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ABSTRACT 

We propose a fully automated novel workflow for lipidomics based on flow injection- followed by liquid 

chromatography high resolution mass spectrometry (FI/LC-HRMS). The workflow combined in-depth 

characterization of the lipidome achieved via reversed phase LC-HRMS with absolute quantification as 

obtained by a high number of lipid species-specific- and/or retention time (RT) matched/class-specific 

calibrants. The lipidome of 13C labelled yeast (LILY) provided a cost efficient, large panel of internal 

standards covering triacylglycerols (TG), steryl esters (SE), free fatty acids (FA), diacylglycerols (DG), sterols 

(ST), ceramides (Cer), hexosyl ceramides (HexCer), phosphatidylglycerols (PG), 

phosphatidylethanolamines (PE), phosphatidic acids (PA), cardiolipins (CL), phosphatidylinositols (PI), 

phosphatidylserines (PS), phosphatidylcholines (PC), lysophosphatidylcholines (LPC) and 

lysophosphatidylethanolamines (LPE). In order to exploit the full potential of isotopically enriched 

biomass, LILY was absolutely quantified on demand via reversed isotope dilution analysis using FI-HRMS. 

Subsequent LC-HRMS analysis integrated different calibration strategies including lipid species-specific 

standards for >90 lipids. Extensive measures on quality control allowed to rank the calibration strategies 

and to automatically selected the calibration strategy of highest metrological order for the respective lipid 

species. Overall, the workflow enabled a streamlined analysis pipeline (identification and quantification in 

separate analytical runs) and provided validation tools together with absolute concentration values for > 

350 lipids in human plasma on a species level with an analytical run-time of less than 25 min per sample. 
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INTRODUCTION 

Lipidomics strives to comprehensively quantify lipids in biological entities. However, up to date, validation 

of quantitative omics-type of analysis remains a challenge.1,2 Proper standardization strategies regarding 

different analytical platforms and their compliance to guidelines are currently under debate. Internal 

standardization has been propagated as the method of choice for absolute quantification and the selection 

criteria of internal standards (ISTD) in lipidomics are well defined.3 Ideally, the lipid selected as ISTD is 

added as early as possible to the sample in the analytical process. In the best case it is the isotopically 

labeled analogue of the investigated lipid, otherwise at least the prerequisites of co-ionization and 
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structural similarity have to be given. Different calibration approaches have been developed minimizing 

the number of required ISTDs: (1) Class-specific ISTD at a single concentration serve for the quantification 

of an entire lipid class,4–10 or (2) a class-specific ISTD is used at several concentration levels to obtain an 

internal calibration curve for the whole lipid class.11–14 Both calibration approaches are widely accepted 

for direct infusion mass spectrometry as all standards and analytes co-ionize. On top of that, the 

streamlined class-specific internal standardization is also applied in combination with chromatographic 

techniques separating lipids according to their head group chemistry (hydrophilic interaction liquid 

chromatography HILC, normal phase liquid chromatography NP-LC, supercritical fluid chromatography 

SFC), in which standards and analytes of the same lipid class co-elute and thus co-ionize.15 The commonly 

used ISTD panels15 comprise non endogenous lipid species with shorter fatty acyl chain(s) (e.g., 12:0 or 

14:0), odd carbon number fatty acyl chain (e.g., 17:0, 17:1, 19:0) or endogenous deuterated analogues. 

