufactured using state-of-the-art monolithic silica 

technology, which provides a unique combination of macropores (average size 2 μm) and 

mesopores (average size 13 nm). While the mesopores form a fine porous structure and 

create a large uniform surface area on which adsorption takes place for high performance 

chromatographic separation, the macropores allow rapid flow of the mobile phase at low 

pressure. This is very important when solvents of different polarities need to be used for fast 

elution of analytes and equilibration of the column.

3.1.2 Gradient—The mobile phase composition plays a critical role in the separation of a 

wide range of lipid classes with different polarities. To achieve a good separation for all the 

selected lipid classes, the gradient program started with a nonpolar solvent mixture and 

ended with a polar solvent. Heptane-based mobile phase was used in the beginning of the 

gradient to separate nonpolar lipids like CE and TG from the other classes of lipids, and the 

proportion of acetone was increased to elute the ones with higher polarities. This was 

followed by chloroform/methanol/water-based mobile phase to separate the polar lipids, 

such as various classes of phospholipids. Due to the presence of water in the latter half of the 

gradient, the separation mechanism is closer to HILIC. This is different than the separation 

mechanism used in the first half of the gradient, where pure organic solvents were used. 

Therefore, the separation mechanism of the method developed in this work can be classified 

as mixed-mode.

The use of ammonia improved peak symmetry and the elution of the phospholipids with 

lower polarity like PG and CL, while increasing the percentage of TEA decreased the 

retention of the most polar classes on the stationary phase and improved the resolution [22]. 

Similar mobile phases containing TEA were used previously in the analysis of phospholipids 

[21, 23].

Because of the high polarity of the mobile phase D at the end of the run and the 

immiscibility of it with heptane (solvent A), the column needs to be flushed with the solvent 

C at the end of the chromatographic separation (5 ml min−1), and then washed with solvents 

A (94%) and B (6%) at a flow rate of 5 ml min−1 to reduce the column equilibration time 

and shorten the run to run cycle time. The high flow rate, used at the end of the gradient, 

made it possible to wash and equilibrate the column in just 7 minutes and the maximum 

pressures reached were about 120 bar. No carryover was observed between injections using 

the selected gradient when blanks were injected between samples, even when these samples 
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were highly concentrated (10 μg μL−1) (Figure A.2). Neither changes in the 

chromatographic behavior nor alterations in retention times of the different lipid classes 

were observed using the selected gradient (Table 1).

3.1.3. Injection solvent—In the choice of solvent to dissolve and dilute the lipids before 

their final loading onto the monolithic silica column, several solvents and mixtures were 

tested, such as heptane/acetone, chloroform/methanol and chloroform only. Chloroform was 

chosen because it was the best in dissolving all the lipid classes, and as a result no solubility 

problem was observed. Due to the flow rate of the mobile phase used (1 mL min−1) and the 

small injection volume (10 μL), the use of chloroform as injection solvent did not present 

any problem in the analysis even when heptane-based mobile phase was used at the 

beginning of the gradient. It is also important to note that the column temperature was set to 

25 °C to avoid the degradation of lipids during the fractionation.

3.1.4 Performance in separation of standard lipid mixtures—Under the optimized 

conditions, a good separation was achieved for 22 different lipid classes, as shown in Figure 

1 of the HPLC-ELSD chromatogram. The retention times corresponding to the different 

lipid classes resolved by the mixed-mode LC-ELSD (n = 5) with their standard deviations 

(S.D.) and relative standard deviations (R.S.D.) are reported in Table 2. All the R.S.D.s are 

under 1.7 %, except that for TG (2.57%), which makes this method quite reliable for fraction 

collection. To demonstrate the good reproducibility in the retention time, representative 

chromatograms obtained during triplicate injections are shown in supplemental material 

(Figure A.3).

