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Abstract 12 

Reversed-phase ultrahigh-performance liquid chromatography – mass spectrometry 13 

(RP-UHPLC/MS) method was developed with the aim to unambiguously identify a large number of 14 

lipid species from multiple lipid classes in human plasma. The optimized RP-UHPLC/MS method 15 

employed the C18 column with sub-2 µm particles with the total run time of 25 min. The 16 

chromatographic resolution was investigated with 42 standards from 18 lipid classes. The UHPLC 17 

system was coupled to high-resolution quadrupole – time-of-flight (QTOF) mass analyzer using 18 

electrospray ionization (ESI) measuring full scan and tandem mass spectra (MS/MS) in positive- and 19 

negative-ion modes with high mass accuracy. Our identification approach was based on m/z values 20 

measured with mass accuracy within 5 ppm tolerance in the full scan mode, characteristic fragment 21 

ions in MS/MS, and regularity in chromatographic retention dependences for individual lipid species, 22 

which provides the highest level of confidence for reported identifications of lipid species including 23 

regioisomeric and other isobaric forms. The graphs of dependences of retention times on the carbon 24 

number or on the number of double bond(s) in fatty acyl chains were constructed to support the 25 

identification of lipid species in homologous lipid series. Our list of identified lipid species is also 26 

compared with previous publications investigating human blood samples by various MS based 27 

approaches. In total, we have reported more than 500 lipid species representing 26 polar and nonpolar 28 

lipid classes detected in NIST Standard reference material 1950 human plasma. 29 

 30 

Keywords: Lipids; Lipidomics; Ultrahigh-performance liquid chromatography; Reversed-phase; 31 

Mass spectrometry; Human plasma; Retention behavior; Fragmentation behavior 32 
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Abbreviations 34 

 35 

BPI - Base peak intensity 36 

CAR - Acylcarnitine 37 

CE - Cholesteryl ester 38 

Cer - Ceramide 39 

CN - Carbon number 40 

DB - Double bond 41 

DG - Diacylglycerol 42 

DI - Direct infusion 43 

ECN - Equivalent carbon number 44 

ESI - Electrospray ionization 45 

FA - Fatty acid 46 

GlcCer - Glucosylceramide 47 

GM3 - Monosialodihexosylganglioside 48 

HexCer - Hexosylceramide 49 

Hex2Cer - Dihexosylceramide 50 

Hex3Cer - Trihexosylceramide 51 

Hex4Cer - Tetrahexosylceramide 52 

HILIC - Hydrophilic interaction liquid chromatography 53 

HPLC - High-performance liquid chromatography 54 

Chol - Cholesterol 55 

IS - Internal standard 56 

LacCer - Lactosylceramide 57 

LPC - Lysophosphatidylcholine 58 
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LPE - Lysophosphatidylethanolamine 59 

LPG - Lysophosphatidylglycerol 60 

LPI - Lysophosphatidylinositol 61 

LPS - Lysophosphatidylserine 62 

MG - Monoacylglycerol 63 

MS - Mass spectrometry 64 

MS/MS - Tandem mass spectrometry 65 

NP - Normal-phase 66 

-O – Alkyl bond 67 

-P – Plasmalogen 68 

PC - Phosphatidylcholine 69 

PE - Phosphatidylethanolamine 70 

PG - Phosphatidylglycerol 71 

PI - Phosphatidylinositol 72 

PS - Phosphatidylserine 73 

RIC - Reconstructed ion current 74 

RP - Reversed-phase 75 

SM - Sphingomyelin 76 

TG - Triacylglycerol 77 

tR - Retention time 78 

UHPLC - Ultrahigh-performance liquid chromatography 79 

UHPSFC - Ultrahigh-performance supercritical fluid chromatography 80 

QTOF - Quadrupole – time-of-flight 81 

82 
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Introduction 83 

Eukaryotic cells of animal and plant origin contain thousands of lipid species, where energy storage, 84 

building blocks, and signaling belong to the main biological functions of these important biologically 85 

active substances [1]. Lipidomics is aimed to understand the function of lipids in biological systems. 86 

Dysregulated lipids have been reported for various serious diseases, such as diabetes mellitus [2], 87 

cancer [3], cardiovascular diseases [4, 5], obesity [6], neurodegenerative disorders [7], etc. [8–10]. 88 