Nowadays, dedicated one-lipid-per-class mixtures with optimized concentration levels for several sample 

types are available. As ionization efficiency is known to vary within one lipid class to some extent (the 

extent of this variation is depending on the lipid class)16,17 application of response factors compensating 

for these variations was proposed for neutral lipids.18–23 However, in most omics-type lipid analysis these 

corrections have been neglected.24 Targeted quantification of selected lipids based on external calibration 

with internal standardization by an (isotopically labeled) analogue is the method of highest metrological 

order.25–29 Only this approach complies with the FDA guideline for Bioanalytical Method Validation30 

commonly used in clinics and biomarker evaluation. In fact, recent clinical large-scale studies have resorted 

to targeted analysis of a small panel of lipids.31 

Nowadays, reversed phase- liquid chromatography mass spectrometry (RP-LC-MS) is the most widely used 

analytical lipidomics technique as revealed by a recent survey1 among expert laboratories and a 

comprehensive literature review.24 It is the method of choice when aiming at in-depth characterization of 

lipidomes. Reversed phase chromatography provides efficient matrix separation32 together with excellent 

chromatographic selectivity and retentivity for lipids, resulting in high sensitivity and dynamic range when 

combined to MS detection. While the method is unrivalled in terms of lipid separation and thus 

identification (in combination with high resolution MS (HRMS)), proper standardization approaches imply 

the use of multiple standards per lipid class. Lipid classes and potentially isomers (compounds with the 

same elemental composition)33 are separated according to their fatty acyl chain chemistry, as determined 

by chain length, the number of double bonds and their position. Consequently, quantification accuracy is 

compromised when only few standards per lipid class are implemented. 3,15,32,34,35  
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In this work we propose a RP-LC-HRMS workflow enlarging the number of standards in a cost saving 

manner, thereby improving the quantification capability of the most powerful lipidomics technique. More 

specifically, the presented standardization strategy is based on a lipid library provided by 13C fully labelled 

biomass, coined as lipidome isotope labeling of yeast (LILY).25 250 uniformly 13C labeled lipid species from 

19 lipid classes25 have been obtained after fermentation of the yeast strain Pichia pastoris (Guillierm.) 

Phaff 1956 (Komagataella phaffii Kurtzman).36 More recently, the number of identified lipids has been 

further increased to 405 lipid species applying a novel preparative-SFC workflow for lipid class 

fractionation37. An overlap of >100 lipid species with human plasma has been shown.27 While isotopically 

enriched biomass is frequently used in metabolomics,38,39 its value is less accepted in lipidomics. As 

quantitative information is lacking for LILY, the use as ISTD was restricted to internal standardization in 

combination with external calibrations. Accurate quantification based on the principles of isotope dilution 

has been enabled only by spiking external standards and samples with the same amount of LILY. The 

number of accurately quantified lipid species has been limited to the number of external calibrants.26,27 In 

order to overcome this limitation, a workflow has been designed to quantify LILY on an day-to-day routine 

prior to RP-LC-HRMS analysis of samples. This strategy enables to implement different calibration 

strategies within one lipidomics workflow including internal standardization without external 

standardization. Moreover, the recalibration of LILY coped with the fact, that comprehensive lipidome 

stability and storage conditions are still ill-defined for such cost-effective materials. It is well known, that 

certain lipid species are prone to oxidation and degradation making a frequent recalibration a 

prerequisite.40–42  

Human plasma lipidomics serves as prime example to show the validity of the presented workflow as it 

represents the most frequently analyzed sample matrix in the field.1,24 The presented validation capitalizes 

on healthy donor samples 43–47 and reference materials46 with published quantitative lipidomes. However, 

a certified reference material ensuring traceability is still lacking in the field.  

MATERIALS AND METHODS 

Material 

Human plasma samples were purchased from Innovative Research (Novi, Michigan). Standard reference 

material (SRM) 1950 from National Institute of Standards and Technology (NIST, Gaithersburg, USA) was 

used. Reference standards (endogenous compounds for external calibration) and SPLASH® LIPIDOMIX® 

Mass Spec Standard were obtained from Avanti (Alabaster, USA) and Merck KGaA (Darmstadt, Germany). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 5, 2020. ; https://doi.org/10.1101/2020.11.04.367987doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.367987


5 
 

The internal standard LILY was obtained according to the procedure described in Neubauer et al48. and 

Schoeny et al..37  

Method 

Two different methods (FI and RP-LC) were applied in the same analytical sequence as enabled by a 6-port 

valve controlled via MS-software (see figure S1). A detailed description of extraction, analysis and data 

processing can be found in the extended material and methods section of the Supporting Information.  

