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Abstract  

The importance of lipids seen in studies of metabolism, cancer, the recent COVID-19 

pandemic and other diseases has brought the field of lipidomics to the forefront of clinical 

research. Quantitative and comprehensive analysis is required to understand biological 

interactions among lipid species. However, lipidomic analysis is often challenging due to 

the various compositional structures, diverse physicochemical properties, and wide 

dynamic range of concentrations of lipids in biological systems. To study the 

comprehensive lipidome, a hydrophilic interaction liquid chromatography-tandem mass 

spectrometry (HILIC-MS/MS)-based screening method with 1200 lipid features across 19 

(sub)classes, including both nonpolar and polar lipids, has been developed. HILIC-MS/MS 

was selected due to its class separation property and fatty acyl chain level information. 3D 

models of class chromatographic retention behavior were established and evaluations of 

cross-class and within-class interferences were performed to avoid over-reporting these 

features. This targeted HILIC-MS/MS method was fully validated, with acceptable 

analytical parameters in terms of linearity, precision, reproducibility, and recovery. The 

accurate quantitation of 608 lipid species in the SRM 1950 NIST plasma was achieved using 

multi-internal standards per class and post-hoc correction, extending current databases by 

providing lipid concentrations resolved at fatty acyl chain level. The overall correlation 

coefficients (R2) of measured concentrations with values from literature range from 0.64 to 

0.84. The applicability of the developed targeted lipidomics method was demonstrated by 

discovering 520 differential lipid features related to COVID-19 severity. This high coverage 

and targeted approach will aid in future investigations of the lipidome in various disease 

contexts. 

Keywords: HILIC-MS/MS; Clinical lipidomics; Quantitation; NIST SRM 1950 plasma; 

COVID-19; Over-reporting 
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1. Introduction 

Lipids play a critical role in defining cellular and sub-cellular structures, signaling, 

modifying metabolic processes and energy storage [1]. Imbalance of lipids in the body 

(dyslipidemia) has been linked to multiple disorders such as neurodegenerative diseases [2], 

cancer [3], metabolic syndrome [4], and dysregulation of the gut microbiome [5]. The role 

of lipids also showed an important role in the individuals affected by the recent pandemic 

caused by coronavirus (COVID-19). Several lipidomic investigations have documented a 

modified lipidome profile in individuals affected by COVID-19 [6–13]. In an initial study 

conducted during the pandemic by Shen et al., patients with varying degrees of COVID-19 

severity exhibited reduced levels of sphingolipids, and glycerophospholipids in their serum, 

while phosphatidylcholine (PC) levels were increased [6]. Another study found decreased 

plasma diglycerides (DG) and elevated levels of sphingomyelins (SM) in COVID-19 

patients [12]. Other studies have indicated decreased serum levels of total cholesterol, HDL, 

and LDL, with increased levels of triglycerides (TG) [13]. These findings suggest an overall 

disruption in lipid metabolism in COVID-19, highlighting how lipidomics is essential in 

understanding the role played by lipids in disease progression, and for developing 

prevention strategies in translational clinical studies. 

Deciphering the interplay between the lipidome and other parts of the biological system 

requires a deep understanding of the complex pathways of lipid metabolism, the function 

of lipids, and how lipids are generated and interact with other molecules. This can only be 

achieved by analytical methods with exhaustive coverage and good quantitative 

performance. Consequently, two major challenges must be addressed by lipidomics 

methods: 1) elucidating the diverse compositional structures of lipids in detail, and 2) 

quantifying the biological concentrations of lipids over a wide dynamic range [14]. Mass 

spectrometry (MS)-based lipidomics methodologies can be divided into two groups, 

species-separation based and class-separation based, irrespective of their separation 

mechanisms. The class-based separations, like differential ion mobility, hydrophilic 

interaction chromatography (HILIC) [15,16], normal-phase liquid chromatography (NPLC) 

[17], and supercritical fluid chromatography (SFC), are powerful in resolving the isobars. 

These techniques also facilitate the co-elution of lipid species and their internal standards 

(ISs) for accurate quantification. Species-separation based techniques like reverse phase 
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liquid chromatography (RPLC) and trapped ion-mobility have limitations in achieving 

reliable quantitation, as ISs often do not co-elute with analytes and suffer from cross-class 

isobaric interference [18,19]. Multiple reaction monitoring (MRM) is frequently selected as 

the MS method due to its high sensitivity and additional acyl tail characterization of 

phospholipid species [20]. The combination of separation techniques, such as HILIC, ion 

mobility, with MRM are often being used in large scale targeted lipidome profiling [21–25]. 

Direct infusion methods with or without ion mobility may encounter severe matrix effect, 

consume large amount samples, exhibit lower sensitivity and have limitation in the 

separation of isomers/isobars [22]. Another important aspect in the lipidomics study is the 

unambiguous identification of lipid species, as there are several sources of cross-class 

interference (isobars/isomers, in-source fragments) and within-class interference (isotopes 

and different ion types), which can lead to over-reporting of lipid species [26]. 

Achieving absolute quantitation is another challenge in lipidomics due to commercial 

unavailability of (internal) standards for all endogenous lipid species. Recognizing the 

difficulties in achieving absolute quantitation, we refer to all attempts to report data in molar 

concentrations as accurate quantitation. These efforts include using multiple internal 

standards with different chain length and double bond numbers per class and, or applying 

response correction factors for quantification [27,28]. Although it must be noted that true 

accurate quantification would require the systematic use of individual standards per species, 

a standardized analytical workflow with unambiguous identification resolving the 

complexity associated with lipidomics analysis can ensure highly reliable data that can also 

be correlated with other studies [29,30]. 

The comprehensive coverage of the lipidome is necessary for biomarker discovery and 

pathway mapping. HILIC-MS/MS is chosen in this study for large-scale metabolic profiling 

because of its superior quantitative performance due to close elution of ISs and 

corresponding lipid molecular species, thus diminishing differential matrix effects. The 

experimental design in this paper aims to screen lipid species to minimize over-reporting 

and enhancing confidence in lipid identification. This HILIC-MS/MS method targets 19 

lipid (sub)classes in a 14 min analytical run. Firstly, a MS/MS library was built for routine 

lipid screening followed by assigning lipid identification confidence scores after evaluation 

of various cross-class and within-class interference correction. The method validation was 
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performed according to the bioanalytical method validation guidelines as precisely as 

possible. The accurate quantitation was conducted using multiple internal standards per 

class and was performed on National Institute of Standards and Technology Standard 

Reference Material 1950 (NIST SRM 1950) plasma for lipid species with high confidence 

score. As a proof of applicability, the developed HILIC-MS/MS lipidomics method was 

used to characterize the lipidome of plasma samples from coronavirus disease 2019 

(COVID-19) patients. The results showed a wide class-based changed lipidome correlated 

with disease severity, indicating the potential for disease progression prediction using 

lipidomics. 

2. Experimental section 

2.1. Reagent and Materials 

Acetonitrile, methanol (LC-MS grade), and chloroform (HPLC grade) were purchased from 

Biosolve Chimie (Dieuze, France). LiChropur™ quality ammonium acetate was purchased 

from Merck KGaA (Darmstadt, Germany). Water was purified by Milli-Q® reference water 

purification system purchased from Merck KGaA (Darmstadt, Germany). Two lipid 

standards from each class were used for HILIC-MS/MS method development. The standard 

mix for method development consists of the system suitability kit for the Lipidyzer platform 

(part no.5040407) purchased from AB Sciex (Framinghan MA, USA) and it includes 

ceramides (Cer), cholesterol esters (CE); diglycerides (DG); lysophosphatidylcholine 

(LPC); lysophosphatidylethanolamine (LPE); phosphatidylcholine (PC); 

phosphatidylethanolamine (PE); sphingomyelin (SM); triglycerides (TG); 

hexosylceramides (HexCer); lactosylceramdides (LacCer). Individual standards such as 

galactosyl ceramide, GalCer 18:1;O2/16:0; glucosyl ceramide GluCer 18:1;O2/16:0;  

phosphatidylglycerol, PG 14:0/14:0 and PG 17:0/17:0; Bis(Monoacylglycero) Phosphate, 

BMP 14:0/14:0 and BMP 18:1/18:1; phosphatidylserines, PS 14:0/14:0 and PS 16:0/16:0; 

phosphatidylinositols, PI 18:0/20:4 and PI 16:0/18:1; lysophosphatidylglycerol, LPG 17:1 

and LPG 18:1; lysophosphatidylinositol, LPI 17:1 and LPI 20:4; lysophosphatidylserines, 

LPS 17:1 and LPS 18:1 were purchased from Avanti Polar Lipids (Alabaster, AL, USA).   

