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Abstract

Differential mobility spectrometry (DMS) is highly useful for shotgun lipidomic analysis because 

it overcomes difficulties in measuring isobaric species within a complex lipid sample and allows 

for acyl tail characterization of phospholipid species. Despite these advantages, the resulting 

workflow presents technical challenges, including the need to tune the DMS before every batch to 

update compensative voltages settings (COVs) within the method. The Sciex Lipidyzer platform 

uses a Sciex 5500 QTRAP with a DMS (SelexION), an LC system configured for direction 

infusion experiments, an extensive set of standards designed for quantitative lipidomics and 

a software package (Lipidyzer Workflow Manager) that facilitates the workflow and rapidly 

analyzes the data. Although the Lipidyzer platform remains very useful for DMS-based shotgun 

lipidomics, the software is no longer updated for current versions of Analyst and Windows. 

*to whom correspondence should be addressed, kevinwilliams@mednet.ucla.edu.
Authorship Contribution
KJW and BS conceived the software application and validation process. BS, LFB, and KJW coded the software application 
with support from DH and MJP. KJW, BS and WH carried out validation experiments. NB assisted in protocol validation and 
troubleshooting. MG, MPS, DR, and SJB helped supervise the project. KJW wrote the manuscript with support from BS and SJB. All 
authors provided critical feedback on the manuscript.

Associated Content
SLA concentration calculation equation, schematic representation of isobaric overlap example, SLA isotope correction equation, 
correlation dot plot comparing SLA and LWM, table of lipid standards used in expanded lipidomics workflow, table of percentage 
isotope correction performed in an example macrophage sample, table of lipid species with isobaric overlap between QC spike and 
control plasma lipids (PDF).
Table containing the percentage of isobaric overlap between species at equimolar concentrations within the expanded lipidomics panel 
(Excel)

HHS Public Access
Author manuscript
J Am Soc Mass Spectrom. Author manuscript; available in PMC 2022 November 03.

Published in final edited form as:
J Am Soc Mass Spectrom. 2021 November 03; 32(11): 2655–2663. doi:10.1021/jasms.1c00203.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, the software is fixed to a single workflow and cannot take advantage of new 

lipidomics standards or analyze additional lipid species. To address this multitude of issues, we 

developed Shotgun Lipidomics Assistant (SLA), a Python based application that facilitates DMS-

based lipidomics workflows. SLA provides the user with flexibility in adding and subtracting 

lipid and standard MRMs. It can report quantitative lipidomics results from raw data in minutes, 

comparable to the Lipidyzer software. We show that SLA facilitates an expanded lipidomics 

analysis that measures over 1450 lipid species across 17 (sub)classes. Lastly, we demonstrate that 

the SLA performs isotope correction; a feature that was absent from the original software.

Graphical Abstract

Summary: Schematic of the DMS Shotgun Lipidomics workflow and the data analysis processes 

within it that are automated by the SLA.
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Introduction

Differential Mobility Spectrometry is a powerful tool in mass spectrometry to separate 

isobaric species based on a combination of mass, charge, and structure(1). Previous work 

established that DMS with chemical modifiers could be employed to reliably resolve 

isobaric phospholipid species that would otherwise require chromatographic separation(2). 

These studies established DMS settings and optimal chemical modifier (1-propanol) for 

analysis with the SelexION (DMS) device and Sciex QTRAP mass spectrometers (Sciex 

5500 and 6500). Subsequently, Sciex created software that worked with their Analyst 

control software and licensed a set of lipid standards ideally suited for use with this 

SelexION (DMS)-based shotgun lipidomics workflow. This turnkey platform, marketed 

as the Lipidyzer(3), provided a rapid, analytically validated, targeted analysis capable of 

measuring up to 1100 lipid species commonly found in plasma or serum. The Lipidyzer 

software (Lipidyzer Workflow Manager or LWM) was established for plasma or serum 

samples and features rapid data analysis with no raw data processing required by the 
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end user. In recent years, the Lipidyzer platform has been utilized in numerous published 

lipidomics projects analyzing plasma or serum(4, 5, 6), as well as other cells or tissue 

samples(7, 8, 9). The Lipidyzer platform is well-suited to experiments analyzing hundreds of 

samples and is compatible with large, multi-institution studies because it uses a standardized 

data acquisition method, lipid standards for quantification, and a robust computational 

analysis method.