Briefly, a Vanquish Horizon HPLC and a high field Q Exactive HF™ quadrupole-Orbitrap mass spectrometer 

(both Thermo Fisher Scientific) were used. For RP chromatography of lipids, an Acquity HSS T3 (2.1 mm x 

150 mm, 1.8 µm, Waters) with a VanGuard Pre-column (2.1 x 5 mm, 100 Å, 1.8 µm) were applied. The 

column temperature was set to 40°C and the flow rate to 250 µL min-1. Acetonitrile (ACN)/H2O (3:2, v/v) 

was used as solvent A and isopropanol (IPA)/ACN (9:1, v/v) as solvent B, both containing 0.1% formic acid 

and 10 mM ammonium formate. A gradient of 23 min was applied. MS1 acquisition was used for 

quantification. The injection volume of 2 µL was selected and polarity switching was performed. For data 

dependent acquisition (DDA) the LC method was identical, but the injection volume was increased to 5 µL, 

positive mode and negative mode were acquired separately and only the pooled sample together with the 

extraction blank and a high concentrated external standard were analyzed. For FI, the column was by-

passed via 6-port valve. 25 µL were injected in a 5 µL min-1 flow to get a constant signal for around 5 min. 

The eluents were kept constant at 50% A/50% B. Each FI measurement lasted 10 min including washing. 

Polarity switching was triggered after 2.5 min (afterwards 10 sec for equilibration). For each polarity, only 

MS1 spectra were acquired at the beginning before 200 data independent acquisition (DIA) scans 

alternated with a MS1 scan for quantification. MS1 RP-LC lipid data was processed by Skyline (version 

20.1), data dependent acquisition (DDA) files by LipidSearch 4.2 from Thermo Scientific and FI data was 

evaluated with LipidXplorer (version 1.2.8). All final data processing was performed in R/ R studio. 

RESULTS AND DISCUSSION 

RP-LC-HRMS is the gold standard for in-depth characterization of lipidomes.1,24 While the superiority of 

this method with regard to sensitivity and dynamic range is widely accepted, its quantification capability 

is currently under debate. It becomes increasingly clear that a high number of lipid standards is mandatory 

for accurate -omics type of quantification by RP-LC based methods.3,15,32,34,35 In this work, a FI/LC-HRMS 

workflow integrated isotopically labeled yeast (LILY) as internal standards (see Figure 1) with the aim of 

expanding the number of lipids amenable to absolute accurate quantification as defined by the FDA 
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guideline.30 Several proof-of-concept studies showed the potential of LILY.25–27 However, so far the applied 

internal standardization strategies lacked the quantitative characterization of the 13C yeast lipidome. 

Internal standardization was accomplished by spiking samples and external standards with known 

amounts of LILY.  

The combined FI/RP-LC-HRMS workflow for lipid quantification 

In this work, a direct infusion analysis step preceded RP-LC-HRMS analysis and enabled quantitative 

characterization of LILY on a day to day basis by reverse isotope dilution. For this purpose flow injection 

and not the prevailing shotgun approach based on chip-solutions for nano-electrospray ionization (ESI)-

MS was selected,49 given the possibility of automated switching to subsequent RP-LC based lipidomic 

analysis (see figure S1). An acquisition time of 5 min per sample was obtained by injecting 25 µL in a flow 

rate of 5 µL min-1 so that polarity switching and DIA MS/MS can be applied. As a prerequisite the UPLC 

system used in this work delivers highly precise flow rates in the flow regime from 1 µL min-1 to 5 mL min-

1. Regarding sensitivity and precision, a comparable performance was observed for the optimized FI-HRMS 

approach and the chip-based infusion nano-ESI-MS18 (limits of detection (LOD) comparable to shotgun 

were found in this work; see also table S1).  