The one-IS per class mix was used for the validation of the method and application in the 
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COVID-19 plasma samples, consisting of SPLASH® LIPIDOMIX® Mass Spec Standard 

(330707-1EA), LPS 17:1; LPI 17:1; LPG 17:1 purchased from Avanti polar lipids and 

deuterated hexosylceramides (Hex-Cer 18:1;O2/16:0-d9) (part no.5040398), deuterated 

lactosylceramide (Lac-Cer 18:1;O2/16:0-d9) (part no.5040399), deuterated 

dihydroceramide (Cer 18:0;O2/16:0-d9) (part no.5040397), deuterated ceramides (Cer 

18:1;O2/16:0-d9) (part no.5040167) purchased from AB Sciex. The one-IS per class mix 

were also spiked in the COVID-19 samples as internal standard (as shown in Supplemental 

Table S1). 

The multi-ISs per class mix was used for accurate quantitation, consisting of 

UltimateSPLASH™ ONE (330820L-1EA), SPLASH® LIPIDOMIX® Mass Spec 

Standard (330707-1EA), LPS 17:1, LPI 17:1, LPG 17:1 purchased from Avanti Polar lipids; 

Hex-Cer 18:1;O2/16:0-d9 (part no.5040398), Lac-Cer 18:1;O2/16:0-d9 (part no.5040399), 

Cer 18:0;O2/16:0-d9 (part no.5040397) purchased from AB Sciex were used for 

quantitation (as shown in Supplemental Table S2). All stock solutions, standards and 

calibration solutions were prepared in acetonitrile-methanol mixture (3:7 v/v). 

2.2. Plasma sample collection 

Human K2 Ethylenediaminetetraacetic acid (EDTA) plasma was purchased from 

Innovative research (Novi, MI, USA) and used for method development and validation. 

NIST SRM 1950 human plasma for quantitation was purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). 

The COVID-19 cohort consisted of 44 adults admitted to the regional Amphia hospital in 

Breda, the Netherlands, on 24 March 2020–14 April 2020, as published earlier [31,32]. 

Supplemental Table S3 summarizes key characteristics of the 44 patients and 103 collected 

plasma samples. EDTA plasma samples were collected in intervals of 3–4 days throughout 

the study. All patients reported COVID-19 related complaints, tested positive for the SARS-

CoV-2 by polymerase chain reaction (PCR), and gave consent to be included in the study. 

The study was performed in accordance with the guidelines for sharing of patient data of 

observational scientific research in case of exceptional health situations. 
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2.3. Sample preparation 

Lipids were extracted from 25 uL of plasma (human K2 EDTA plasma/ COVID-19 patient 

plasma) according to the methyl tert-butyl ether (MTBE) method [33]. A volume of 34 μL 

of the one-IS per class mix was added to 25 μL of plasma and vortexed. To this mixture, 

231 μL of methanol (MeOH) and 770 μL of MTBE were added. The sample was incubated 

at room temperature on an orbital shaker for one hour followed by the addition of 192.5 μL 

of water thus making final ratio MTBE:MeOH:Water (10:3:2.5, v/v/v). The mixture was 

again incubated at room temperature for 10 min and then centrifuged at 15,800 rcf for 10 

min. A volume of 520 μL of upper layer was collected and dried in a vacuum concentrator 

followed by reconstitution in 200 μL of acetonitrile:methanol (3:7). This mixture was 

vortexed and centrifuged for 10 min. The supernatant was collected and injected in the LC–

MS for analysis. 

The COVID-19 study batch design includes solvent blanks, procedure blanks (with IS), 

clinical study samples and quality control (QC) samples. These QC samples were a pool of 

all the study plasma samples and were analyzed at regular intervals in the study batch to 

determine the performance of the method. 

2.4. Lipidomics profiling analysis 

A QTRAP 6500+ (AB Sciex, Concord, ON, Canada) coupled to an Exion LC AD (AB Sciex, 

Concord, ON, Canada) was used for targeted lipid profiling to obtain lipid information 

including retention time (tR) and MS/MS fragments. The column used for the separation 

was a Luna amino column (100 mm × 2 mm, 3 μm, Phenomenex). The mobile phase A was 

1 mM ammonium acetate in chloroform: acetonitrile (1:9), while mobile phase B was 1 mM 

ammonium acetate in acetonitrile: water (1:1). The gradient is shown in Supplemental Table 

S4, A. Two injections were made to accommodate all the MRM transitions of the targeted 

lipid features. The injection volume was 5 μL for the first acquisition run and 1 μL for the 

second acquisition run. The column temperature was kept at 35 ◦C. The injector needle was 

washed with isopropanol:water: dichloromethane (94:5:1, v/v/v) after each injection. 

MS/MS experiments were done on QTRAP 6500+ mass spectrometer with a Turbo V source 

(AB Sciex, Concord, ON, Canada) operated with electrospray ionization (ESI) probe. The 
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declustering potential (DP) and collision energy (CE) of lipid transitions were optimized to 

obtain the highest response for the mixture of lipid standards. The information about the 

precursor ion (Q1), characteristic product ion (Q3), lipid name (ID), optimized DP, and CE 

of all the lipid features were incorporated into the MS acquisition method before the 

screening in plasma samples. The parameters of the QTRAP 6500+ mass spectrometer were 

as follows: curtain gas (N2) was 20 psi; collision gas (N2) kept at medium, ion spray voltage 

was 5500 V and -4500 V for positive and negative mode respectively; source temperature 

was 400 ◦C, GS1 and GS2 were 30 and 35 psi respectively. Scheduled MRM (sMRM) was 

used for data acquisition for targeted analysis. sMRM window, ion transitions and tR are 

summarized in supplementary info (Supplemental Table S5, sheet 1 and 2). The total scan 

time was 0.5 s. The lipids detected by the UHPLCQTRAP based lipidomics profiling 

analysis were processed using AB Sciex OS (version 2.1.6, AB SCIEX, Concord, ON, 

Canada). 

The method for accurate mass measurements was based on the previously reported RPLC-

HRMS method [34]. An Acquity UPLC (Waters, Milford, MA, USA) was coupled to a 

SCIEX ZenoTOF 7600 system (Darmstadt, Germany). The column used was Waters 

Acquity HSS T3 column (2.1 × 100 mm, 1.8 μm, Waters, Milford, MA). The mobile phase 

A was 10 mM ammonium formate in acetonitrile: water (6:4), while mobile phase B was 

10 mM ammonium formate in isopropanol: acetonitrile (9:1). This gradient is described in 

Supplemental Table S4, B. The following ion source parameters were used: ESI spray 

voltage was 5.2 Kv and 4.5 kV in the positive and negative ionization mode respectively, a 

capillary temperature of 550 ◦C, ion source gas 1 50 psi, ion source gas 2 50 psi, curtain gas 

of 35 psi, and CAD gas of 7 psi. A survey TOFMS scan was performed in the mass range 

of (300–1000) Da in Information Dependent Acquisition mode (IDA). 

2.5. Method validation 

The one-IS per class mix (specified in reagents and material section) has been used to 

calculate the various validation parameters. An 8-point calibration line (cal-1 to cal-8) was 

made by serial dilution of IS present in the one-IS per class mix to determine the linear 

range. The concentrations of these calibration points are mentioned in the supplementary 

information (Supplemental Table S6). The serially diluted standards of the one-IS per class 
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mix were spiked in three different ways to prepare the calibration curves: a) in pure solvent 

(without matrix), b) spiking the standard in human K2 EDTA plasma before following the 

extraction described in the sample preparation section, c) spiking the standard in human K2 

EDTA plasma after extraction. The calibration curves were prepared on three different days 

using freshly prepared standards. To determine the linear range, we used an unweighted 

linear regression model. The determination of various validation parameters was performed 

by spiking one-IS per class mix at low (L), medium (M) and high (H) concentration levels. 

Low levels (L) were chosen to be 3 times higher than the lower limit of quantitation (LLOQ). 

Medium levels (M) were set to be around 30–50% of the calibration range. The high level 

(H) samples were spiked at close to 75% of the upper limit of quantitation (ULOQ). The 

details about the calculations of validation parameters such as carryover, precision, ion 

suppression and matrix effects are described in supplementary information. The limit of 

detection (LOD) and limit of quantification (LOQ) were calculated based on the signal-to-

noise ratio of 3 and 10 respectively. The equations used for the calculations of LOD and 

LOQ are described in supplementary information. The repeatability was evaluated to assess 

any deviation in analysis over time and is an important criteria to assess the performance of 

the method when running longer batches. We evaluated the repeatability of our method by 

calculating relative standard deviation (RSD %) of endogenous lipid features in QC samples 

of COVID-19 patients. In this work, the lipid species with RSD below 15% in QC samples 

were classified as high confidence metabolites while those in the range of (15–30)% were 

treated with caution (as shown in Supplemental Table S5, sheet 7). Since we are doing 

exploratory study, we considered metabolites with RSD up to 30% to accommodate 

variations due to class behavior. 

2.6. Accurate quantitation in the NIST SRM 1950 plasma 

NIST SRM 1950 plasma samples were used for the accurate quantitation of endogenous 

lipid species. Six-point calibration lines were prepared by serially diluting the multi-ISs per 

class mix. These six points were spiked in NIST SRM 1950 plasma samples before 

extraction and lipid extraction was performed according to the protocol specified in Section 

2.3. The details of the initial concentration of multi-ISs mix internal standards are specified 

in supplementary information (Supplemental Table S2). The concentrations of these 

calibration lines (cal-1 to cal-6) are mentioned in supplementary information 
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(Supplemental Table S5, sheet 5). 