There are, however, three principal problems with the Lipidyzer platform, all of which 

are centered around the software portion of the system. First, the Lipidyzer is restricted 

to a single assay that comprises a single set of acquisition methods, a single set and 

formulation of standards, and a single volume of plasma or serum. It cannot integrate 

new lipid MRMs or standards. As a consequence, the fixed Lipidyzer method does not 

include three phospholipid classes (Phosphatidylglycerol (PG), Phosphatidylinositol (PI) and 

Phosphatidylserine (PS)), despite reports that these lipids are resolvable with the DMS(2). 

Recently, new standards compatible with a DMS lipidomics workflow have been made 

commercially available, but unfortunately these cannot be used in the Lipidyzer’s fixed 

method. Furthermore, the Lipidyzer was developed for lipidomic analysis of plasma or 

serum, and as part of the analysis workflow, assumes it’s measuring a fixed volume. Thus, 

analysis of other types of samples requires additional backend calculations to re-normalize 

the reported concentrations.

Second, although the Lipidyzer data analysis method has been demonstrated to be 

quantitative with a high degree of accuracy, the exact method and calculations that the 

Lipidyzer employs has not been published. This is especially problematic because the 

LWM software was designed to only analyze data that it generated on the instrument it 

controls. As a consequence, Analyst data files from Lipidyzer experiments can be deposited 

in public databases, but that data cannot be re-analyzed by other researchers to reproduce 

the processed results. This inability to reanalyze the data is a serious problem for research 

transparency and is especially problematic for data sets that require further data processing 

beyond the initial analysis of the LWM.

Lastly, the LWM software is locked to Analyst 1.6.3 and has not been updated to function 

with the latest version of Analyst (version 1.7.1). Because Analyst 1.6.3 only runs on 

Windows 7, which is no longer supported, the LWM software cannot run on Windows 10. 

Sciex has discontinued the Lipidyzer platform, effectively sunsetting this platform despite 

the technical advantages and potential for this approach in performing shotgun lipidomics.

To address these limitations, we set out to develop an open-source alternative application 

to supervise and automate the DMS lipidomics workflow. The objective was to develop an 

application that provides the quantitative lipidomics and rapid data analysis capabilities 

of the current LWM, while including the versatility to oversee multiple methods that 

include additional lipid MRMs and standards. This application, termed Shotgun Lipidomics 

Assistant (SLA), is a Python software that works with the current version of Analyst and 

is being released as an open-source application. We show that the SLA can re-analyze 

data generated through the original LWM, providing this much needed capability. Further, 

we demonstrate that SLA can be used to perform markedly expanded DMS lipidomics 
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experiments with the inclusion of additional lipid standards. SLA also provides an option 

to perform isotope contamination correction; an important feature to increase quantitative 

accuracy which is currently missing in the LWM. We expect that this open-source 

application will expand the capabilities of the current Lipidyzer community, and will 

become a useful application for the broader scientific community to facilitate DMS-based 

analysis of the lipidome.

Method

Hardware/System Setup

The Lipidyzer platform hardware has been described previously(10). The Turbo V source is 

outfitted with a 65μm ESI Electrode and the transfer line is plumbed with 50μm ID PEEKsil 

tubing from the Lipidyzer installation kit. For the SLA application method, a 100μl loop was 

installed.

SLA Overview

The Shotgun Lipidomics Assistant (SLA) oversees three processes in the DMS lipidomics 

workflow: 1) analyzing DMS tuning data to update methods utilizing the DMS, 2) analyzing 

QC/suitability test data to measure relative lipid standard response and 3) analyzing DMS 

lipidomics data files to yield processed quantitative results. This third process is subdivided 

into three parts 1) extracting data from Analyst data files, 2) merging extracted data with the 

sample map and performing normalization, and 3) creating plots and data sheets of the class 

total and triacylglycerol data. These five processes are carried out on separate tabs within the 

SLA GUI. We will describe each of these five processes and the computations performed in 

detail below.