To our knowledge, this represents the highest number of lipid classes resolved by HPLC, 

which is more than the 19 classes reported as the best in the literature [15]. Our optimized 

method enabled separation of FA with different chain lengths, the partial separation of 

phospholipid plasmalogens from their phospholipid analogs and a total separation of sn-1 
and sn-2 regioisomers of LysoPC. sn-1 LysoPC had longer retention time in comparison to 

sn-2 LysoPC, which is similar to what observed using HILIC methods [15]. In addition, 1,2- 

and 1,3-DG isomers were well separated, which has not been achieved with a traditional 

silica column before [12, 24]. The separation of DG isomers is of great interest, it allows the 

unambiguous assignment of the positional isomers for this type of compounds when coupled 

with MS identification.

3.1.5 Calibration curves—The mixed-mode method proposed in the present study also 

showed a wide linear dynamic range. The calibration curves for several lipid classes, their 

corresponding range of linearity and the limits of detection and quantification (LOD and 

LOQ) are listed in Table 3. A good correlation (linear fit R2 > 0.99) was obtained for all 

classes at the concentration range evaluated in this work. Similar linear response has been 

observed by others for lipids and phenolic compounds [21, 25, 26]. Although ELSD is a 

universal detector, it is of note that the range of linearity depends on the lipid classes since 

the response of ELSD varies with the physical properties of lipids. The nonpolar lipids and 

the ones with medium polarity had similar response and similar range of linearity, while all 

phospholipid classes showed comparable behaviors. This phenomena was also observed 

previously by others [12, 14] when an ELSD was used for detection of lipids.
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The LOD was calculated by using 3.3 times the standard deviation of the intercept (Sxy) 

divided by the slope, while LOQ was calculated by using ten times the standard deviation of 

the intercept (Sxy) divided by the slope [27]. The LODs and LOQs reported in this work 

were sufficiently low to permit reliable detection and quantification of lipid classes in 

biological samples. The different equations of the calibration curves and their correlations 

are shown in Table 3, each point on the curve was obtained from triplicate injections. The 

reproducibility of the detector response and retention time was also evaluated (Table 3), the 

R.S.D.s for the retention times and peak areas for all lipids were less than 3% and 10%, 

respectively. The R.S.D.s for the retention times were smaller than those reported by 

McLaren et al. [24] when a HILIC column was used, and comparable to the ones obtained 

by Graeve et al. [14] using a monolithic column.

3.2 Application of mixed-mode LC method to fractionate lipids from biological samples

The Folch method was used to extract lipids from rat plasma and rat liver. The resulted total 

lipid extract was fractionated using the optimized monolithic mixed-mode LC method into 

individual lipid classes. Thirteen fractions were collected according to the retention time set 

in Table 2. Representative mixed-mode LC-ELSD chromatograms of total lipids from rat 

plasma and rat liver are shown in Figure 1. All fractions (A-M, Table 2) were collected 

independent of whether the expected lipid classes exist in the chromatograms. Thirteen 

classes of lipids can be observed in rat plasma samples and sixteen in rat liver. Cholesterol 

esters and triacylglycerols were collected in the same fraction, however, they can be easily 

separated and identified using RPLC-MS in the second dimension of separation. The same 

strategy was applied to the fractions I, J and K because there are no isobaric species present 

in the same fraction. In the case of the fraction M where regioisomers of LysoPC were 

collected, this also did not pose a problem since the RPLC-MS/MS method permits the 

identification of positional isomers for this lipid class, as was reported previously [3].

3.3 Identification of lipid species using off-line mixed-mode LC-RPLC-MS/MS

The different fractions collected from rat plasma and rat liver lipid extracts were subject to 

subsequent RPLC-MS/MS analysis using a core-shell C30 particle column. The RPLC 

method used has demonstrated good performance in lipidomic analysis of total lipids [3]. 

The fractions collected using the mixed-mode LC method were completely dried before 

reconstitution and injection onto the RPLC column. Residual amount of TEA remained after 

drying process did not pose interference to our mass spectrometric analysis, because the 

intensity of the signature ion ([M + H]+, m/z 102.13) was low compared to analytes of 

interest during our evaluation. Nevertheless, MS scan range was set to m/z 114 – 1700 in 

analysis of lipid fractions to better accommodate the mass range of lipid species.