To estimate the concentrations of endogenous compounds in human plasma, an unweighted 

linear regression model (y = ax + b, where x represents the metabolite concentration) was 

used, based on the calibration curves. The model fitness was estimated using R2. Where 

intercept ‘b’ was not significant (p > 0.05) for the model fit, the intercept was set to 0 (y = 

ax + 0). The lipid concentrations were calculated in nmol mL-1 to compare with other 

reported studies. Type II isotopic correction was performed using LICAR [35]. The 

concentration calculation of the species with same fatty acyl chain will be influenced by the 

selection of MRM transition used for IS, as the response of sn-1 and sn-2 chains is different 

as shown in Supplemental Table S9. Post-hoc correction was used to correct for the 

metabolites with two same fatty acyl chains to remove the double signal. 

2.7. Data processing and statistical analysis 

A model establishing a relation between tR and the length of fatty acyl chains (carbon 

number, CN) as well as the number of double bond equivalents (DBEs) was generated for 

each lipid class using multivariate analysis. The models with error rates higher than 20% or 

R2 < 0.9 were treated with caution. 

A linear regression model was used to find the most important biomarker candidates 

distinguishing the patients at ward from intensive care unit (ICU). All variables were 

cuberoot-transformed prior to statistical analyses. Differential analysis between ICU and 

ward patients incorporating all samples was performed using linear regression correcting 

for age, sex, and BMI, grouped by patient, and weighted by the inverse number of 

observations per patient. The p-values obtained in all tests were adjusted for multiple testing 

using the Benjamini–Hochberg method implemented in the p.adjust R function (v.4.0.3), 

and termed Qvalues. The statistical significance was set at Q < 0.05 to determine the lipid 

biomarkers related to COVID-19 disease severity between ICU patients and ward patients. 

Principal component analysis (PCA) and volcano plot visualization were conducted. All 

statistical analyses were performed in R (version 4.0.3), and graphs were plotted using the 

packages ggpubr and stats. 

 



HILIC-MS/MS based lipidomics method development 

93 

3. Results and discussion 

The aim of the present study is to establish the HILIC-MS/MS based targeted lipidomics 

method with high coverage that can be used for comprehensive profiling and quantification 

of the plasma lipidome. 

3.1 Construction of the lipid database 

MRM transitions were split into two methods in polarity switching mode, depending on the 

biological concentration of the lipid classes. The first and second acquisition methods 

contained 602 and 598 ion pairs, respectively. The complete list is shown in Supplemental 

Table S5 (sheets 1 and 2). A total of 19 lipid subclasses could be summarized as DG, TG, 

CE, PC, PE, alkyl and alkenyl substituent PEs (PE-O) & (PE-P), PG, PS, PI, LPC, LPE, 

LPS, LPI, LPG, Cer, HexCer, LacCer and SM. The lipid naming convention used will 

follow the guidelines established by Liebisch et al. [36] and additionally, by the Lipid Maps 

Consortium. The complete lipid identifiers (Lipidmaps, Swisslipids, MetaNetX, CHEBI, 

PubChem, HMDB, LipidX, InChI and InChI key) are listed in Supplemental Table S5, 

sheet 3. All classes of phospholipids and lysophospholipids were measured in the negative 

mode as it enabled the identification of fragment ions corresponding to the fatty acyl chains 

(not positional information), e.g., PC 18:1_18:2. The phospholipids are analyzed using one 

fatty acyl chain, as the second chain can be characterized by measuring the total carbon 

count and subtracting the measured chain. The MRM transitions of TG and DG are 

generated using neutral loss of one fatty acyl tail in positive mode. Only one tail has been 

reported for TG, e.g. TG 16:1_51:2, where 16:1 will be one of the fatty acyl chain out of 

three chain in TG 51:2. 

Five criteria were used for the confirmation of identification for all lipid features: Class 

separation and cross-class interference, Criteria1: lipid features detected in the HILIC-

MS/MS method; Criteria 2: lipid class chromatographically separated or has a diagnostic 

fragment in the case of overlapping chromatographic peaks; Within-class separation and 

interference, Criteria 3: lipid features confirmed by accurate mass using RPLC-HRMS; 

Criteria 4: lipid features with full chromatographic separation; Criteria 5: lipid features 

matched with retention time model; Criteria 6: lipid features showing non-zero 
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concentration after isotopic and interfering adduct/ion type correction. The confidence of 

lipid identification will be indicated using confidence level scores, score 4 being the highest 

while score 1 the lowest. An overview of the lipid identification workflow and confidence 

level score is shown in Fig. 1(A) and (B).   

 

 

Fig. 1. (A) Decision tree of lipids identification; (B) score levels of identification confidence. 

Criteria 1: lipid features detected in the HILIC-MS/MS method; Criteria 2: lipid class 

chromatographically separated or has a diagnostic fragment in the case of overlapping 

chromatographic peaks; Criteria 3: lipid features confirmed by accurate mass using RPLC-

HRMS; Criteria 4: lipid features with full chromatographic separation; Criteria 5: lipid 

features matched with retention time model; Criteria 6: lipid features showing non-zero 

concentration after isotopic and interfering adduct/ion type correction. The green boxes 

represent the fulfillment of the criteria. RT-Retention time; RPLC-HRMS- Reverse phase 

liquid chromatography-high resolution mass spectrometry. 

3.2 Class separation and cross-class interference of lipids in the HILICMS/MS method 

The UHPLC system coupled to the QTRAP 6500+ mass spectrometer was employed for 

targeted acquisition of lipids in MRM XIC chromatograms of standards spiked in plasma 

are shown in Fig. 2(A). The class retention time was confirmed by 3–5 standards per class 

with different chain length and carbon number. In HILIC chromatography, individual lipid 

classes are separated according to polarity of the head group. Therefore, the non-polar 
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character of TG, DG and CE leads to the least retention for these classes, followed by Cer 

at the beginning of the chromatogram. The more polar lipid classes, such as PC, PE, PG, PI, 

HexCer, LacCer, SM, LPC, LPE, LPG elute over a wide tR range in the middle part of the 

chromatogram. The most polar lipids PS, LPI and LPS elute at the end of the chromatogram. 

The first step (criteria 1) of the identification involves the detection of the lipid features in 

the HILICMS/MS method. The limit of detection (LOD) was first determined for each class, 

and features that were detected over the LOD threshold were further checked for 

interference from background signal. The repeatability of six replicates of the same plasma 

samples were examined, and the features with deviation above 30% in these replicates were 

excluded. 

The next step (criteria 2) of identification was the evaluation of cross-class interferences. 

The classes should either be chromatographically separated or should have a diagnostic 

fragment for clear identification. GalCer and GluCer are an example of isomeric 

interferences that do not separate chromatographically and co-elute and hence, they are 

reported as HexCer. PG and BMP are another example of isomeric lipid classes which are 

chromatographically well-separated as seen in the standards in Fig. 2(A) (the coverage of 

endogenous BMPs can be extended in the future). SM has been reported to have isobaric 

interference from PC as they generate the same product ion 184.1 from their headgroup in 

the positive ion mode, but this interference can be resolved as these two classes are 

separated by retention time. 
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Fig. 2. A) Representative XIC chromatograms of standards spiked in plasma by HILIC-

MS/MS lipidomics analyses in switching polarity modes (positive (+) and negative (-)). B) 

XIC chromatograms of 70 SMs detected in plasma using HILIC-MS/MS method. C) 3D 

model for retention time mapping with carbon number (CN) and for 70 SMs detected by 

the HILIC-MS/MS method. 22 SMs confirmed by RPLC-HRMS are colored in red, the 

remaining SMs fitting the retention time model with error rates less than 20% are colored 

in light blue and SM 18:1;O2/18:1-d9(IS) is in dark blue. Peak annotation: TG- Triglyceride; 

DG- Diglyceride; CE- Cholesteryl ester; Cer- Ceramide; HexCer - Hexosyl ceramide; PC - 

Phosphatidylcholine; LacCer- Lactosyl ceramide; SM- Sphingomyelin; LPC-

Lysophosphatidylcholine; PE-Phosphatidylethanolamine; LPE- 

Lysophosphatidylethanolamine; BMP- Bis(Monoacylglycero)Phosphate; PG- 

Phosphatidylglycerol ; PI- Phosphatidylinositol; LPG- Lysophosphatidylglycerol; PS- 

Phosphatidylserine; LPI- Lysophosphatidylinositol; LPS- Lysophosphatidylserine. 



HILIC-MS/MS based lipidomics method development 

97 

There are also potential cross-class interferences due to in-source fragmentation. PC 

undergoes in-source fragmentation to generate PE in negative ionization mode [37]. 