While the LWM scripted the creation of Analyst sample batches and performed data analysis 

for these three processes, our workflow allows the user to setup the batches manually in 

Analyst and performs the analysis on the resulting data. This manual batch creation step 

requires a minimal amount of user time and gives the user flexibility in performing tuning, 

QC/suitability tests, and analyzing experimental data. The first step of analysis within each 

of the three primary processes is the conversion of the WIFF files to mzML format using 

Proteowizard’s MSconvertGUI application(11). The SLA reads the resulting mzML files 

utilizing the pyOpenMS package(12) and converts the data into readable data tables for 

further data processing.

SLA - Analyzing DMS tuning data

This step involves analyzing the data from a DMS tuning experiment; a process that must 

be performed prior to every DMS lipidomics experiment. The data is from a direct infusion 

experiment in which MRMs for defined lipid class standards are measured while the DMS 

ramps the compensation voltage (COV) at a fixed separation voltage. Within the LWM, 

a few such methods (which are separate for negative and positive mode tuning) are run 

consecutively until the DMS stabilizes. Within the SLA workflow, we ran each method 

three times and the third negative and positive mzML file was used for processing. The user 

also specifies a tuning dictionary Excel file that contains a list of the MRMs in the tuning 
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program with their lipid class flag and a list of the MRMs within methods using the DMS 

with these lipid class flag. This allows the methods to be updated when the COV value is 

determined in the tuning run. The SLA selects this COV by identifying the COV value with 

the highest response or by finding the highest five, seven, or nine consecutive responses and 

selecting the COV of the center-most value. The SLA then lists this recommended COV 

value and provides the user with an interactive plot of the tuning data, such that the user 

can use the recommended COV value or choose one manually. After COV values have been 

selected, the SLA generates an Excel file containing the MRM lists with the newly specified 

COVs. This can be copy & pasted into said methods in Analyst.

SLA - Analyzing QC/Suitability Data

This step involves analyzing the data from a QC or suitability test method. This is a method 

in which the instrument infuses a known mixture of standards and measures MRMs for 

the standards utilized. The resulting data file contains 80 acquisitions of a small MRM list 

consisting of MRMs measuring representative lipids across various classes which utilize the 

DMS for resolution. The user can import the mzML file into SLA. The 80 acquisitions are 

averaged and reported in an Excel file containing the average values with the species names 

as noted in the Tune Dictionary file from the previous step.

SLA – Analyzing DMS Lipidomics Data Files

A DMS lipidomics experiment within this workflow consists of two direct infusion 

acquisitions, one which utilizes the DMS device (Method 1) and one that does not (Method 

2). These runs each contain hundreds of MRMs that are acquired 20 times over the course 

of the infusion. The resulting WIFF file from each run is converted to mzML and analyzed 

in this step, in a similar manner to the LWM to yield quantitative results. When imported to 

a data frame, the first step is to identify MRMs with a significant number of zeros, as these 

will likely not be high quality measurements. The SLA removes any MRMs that have more 

than 2 zeros out of 20 acquisitions. If any standards are found to have more than 2 zeros (or 

have an average raw intensity below 100), they are removed along with all unknowns that 

use that standard. Any remaining zeros within the data set are dropped (if any MRM data 

sets have 1 or 2 zeros) and the remaining values are averaged. If the user has specified that 

isotope correction is to be performed, that calculation is performed at this step in the process 

on the averaged raw values (See below).