Figure 1 depicts the principles of the FI/LC-HRMS workflow regarding standardization and measurement. 

The measurement sequence starts with direct infusion analysis of external standards spiked with LILY. Fully 

automated switching from FI analysis to RP-LC-HRMS is accomplished via a 6-port valve. A typical 

lipidomics RP-LC-HRMS run with 23 min was performed to analyze samples and external standards spiked 

with LILY lipids. Excellent retention time (RT) stability (see Figure S3A) supported lipid identification and 

quantification across samples. Despite the short chromatographic separation time, for some lipid species 

isomer separation was achieved for LPC, LPE, PC, PE and DG. Exemplarily, baseline separation of two lipid 

species (PC 18:1(9Z)/ 18:1(9Z) and PC 18:1(9E)/ 18:1(9E)) are shown in Figure S3B. However, quantification 

was based on the sum integral to simplify data evaluation. The streamlined workflow involved RP-LC-HRMS 

analysis of all samples and standards in full MS mode (MS1, mass resolution 120000, dynamic polarity 

switching) and of a pooled sample in data dependent MS/MS, for quantification and identification, 

respectively. A small loss of sensitivity due to the polarity switching routine in MS1 mode was accepted 

for the sake of saving analysis time. The measured calibration dilution series covered 4 orders of 

magnitude (low nM to low µM range). For data evaluation only the linear working range was considered.  

Regarding the time distribution of the different tasks, almost a third of the time is spent on measuring 

samples, a quarter on quality control (QC) samples (including QC standards at four concentration levels, 
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SRM 1950 and washing blanks), 20% on calibrants including replicates for limit of quantification (LOQ) 

determination (both on RP-LC (15%) and FI (5%)), 10% on DDA identification runs and 10% on system 

checks such as blank interferences and carry over tests. Overall, implementing FI-HRMS increased the RP-

LC-HRMS workflow measurement time by less than 10% even when an extensive number of standards and 

different blanks were included (see figure S4 and Supporting Information Excel table/ Sequence). By 

tailoring calibration levels, the measurement time could be reduced even further.  

 

Figure 1 Overview of the combined quantification 
strategies. LILY (yellow) was added to the plasma sample 
(blue) and the ESTDs (purple) in the same concentration. 
ESTDs were measured via RP-LC-HRMS in MS1 mode and 
FI-MS to perform two different strategies: (1) a multi-
point calibration internal standardized (normalized) with 
LILY lipids (RP data) and (2) an on-demand quantification 
of LILY lipids with the ESTD measured via FI-MS. Samples 
were only measured via RP-LC-HRMS. If the analyte is 
available as ESTD the first method can be used for 
quantification, if not the on-demand quantified LILY lipids 
were used as ISTD for one-point calibration.  
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As a key advance, the large panel of external and internal standards paved the way for different applicable 

calibration strategies expanding the number of lipid species amenable to absolute quantification. 

Moreover, an extensive dilution series of external calibrants allowed tailored calibration levels for lipid 

species evaluation, both in FI-HRMS and RP-LC-HRMS analysis. Thus, the method allowed accurate 

quantification without prior screening of linear range for each single analyte. Following stringent quality 

criteria, an automated selection of calibration strategy for each lipid species was implemented. Wherever 

applicable, species-specific standardization (denoted as level 1, according to the definition of LSI,50 see 

figure S5) was preferred over class-specific calibration (denoted as level 2 in case of RT matching, 

otherwise level 3). ISTD and ESTD were chosen in the following decreasing preference order: level of 

standard,50 number of hydroxy groups (necessary only for sphingolipids), number of double bonds and 

number of carbons in the fatty acyl chain. The quantification approach of highest metrological order is 

lipid species-specific standardization by external multi-point calibration with internal LILY standardization. 