Lysophospholipids and phospholipids will generate ions from their fatty acyl chains that 

can be misannotated as free fatty acids (FFAs) or they can also lose their head group and 

misannotated as lysophosphatidic acid (LPA) or phosphatidic acid (PA). In positive mode, 

glycosphingolipids could lose their head group, 

generating respective ceramide fragment [38]. But all of these potential cases of 

interferences due to in-source fragmentation are well separated by the chromatography. TG 

is a common in-source fragmentation source for DG, however ammonium adducts of TG in 

positive polarity mode undergoes neutral m/z loss of NH3 and a fatty acid chain [39]. After 

the neutral loss, the remaining part of TG corresponds to the in-source fragment of DG [M 

+ H]+ (protonated form) instead of DG [M + NH4]+. Since the ammonium adduct of DG is 

used in our method for analysis, the problem with TG’s in-source fragmentation is avoided. 

After cross-class interference screening, the lipid features will be evaluated for within-class 

interference. 

3.3 Within-class separation and interference of lipid features in HILICMS/MS method 

The further identification (criteria 3) of lipid features from the HILICMS/MS method 

library was performed by their accurate mass determination by RPLC-HRMS method as 

reverse phase has superior performance in within-class species separation. Apart from 

accurate mass determination, the fatty acyl chain information was also checked for classes 

TG, DG, PC, PE and PI by using IDA mode (Supplemental Table S5, sheet 3). 

The next step for the identification of lipid features was through chromatographic tR in the 

HILIC-MS/MS method, which is a very important parameter for lipid identification. The 

individual lipid features within class are separated according to the carbon number and the 

double bond equivalents. The lipid features in the classes LPC, LPE, LPG, SM, PI, PS, PE 

and PC are partially separated and elute over a range of tR (0.2–0.4) min while features with 

different acyl chains in the classes LPI and LPS are fully separated and elute over a retention 

time range of 0.7 min and 1.13 min, respectively (Supplemental Table S7). The lipid 

features belonging to the classes TG, DG, CE, Cer, HexCer, LacCer and PG, show no 



Chapter 4 

98 

separation and elute at a range spanning less than 0.05 min. Criteria 4 was assigned to the 

features belonging to the fully separated classes. 

 

Fig. 3. A) An example of XICs of monoisotopic peaks of three SMs and structure of 

different ion type (+H+, +Na+, -H2O) of SM in positive mode. B) The possible interference 

from different ion types of SM in HILIC- HRMS and MRM analysis.  
* putatively annotated SM with score 2 

Further, retention time models were built for partially/fully separated classes to match 

retention pattern with lipid features (criteria 5). To study the retention behavior of lipid 

features within each class in HILIC, relative dependencies of tR on the CN and the DB 

number are fitted using a multiple linear regression model using the unambiguously 

identified lipid features. As seen in Fig. 2(B) and (C), SM features are separated over a 

range of 0.31 min. In Supplemental Table S5 (sheet 3), out of the 71 SM features, 70 

features detected in the HILIC method and 22 SM features unambiguously identified using 

RPLC-HRMS were utilized to create a 3D model. In total, 70 SMs fit in the model with 

error rates of 11.9% and an R2 of 0.97 after removal of the outliers with error rates higher 

than 20% or R2 < 0.9 (Fig. 2(C)). The PS class had higher error rates (23.94%) due to fewer 

number of features (data not shown). In general, the higher carbon number in fatty acyl 
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chains corresponds to decreased tR in HILIC (Fig. S1). Double bond equivalents contribute 

little in the separation of different lipid features in SM, PC, PE classes and result in partial 

or full separation in the tR of LPC, LPE, PI, LPG, PS, LPI, LPS. 

All detected features with no/partial separation went through the quantifying corrections for 

different ion types and isotopes. We will take an example of SM for illustration of ion type 

interference. The primary observed ion types generated in positive mode for SMs are [M + 

H]+, [M + Na]+, and [M + H - H2O]+, with [M + H]+ being the most intense peak. If we 

consider SM 40:4;O2, the primary ion type interference for [M+H]+ could be caused by [M 

+ Na]+ of SM 38:1;O2 and [M + H- H2O]+ of SM 41:2;O2. The accurate masses of [M + 

H]+ and [M + Na]+ of SM 38:1;O2 are 759.6374 and 781.6194 respectively. The [M + Na]+ 

of SM 38:1;O2 has almost the same mass as [M + H]+ of SM 40:4;O2 (m/z 781.6218) and 

thus, is the main interference of SM 40:4;O2 in the HRMS method (Fig. 3(A)). However, 

in the MRM method, SM 38:1;O2 will form a product ion of 206 which corresponds to the 

sodium phosphocholine headgroup instead of 184.07. The transitions of [M + Na]+ of SM 

38:1;O2 will be 781.6 → 206 instead of 781.6 → 184.07 and no correction is required in 

MRM method (Fig. 3(B)). Another source of interference could be [M + H-H2O]+ of SM 

41:2;O2 which has the transition of 781.6582 → 184.07, accounting for 0.05% of the 

signal of [M + H]+ of SM 41:2;O2. The ion type interference for all other lipid classes are 

specified in Supplemental Table S8.  

The example of isotopic interference can be demonstrated by using sphingolipids classes 

such as Cer, LacCer, HexCer. These classes are dominated by the sphingoid backbone 

fragments 266, 264, 262 corresponding to the backbone d18:0, d18:1, d18:2 respectively 

[40]. These fragments can lead to interference, as the product ion of M + 2 of d18:2 can 

contribute to the response of d18:1. Likewise, M + 2 product ion of d18:1 can contribute to 

the response of d18:0. Hence, these kinds of interferences should be corrected.  

The corresponding type II isotopic correction for all no/partially separated lipid features 

was performed by LICAR [35]. Criteria 6 was met for the features with non-zero 

concentration after isotopic and interfering adduct/ion type correction. 

3.4 Report confidence 
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The scores are assigned based on the attainment of criteria as described in Fig. 1(B). For 

fully separated classes, features that at least meet the criteria 1 + 2 + 4 + 5 + 6 receive a 

score 4. For no/partially separated classes, score 4 is assigned to the features meeting at 

least the criteria 1 + 2 + 3 + 6. For no/partially separated classes, the features fulfilling 

criteria 1 + 2 + 5 + 6 are given a score of 3. All other features irrespective of no/partial/full 

separation, meeting criteria 1 + 2 + 6 are given score 2, while ones fulfilling criteria 1 + 2 

get score 1. Depending on the fulfillment of criteria, each lipid feature has been given a 

score as shown in Supplemental Table S5 (sheet 3). 

Names are assigned to the highest confidence features with score 4. The features with scores 

3 and 2 are considered putatively annotated, while the features with score 1 are designated 

as unknowns. 

3.5 Validation in human K2 EDTA plasma 

The in-house human K2 EDTA plasma was used as matrix and one-IS per class mix was 

used for assessing the performance of HILIC-MS/MS method. The calibration lines of IS 

spiked in pure solvent and in plasma (before and after extraction) are shown in Fig. S2. 

Linearity, LOD, LOQ, carryover, precision, recovery, ion suppression and matrix effect 

were assessed and reported in Table 1 and Supplemental Table S5 (sheet 4). 

The LODs and LOQs were as low as 0.60 pmol mL-1 and 1.31 pmol mL-1 respectively 

(except for CE) which makes our method sensitive enough to detect the lipids at low 

concentrations in 25 μL of plasma. The linear regression coefficients (R2) were above 0.98 

for most of the lipid classes except for CE where it was 0.97. The carryover was analyzed 

in the blank samples placed right after the plasma samples (spiked with highest calibration 

point before extraction). Apart from PS and LPS, all the lipid classes showed a carryover of 

below 2%. The intra-day and inter-day precisions were determined at L, M and H 

concentration levels. Almost all the classes have RSD (%) below 15% except for DG, Cer 

and CE. The recovery was in the range of (53–112) % for most of the lipid classes but for 

the polar classes such as LPG, LPS and LPI, the recovery is poor which may reflect the 

current extraction method is less suited for polar lipids and these classes may need a 

dedicated extraction method.
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It was observed that non-polar classes such as DG and CE show severe ion suppression and 

matrix effects as these classes elute at the same retention time as TG. The TG class has very 

high endogenous concentrations which may lead to the ion suppression of DG and CE. The 

polar classes such PC and LPC also show significant ion suppression that may be due to the 

interference from the matrix. LPG, LPI and LPS show severe matrix effects at L and M 

level concentration. In our HILIC method, the internal standards co-elute with the 

endogenous compounds, hence the issues related to poor recovery, severe ion suppression 

and matrix effects can be compensated by the use of appropriate internal standards. 

The repeatability of our HILIC-MS/MS method was determined by measuring the RSD of 

endogenous lipid features in 12 QC samples. These QC samples were inserted at an interval 

of every 10 samples in the covid patient samples batch. It was found that 20 lipid features 

showed RSD below 5% while 360 and 380 lipid features showed RSD in between (5–10) % 

and (10–15) % respectively. 227 had RSD in the range of (15–20) % while 75 have RSD in 

between (20–30) %.  