We performed FAME analysis to identify the composite fatty acyls exist in these lipid 

samples. The results were used to filter the lipid species identified by LipidSearch, which 

helped to eliminate the false positives and enabled a more confident identification. A total of 

32 and 33 fatty acids were identified in rat liver and plasma, respectively, and only the lipid 

species that contain these fatty acyls were considered in this study. The number of lipids 

identified in each fraction is shown in Figure 2. In total, about 800 species were identified in 

rat plasma and rat liver using untargeted analysis of fractions by RPLC-MS/MS, 
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respectively. All the structures were confidentially confirmed, except for the SM species. 

The problem with SM structural assignment is that SM contains a fatty amide bond instead 

of a fatty acyl ester, which makes cleavage of this bond more difficult under collisional 

induced dissociation implemented in most MS2 experiments. Although further structural 

characterization is possible using multistage activation [28] or fragmentation of Lithiated 

adducts [29], it is not feasible with a QEHF mass spectrometer for its lack of MSn capability. 

Under our experimental conditions in negative ESI mode, HCD-MS/MS of the [M + 

HCOO] − adduct ions of the SM species produced [M - CH3] − ions by elimination of HCO2 

and CH3; in positive ion mode, the protonated precursors generally yielded the [(P - Cho) + 

H]+ ion after HCD. Therefore, the information about the fatty acyl chains in SM species 

cannot be readily achieved using the QEHF.

The most abundant species were TG, PC and PE in both samples. Species of LysoPC and 

LysoPE were more abundant in rat plasma than in liver. In both samples, a higher number of 

1,2-DG species were identified in comparison with 1,3-DG. No MG species were found in 

either sample and no CL species were found in rat plasma, which is in accordance with our 

previous work [3]. So species were co-eluted with Cer in mixed-mode LC, this is likely 

caused by the similarities of their molecule head group. LysoPS and LysoPI species were 

found in the fraction K, where PC, LysoPE and PA eluted. Figure 2 also includes the number 

of species identified in total lipid extracts from rat plasma and rat liver by one-dimensional 

RPLC-MS/MS [3]. The same samples were used in the previous and the present work to 

achieve a fair comparison between these two methods. The retention times of these lipid 

species on the RPLC column were the same in both methods, making it effective to compare 

between them. The off-line two-dimensional method showed an improvement over the one-

dimensional in all lipid classes, identifying about 100% more lipids. With the proposed 

method, a total of 885 and 850 species were identified in rat plasma and rat liver, 

respectively, while using the one-dimensional RPLC-MS/MS method, 440 and 426 lipids 

were identified, including the SM species. The lipid species found only by off-line two-

dimensional mixed-mode LC-RPLC-MS/MS method are shown in Supplemental material 

(Tables A.2 and A.3). Much broader coverage of lipids is due to cleaner spectrum (less 

interfering ions) at both the MS and MS/MS levels. As demonstrated in Figure 3 for the full 

MS spectrum at retention time 10.79 min, a high number of ions were observed in a single 

scan when total lipids were analyzed by one-dimensional LC-MS/MS (Figure 3A). Since top 

20 most abundant ions were chosen for the following MS/MS analysis, less abundant ions, 

like m/z 808.58 of PC(16:0/22:5), were not selected for further fragmentation and therefore 

this compound cannot be identified. However, these species can be confidently identified 

when two-dimensional mixed-mode LC-RPLC-MS/MS was used (Figure 3B). In addition, 

cleaner MS/MS spectrum greatly enhanced the accuracy in structural elucidation of isobaric 

species that coeluted in RPLC. As shown in Figure 4A, due to the coelution of 

PE(18:1,20:4) and PC(18:1/17:4) species, the composite MS/MS spectrum obtained from 

the co-fragmentation of the identical precursor ions limited the identification of either of 

these two species. However, it didn’t pose any challenge when PE and PC fractions were 

separately analyzed applying two-dimensional mixed-mode LC-RPLC-MS/MS (Figures 4B 

and 4C). Therefore, the method presented in this work enabled a more comprehensive 
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characterization of complex lipidome, in both biological fluid and tissue, than using a one-

dimensional RPLC-MS/MS.