A species name dictionary is then used to apply lipid names to each MRM. As the mzML 

file does not contain this information, this dictionary must perfectly match the MRM order 

of the Analyst method. The SLA then draws upon a Standard dictionary Excel sheet that 

contains the assignment of standards to analytes, as well as the amount and concentration 

of each standard used. From this information, a quantification coefficient is calculated for 

each standard and used to calculate nanomolar concentrations of each analyte lipid using the 

following general calculation:

Analyte Intensity
Standard Intensity × Standard Con . in Sample (nmoles

mL )
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The calculation requires some dimensional analysis since all lipid standard documentation is 

in mg/mL (or μg/mL) concentrations and we have opted to report out all lipid concentrations 

in nmoles/mL(g)(Figure S1). This calculation assumes that the sample is a fixed volume of 

plasma (.025 mL), thus recapitulates the calculation of the LWM. This output is exported 

as Excel files with a merged Excel that is similar to the LWM output. Along with the 

species concentration, five additional tabs are created within this Excel sheet with various 

data presentations. These include various aggregations of species concentration (class 

concentration and class fatty acid concentration) and percentage-based analysis (species and 

fatty acids within class and class as percentage of total lipids). While this reporting works 

well for plasma lipidomics experiments (using the assumed fixed volume), these results will 

be re-normalized in the following steps for unique normalization (described below).

SLA – Isotope Correction

As lipids are large, carbon-rich molecules, there are potentially significant problems caused 

by isobaric overlap from heavy isotope-containing species. Different types of isotopic 

contamination have been well documented within lipidomics experiments. While cross-class 

contamination is minimized by the DMS for lipids measured with the SelexION device, 

isobaric overlap within a given class remains a significant problem that was not addressed 

in the commercial Lipidzyer software (LWM) and should be corrected. As such, we 

created a function within SLA that corrects for isobaric overlap by isotopomers of other 

species within the same class containing one additional double bond resulting in isobaric 

interference with a species containing one less double bond. The SLA both subtracts this 

signal from the contaminated species and corrects for the naturally occurring isotopes 

in all species. The basic methodology for lipid isotope correction has been described 

previously(13). The correction is complicated by the fact that the MRM fragmentation 

employed in the SLA DMS lipidomics technique that identifies acyl tails reduces the amount 

of contamination and makes the remaining isotope contamination more difficult to calculate. 

Within this MRM analysis, each acyl tail combination can experience isobaric overlap 

with corresponding species with one more double bond and exactly two heavy isotopes on 

the corresponding acyl tail and/or head group (none on the remainder of the molecule). 

To account for this overlap, one must calculate the probability of this specific isotope 

distribution.

As an example, the phosphatidylcholine species PC(16:0/18:1) is measured in negative mode 

with the MRM of 818.6/281.2 m/z; corresponding with the acetate adduct of the species 

and measuring the 18:1 fatty acid in Q3. This species experiences isobaric overlap with 

PC(16:0/18:2) with two heavy isotopes on the 18:2 acyl tail and PC(16:1/18:1) with two 

heavy isotopes on the 16:1 acyl tail or head group (Figure S2). The correction is calculated 

using the intensities of PC(16:0/18:2) and PC(16:1/18:1), which themselves should have 

been previously corrected for isotope overlap. For PC(16:0/18:2), the isobaric overlap is 

calculated as the intensity times the probability of there being two heavy isotopes on 

the 18:2 acyl tail and none on other remainder of the lipid (Figure S3). Likewise, the 

isobaric overlap from PC(16:1/18:1) is calculated using the probability of there being 

two heavy isotopes between the 16:1 and headgroup, but no heavy isotopes on the 18:1 

acyl tail. In the final calculation, the isobaric overlaps are subtracted from PC(16:0/18:1) 
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and then divided by the probability of no labels on PC(16:0/18:1). The intensity of the 

respective source species is corrected upward. The naturally occurring isotope distribution 

of each lipid species or fragmented parts used in the calculation are computed with R 

library Rdisop(14-17). We derived the chemical formula for each lipid species based on 

formula utilizing its nomenclature, weight and structure, which are verified on the LipidMap 

database. We are only considering n+1 as a source of contamination (this corrects for 

>99.9% of isobaric overlap, which is mainly caused by carbon-13 containing species).

To apply this correction to all lipid species, we built an Excel file with correction 

information; for each species, it flags the species that overlap with it. In general, monoacyl 

species have a single overlapping species and diacyl species have two possible overlapping 

species. For each species, the Excel dictionary contains the probabilities described above 

such that the isotope correction can be calculated using these values and the intensities of 

the species involved. The list is sorted by Q1 m/z value of the contaminated lipid species 

in ascending order. The SLA will go through the list in order and adjust the (averaged) 

intensities from the lowest m/z species (which by definition does not have other species 

overlapping with it) to the largest.