LIPID MAPS consortium introduced the classification of lipids into eight main categories (fatty 89 

acyls, glycerolipids, glycerophospholipids, sphingolipids, sterols, prenols, saccharolipids, 90 

and polyketides), where each category contains many classes and subclasses [11]. 91 

The lipidomic analysis is mainly performed by mass spectrometry (MS) either with direct 92 

infusion (DI) or connected to separation techniques [12], typically with ESI. In DI-MS, the diluted 93 

sample extract is directly infused into the mass spectrometer without any chromatographic 94 

separation, which provides the advantage for the quantitative analysis due to constant matrix effects, 95 

but it lacks the isobaric resolution achievable by chromatography. The identification and quantitation 96 

in DI-MS is based on tandem mass spectrometry (MS/MS) using special scanning events, 97 

such as precursor ions, neutral loss, multiple reaction monitoring, or data-dependent acquisition of 98 

full MS/MS spectra [8, 12, 13]. The methods based on the DI-MS analysis of human plasma typically 99 

reported 200 - 400 quantified lipid species depending on the particular configuration with low- or 100 

high-resolution MS/MS mode [9, 10, 14, 15]. 101 

The ultrahigh-performance liquid chromatography (UHPLC) with columns containing 102 

sub-2 μm particles enables fast and highly efficient separation. Chromatographic approaches in 103 

lipidomics are divided according to the separation mechanisms of lipid species separation represented 104 

by reversed-phase (RP) UHPLC and lipid class separation including normal-phase (NP) UHPLC, 105 

ultrahigh-performance supercritical fluid chromatography (UHPSFC), and hydrophilic interaction 106 

liquid chromatography (HILIC) [12, 16, 17]. The NP-UHPLC/MS can be used for the separation of 107 
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nonpolar lipid classes [16], while HILIC mode separates individual polar lipid classes according to 108 

their polarity and electrostatic interactions [12, 16, 18–20]. UHPSFC is the most recent 109 

chromatographic technique used for lipidomic analysis, which separates lipids according to the 110 

polarity of the head group of lipids interacting with the polar stationary phase, similarly as in HILIC, 111 

but moreover it enables the separation of nonpolar and polar lipids in one analysis during shorter 112 

analysis times with higher chromatographic resolution [21, 22]. The quantitative UHPSFC/MS 113 

method allows the analysis of over 200 lipid species in less than 6 minutes, which is a suitable 114 

technique for high-throughput and comprehensive lipidomic analysis of biological samples [19, 23]. 115 

The lipid class separation approaches are preferred for quantitative analysis, because only one 116 

internal standard (IS) per lipid class is sufficient for all coeluted lipid species [12, 24]. In RP mode, 117 

the retention of lipid species depends on the length of fatty acyl chains and the number and position 118 

of the double bonds [19, 23, 25–28]. RP-UHPLC/MS method with two C18 columns in series [24] 119 

was applied for the explanation of retention behavior followed by the identification of 346 lipid 120 

species in human plasma from 11 classes in 160 min. Long analysis times enable high separation 121 

efficiency, but it is not being acceptable for routine measurements. However, newer RP-UHPLC/MS 122 

methods were focused on a higher number of identified lipids with the significantly lower run time, 123 

which led to greater overlaps of lipid species and complicated identification [4, 25, 26, 29]. Silver-ion 124 

high-performance liquid chromatography (HPLC) and chiral HPLC are special chromatographic 125 

techniques with different selectivity to a specific part of the molecule, where silver-ion HPLC is 126 

based on the separation according to the number and position of double bonds [30, 31] and chiral 127 

HPLC is applied for the separation of TG enantiomers [32, 33]. 128 

The goal of this work was the development of RP-UHPLC/MS method for the determination 129 

of a large number of lipids in human plasma. Full scan and tandem mass spectra were measured using 130 

a high-resolution analyzer in both polarity modes of ESI with mass accuracy better than 5 ppm (in 131 