Evidently, this calibration approach is limited to the selection of external standards and lipids present in 

LILY. Otherwise, level 2 (RT match was accepted for maximal +/- 0.5 min RT shift) external calibration using 

species-specific (level 1) LILY ISTD was applied followed by one-point calibration using the quantified level 

1 LILY ISTD. If no species-specific calibration was available lipid class-specific RT matched standardization 

was applied. The remaining species were assessed using level 3 standards. 

Quantification of LILY by FI-HRMS  

169 13C fully labeled lipid species were identified on the lipid species level in the LILY extract using the 

proposed workflow. Spiking plasma samples with LILY upon extraction, increased the overall molar lipid 

amount of the sample by approximately 10%. Compared to naturally occurring isobaric overlaps in plasma 

between different lipid classes, adducts or isotopologues, the chance for isobaric overlaps between 

unlabeled and fully 13C labeled lipids is small. Theoretically, 48% of the plasma lipids have potential isobaric 

interferences with other lipids of the same sample but only 11% of them would be affected by labeled 13C 

LILY lipids if no separation is used. 

67 LILY lipids species were accurately quantified by reverse isotope dilution on an FI-HRMS routine by using 

either level 1 or 2 type of standardization. Depending on the lipid class, MS quantification was based on 

the precursor, the head group fragment or the fatty acyl chain fragments in either positive or negative 

mode. Lipids from 8 classes (DG, TG, ST, PC, PE, PG, LPC, HexCer- see Supporting information for lipid class 

abbreviations) ranging at concentrations from 3 to 1500 nM were quantified (see Supporting Information 

excel table/LILY-lipids_FI). For all obtained LILY standard concentrations, stringent quality criteria were 
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met in the FI-HRMS data. A detailed description of the quality criteria used for filtering is given in the 

Supporting Information. Overall, experimental uncertainty in QC samples, signal stability, linear dynamic 

range and LOQ were considered. Thus, out of the 169 LILY lipids, 67 compounds were potential one-point 

ISTDs with experimentally assessed concentrations. All other LILY lipids served as ISTD in external 

calibrations requiring no quantitative information to compensate for variation in sample preparation and 

instrument performance (see strategy 1 and 2 respectively in Supporting Information/absolute lipid 

quantification).  

Evaluation of different calibration strategies 

Figure 2 shows concentration values for selected lipid species obtained by different calibration strategies 

in SRM 1950 with respect to the published consensus values.46,51 More specifically, the quantification of 4 

lipid species, i.e. DG 34:1, TG 48:3, PE 36:2 and PC 36:2 is addressed considering external calibration with 

internal standardization and only internal standardization based on LILY lipids, both at different levels 

(level 1, 2, 3) and MS1 acquisition, respectively. The isomers of PC 36:2 were separated on the RP-LC. 

However, quantification was performed with the sum integral over all isomers. The importance of species-

specific calibration or at least RT matching in class-specific calibration can be readily observed, 

emphasizing that a small number of standards is not practical in RP-LC analysis. Regardless if level 1 or 

level 2 calibration was applied all concentrations were within the 99% confidence interval as published for 

the SRM 1950 material. However, the international lipidomics interlaboratory comparison revealed rather 

broad distribution of measured concentration values for single lipid species52 (DG 34:1: 0-22 µmol L-1, TG 

48:3: 1- 10 µmol L-1, PE 36:2: 2-30 µmol L-1, PC 36:2: 75-350 µmol L-1) making it difficult to validate the 

different calibration strategies based on these consensus values only. Only certified reference material 

would allow an actual accuracy assessment.44,53  
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Figure 2 Influence of the selected ESTD and ISTD on (A) internal one-point calibration and (B) external multi-point 
calibration internal standardized. Different results were obtained with different levels of ESTD and ISTD. 
Exemplarily, the quantitative results of the lipids DG 34:1, TG 48:3, PE 36:2 and PC 36:2 in SRM 1950 are shown. 
The blue dotted line shows the median of the mean (MEDM), the light green region the 95% confident interval (CI) 
of the interlaboratory comparison and the red dotted line the 99% CI. (A) The x-axis and the color for the one-point 
calibration show the applied ISTD. (B) The x-axis for the multi-point calibration shows the applied ESTD (left: level 1, 
right: level 2) and the colors show the applied ISTD (purple: level 1, blue: level 2, yellow: level 3). The color code for 
the ISTD in B is equal to A. 