SLA – Merging Data/Normalization

This step has no equivalent in the LWM and provides the added functionality of assigning 

sample and group information to each sample as well as (re)normalization with a unique 

normalization factor. This allows for the analysis of cell and tissue samples in which 

different amounts of material are used in each sample. This step merges the two method data 

sets from the last step with the sample map. The species, fatty acid, and class quantification 

tabs are revised to normalization tabs in which the nanomolar amounts of each is normalized 

to the user specified map file. Lastly, new “average” sheets are created from the “Species 

Normalization” and “Class Normalization” tabs in which the average and standard deviation 

is calculated for each of the user specified sample groups within the map file.

SLA – Class Total/TAG Summary Plots

This step is also unique to the SLA. As hundreds of triacylglycerol species are measured 

in the average sample, we found it useful to create triacylglycerol profile plots in which 

all TAGs species are binned and summed by total acyl tail carbon number and double 

bound number. For each profile, the species of a given carbon or double bound number 

are binned together in separate data frames and reported in multiple sheets within an Excel 

file. The quantitative values for each bin are summed and divided by 3 because our MRM 

method (theoretically) quantifies each species 3 times when fragmenting on the various acyl 

tails. This summed data is plotted by calculating the average and standard deviation for the 

user-defined groups. Lastly, the Class Average data from the last step is plotted to provide a 

quick overview of large class changes within an experiment.

Bone Marrow-Derived Macrophage Lipidomics Collection

Macrophages were cultured and lipid extractions were carried out as previously 

described(10). In this experiment, Day 7 bone marrow-derived macrophages were either 
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treated with TLR3 agonist poly (I:C), TLR4 agonist lipopolysaccharides (LPS), or vehicle 

and 8 replicates were collected after 48 hours for each condition (4 for each analysis).

Isotope Correction Experiment

The isotope correction test was performed on Control Plasma (Sciex 4386703) and QC 

Spike Standards (Sciex 5040408). All samples received 25μl of control plasma and then 

were divided into three groups that received 0, 10, or 25μl of QC Spike Standard. Lipid 

extractions were carried out as described above.

Results

SLA is capable of reanalyzing data files generated with Lipidyzer Workflow Manager

Two replicate experiments of 12 macrophage samples each were prepared. For this 

experiment, one quarter the amount of Lipidyzer standard recommended by the LWM was 

added to each sample, along with the Ultimate Splash Standards for PG, PI, and PS, as well 

as a single PA standard (Table S1). After Bligh & Dyer extraction, the resulting samples 

were analyzed on a single instrument utilizing the current LWM for the first experiment and 

in Analyst utilizing SLA for the second experiment. The LWM workflow was performed 

first, utilizing the tuning utility within the LWM to assign DMS compensation voltages 

(COV) and then performed the analysis. We allowed the LWM to process the data and then 

re-processed the raw data files through the SLA to compare results. Note that the LWM 

generated data was not properly normalized to cell number, and adjusted for the fact that we 

utilized one quarter the LWM-specified amount of standard. We adjusted the SLA standard 

dictionary to match the LWM settings for this test (no isotope correction was performed) to 

directly compare data analysis for the two programs.

Both methodologies reported out a comparable numbers of lipid species (LWM 687 vs SLA 

688, with SLA reporting one additional lipid species, PE(22:0/18:1)), indicating a similar 

methodology in our detection cut off. A point-to-point comparison showed that only 4 out 

of 687 reported species were off by more than 0.1% (all of which were CE)(Figure 1). 

Taken together, these results indicate that the SLA and LWM are utilizing a comparable 

computational method and standard assignment.

SLA Lipidomics Assay Yields Comparable Results to the LWM

Next, we set out to compare the data generated via the LWM to an expanded lipidomics 

assay supervised by the SLA. As part of the normal workflow for SLA, amounts of lipids 

detected are normalized to cell counts. Since, data generated by the LWM is not normalized 

we employed a post-hock normalization approach where the actual nanomoles in the sample 

was divided by the numbers of cell numbers in units of 107.