MS mode) for confident identification of the individual lipid species. Characteristic fragment ions of 132 
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individual lipid classes confirmed with representative standards, systematic retention times 133 

depending on the polarity, and the verification of m/z and in both polarity modes are the tools that lead 134 

to the high confidence of lipid species identification. The characteristic ions (adducts, precursor ions, 135 

neutral losses, RCOO-, etc.) have been found for each analyte and the retention behavior of individual 136 

lipids is verified by using the second-degree polynomial regression. 137 

138 
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Materials and methods 139 

 140 

Chemicals and standards 141 

 142 

Acetonitrile, 2-propanol, methanol, butanol (all HPLC/MS grade), and additives formic acid and 143 

ammonium formate were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 144 

Chloroform stabilized by 0.5-1% ethanol (HPLC grade) was purchased from Merck (Darmstadt, 145 

Germany). Deionization water was prepared by Milli-Q Reference Water Purification System 146 

(Molsheim, France). The lipid standards were purchased from Avanti Polar Lipids (Alabaster, AL, 147 

USA), Merck (Darmstadt, Germany) or Nu-Chek Prep (Elysian, MN, USA). 148 

  149 

Sample preparation 150 

 151 

The sample of NIST Standard reference material 1950 human plasma (25 µL) was deproteinized with 152 

250 µL of the butanol - methanol mixture (1:1, v/v) [4]. The sample was sonicated in an ultrasonic 153 

bath at 25 °C for 15 min, centrifuged at 3,000 rpm (886×g) for 10 min at ambient conditions, and 154 

purified using 0.25 µm cellulose filter (OlimPeak, Teknokroma) before transferring into the vials 155 

with the glass inserts inside for the analysis. 156 

 157 

Lipid standard preparation 158 

 159 

A mixture of lipid standards (Table S-1) for the retention behavior monitoring contained 160 

triacylglycerols (TG 19:1-19:1-19:1 and TG 15:0-18:1-d7-15:0), diacylglycerols (DG 18:1-18:1, 161 

DG 18:1-18:1-d5, DG 15:0-18:1-d7, and DG 12:1-12:1), monoacylglycerols (MG 18:1, 162 

MG 18:1-d7, and MG 19:1), phosphatidylcholines (PC 14:0-14:0, PC 15:0-18:1-d7, PC 18:1-18:1, 163 
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PC 22:1-22:1, and PC 22:0-22:0), lysophosphatidylcholines (LPC 17:0, LPC 18:1, and 164 

LPC 18:1-d7), phosphatidylglycerols (PG 14:0-14:0 and PG 18:1-18:1), lysophosphatidylglycerols 165 

(LPG 18:1 and LPG 14:0), phosphatidylserines (PS 14:0-14:0 and PS 16:0-18:1), 166 

lysophosphatidylserine (LPS 17:1), phosphatidylethanolamines (PE 14:0-14:0, PE 15:0-18:1-d7, and 167 

PE 18:1-18:1), lysophosphatidylethanolamines (LPE 18:1 and LPE 14:0), phosphatidylinositol 168 

(PI 15:0-18:1-d7), sphingomyelins (SM 18:1/12:0;O2, SM 18:1/18:1;O2, and SM 18:1-d9/18:1;O2), 169 

ceramides (Cer 18:1/12:0;O2, Cer 18:1/18:1;O2, Cer 18:1/17:0;O2, and Cer 18:1-d7/18:0;O2), 170 

hexosylceramides (GlcCer 18:1/12:0;O2 and GlcCer 18:1/16:0;O2), dihexosylceramide 171 

(LacCer 18:1/12:0;O2), cholesteryl ester (CE 16:0 d7), and cholesterol d7 (Chol d7). The mixture 172 

was prepared by mixing of aliquots of the stock solutions dissolved in 2-propanol - chloroform 173 

mixture (4:1, v/v). The standard mix was stored at -80 °C and 100 times diluted just before 174 

RP-UHPLC/MS measurements. 175 

 176 

RP-UHPLC/ESI-MS conditions 177 

 178 

The lipid separation was performed on a liquid chromatograph Agilent 1290 Infinity series (Agilent 179 

Technologies, Waldbronn, Germany). The final RP-UHPLC/MS method used the following 180 

conditions: Acquity UPLC BEH C18 VanGuard Pre-column (5 mm × 2.1 mm, 1.7 μm), Acquity 181 