As already mentioned, species-specific external calibration and internal standardization is the method of 

highest metrological order. The isotope dilution strategy ensures accuracy by compensating for losses 

during sample preparation and for variation of MS measurement, provided that (1) high purity external 

standards with certified concentrations are used and (2) equilibration of the LILY spike material and the 

sample is given. Considering typical experimental uncertainties of measured MS intensity ratios and 

sample preparation, the latter governed by extraction efficiencies and recoveries, typical total combined 

uncertainties of 4-7% were expected (see Figure 3). In fact, the experimentally observed uncertainties for 

biological replicates ranged at 2-7% when using level 1 ESTD and ISTD calibrations. When using level 2 

external standardization with level 1 internal standardization, the ionization bias between the class-

specific standard (ESTD) and investigated species contributes to the total combined uncertainty, while the 

contribution of sample preparation and MS detection was still minimized due to the species-specific ISTD. 

Introducing a correction factor - as estimate of the contribution of the ionization efficiency distribution 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 5, 2020. ; https://doi.org/10.1101/2020.11.04.367987doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.04.367987


11 
 

within the lipid class- in the model equation of the uncertainty budgets results in estimated uncertainties 

of up to 30% for neutral lipids. However, for polar lipids this contribution was significantly lower resulting 

in calculated uncertainties ranging at 10% (ESTD level 2, ISTD level 1), in accordance to the widely accepted 

hypothesis that the ionization efficiency is determined through the head group.3 When using level 2 ESTD 

and level 2 ISTD, for polar lipids total combined uncertainties of 12-15% were estimated, while for neutral 

lipids again up to 35% were calculated. The combined uncertainty of species-specific internal 

standardization (one-point calibration) by LILY was mainly determined by the uncertainty of the LILY 

quantification based on FI-HRMS. Error propagation results in estimated combined uncertainties ranging 

at 14% (assuming that the measured ratios are within the dynamic range and level 1 standardization). 

Again, in the case of quantifying LILY via level 2 standardization, the uncertainty for neutral lipids increased 

to 33% as the differences in ionization efficiency cannot be overcome without correction. When 

performing species-specific ISTD (one-point calibration) with certified standards, 5-7% uncertainty have 

been estimated. It has to be mentioned that the estimated uncertainties of level 2 ISTD calibration is 

comparable regardless whether synthetic certified standards or cost saving LILY ISTD were used due to the 

fact that the correction factor for ionization bias is the major contribution to the total combined 

uncertainty. Consequently, the quantitative output of the workflow was ranked according to these 

considerations and labeled, accordingly. Quantification resorted to level 3 standardization only when level 

1 /2 ESTD, ISTD were not available. Again, multi-point calibration was preferred over one-point calibration.  

 

Figure 3 Uncertainty calculation of the applied methods. 
Concentration formula for (A) multi-point calibration and 
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(B) one-point calibration. AreaAnalyte/AreaISTD: standard 
uncertainty of 3% in RP-LC, d-intercept, k-slope, E-
Extraction factor E=1, associated uncertainty 10%,54 I-
Ionization efficiency factor: I=1, associated uncertainty 30% 
(only for neutral lipids) (C) Assumptions that have been 
made to estimate the uncertainty of each calibration. (D) 
ranking of the applied quantification strategies. Purple 
bars indicate multi-point calibration, yellow one-point 
calibration. The blue bars next to one-point calibration 
show the uncertainty if synthetic certified standards 
(uncertainty of 2%) would have been used. Full color bars 
show the uncertainty for polar lipids whereas patterned 
stacked bars show the uncertainty that can occur for neutral 
lipid classes (e.g.: TG, CE, DG). One-point calibration 
considers LILY quantified upon level 2 standardization.  
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Application to human plasma lipidomics 