The SLA tuning was performed (to acquire COV values for PG, PI, and PS), but the COV 

values for all other classes common with the LWM run were retained from the previous 

LWM tune for consistency. These COV values were assigned to our expanded lipidomics 

method that incorporates the MRMs from the LWM method as well as comparably designed 

MRMs for PG, PI and PS classes, MRMs for bulk PA species, and a number of MRMs 
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required for (optional) isotope correction. Following the SLA workflow, we analyzed the 

data and compared the data to the processed results generated by the LWM. As a first 

comparison, we examined the class totals values for the 13 lipid (sub)classes measured by 

the LWM, and the 17 subclasses measured by the SLA(Figure 2). The expanded lipidomics 

method was able to measure 901 lipid species in this experiment, compared to 687 lipid 

species within the original LWM method. Within the common 13 (sub)classes both methods 

detected a similar number of species (687 vs 693). Data generated by SLA and LWM for 

lipidomics of macrophages were comparable between the two experiments and consistent 

with previously published lipidomics data(9).

We then compared the averaged quantitative measurements within the three conditions 

common between the two experiments (1661 data points in total) and found strong 

correlation between the SLA and LWM method (r=.9947)(Figure S4). However, a careful 

comparison of measurements between treatments indicated experimental variation among 

the stimulated macrophages samples. This variation in the LPS stimulated samples 

can be clearly visualized in the comparison of the lipid subclass totals for the two 

experiments(Figure 2). Comparison of vehicle treated macrophages samples between the 

two experiments also showed a strong correlation (r=.9988)(Figure 3). The absolute 

quantification and order of abundance was highly comparable between the two experiments. 

The consistency in data generated by SLA indicates that the expanded lipidomics panel 

supervised by the SLA recapitulates the measurements made by the LWM and facilitates the 

measurement of hundreds of additional species with 4 additional lipid subclasses.

Development and testing of isotope correction function

Isobaric overlap remains a challenge in shotgun lipidomics experiments. The MRM data 

acquisition method utilized by the SLA and LWM creates added complications to the 

correction of that error. We created a function within the SLA that corrects for isobaric 

overlap. We acquire fragmentation data in the triple quad that requires the SLA correction 

method to take into account the probability of a specific distribution of heavy isotope atoms 

between the whole molecule and the fragment measured in Q3. This novelty prompted us to 

test whether the correction function was working as we would expect.

In most cases, the error introduced by isobaric overlap in the MRM experiments we have 

described is relatively small. As an example, we performed the SLA correction function 

on the previously describe macrophage experiment and calculated the percentage error for 

each species we measured. Of the 435 species detected in the first sample (NT_1), the vast 

majority (356 species) were corrected by 10% or less(Table S2). However, 31 species in 

this sample were corrected by more than 25%. It should be noted that the degree of isotope 

contamination varies from sample to sample. It is a function of both the formula/structure of 

the lipid species and their relative concentrations. The theoretical isobaric overlap between 

equimolar species ranges from 1-8%. The SLA correction key contains this theoretical 

percentage contamination and these percentages are largely a function of the number of 

carbons in a given lipid species (Table S3). More significant isotope contamination, like 

those seen in this experiment, occur when a high concentration species contaminates a low 

concentration species.
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There are specific instances or types of experiment that can result in large systematic errors. 

One such case is where a biological sample was supplemented with a specific lipid or fatty 

acid which could overlap with lipids that are not actually changed by this perturbation. We 

experimentally created such a situation to test the SLA correction method by taking a control 

plasma sample and analyzing it alone and with a defined set of lipids spiked in that overlap 

with other detected species in the plasma sample. It should be noted that this experimental 

design is not intended to recapitulate the degree of correction required to actual biological 

samples, but to demonstrate the capability of the SLA to correct an extreme amount of 

specific isobaric overlap. To this end, we spiked in the Lipidyzer QC Spike Standards, which 

contain 52 lipid species, into a control plasma sample. Of those 52 lipids, 18 lipids had 

isobaric overlap with 19 lipid species that were not in the Spike Standard but were detected 

in the plasma sample(Table S4). One would expect increases in these 19 species in samples 

containing the Lipidyzer QC Spike that are corrected to baseline plasma concentration 

level following proper isotope correction. We analyzed control plasma with two different 

volumes of QC Spike (Figure 4). SLA analysis with and without the isotope correction 

was performed. Of these 19 species, our isotope correction option successfully corrected 