In total, 1062 endogenous lipid features show an RSD below 30% (Fig. 5(A)) which in 

accordance with the metabolomics study requirements. 

3.6 Accurate quantitation in NIST SRM 1950 plasma 

In NIST SRM 1950 plasma, 608 lipid species across 19 classes with score 4 were quantified. 

The quantitation strategies are listed in Fig. 4 (A). The unavailability of commercial 

standards for all endogenous lipid species leads to limitations in achieving absolute 

quantitation, but HILIC has an advantage over other separation techniques as the elution of 

species occurs according to their head group, so all species in a particular class elute at 

almost the same time and have similar ionization efficiencies. Since we lack individual 

standards for each endogenous lipid species, we are using multiple internal standards per 

class to achieve quantitation as accurate as possible. Here, we further use the multi-ISs per 

class strategy to correct for the response factor to report measured lipid concentrations for 

the NIST SRM 1950 plasma. 

Another factor to be taken into account is the different response of sn-1 and sn-2 of 

phospholipids in MRM experiments [41]. Determining ratios between fragment ions of 
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positional isomers can help determine the sn-positions of fatty acyl chains in 

glycerophospholipids [14]. Using this strategy, we defined the positional isomers of lipid 

species and then assigned internal standards for quantitation. The response of both fatty acyl 

chains at sn-1 and sn-2 position of phospholipid species were examined to determine the 

position of the chains. Supplemental Table S9 illustrates the ratios of the sn-1/sn-2 

carboxylate anion of phospholipids ISs at different collision energies. At collision energies 

of 30, 40, and 50 eV, the sn-1/sn-2 response ratios of PI and PS are above 1, whereas those 

of PC, PE, and PG are below 1. There is an exception where the ratio is more than 1 when 

the sn-2 chain is 22:4 at collision energy of 60 eV. Further, we determined the ratio of two 

transitions of fatty acid chains of endogenous species in the NIST plasma samples to 

identify the dominant isomers. We took sn-1/sn-2> 1 or sn-1/sn-2< 1 to define the dominant 

isomer. 

After determining the sn-1 and sn-2 ratios, we used calibration lines using multi-ISs per 

class. The calibration lines with R2 < 0.98 were dropped, except for CE and DG with criteria 

of R2 > 0.96. The next step was to assign an IS based on total carbon number and double 

bond equivalents of endogenous compounds. If the total carbon number was same, then the 

double bond equivalents was also taken into account (Supplemental Table S5, sheet 5). 

The sn-1 and sn-2 information of endogenous metabolites was considered while assigning 

the ISs and post-hoc correction was used to correct for metabolites with two of the same 

fatty acyl chains, e.g. PC 18:1_18:1. 

The TG classes with three fatty acyl chains are more complex and it is difficult to determine 

their fatty acyl chain position with our current method. Hence, their quantitation was 

performed considering only the total carbon number and double bond equivalents of the 

fatty acyl chains. The concentration values of the lipid species in the NIST plasma samples 

are specified in Supplemental Table S5 (sheet 6). The correlation of the NIST SRM 1950 

data with that from published consensus values [42,43,21] shows overall good correlation 

with R2 ranging from 0.64 to 0.84 (Fig. 4(B)). 

Although we applied several strategies to achieve the accurate quantitation, our method is 

still limited due to the lack of a suitable model to correct the response factor for the sn-1/sn-

2 isomer ratio and lack of (internal) standards for individual compounds. 
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Fig. 4. A) Decision tree of lipids quantitation. B) Correlations of lipid concentrations (nmol 

mL-1, base 2 logarithm) between our HILIC-MS/MS method and reported literature values 

(a. Bowden et al, 2017; b. Aristizabal-Henao et al, 2020, c. Ghorasaini et.al, 2021). 

3.7 Application of HILIC MS/MS lipidomics method in COVID-19 plasma samples 

Next, we applied this method to discover plasma lipid biomarkers for COVID-19 severity 

using all the lipid features irrespective of their confidence scores. The plasma lipid extracts 

of 25 patients housed in the hospital ward and 78 patients in ICU were analyzed in a random 

order by this HILIC-MS/MS method. QC samples were inserted between every 10 study 

samples for data quality control and batch correction. After peak integration, 1062 lipid 

features with a QC RSD < 30% and with a distribution of the coefficient of variation (%) 

shown in Fig. 5(A) were selected for subsequent statistical analyses. 

The PCA plot shows good separation between the ward and ICU patients (Fig. 5(B)), which 

indicates a widely changed lipidome in severe COVID-19 patients. A linear regression 
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model was used to find out the most important biomarker candidates distinguishing the 

patients in the ward from ICU. The modeling results showed that a total of 511 identified 

lipid features (score 2, 3&4) and 9 unknowns (score 1) across 18 lipid (sub)classes with FC 

≥ 1.3 or FC ≤ 0.7 as well as false discovery rate (FDR) Q < 0.05 were significant 

(Supplemental Table S5, sheet 7). The volcano plot of these significantly changed lipid 

metabolites is shown in Fig. 5(C). In general, Cers, glycerophospholipids, DGs, TGs, short 

chain SMs, and plasmalogen phosphoethanolamines were significantly increased, and six 

saturated/monounsaturated PIs, one LacCer, four SMs, one plasmalogen 

phosphoethanolamine (PE O-16:0/20:4) and two CEs were significantly (≥30% median 

fold change, and Q < 0.05) decreased in ICU patients as compared to the those in the ward. 

Specifically, TGs were identified as having higher abundance in the ICU patients compared 

with those in the ward. TGs are an important source of energy metabolism in the liver and 

many COVID-19 patients showed liver function abnormalities [8,44]. This is also supported 

by the lower total CE, which is often observed in liver damage [45]. 

Glycerophospholipids and sphingolipids are the major components of cell membranes and 

play a key role of maintaining the balance of the in vivo energy metabolism. Reports showed 

that phospholipids were significantly decreased in severe covid patients [7]. However, 

increased glycerophospholipid levels, including PC, PE, PI, PG, PS, and corresponding 

lysophospholipids were observed in our results. This may be because 80% of the patients 

of this cohort had chloroquine treatment, which has been reported to increase phospholipid 

levels [46]. 

Sphingolipids are also essential components of biomembrane lipid rafts which mediate 

signal transduction and immune activation processes. Critical patients are characterized by 

a decrease in SMs and elevated levels of Cers, HexCers. In severe patients, the altered 

lipidome of lipid rafts compositions may lead to cell apoptosis and immunoescape [10]. 

The application of our method in the COVID-19 plasma samples shows mainly class-based 

changes in the lipid profiles. There are also strong associations observed between severity 

of disease progression with fatty acid chain composition and saturation degree. Although a 

biological interpretation is not the aim of this paper, our results demonstrate that the HILIC-
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MS/MS-based targeted lipidomics methodwith wide coverage is very promising for disease 

biomarker discovery. 

 

Fig. 5. Application in COVID-19 patients to distinguish the disease severity. A) 

Repeatability of lipid features in pooled QC samples of COVID-19 patients; B) PCA scores 

plot of samples from patients admitted to ward, or ICU and QCs, based on all metabolite 

data (cube-root transformed and Pareto-scaled); C) Volcano plot comparing plasma 

metabolites of patients in ICU with ward. Significantly altered metabolites with FDR < 0.05 

are highlighted with different colors for different classes. Negative values indicate 

decreased and positive values indicate increased levels in ICU patients. 

Conclusions 

The lipidomics field is continuously evolving and a significant amount of work has been 

done in this area in recent years. But still two important aspects have been missing, 

comprehensive coverage spanning non-polar to polar lipid classes and quantifying the 

different lipid species at the fatty acyl chain level. To achieve this, it is crucial to follow the 

standardized workflow as proposed by Lipidomics Standards Initiative to avoid over-
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reporting and false identification [29]. Herein, we describe a HILIC-MS/MS method with 

the initial target list of 1200 lipid features across 19 lipid (sub)classes. These lipid features 

were evaluated using various cross-class and within-class interference criteria for 

confirmation of their identification. Scores have been assigned to all these features showing 

the confidence in their identification. Further, we provided accurate quantitation of 608 lipid 

species with score 4 in NIST SRM plasma using multiple-ISs per class and a post-hoc 

correction strategy. This HILIC-MS/MS based lipidomics method was validated and was 

applied to COVID-19 patient samples. All detected features were used for biomarker 

discovery in COVID-19 plasma samples and features with high confidence were used for 

quantitation and comparison with other reported studies. Around 1062 detected lipid 

features from 25 μL of plasma were reported in COVID-19 patient plasma and dramatic 

class-based lipidome alterations indicated the changes in energy metabolism. 

In conclusion, we have applied several strategies for high confidence lipid identification to 

avoid over-reporting of lipid species. This method has the competence of comprehensive 

lipidome coverage and can be used to extend the existing libraries of lipid features. Despite 

the fact that several strategies were applied to provide lipid concentrations at the fatty acyl 

chain level, limitations remain due to lack of a suitable model to correct for response factor 

for fatty acyl chain positional isomers. Nevertheless, this work has demonstrated potential 

in biomarker discovery to help in improving clinical lipidomics studies and will also 

encourage lipidomics researchers to use methods reporting lipids at a detailed structural 

level. 
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SUPPLEMENTARY MATERIAL 

Supplementary material associated with this article can be found, in the online version, at 

doi:10.1016/j.chroma.2023.464342. 