Although the yeast lipidome might be less complex, retention time windows matching to the respective 

plasma lipid classes were obtained (see Figure 4). Co-elution and so co-ionization was supported by the 

inverse retention order observed with respect to increased carbon number versus increased double bond 

number, also described in the equivalent carbon number (ECN) model.55 For example, TG 48:3 (ECN: 42) 

co-eluted with TG 50:4, TG 52:5, 54:6, etc. (all ECN: 42, exemplarily TG elution profile is shown in figure 

S3C, also true for DG, LPC, LPE, PC, PI). This phenomenon boosted the number of co-eluting LILY- and 

plasma lipid species. E.g. when analyzing the human plasma sample SRM1950, LILY provided a species-

specific ISTD (level 1) for 26% out of the 357 quantified lipid species. For the great majority of lipid species 

(50 %), a class-specific and RT matched ISTD (level 2) was offered. Quantification of 8% of plasma lipids 

had to be based on a class-specific ISTD (level 3) only, while no ISTD was available for 16% (incl. SM, 

Hex2Cer and AcCa). In the latter cases external calibration had to be pursued. The selected ESTD panel 

enabled level 1 or 2 calibration for 50% out of the 16%. (see Figure 4). 

 

Figure 4 Application of LILY with RP-LC and its benefits (A) broad RT coverage: shows the RT coverage for different 
lipid classes, the left side of the quadrangle shows the elution range of human plasma lipids, the right side the elution 
range of LILY lipids, lipid classes shown as vertical line are only present in plasma, green dots show the elution time 
of the deuterated single-lipid-per-class mixture SPLASH® LIPIDOMIX® Mass Spec Standard. A total ion chromatogram 
and the gradient starting at 55% B and going up to 100% B is shown on the right side as visual help. (B) Distribution 
of used ISTD, quantification strategies and ESTD. ISTD: 76% of analytes have RT matched ISTD: shows the level 
(defined by the LSI)50 of ISTD. Quantification strategies: 53% of analytes are quantified via multi-point calibration: 
three different quantification strategies have been applied, multi-point: internal standardized multi-point calibration 
(according to FDA30), one-point: LILY is quantified in a multi-point calibration with ESTD first and analytes are 
quantified via one-point calibration with the calculated LILY conc. only extern: multi-point calibration without the use 
of ISTD ESTD: 13 % of analytes are available as ESTD and 65% have co-ionized ESTD. 

The FI/LC-HRMS lipidomics workflow was applied to the analysis to human plasma samples from 20 

healthy donors striving to provide high lipidome coverage and accurate quantification. Lipid extraction of 

human plasma is well established.15,56–59 Spiking plasma with LILY increased the overall lipid amount of the 
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sample by approximately 10%. Thus, the established Matyash protocol60 was adopted by reducing the 

plasma sample amount to a minimum of 10 µL, which still ensures homogeneity40 and increasing the 

sample versus solvent ratio to 1:325. By automatizing the workflow and streamlining the data evaluation, 

manual curation of data was reduced to a minimum (for more details see Supporting Information). The 

reference material for human plasma SRM 1950- providing consensus values for 339 lipid species based 

on an international interlaboratory comparison- was used for method validation and data filtering.46  

Three independent methods (QC accuracy and precision tests, recovery test considering standard addition 

of non-endogenous standards and Z-score calculation of the SRM 1950) were implemented as quality 

control measures of the workflow next to the filter criteria described in the extended methods part in the 

Supporting Information. In total, quantitative values for 357 lipid species were obtained. 90 lipids from 7 

lipid classes (LPC, LPE, PC, PE, PI, DG, TG) passed all quality filters. More specifically, accurate quantification 

was based on ESTD and ISTD panels passing the QC accuracy (accepting < 30% trueness bias) and precision 

tests (accepting < 30% relative standard deviation (RSD)), the recovery test with bias <30% for the 

respective lipid class and a calculated Z-score within the 99% CI.  