16 measurements reasonably close to the baseline plasma concentration(Figure 4). Of the 

three remaining species, two were under-corrected (PC(16:0/16:0) and PE(18:0/22:4)) and 

one was over-corrected (PC(16:0/18:0)) (Figure 4). Thus, we conclude that the SLA isotope 

correction function works reasonably well for biological samples. Together, these studies 

show that utilization of SLA increases the capabilities of DMS-based lipidomics.

Discussion

In this manuscript, we detail the development and application of the SLA, a software 

application designed to facilitate a DMS-based shotgun lipidomics workflow. Although 

other applications have been designed to facilitate LC-MS/MS and direct infusion MS/MS 

lipidomics(18), only the SLA and the original LWM are specifically designed for the unique 

challenges and advantages provided by DMS. We show that SLA adds unique functionalities 

not provided in the LWM including expanded lipid analysis, isotope correction and the 

ability to analyze data sets generated on other instruments. SLA also provides the user with 

the flexibility to modify acquisition methods and update standard assignments. We expect 

that SLA will enable a large number of labs using instruments with SelexION devices to 

perform Lipidyzer-style DMS lipidomics experiments utilizing the established methods. It 

should be noted that although SLA is designed for DMS shotgun lipidomics experiments, 

it can be used to analyze data from any direct infusion experiment with a comparable data 

acquisition method.

We have made several changes in this new workflow manager that result in improved 

capabilities for DMS-based lipidomics. We have improved the DMS tuning function with 

a display that accurately shows the quality of lipid class separation with the DMS, and the 

option to manually specify compensation voltages if desired. We have also made several 

changes to the data analysis portion of the application. We have added the ability to 

normalize quantification to unique normalization values for each sample (i.e., mg of tissue 

or cell number), making this technique easy-to-use with a variety of sample types. The 

ability to specify sample groups within an experiment that the SLA can use to calculate 
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average and standard deviation values is also a convenient addition that minimizes manual 

data manipulation. Lastly the ability to perform isobaric overlap correction remedies a 

potentially serious weakness of the LWM. Together, these features and the open-source 

nature of the platform should give users a higher degree of confidence when performing 

DMS-based lipidomics experiments.

One of the greatest strengths of DMS lipidomics is its ability to provide acyl tail 

identification for diacyl species. However, this technique does not provide positional isomer 

information for diacyl species (i.e. Sn1/Sn2 position for each fatty acid). This point is 

confused by the fact that the LWM species reporting assumes positional isomer information 

according to LipidMaps nomenclature (i.e. PC(16:0/18:0) instead of PC 16:0_18:0, which 

doesn’t specify tail position). There are also a few other minor nomenclature disagreements 

between the Lipidyzer data formatting and LipidMaps nomenclature. The SLA is flexible in 

lipid nomenclature for reporting. Nomenclature is defined by the species dictionary and this 

document can be edited by the end user to match their desired format. For the purposes 

of this publication, we have kept the Lipidyzer nomenclature for ease of comparison 

with Lipidyzer data. However, the species dictionary for the expanded lipidomics panel 

is being released with LipidMaps nomenclature and we recommend that for all users moving 

forward.

The isotope correction function in the SLA also represents a significant step forward 

in DMS-based lipidomics. Isobaric overlap for this MRM technique necessitates a 

computationally complex correction strategy. Our test data shows that our correction strategy 

works well in most cases, however the correction isn’t perfect and there are limitations. The 

calculation assumes that all intensity measurements are linear, which may break down both 

on the high end and low end of lipid concentrations. Additionally, we have only designed 

our correction strategy to deal with isobaric overlap from varying double bond-containing 

species within the same subclass. While the DMS should prevent cross-class contamination, 

we cannot completely rule out the possibility of other isotope contamination effects among 

measurements that do not use the DMS.