UPLC BEH C18 column (150 mm × 2.1 mm, 1.7 μm), flow rate 0.35 mL/min, injection volume 182 

1 μL, column temperature 55 °C, and mobile phase gradient: 0 min – 35 % B, 8 min – 50 % B, 21 – 183 

23 min – 95 % B, and 24 – 25 min – 35 % B. The mobile phase A was a mixture of acetonitrile – 184 

water (60/40, v/v) and the mobile phase B was the mixture of acetonitrile – 2-propanol (10/90, v/v). 185 

Both mobile phases contained 0.1 % formic acid and 5 mM ammonium formate (AF). 186 

The analytical experiments were performed on Xevo G2-XS QTOF mass spectrometer 187 

(Waters, Milford, MA, USA). The data was acquired in the sensitivity mode using positive-ion and 188 
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negative-ion modes under the following conditions: the capillary voltage of 3 kV for positive-ion 189 

mode and -1.5 kV for negative-ion mode, sampling cone 20 V, source offset 90 V, source 190 

temperature 150 °C, desolvation temperature 500 °C, cone gas flow 50 L/h, and the desolvation gas 191 

flow 1,000 L/h. The acquisition range was m/z 100 – 1500 with a scan time 0.5 s measured in the 192 

continuum profile mode for MS, respectively, m/z 100 – 1000 with a scan time 0.1 s for MS/MS. 193 

Argon as the collision gas at the collision energy of 30 eV was used for MS/MS experiments in both 194 

polarity modes. The peptide leucine enkephalin was used as a lock mass for MS experiments. 195 

 196 

Data processing 197 

 198 

The data in RP-UHPLC/MS method was acquired using MassLynx software and the raw data file was 199 

subjected to noise reduction by Waters Compression Tool. The correction of lock mass was applied 200 

for the better mass accuracy and the file was converted from continuum to centroid mode by the 201 

Accurate Mass Measure tool in MassLynx. MS/MS spectra were measured without lock mass 202 

correction. QuanLynx tool was used for exporting the peak area (tolerance ± 15 mDa and retention 203 

time ± 0.5 min). 204 

205 
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Results and discussion 206 

 207 

RP-UHPLC separation of lipids 208 

 209 

The goal of this work was the highly reliable identification of a high number of lipid species in human 210 

plasma samples based on the combined information of accurate masses (below 5 ppm), interpreted 211 

fragment ions, and homological dependences in the retention behavior of lipid species using 212 

RP-UHPLC/MS method. For this purpose, the C18 column with sub-2 μm particles (150 × 2.1 mm, 213 

1.7 μm) was selected based on our previous work [24]. Mobile phase including a mixture of water – 214 

acetonitrile – 2-propanol with the addition of additives (ammonium formate and formic acid) 215 

for sufficient separation selectivity and better ionization was described by Damen et al. [25]. We 216 

modified the gradient elution and investigated the concentration of ammonium formate in a range 217 

from 0 to 15 mM. Fig. S-1 shows the peak areas for individual concentrations of AF for lipid 218 

standards with short fatty acyl chains and deuterated standards. Other standards have the same trend 219 

(not shown). The highest peak areas are obtained without any additives in the mobile phase, but these 220 

conditions are not preferable due to altered separation efficiency, worse peak shapes for some polar 221 

lipid species, and retention and ionization stability issues leading to irreproducible results. The best 222 

compromise in the context of chromatographic separation and ionization efficiency is obtained with 5 223 

mM AF and 0.1 % formic acid (Fig. S-2), which is further used in this work.  224 

A mixture of lipid standards, including deuterated, endogenous, and non-endogenous lipids, 225 

was measured in positive-ion and negative-ion ESI modes and used for optimization of the separation 226 

process. Fig. S-3 shows the base peak intensity (BPI) chromatograms of 42 lipid species from 18 lipid 227 

classes containing LPC, LPE, LPG, LPS, SM, Cer, HexCer, Hex2Cer, PC, PE, PI, PG, PS, MG, DG, 228 

TG, Chol, and CE. Lipid species are separated in RP liquid chromatography according to the number 229 

of double bonds (DB) and the length of fatty acyl chains (carbon number, CN) [24, 25, 34, 35]. Lipid 230 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.17.444517doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.17.444517
http://creativecommons.org/licenses/by-nc-nd/4.0/