The total quantitative output of the novel workflow was compared to the state-of-the-art shotgun 

lipidomics strategy37 with regard to the calculated Z-score based on SRM 1950 data. As can be readily 

observed in Figure 4A, the quantitative performance was comparable, after both data sets were filtered 

by strict criteria to avoid misidentifications including signal stability (RSD < 30%) and mass accuracy 

(< 3 ppm) and LOQ. However, the novel workflow benefits from increased sensitivity leading to a higher 

number of quantified lipids, an increased selectivity, the higher number of standards and the possibility to 

control accuracy by the mentioned tests. 

The obtained relative lipid class distribution resembling the biological variance of the 20 healthy donors 

can be seen in Figure 4B.44,61 On average, state of the art lipidomics methods mentioned in literature 

reported 50–300 annotated lipid species when quantification was mentioned.24 In this work, 357 lipids out 

of 429 identified lipids were quantified in human plasma providing new tools for data validation and 

ranking quantitative values after a stringent metrological order. Additionally, new tools enabling data 

validation have been introduced, offering a new way of method control and improves the reliability of all 

quantitative results. 
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Figure 5  (A) Z-score distribution of the presented 
workflow (RP-LC LILY) covering 223 lipids in comparison 
with the state-of-the-art quantification using the SPLASH® 
LIPIDOMIX® in a shotgun nanoESI experiment covering 94 
lipids (coverage is determined by the NIST report). In figure 
S6 and table S2 a more detailed version can be found. Data 
for shotgun experiment taken from previous publication 
(Schoeny et al.37) (B) Relative lipid class distribution of the 
major lipid classes in human plasma without cholesterol. 
“Others” contains all lipid classes with a smaller 
contribution to the total lipid content then 2%. NIST report 
shows the distribution from the consensus values, whereas 
SRM is the analyzed SRM 1950 sample. 

CONCLUSIONS 

Lipidome wide absolute quantification and validation was enabled via high resolution mass spectrometry 

coupled to reversed phase chromatography. As a prerequisite, implementation of a reversed isotope 

dilution step boosted the number of available lipid standards provided by fully labelled 13C yeast extracts 

in a cost-effective manner. Indeed, our experiments showed that the designed workflow provided a 

comparable analytical performance with regard to accuracy, uncertainty and number of absolute 

quantifications compared to established lipidomics platforms with the additional possibility to control 
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accuracy via actual analyte QC accuracy and precision tests, recovery test considering standard addition 

of non-endogenous standards and Z-score calculation of the SRM 1950. Hence, all acknowledged benefits 

of RP-LC-HRMS based lipidomics, including isomer separation, superior sensitivity and selectivity are now 

amenable without compromising on the aspect of quantification. Thus, we think that the workflow 

increases the option of how to quantify in the field of lipid analysis offering an independent calibration 

strategy relying on different calibrants and standard resources, which is important regarding 

harmonization and standardization. Furthermore, this workflow can be used for any isotopically labeled 

biomass as ISTD enabling adaptation or self-production. Our study was restricted to quantification on a 

lipid species level based on MS1 measurements. In future, the quantification capability could be extended 

to the molecular species level (i.e. known fatty acyl chain composition) by integrating MS2 measurements 

and the LC-separated isomers in the workflow.  

 

SUPPORTING INFORMATION 

PDF- Supporting information- Abbreviations, Extended Materials and Methods, Additional figures and 

tables 

XLSX- quantitative results, quantification strategy comparison, figures of merit, quantified LILY lipids with 

FI-HRMS, the MS sequence list 

ZIP- MFQL files for LipidXplorer 

Raw data available on MetaboLights 62 www.ebi.ac.uk/metabolights/MTBLS1876  
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