Method validation calculations: 

LOD and LOQ were calculated by using the equation S1 and equation S2 respectively.  

         𝐿𝑂𝐷 =  
3×𝑆𝐷𝑎𝑟𝑒𝑎𝐶𝑙𝑜𝑤

+𝑎𝑟𝑒𝑎𝑏𝑙𝑎𝑛𝑘
𝑎𝑟𝑒𝑎𝐶𝑙𝑜𝑤

[𝐶𝑙𝑜𝑤]

                      (S1) 

                    𝐿𝑂𝑄 =
10×𝑆𝐷𝑎𝑟𝑒𝑎𝐶𝑙𝑜𝑤

+𝑎𝑟𝑒𝑎𝑏𝑙𝑎𝑛𝑘
𝑎𝑟𝑒𝑎𝐶𝑙𝑜𝑤

[𝐶𝑙𝑜𝑤]

                      (S2) 

where  𝑆𝐷𝑎𝑟𝑒𝑎𝐶𝑙𝑜𝑤
represents the standard deviation of the lowest concentration with signal 

to noise ratio greater than 3(Clow),  𝑎𝑟𝑒𝑎𝑏𝑙𝑎𝑛𝑘 are the peak area of the blank and   

𝑎𝑟𝑒𝑎𝐶𝑙𝑜𝑤

[𝐶𝑙𝑜𝑤]
represents the ratio between peak area and concentration at Clow [1].  

Carryover is the presence of analytes in the blank samples after injection of high 

concentration standards [2]. The carryover is calculated by assessing the peak area of 

analytes in the blank solvents to the peak area of plasma sample analyzed before the blank.  

The precision is determined by calculating the RSD (%) three consecutive measurements 

of samples at L, M and H concentration level. The intraday precision is measured on the 

same day while inter-day precision is calculated from the samples measured on 3 different 

days. The precision can be calculated by equation S3. 

         𝑅𝑆𝐷 (%) =  
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑀𝑒𝑎𝑛
×  100                   (S3) 

The recovery, ion suppression and matrix effects were calculated in L, M, H levels (prepared 

in triplicates). The recovery was calculated by comparing the response of samples spiked 

before and after extraction (equation S4).  

        𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦(%) =  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐼𝑆 𝑖𝑛 𝑝𝑙𝑎𝑠𝑚𝑎 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐼𝑆 𝑖𝑛 𝑝𝑙𝑎𝑠𝑚𝑎 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
 × 100        (S4) 

The ion suppression and matrix effects are common problems related to mass spectrometry 

measurements, in which response of the analyte may be suppressed or enhanced due to the 

presence of matrix or other components interfering with the ionization of compounds. The 

ion suppression and matrix effects were calculated from equation S5 and S6 respectively. 
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        𝐼𝑜𝑛 𝑠𝑢𝑝𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛(%) =  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐼𝑆 𝑖𝑛 𝑝𝑙𝑎𝑠𝑚𝑎 𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐼𝑆 𝑖𝑛 𝑛𝑒𝑎𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠
 × 100    (S5) 

                 𝑀𝑎𝑡𝑟𝑖𝑥 𝑒𝑓𝑓𝑒𝑐𝑡(%) =  
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐼𝑆 𝑖𝑛 𝑝𝑙𝑎𝑠𝑚𝑎 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝐼𝑆 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
 × 100    (S6) 
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Throughput Fractionation Coupled to Mass Spectrometry for Improved Quantitation in 
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2    D. Wolrab, M. Chocholoušková, R. Jirásko, O. Peterka, M. Holčapek, Validation of lipidomic 

analysis of human plasma and serum by supercritical fluid chromatography–mass spectrometry 

and hydrophilic interaction liquid chromatography–mass spectrometry, Anal. Bioanal. Chem. 

412 (2020) 2375–2388. https://doi.org/10.1007/s00216-020-02473-3. 
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Figure S1. Multivariate linear regression analysis (MLR) of the relative retention time 

against the acyl chain carbon number (CN) and double bond number (DB)  for each lipid 

features (red dots) within each lipid class depicted as 3D plot. A) PC; B) LPC; C) PE; D) 

LPE; E) PI; F) LPG;  G) LPI; H) LPS. Lipids confirmed by RPLC-HRMS are colored in 

red, the remaining lipids fitting the retention time model with error rates less than 20% are 

colored in light blue and internal standards in dark blue. 
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Figure S2. Calibration curves of deuterated or odd chain standards. a. PC 15:0/18:1-d7; b. 

PE 15:0/18:1-d7; c. PI 15:0/18:1-d7; d. PG 15:0/18:1-d7; e. PS 15:0/18:1-d7; f. LPC 18:1-

d7; g. LPE 18:1-d7; h. LPI 17:1; i. LPG 17:1; j. LPS 17:1; k. SM 18:1;O2/18:1-d9; l. Cer 

18:1;O2/16:0-d9; m. Cer 18:0;O2/16:0-d9, n. Hex-Cer 18:1;O2/16:0-d9; o. Lac-Cer 

18:1;O2/16:0-d9; p. TG 15:0/18:1-d7/15:0; q. DG 15:0/18:1-d7; r. CE 18:1-d7. Calibration 

standards prepared in the pure solvent (blue), spiked in plasma after extraction (orange), 

and spiked in plasma before extraction (grey). 
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Table S1. The spiked concentration of lipid internal standard mixture in the COVID-19 

plasma samples. 

Internal standard Source Concentration (nmol mL-1) 

TG 15:0/18:1-d7/15:0 SPLASH® LIPIDOMIX® Mass Spec Standard 8.55 

CE 18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 65.80 

SM 18:1;O2/18:1-d9 SPLASH® LIPIDOMIX® Mass Spec Standard 5.28 

PC 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 26.31 

PE 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 0.98 

PG 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 4.60 

PS 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 0.66 

DG 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 1.97 

PI 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 1.32 

LPI 17:1 odd chain single standard 3.39 

LPS 17:1 odd chain single standard 3.29 

LPG 17:1 odd chain single standard 1.31 

LPC 18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 5.92 

LPE 18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 1.32 

Cer 18:0;O2/16:0-d9 Lipidyzer® 0.96 

Hex-Cer 18:1;O2/16:0-d9 Lipidyzer® 0.56 

Lac-Cer 18:1;O2/16:0-d9 Lipidyzer® 0.75 

Cer 18:1;O2/16:0-d9 Lipidyzer® 0.96 
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Table S2. Internal standard lipid mixture made of UltimateSPLASH™ ONE and SPLASH® 

LIPIDOMIX® with the insertion of additional standards for accurate quantitation. 

Class Internal standard Source mol wt. 
Concentration 

(nmol mL-1) 