 -12-

species within individual lipid classes are retained according to their equivalent carbon number 231 

(ECN), which is defined as ECN = CN – 2DB [24, 34]. The higher carbon number in fatty acyl chains 232 

corresponds to increased retention times (tR), while an additional DB has the opposite effect and leads 233 

to faster elution. Some retention overlap of ECN groups may occur, especially in case of lipid species 234 

with high DB number. The nonpolar character of TG and CE leads to the highest retention for these 235 

classes, while the more polar lipid classes, such as PC, PE, PI, Cer, glycosylceramides, SM, DG, and 236 

Chol, are eluted in a wide retention time range in the middle part of the chromatogram. The most 237 

polar lipids (lysoglycerophospholipids, MG, FA, and acylcarnitines (CAR)) are eluted first at the 238 

beginning of the chromatogram. 239 

Base peak intensity chromatograms of human plasma sample (Fig. 1) measured by 240 

RP-UHPLC/MS in (a) positive-ion mode covering 23 lipid classes (LPC, LPC-O, LPC-P, LPE, 241 

LPE-P, CAR, MG, PC, PC-P, PC-O, PE, PE-P, monosialodihexosylgangliosides (GM3), SM, Cer, 242 

HexCer, dihexosylceramides (Hex2Cer), trihexosylceramides (Hex3Cer), tetrahexosylceramides 243 

(Hex4Cer), DG, Chol, CE, and TG) and (b) negative-ion modes containing 20 lipid classes (LPC, 244 

LPC-O, LPC-P, LPE, LPE-P, lysophosphatidylinositol (LPI), fatty acids (FA), PC, PC-P, PC-O, PE, 245 

PE-P, PI, GM3, SM, Cer, HexCer, Hex2Cer, Hex3Cer, and Hex4Cer). MG, DG, TG, CAR, CE, and 246 

Chol are detected only in the positive-ion mode, while LPI, PI, and FA are observed only in the 247 

negative-ion mode. 248 

 249 

Identification of lipids using RP-UHPLC/MS 250 

 251 

The ionization and fragmentation behavior of individual lipid classes is well known from previous 252 

works [4, 12, 24, 36–39]. Characteristic precursor and product ions (Table 1) were searched in both 253 

positive-ion and negative-ion ESI mass spectra for the identification of lipids in human plasma. The 254 

regioisomeric glycerophospholipids can be differentiated based on the different relative intensities of 255 
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characteristic fragment ions in MS/MS, which allows the identification of the prevailing fatty acyl in 256 

sn-2 position [24]. The sn-position of fatty acyls of lysophospholipids is performed based on the 257 

retention time, where the lysophospholipids with the fatty acyl in sn-2 position elute earlier than with 258 

the fatty acyl in sn-1 position [24, 37].  259 

In total, 503 lipid species from 26 lipid classes including LPC, LPC-O, LPC-P, LPE, LPE-P, 260 

LPI, PC, PC-P, PC-O, PE, PE-P, PI, SM, Cer, HexCer, Hex2Cer, Hex3Cer, Hex4Cer, GM3, CE, 261 

Chol, CAR, FA, MG, DG, and TG are identified in the sample of NIST Standard reference material 262 

1950 human plasma (Fig. 2). The list of the identified analytes is summarized in the Electronic 263 

Supplementary Materials (ESM) (Table S-2 for positive-ion mode and Table S-3 for the negative-ion 264 

mode) with their retention times and characteristic ions in MS and MS/MS modes including mass 265 

accuracy. The shorthand notation and nomenclature of lipids follow the updated guidelines by 266 