Despite the advantages of SLA, there are several limitations and pitfalls to DMS lipidomics 

that should be kept in mind by users moving forward. The original Lipidyzer platform 

was described as having “accurate” quantification; that is to say that the experiment is 

able “to quantify lipid molecular species at the concentration level within an implicit 

quantitative bias.” (“Current State of Quantitation in Lipidomics Analysis”, Paul RS Baker, 

avantilipids.com). This requires a sufficient number of standards to represent the range of 

ionization/fragmentation efficiencies of each subclass being measured and that standards 

are properly matched to unknowns in order to minimize this bias in quantification. In the 

expanded lipidomics panel supervised by the SLA shown herein, we have adopted the 

Lipidyzer standards and standard assignments; thus, maintaining the quality of accurate 

quantification for those species. The new PG, PI, and PS standards utilized in the expanded 

run were designed in a similar manner to the Lipidyzer standards and we have assigned them 

using a strategy comparable to that used by the LWM in which standards are matched to 

unknowns based on total acyl tail carbon and double bond number, as well as the closest 

match for the acyl tail fragmented. While all due diligence has been given to establishing the 
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quantification method for these lipid subclasses, we have not performed a direct comparison 

of our method with other established quantitative methods. We have observed that the ratios 

of phospholipid subclasses within BMDM samples were generally comparable to previous 

quantitative measurements(19, 20).

We are hopeful that others will create and validate additional acquisition/analysis methods 

to improve the application of SLA to DMS-based shotgun lipidomics. A logical next 

step would be to create a comparable method utilizing Avanti’s UltimateSplash ONE mix 

(containing 69 isotopically labeled standards). This is currently the only other standard 

mixture of comparable design and breath of coverage to the original Sciex Lipidyzer 

standards. We also expect that it will be possible to design methods for lipidomics 

experiments on bacteria, yeast and plant material that could be analyzed on the SLA, greatly 

expanding utility of this application. We are excited to see how the added features and 

capabilities of SLA will advance the field of DMS-based approaches and lipidomics in the 

future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SLA recapitulates quantitative measurements made by the LWM. A scatter plot containing 

6368 lipid measurements across 12 sample acquisitions supervised by the LWM and 

compared to re-analysis by the SLA. Pearson correlation coefficient was computed using 

all complete pairs of observations (r=1).
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Figure 2. 
Independent experiments performed in LWM and SLA yield comparable quantitative results. 

Lipid subclass total concentration reported in nanomoles/107 cells. Totals calculated by 

summing the concentration of all species measured within subclass. Error bars represent 

standard deviation (n=4).

Su et al. Page 15

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Independent experiments performed in LWM and SLA yield comparable quantitative results. 

Scatter plot containing 471 averaged lipid species quantitative values measured in the 

vehicle treated macrophages in both workflows, reported in nanomoles/107 cells. Pearson 

correlation coefficient was computed using all complete pairs (r=0.9988).
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Figure 4. 
SLA Isotope Correction function controls for isobaric overlap in complex biological 

samples. Quantitative measurement of 19 species experiencing isobaric overlap before and 

after isotope correction. Values are reported in control plasma in units of nanomoles/mL. 

The median and 25-75% interquartile range (IQR) are presented in box plots with whiskers 

representing 1.5x the IQR bounded by the highest and lowest samples (n=8).

Su et al. Page 17

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction
	Method
	Hardware/System Setup
	SLA Overview
	SLA - Analyzing DMS tuning data
	SLA - Analyzing QC/Suitability Data
	SLA – Analyzing DMS Lipidomics Data Files
	SLA – Isotope Correction
	SLA – Merging Data/Normalization
	SLA – Class Total/TAG Summary Plots
	Bone Marrow-Derived Macrophage Lipidomics Collection
	Isotope Correction Experiment

	Results
	SLA is capable of reanalyzing data files generated with Lipidyzer Workflow Manager
	SLA Lipidomics Assay Yields Comparable Results to the LWM
	Development and testing of isotope correction function

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