TG TG-d5 14:0/13:0/14:0  UltimateSPLASH™ ONE 714.18 10.50 

 TG-d5 14:0/15:1/14:0  UltimateSPLASH™ ONE 740.22 20.26 

 TG-d5 14:0/17:1/14:0  UltimateSPLASH™ ONE 768.27 29.29 

 TG-d5 16:0/15:1/16:0  UltimateSPLASH™ ONE 796.33 37.67 

 TG-d5 16:0/17:1/16:0 UltimateSPLASH™ ONE 824.38 45.49 

 TG-d5 16:0/19:2/16:0  UltimateSPLASH™ ONE 850.42 35.28 

 TG-d5 18:1/17:1/18:1  UltimateSPLASH™ ONE 876.46 25.67 

 TG-d5 18:1/19:2/18:1  UltimateSPLASH™ ONE 902.47 16.62 

 TG-d5 18:1/21:2/18:1  UltimateSPLASH™ ONE 930.53 8.06 

 TG 15:0/18:1-d7/15:0 SPLASH® LIPIDOMIX® Mass Spec Standard 812.35 20.31 

CE CE-d7 14:1  UltimateSPLASH™ ONE 602.04 12.46 

 CE-d7 16:1 UltimateSPLASH™ ONE 630.09 23.81 

 CE-d7 18:1 UltimateSPLASH™ ONE 658.14 34.19 

 CE-d7 20:3 UltimateSPLASH™ ONE 682.16 21.99 

 CE-d7 22:4 UltimateSPLASH™ ONE 708.2 10.59 

 CE 18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 658.14 159.54 

Cer 

Cer 18:1;O2-d7/16:1 UltimateSPLASH™ ONE 542.93 41.44 

Cer 18:1;O2-d7/18:1 UltimateSPLASH™ ONE 570.98 26.27 

Cer 18:1;O2-d7/20:1 UltimateSPLASH™ ONE 599.03 12.52 

Cer 18:1;O2-d7/22:1 UltimateSPLASH™ ONE 627.09 23.92 

Cer 18:1;O2-d7/24:1 UltimateSPLASH™ ONE 655.14 34.34 

Cer 18:1;O2/16:0-d9 Lipidyzer® 546.97 3.90 

Cer 18:0;O2/16:0-d9 Lipidyzer® 548.99 1.28 

SM SM-d9 18:1;O2/16:1 UltimateSPLASH™ ONE 710.08 31.69 

 SM-d9 18:1;O2/18:1 UltimateSPLASH™ ONE 738.14 20.32 

 SM-d9 18:1;O2/20:1 UltimateSPLASH™ ONE 766.19 9.79 

 SM-d9 18:1;O2/22:1 UltimateSPLASH™ ONE 794.24 18.89 

 SM-d9 18:1;O2/24:1 UltimateSPLASH™ ONE 822.28 27.36 

 SM 18:1;O2/18:1-d9 SPLASH® LIPIDOMIX® Mass Spec Standard 738.12 12.19 

PC PC-d5 17:0/14:1 UltimateSPLASH™ ONE 723.04 20.75 

 PC-d5 17:0/16:1 UltimateSPLASH™ ONE 751.09 39.94 

 PC-d5 17:0/18:1 UltimateSPLASH™ ONE 779.15 57.76 

 PC-d5 17:0/20:3 UltimateSPLASH™ ONE 803.17 37.35 

 PC-d5 17:0/22:4 UltimateSPLASH™ ONE 829.21 18.09 
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 PC 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 753.09 63.74 

PE PE-d5 17:0/14:1 UltimateSPLASH™ ONE 680.96 11.01 

 PE-d5 17:0/16:1 UltimateSPLASH™ ONE 709.01 21.16 

 PE-d5 17:0/18:1 UltimateSPLASH™ ONE 737.07 30.53 

 PE-d5 17:0/20:3 UltimateSPLASH™ ONE 761.09 19.71 

 PE-d5 17:0/22:4 UltimateSPLASH™ ONE 787.13 9.53 

 PE 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 711.01 2.11 

PG PG-d5 17:0/14:1 UltimateSPLASH™ ONE 733.95 10.22 

 PG-d5 17:0/16:1 UltimateSPLASH™ ONE 762.01 19.68 

 PG-d5 17:0/18:1 UltimateSPLASH™ ONE 790.06 28.48 

 PG-d5 17:0/20:3 UltimateSPLASH™ ONE 814.08 18.43 

 PG-d5 17:0/22:4 UltimateSPLASH™ ONE 840.12 8.93 

 PG 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 764.01 11.78 

PS PS-d5 17:0/14:1 UltimateSPLASH™ ONE 746.95 10.04 

 PS-d5 17:0/16:1 UltimateSPLASH™ ONE 775 19.35 

 PS-d5 17:0/18:1 UltimateSPLASH™ ONE 803.06 28.02 

 PS-d5 17:0/20:3 UltimateSPLASH™ ONE 827.08 18.14 

 PS-d5 17:0/22:4 UltimateSPLASH™ ONE 853.12 8.79 

 PS 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 777 1.93 

DG DG-d5 17:0/14:1 UltimateSPLASH™ ONE 557.91 13.44 

 DG-d5 17:0/16:1 UltimateSPLASH™ ONE 585.97 25.60 

 DG-d5 17:0/18:1 UltimateSPLASH™ ONE 614.02 36.64 

 DG-d5 17:0/20:3 UltimateSPLASH™ ONE 638.04 23.51 

 DG-d5 17:0/22:4 UltimateSPLASH™ ONE 664.08 11.29 

 DG 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 587.97 5.10 

PI PI-d5 17:0/14:1 UltimateSPLASH™ ONE 817.06 9.18 

 PI-d5 17:0/16:1 UltimateSPLASH™ ONE 845.12 17.75 

 PI-d5 17:0/18:1 UltimateSPLASH™ ONE 873.17 25.77 

 PI-d5 17:0/20:3 UltimateSPLASH™ ONE 897.19 16.72 

 PI-d5 17:0/22:4 UltimateSPLASH™ ONE 923.23 8.12 

  PI 15:0/18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 847.12 3.54 

LPI LPI-d5 15:0 UltimateSPLASH™ ONE 580.66 12.92 

 LPI-d5 17:0 UltimateSPLASH™ ONE 608.72 24.64 

 LPI-d5 19:0 UltimateSPLASH™ ONE 636.77 11.78 

 LPI 17:1 odd chain single standard 601.66 17.38 

LPS LPS-d5 15:0 UltimateSPLASH™ ONE 510.55 14.69 

 LPS-d5 17:0 UltimateSPLASH™ ONE 538.61 27.85 

 LPS-d5 19:0 UltimateSPLASH™ ONE 566.66 13.24 
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 LPS 17:1 odd chain single standard  531.55 18.81 

LPG LPG-d5 15:0 UltimateSPLASH™ ONE 497.55 15.07 

 LPG-d5 17:0 UltimateSPLASH™ ONE 525.61 28.54 

 LPG-d5 19:0  UltimateSPLASH™ ONE 553.66 13.55 

 LPG 17:1 odd chain single standard 518.55 9.32 

 LPC-d5 15:0  UltimateSPLASH™ ONE 486.63 15.41 

LPC LPC-d5 17:0 UltimateSPLASH™ ONE 514.7 29.14 

 LPC-d5 19:0 UltimateSPLASH™ ONE 542.75 13.82 

 LPC 18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 528.71 14.19 

LPE LPE-d5 15:0 UltimateSPLASH™ ONE 444.55 16.87 

 LPE-d5 17:0  UltimateSPLASH™ ONE 472.61 31.74 

 LPE-d5 19:0  UltimateSPLASH™ ONE 500.67 14.98 

 LPE 18:1-d7 SPLASH® LIPIDOMIX® Mass Spec Standard 486.63 3.08 

HexCer Hex-Cer 18:1;O2/16:0-d9 Lipidyzer® 709.11 2.82 

LacCer Lac-Cer 18:1;O2/16:0-d9 Lipidyzer® 871.25 2.30 

 
Table S3. Demographics of the COVID-19 patients in the lipidomics study. Values are n 

(%) or median [full range].  

 Patients (n=44) Samples (n=103) 

Age, years  73 [49-87] 71 [49-87] 

Male (%) 30 (68%) 65 (63%) 

BMI 27 [19-42] 27 [19-42] 

Admitted to ward 37 (84%) 78 (76%) 

Admitted to ICU 7 (16%) 25 (24%) 

Deceased 9 (20%)  
post-admission chloroquine 35 (80%)  
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Table S4.  

A. LC gradient table showing parameters for HILIC-MS/MS chromatographic 

separation of lipid classes. 

Time (min) Flow rate (mL/min) Mobile Phase A (%) Mobile Phase B (%) 

0.00 0.2 100 0 

2.00 0.2 100 0 

2.10 1.0 100 0 
11.00 1.0 50 50 

11.50 1.0 30 70 

12.50 1.0 30 70 

12.60 0.2 100 0 

14.00 0.2 100 0 

 

B. LC gradient table showing parameters for RPLC-HRMS chromatographic 

separation of lipid classes. 

 

Table S5. In supplemental excel. 

Sheet 1. The first acquisition method including 602 transitions in switch polarity mode. The 

internal standards are highlighted in yellow. 

Sheet 2. The second acquisition method including 598 transitions in switch polarity mode. 

The internal standards are highlighted in yellow. 

Sheet 3. Report confidence scores of lipid features and corresponding lipid identifiers. "✓" 

represents the corresponding lipid feature fulfill the corresponding criteria; * 

represents the fatty acyl chain information is confirmed by the IDA. 

Sheet 4. Summary of the validation parameters for human K2 EDTA plasma samples using 

one-IS per class mix. 

Sheet 5. Parameters of the multi-internal standards (ISs) per class mix standards used for 

accurate quantitation. 

Sheet 6. Quantitation results for NIST SRM 1950 plasma samples using multi-ISs per class 

mix. 

Sheet 7. Significantly changed metabolites with FDR<0.05 in COVID-19 plasma samples 

of ICU patients compared to ward patients. 

Time (min) Flow rate (mL/min) Mobile Phase A (%) Mobile Phase B (%) 

0.00 0.4 50 50 

0.50 0.4 50 50 

10.00 0.4 3 97 

13.00 0.4 3 97 

13.10 0.4 50 50 

16.00 0.4 50 50 
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Table S6. Concentrations of the standard mix used in making the calibration curves for 

validation. 

 

Table S7. Estimated error for the retention time model with carbon and unsaturated bond 

combination. 