Liebisch et al. [40]. Individual lipid species are annotated by their class abbreviation followed by the 267 

number of carbon atoms and a sum of DB (e.g., PC 36:2). This species level belongs to the lowest 268 

annotation level based on the accurate mass of ions in full-scan mass spectra. Fatty alkyl/acyl level is 269 

built on the fragment identification in MS or MS/MS spectra, where the underscore separator is used 270 

for unknown sn-position (e.g., PC 18:0_18:2). The slash separator means the known preference of 271 

sn-position (e.g., PC 18:0/18:2). If analytes contain a different type of bond than an ester, the 272 

shorthand notation for the ether bond is signed with O and O-alk-1-enyl-bond (in neutral 273 

plasmalogen) with P (e.g., PC O-16:0/18:0 and PC P-16:0/18:0). The nomenclature of sphingolipids 274 

is based on the presence of sphingosine backbone in the molecule, the number after the shorthand 275 

notation reports the CN:DB of the sphingosine base following the number of oxygens and N-linked 276 

fatty acyl (e.g., SM 18:1;O2/16:0). The accurate m/z value in MS mode (better than 5 ppm), 277 

characteristic fragment ions, and neutral losses reflecting the lipid head groups and linked fatty acyls 278 

in MS/MS mode, and retention times in RIC chromatograms were considered for the correct 279 

identification of lipids. The ions observed in the positive-ion mode include protonated [M+H]+, 280 
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ammoniated [M+NH4]
+, sodiated [M+Na]+ molecules, or the loss of water [M+H-H2O]+. MG, DG, 281 

and TG form [M+NH4]
+ and/or [M+Na]+ adducts. In case of DG and TG, the [M+H-RiCOOH]+ ions 282 

are already found in the full scan spectra, which allows the determination of the fatty acyl 283 

composition. CE provide [M+NH4]
+ adducts and the product ion at m/z 369 (already in the full scan 284 

spectra) belongs to the characteristic head group fragment ion of these compounds containing a 285 

cholesterol part. The fragment ion m/z 85 belongs among the most abundant fragment ions in MS/MS 286 

spectra of CAR. Lipid compounds with the characteristic product ion m/z 184 (the cholinephosphate 287 

head group) are SM, LPC, LPC-P, LPC-O, PC, PC-O, and PC-P. The loss of ethanolaminephosphate 288 

(NL m/z 141) is typical for LPE and PE species. MS/MS spectra of PE plasmalogens show two more 289 

abundant ions than the neutral loss of 141, i.e., vinyl ether substituent (characteristic fragment ions of 290 

sn-1 fatty acyl position) and acyl substituent (characteristic fragment ions of sn-2 position fatty acyl). 291 

The determination of the composition of sphingolipids (SM, Cer, HexnCer, and GM3) is based on the 292 

identification of the type of sphingoid base using the characteristic fragment ions, i.e., m/z 236 for 293 

16:1;O2, m/z 250 for 17:1;O2, m/z 266 for 18:0;O2, m/z 264 for 18:1;O2, m/z 262 for 18:2;O2, m/z 294 

278 for 19:1;O2, and m/z 292 for 20:1;O2. The ions observed in the negative-ion MS mode include 295 

[M-H]-, adducts with formate [M+formate]-, or the loss of methyl group [M-CH3]
- for choline 296 

containing lipid classes. The easiest way to identify fatty acyls is the negative-ion MS mode as 297 

illustrated in Fig. 3. In negative-ion MS/MS mode, PC, LPC, and SM form the product ion at m/z 168 298 

(choline phosphate head group), LPI and PI provide the fragment ion at m/z 241 (inositol phosphate 299 

head group) and the neutral loss Δm/z 140 (ethanolamine phosphate head group) is typical for LPE, 300 

PE, and their plasmalogens or ethers. The identification of the composition of fatty acyls in 301 

glycerophospholipid molecules is based on negative-ion MS/MS measurement, where the fragment 302 

ions of fatty acyls [RiCOO]-, neutral loss of fatty acyls, and loss of acyl chains in the ketene form can 303 

be observed. The fragment ion m/z 290 (N-acetylneuraminic acid) in the negative-ion MS/MS is 304 

typical for GM3 identification.  305 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.17.444517doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.17.444517
http://creativecommons.org/licenses/by-nc-nd/4.0/