Other advantage of using the proposed method is that 1,2- and 1,3-DG isomers, owning to 

their different retention time in mixed-mode LC, can be easily assigned structurally without 

the chance of misidentification. Same is true for the analysis of lysophospholipid species 

using this 2D method. Clinically, it is important to accurately identify and quantify 

lysophospholipids, since it has been demonstrated recently that they are related to cancer and 

other pathological conditions [6, 30, 31], In addition, some species, like cholesterol esters, 

were only identified when the samples were analyzed by off-line two-dimensional method. 

Moreover, a much higher number of TG has been identified using fractionation, which can 

be attributed to the reduced ion suppression effect in the fractionated samples; in contract, 

DG and CL species co-eluted with TG in the RPLC chromatogram of unfractionated sample.

Most of the work reported in the literature only focus on the study of just one or a few of 

lipid classes. For example, two-dimensional LC-MS/MS was used to enhance the profiling 

of ceramide and phosphatidylcholine species in mouse liver [32]. For lipidomic profiling of 

biological samples, 143 lipid species from 10 lipid classes were identified in human plasma 

and porcine brain samples using a continuous two dimensional LC-MS/MS method, with 

RPLC as the first dimension and HILIC as the second dimension [17]. Using an online 

NPLC/RPLC-MS/MS method, Nie et al. identified 721 endogenous lipid species from 12 

lipid classes in rat peritoneal surface, but only 415 of them were structurally confirmed using 

MS/MS [13]. Most recently, using a high throughput UHPSFC-MS/MS method, Lisa et al. 

identified 436 lipid species in porcine brain, albeit without structural confirmation [7]. 

Compared with these previously published works, our method represents a more 

comprehensive approach for untargeted profiling of lipids with more accurate structural 

characterization.

4. CONCLUSIONS

In summary, an off-line two-dimensional mixed-mode LC-RPLC-MS/MS method has been 

developed to profile lipids in complex biological samples. In the first dimension, lipids were 

separated into 22 classes according to their polarities on monolithic silica based-mixed-

mode LC, and their further separation in the second dimension on a C30 core-shell particle 

based- RPLC was determined by the acyl chain lengths and the number of double bonds of 

each lipid molecular species. The method was applied to rat plasma and rat liver samples, 

detecting more than 800 lipids in each sample. FAME analysis was used to determine the 

total fatty acids in the samples and facilitated confident identification of lipids using 

LipidSearch. In both samples, about 2 times more lipid molecular species were 

confidentially determined compared to the previous one-dimensional RPLC-MS/MS using a 

C30 column alone. The 1,2- and 1,3-DG isomers and other lysophospholipids were 

separated well in the first dimension, helping their positional isomer assignment before the 

RPLC-MS/MS analysis. Ion suppression effect was highly reduced and clearer spectra were 

obtained allowing a more confident identification. This off-line two-dimensional method 

holds great potential in building comprehensive libraries of lipids that exist in complex 

biological samples.
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• Mixed mode LC fractionation coupled with reversed phase LC-MS/MS for 

lipidomics.

• 22 lipid classes were separated in mixed mode on a monolithic Si-based 

column.

• Reduced ion suppression and cleaner spectra obtained from fractionated 

samples.

• Total fatty acid analysis to improve confidence of identified lipid in 

LipidSearch.