Class Retention time range (min) Adjusted R2 Error rates 

PE 0.24 0.94 7.80% 

PC 0.21 0.89 17.92% 

PI 0.29 0.93 11.97% 

PS 0.23 0.93 23.94% 

LPE 0.37 0.95 14.05% 

LPC 0.39 0.95 10.53% 

LPI 0.7 0.96 13.54% 
LPG 0.33 0.93 9.79% 

LPS 1.13 0.91 15.20% 

SM 0.31 0.97 11.92% 

 

 

 

Standard (nmol mL-1) cal-1 cal-2 cal-3 cal-4 cal-5 cal-6 cal-7 cal-8 

PC 15:0/18:1-d7 1.48 2.18 4.61 9.77 20.69 27.09 36.12 48.16 

PE 15:0/18:1-d7 0.05 0.07 0.15 0.32 0.68 0.90 1.20 1.59 

PS 15:0/18:1-d7 0.04 0.07 0.14 0.30 0.63 0.82 1.09 1.46 

PG 15:0/18:1-d7 0.27 0.40 0.85 1.81 3.82 5.01 6.68 8.90 

PI 15:0/18:1-d7 0.08 0.12 0.26 0.54 1.15 1.51 2.01 2.68 

LPC 18:1-d7 0.33 0.48 1.03 2.17 4.61 6.03 8.04 10.72 

LPE 18:1-d7 0.07 0.11 0.22 0.47 1.00 1.31 1.75 2.33 

CE 18:1-d7 3.71 5.45 11.55 24.46 51.80 67.80 90.41 120.54 

DG 15:0/18:1-d7 0.12 0.17 0.37 0.78 1.66 2.17 2.89 3.86 

TG 15:0/18:1-d7/15:0 0.47 0.69 1.47 3.11 6.59 8.63 11.51 15.35 

SM 18:1;O2/18:1-d9 0.28 0.42 0.88 1.87 3.96 5.18 6.91 9.21 

LPG 17:1 0.11 0.17 0.35 0.74 1.57 2.05 2.74 3.65 

LPI 17:1 0.24 0.36 0.76 1.60 3.39 4.44 5.92 7.90 

LPS 17:1 0.21 0.31 0.65 1.38 2.92 3.83 5.10 6.80 

Cer 18:1;O2/16:0-d9 0.09 0.13 0.28 0.60 1.27 1.66 2.21 2.95 

Cer 18:0;O2/16:0-d9 0.03 0.04 0.09 0.20 0.41 0.54 0.72 0.96 

Hex-Cer 18:1;O2/16:0-d9 0.07 0.10 0.20 0.43 0.92 1.20 1.60 2.13 

Lac-Cer 18:1;O2/16:0-d9 0.05 0.08 0.17 0.35 0.75 0.98 1.30 1.73 
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Table S8. Transitions of interference from different ion types within the class and their 

average relative abundances in positive/negative-ion ESI MS/MS mass spectra of IS.  

IS Elemental formula Observed ion 
MS/MS Relative 

abundance [%] Q1 Q3 

PC 15:0/18:1-d7 C41H73D7NO8P [M-H]- 751.6 288.3 n/a 

  [M+OAc]- 811.6 288.3 100 

  [M+Cl]- 787.6 288.3 306 

  [M-15]- 737.6 288.3 28 

PE 15:0/18:1-d7 C38H67D7NO8P [M-H]- 709.6 288.3 100 

PS 15:0/18:1-d7 C39H66D7NNaO10P [M-H]- 752.5 288.3 100 

PG 15:0/18:1-d7 C39H67D7NaO10P [M-H]- 739.5 288.3 100 

PI 15:0/18:1-d7 C42H75D7NO13P [M-H]- 845.6 288.3 100 

LPC 18:1-d7 C26H45D7NO7P [M-H]- 527.4 288.3 n/a 

  [M+OAc]- 587.4 288.3 100 

LPE 18:1-d7 C23H39D7NO7P [M-H]- 485.3 288.3 100 

LPG 17:1 C23H45O9P [M-H]- 495.3 267.4 100 

LPI 17:1 C26H49O12P [M-H]- 583.4 267.4 100 

LPS 17:1 C23H44NO9P [M-H]- 508.3 267.4 100 

CE 18:1-d7 C45H71D7O2 [M+H]+ 658.7 369.4 3.4 

  [M+Na]+ 680.6 369.4 n/a 

  [M+NH4]+ 675.7 369.4 100 

DG 15:0/18:1-d7 C36H61D7O5 [M+H]+ 588.6 346.3 22.84 

  [M+NH4]+ 605.6 346.3 100 

  [M+Na]+ 610.5 346.3 n/a 

  [M+K]+ 626.5 346.3 n/a 

TG 15:0/18:1-d7/15:0 C51H89D7O6 [M+H]+ 812.8 570.5 0.32 

  [M+NH4]+ 829.8 570.5 100 

SM 18:1;O2/18:1-d9 C41H72D9N2O6P [M+H]+ 738.6 184.1 100 

  [M+Na]+ 760.6 184.1 n/a 

  [M+K]+ 776.6 184.1 n/a 

  [M+NH4]+ 755.7 184.1 0.05 

  [M+H-H2O]+ 720.6 184.1 0.06 

Cer 18:0;O2/16:0-d9 C34H60D9NO3 [M+H]+ 549.6 266.4 100 

  [M+Na]+ 571.6 266.4 n/a 

  [M+H-H2O]+ 531.6 266.4 2647.6 

  
[M+H-

2H2O]+ 
513.6 266.4 323.6 

Cer 18:1;O2/16:0-d9 C34H58D9NO4 [M+H]+ 547.6 264.4 100 

  [M+Na]+ 569.6 264.4 n/a 

  [M+H-H2O]+ 529.6 264.4 3583.3 

  
[M+H-

2H2O]+ 
511.6 264.4 435.82 

Hex-Cer 18:1;O2/16:0-d9 C40H68D9NO8 [M+H]+ 709.6 264.4 100 

  [M+Na]+ 731.6 264.4 n/a 

  [M+K]+ 747.6 264.4 n/a 
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  [M+H-H2O]+ 691.6 264.4 414.35 

  [M+H-Hex]+ 529.6 264.4 143.61 

Lac-Cer 18:1;O2/16:0-d9 C46H78D9NO13 [M+H]+ 871.7 264.4 100 

  [M+Na]+ 893.7 264.4 n/a 

  [M+K]+ 909.6 264.4 n/a 

  [M+H-H2O]+ 853.7 264.4 112.73 

 
*100% represents the main peak used for the method construction. Percentage was calculated by the intensity of 

interference of other ion type or isotope divided by the main ion form for method construction.  

n/a means below the LOD  

 

Table S9.  The sn-1/sn-2 ratios of fatty acyl tails of five phospholipid classes at different 

collision energies (30 eV, 40 eV, 50 eV and 60 eV) in ESI (−) mode. 

Lipid class ESI mode 
sn-1/sn-2, (Collision Energy, eV) 

30 40 50 60 

PC 15:0/18:1-d7 (-) 0.36 0.37 0.36 0.35 

PC-d5 17:0/14:1 (-) 0.41 0.39 0.50 0.69 
PC-d5 17:0/16:1 (-) 0.51 0.46 0.49 0.57 

PC-d5 17:0/18:1 (-) 0.96 0.82 0.80 0.80 

PC-d5 17:0/20:3 (-) 0.79 0.78 0.71 0.84 
PC-d5 17:0/22:4 (-) 0.87 0.88 0.85 1.24 

PE 15:0/18:1-d7 (-) 0.39 0.43 0.46 0.37 

PE-d5 17:0/14:1 (-) 0.35 0.38 0.50 0.67 
PE-d5 17:0/16:1 (-) 0.36 0.37 0.42 0.53 

PE-d5 17:0/18:1 (-) 0.39 0.40 0.43 0.46 

PE-d5 17:0/20:3 (-) 0.44 0.44 0.54 0.75 

PE-d5 17:0/22:4 (-) 0.54 0.54 0.75 1.40 

PI 15:0/18:1-d7 (-) 2.53 2.84 1.93 1.42 

PI-d5 17:0/14:1 (-) 1.44 1.17 1.21 1.27 

PI-d5 17:0/16:1 (-) 1.41 1.18 1.11 1.10 
PI-d5 17:0/18:1 (-) 1.26 1.17 1.06 1.04 

PI-d5 17:0/20:3 (-) 1.27 1.04 1.08 1.22 

PI-d5 17:0/22:4 (-) 1.49 1.10 1.15 1.52 
PS 15:0/18:1-d7 (-) 1.75 2.20 2.82 2.78 

PS-d5 17:0/14:1 (-) 1.97 2.19 2.80 3.60 

PS-d5 17:0/16:1 (-) 2.10 2.20 2.54 2.94 
PS-d5 17:0/18:1 (-) 1.99 2.04 2.39 2.67 

PS-d5 17:0/20:3 (-) 1.95 2.04 2.91 3.54 

PS-d5 17:0/22:4 (-) 2.50 2.52 3.62 5.36 
PG 15:0/18:1-d7 (-) 0.44 0.43 0.39 0.37 

PG-d5 17:0/14:1 (-) 0.46 0.45 0.52 0.66 
PG-d5 17:0/16:1 (-) 0.49 0.43 0.43 0.51 

PG-d5 17:0/18:1 (-) 0.50 0.46 0.44 0.46 

PG-d5 17:0/20:3 (-) 0.50 0.49 0.51 0.66 
PG-d5 17:0/22:4 (-) 0.48 0.60 0.69 1.11 
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