 -15-

In RP-UHPLC, the retention windows for various lipid classes are overlapped, but the 306 

considerable advantage of this chromatographic mode is the separation of isomeric species, for 307 

example PC, PC-P, and PC-O (Fig. 3). The identification of these compounds was performed by the 308 

retention behavior shown in Table S-4. Furthermore, the chromatographic separation of some 309 

isomeric lipid species was achieved, e.g., FA 20:4 (tR 4.22 min and 4.31 min), PC 18:1/20:4 (tR 13.17 310 

min and 13.32 min), PI 18:1/20:4 (tR 11,90 min and 12.12 min), etc. There are no detectable 311 

differences in their MS/MS spectra. The most likely explanation is the possibility of different DB 312 

positions in unsaturated fatty acyls. The verification of this assumption would require authentic lipid 313 

standards with defined DB positions. 314 

 315 

Retention behavior of various lipid classes 316 

 317 

As already mentioned, in RP-UHPLC, the individual lipid species are separated according to the CN 318 

and DB. These rules are illustrated in Fig. 4, where part (a) depicts the separation according the length 319 

of fatty acyl chains in SM species, and part (b) the separation of PC species according the number of 320 

DB. This retention behavior can be well demonstrated by constructing a dependence of tR on CN or 321 

DB by using the second degree of polynomial regression. The typical plots of dependences of tR on 322 

the number of the carbon atoms in fatty acyl chains (X) are presented in Fig. 5 for: (a) LPC X:0 and 323 

LPC X:1, (b) CAR X:0, (c) SM X:1;O2 and SM X:2;O2, (d) Cer X:1;O2 and Cer X:2;O2, (e) PC X:1 324 

and PC X:2, and (f) TG X:0 and TG X:2. Fig. 6 summarizes the results of the dependence of tR on the 325 

number of DB in fatty acyl chains (Y) for (a) LPC 18:Y and LPC 20:Y, (b) FA 18:Y, (c) DG 36:Y, 326 

(d) PE P-36:Y and PE P-38:Y, (e) PC 34:Y and PC 36:Y, and (f) TG 52:Y and 54:Y. Polynomial 327 

regression can be also applied for isomers differing only in the regioisomeric positions of fatty acyls. 328 

Fig. 7 shows dependences of the tR on the different CN or DB number of lipids for: (a) LPC 0:0/18:Y 329 

and LPC 18:Y/0:0, (b) LPC 0:0/X:0 and LPC X:0/0:0, (c) Cer 16:1;O2/X:0 and Cer 18:1;O2/X:0, (d) 330 
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GM3 18:1;O2/X:0 and GM3 18:2;O2/X:0, (e) SM 16:1;O2/X:0 and SM 18:1;O2/X:0, and (f) PC 331 

X:0/18:1 and PC X:0/18:2. Another retention dependences are shown in Fig. S-4 – S-7. 332 

In many cases, the correlation coefficients R2 are better than 0.999, especially for graphs 333 

containing differentiated regioisomers, which provides very strong supporting information for the 334 

lipid identification in addition to mass spectra. However, R2 of plots with unknown composition of 335 

fatty acyls may be slightly worse due to the presence of multiple isomers with different tR. If some 336 

member of the logical CN or DB series is missing, then tR can be predicted from retention 337 

dependences with a very high level of accuracy and subsequently the chromatogram may be 338 

rechecked for the possible presence of a minor peak at the given tR. 339 

 340 

Comparison of new method with the literature 341 

 342 

The list of identified lipid species was compared with lipids reported in the literature including lipid 343 

species [4, 10, 24, 41, 42] and lipid class [10, 41–43] separation approaches. Comparison of the 344 

number of lipid species is shown in ESM Table S-5 and individual lipid species in ESM Table S-6. [4, 345 

10, 24, 41–43]. If compared to our previous RP-UHPLC/MS method [24], we are able to detect more 346 

lipid species (503 vs. 346 lipid species) and lipid classes (26 vs. 16 lipid classes) in much shorter time 347 

(25 vs. 160 minutes). In case of TG, dedicated methods based on nonaqueous RP-UHPLC/MS could 348 

provide an increased number of identified TG [29], because this generic method is designed for 349 

multiple lipid classes favoring the resolution of polar phospholipids and sphingolipids, which results 350 

in suboptimal conditions for TG as the least polar lipid class. If we compare the RP-UHPLC/MS 351 

method with other methods used in our laboratory for the lipidomic quantitation of biological 352 

samples, such as HILIC/MS [43], and UHPSFC/MS [43], the RP-UHPLC provides the highest 353 

number of detected lipid species (often annotated at fatty acyl/alkyl level), but this approach requires 354 

a larger effort during the identification step and suffers from a lower suitability for quantitative 355 
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workflows due to the fact that the IS and analytes do not coelute unlike to lipid class separation 356 

approaches.  357 
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Conclusions 358 