• More than 800 lipids were confidentially identified in rat plasma and rat liver.
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Figure 1. 
Mixed mode LC-ELSD chromatogram of nonpolar and polar lipids obtained from a standard 

mixture solution, rat plasma and rat liver. 1: cholesterol ester; 2: triacylglycerol; 3: 

cholesterol; 4: 1,3- diacylglycerol; 5: 1,2- diacylglycerol; 6: 1-monoacylglycerol; 7: 

ceramide; 8: free fatty acids; 9: phosphatidylglycerol; 10: cardiolipin; 11: 

phosphatidylethanolamine; 12: phosphatidylethanolamine plasmalogen; 13: 

lysophosphatidylglycerol; 14: phosphatidylinositol; 15: phosphatidylserine; 16: 

lysophosphatidylethanolamine; 17: phosphatidylcholine; 18: phosphatidylcholine 

plasmalogen; 19: phosphatidic acid; 20: sphingomyelin; 21: sn2-lysophosphatidylcholine; 

22: sn1-lysophosphatidylcholine.
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Figure 2. 
Lipid molecular species identified in rat liver and rat plasma by one-dimensional RPLC-

MS/MS (1D-RPLC) of total lipid extract [3] and by off-line two-dimensional mixed mode 

LC-RPLC-MS/MS (2D-mixed mode LC-RPLC).
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Figure 3. 
Full MS spectrum acquired in positive ion mode at retention time 10.79 min for total lipids 

from rat liver (A) and mixed mode LC-purified phosphatidylcholine lipid fraction from rat 

liver (B).
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Figure 4. 
Product-ion spectrum of m/z 766.5 in positive mode from isobaric species PE(18:1,20:4) and 

PC(18:1/17:4) obtained using one-dimensional RPLC-MS/MS where both species co-elute 

(A) and off-line two-dimensional mixed mode LC-RPLC-MS/MS in PE (B) and PC (C) 

fractions of rat plasma lipid extract.
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Table 2

Different lipid classes resolved by mixed-mode LC-ELSD using a monolithic silica column and their retention 

times (n = 5) with standard deviations (S.D.) and relative standard deviations (R.S.D.). The fraction where they 

were collected (A-M) is also specified.

Lipid Class Fraction Retention time (min) S.D. R.S.D. (%)

CE A 1.69 0.01 0.80

TG A 2.09 0.05 2.48

Cholesterol B 3.86 0.03 0.74

1,3-DG B 4.01 0.05 1.36

1,2-DG C 4.81 0.08 1.66

1-MG D 13.01 0.22 1.69

Cer E 14.37 0.23 1.57

FA C26:0 F 17.50 0.26 1.48

FA C18:1 F 17.88 0.24 1.32

FA C12:0 F 18.25 0.22 1.22

PG G 22.06 0.03 0.14

CL H 24.13 0.06 0.25

PE I 28.14 0.02 0.08

pPE I 28.43 0.02 0.06

LysoPG I 29.24 0.03 0.11

PI J 30.38 0.03 0.11

PS J 31.69 0.06 0.20

LysoPE K 32.69 0.07 0.23

PC K 33.37 0.04 0.11

pPC K 33.70 0.03 0.09

PA K 34.68 0.02 0.05

SM L 38.42 0.01 0.03

sn2-LysoPC M 41.35 0.01 0.01

sn1-LysoPC M 41.77 0.02 0.04

CE: cholesterol ester; TG: triacylglycerol; 1,3-DG: 1,3- diacylglycerol; 1,2-DG: 1,2- diacylglycerol; 1-MG: 1-monoacylglycerol; Cer: ceramide; 
FA: free fatty acid; PG: phosphatidylglycerol; CL: cardiolipin; PE: phosphatidylethanolamine; pPE: phosphatidylethanolamine plasmalogen; 
LysoPG: lysophosphatidylglycerol; PI: phosphatidylinositol; PS: phosphatidylserine; LysoPE: lysophosphatidylethanolamine; PC: 
phosphatidylcholine; pPC: phosphatidylcholine plasmalogen; PA: phosphatidic acid; SM: sphingomyelin; sn2-LysoPC: sn2-
lysophosphatidylcholine; sn1-LysoPC: sn1-lysophosphatidylcholine.
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