In this work, we reported 503 lipid species representing 26 lipid classes by RP-UHPLC/MS method 359 

using a high confidence level of the identification strategy called 0% false discovery rate in addition 360 

to the obvious effort to report the high number of identified lipids. This strategy slightly reduces the 361 

number of reported lipids, but we reported only unambiguous identifications with the highest possible 362 

confidence supported by multiple criteria to avoid any overreporting in our data set [44]. Some 363 

previous attempts to reach the highest possible number resulted in a high level of false identification 364 

[45, 46], which is – in our opinion – not the right way for the scientific progress in lipidomics. 365 

Therefore, we advocated the strategy based on the highest achievable confidence of identification in 366 

parallel with the still relatively high number of reported lipid species and acceptable analysis time for 367 

high-throughput analysis. The next step will be the quantitation and comparison of this lipid species 368 

separation approach with well-established lipid class separation-based lipidomic quantitation, 369 

because the merging of the separation efficiency of RP system together with the quantitation 370 

robustness of lipid class separation approaches would be an important step forward in the lipidomic 371 

analysis. 372 
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Figure captions 509 

 510 

Fig. 1  Base peak intensity chromatograms of NIST SRM 1950 human plasma measured by 511 

RP-UHPLC/MS in: (a) positive-ion and (b) negative-ion modes. RP-UHPLC conditions are reported 512 

in Materials and methods 513 

 514 

Fig. 2 Number of identified lipid species for individual lipid classes in NIST SRM 1950 human 515 

plasma 516 

 517 

Fig. 3 Separation of isobaric phosphatidylcholines and identification of fatty acyl/alkyl position 518 

based on characteristic fragment ions annotated in individual MS/MS spectra: (a) overlay of 519 

reconstructed ion chromatograms, (b) MS/MS spectrum of PC 33:2 (PC 15:0/18:2), (c) MS/MS 520 

spectrum of PC O-34:2 (PC O-16:0/18:2), and (d) MS/MS spectrum of PC P-34:1 (PC P-16:0/18:1) 521 

 522 

Fig. 4 Reconstructed ion chromatograms show the retention behavior of lipid species following a 523 

logical series: (a) SM differing in the length of fatty acyls and (b) PC differing in the number of 524 

double bonds 525 

 526 

Fig. 5 Regular retention behavior of various lipid species illustrated with polynomial dependences of 527 

the retention times on the length of fatty acyl chains (X = carbon number): (a) LPC X:0 and LPC X:1, 528 

(b) CAR X:0, (c) SM X:1;O2 and SM X:2;O2, (d) Cer X:1;O2 and Cer X:2;O2, (e) PC X:1 and PC 529 
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X:2, (f) TG X:0 and TG X:2 (X representing number of carbons) 530 

 531 

Fig. 6 Regular retention behavior of various lipid species illustrated with the polynomial dependences 532 

of the retention times on the number of double bond(s) (Y): (a) LPC 18:Y and 20:Y, (b) FA 18:Y, (c) 533 

DG 36:Y, (d) PE P-36:Y and PE P-38:Y, (e) PC 34:Y and PC 36:Y, and (f) TG 52:Y and TG 54:Y (Y 534 

representing number of double bonds) 535 

 536 

Fig. 7 Fatty acyl positions differentiated for various isobaric lipid species. Retention dependences 537 

illustrated with the polynomial dependences of retention times on the number of double bonds 538 

(X=carbon number in fatty acyls): (a) LPC 0:0/18:Y and LPC 18:Y/0:0, and on the length of the fatty 539 

acyl chain: (b) LPC 0:0/X:0 and PC X:0/0:0, (c) Cer 16:1;O2/X:0 and Cer 18:1;O2/X:0, (d) GM3 540 

18:1;O2/X:0 and GM3 18:2;O2/X:0, (e) SM 16:1;O2/X:0 and SM 18:1;O2/X:0, and (f) PC X:0/18:1 541 

and PC X:0/18:2 542 
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