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Abstract

Interest in the role of bis(monoacylglycero)phosphate (BMP) lipids in lysosomal function has significantly grown in recent 

years. Emerging evidence highlights BMPs as critical players not only in Niemann-Pick disease type C (NPC) but also in 

other pathologies such as neurodegeneration, cardiovascular diseases, and cancers. However, the selective analysis of BMPs 

is significantly hindered by isomeric phosphatidylglycerol (PG) lipids. While this can be addressed by chromatographic 

separation, it poses a significant challenge for shotgun lipidomics approaches. Here, we present a shotgun lipidomics strategy 

to detect and separate BMPs from PGs using differential fragmentation of sodiated ions. This approach, including isotope 

correction, is integrated into an existing quantitative shotgun lipidomics workflow (Lipidyzer combined with Shotgun Lipi-

domics Assistant software) that simultaneously quantifies >1400 lipids. Validation using K-562 cell extracts demonstrated 

acceptable linearity, trueness, repeatability, and a limit of quantification of 0.12 µM, confirming robust analytical perfor-

mance. Finally, characteristic accumulation of BMP lipids is shown in bone marrow–derived macrophages from NPC mice, 

demonstrating its applicability. Our method presents a quantitative, selective, rapid, and robust solution for shotgun-based 

BMP analysis without the need for extensive chromatographic separation or derivatization. The integration of BMP lipid 

detection into the Lipidyzer platform, alongside the recently launched iSODA data visualization tool, empowers chemists 

and biologists to gain deeper insights into BMP lipid biology.
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Introduction

Lipidomics has emerged as a promising tool applied in vari-

ous disciplines, such as cardiovascular disease, oncology, 

and neurodegeneration [1–4]. The detailed study of lipids 

typically requires a combination of advanced technologies 

owed to their large chemical and biological heterogeneity 

[1, 3–6]. One such technology, shotgun lipidomics, meas-

ures lipids on either high-resolution or triple quadrupole 

mass spectrometry instruments using direct infusion or 

flow injection approaches, where lipids are predominantly 

separated through characteristic mass spectrometric frag-

mentations [7]. An advanced quantitative shotgun lipidomics 

approach, employing differential ion mobility spectrometry 

(DMS) for enhanced lipid class separation, combined with 

multiple reaction monitoring (MRM) on a triple quadru-

pole (or QTrap) mass spectrometer, was initially developed 

by SCIEX (Lipidyzer™) and subsequently rendered open 

access through the publication of the Shotgun Lipidomics 

Assistant (SLA) software solution [1, 8]. This approach has 

widely become recognized as a quantitative and reproducible 

assay for the wide targeted analysis of lipids [8–10]. How-

ever, given its targeted character, the platform only quanti-

fies predefined lipid classes and species. Recently, several 

lipid classes, as for example cardiolipins and phosphatidic 

acids [11, 12], have been added to the platform. Yet, other 

important classes, such as bis(monoacylglycero)phosphate 

(BMP) lipids, are not yet incorporated for quantitative 
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shotgun lipidomics analysis. BMPs are expressed almost 

exclusively in lysosomal bodies, where they are believed 

to facilitate healthy (lipid) metabolism during homeostasis 

[2]. They have been linked to a multitude of diseases, includ-

ing but not limited to lysosomal storage disorders, cancers, 

and neurodegeneration, indicating a crucial role of BMPs in 

lysosomal function [2–4, 13–15]. These results have sparked 

increasing demand for the rapid and quantitative analysis of 

these lipids.

Analytically speaking, BMPs pose a couple of specific 

challenges related to their quantitative analysis, with the 

most important one being their distinction from isomeric 

phosphatidylglycerol (PG) lipids. To overcome this issue, 

most analytical strategies rely on chromatographic separa-

tion of these isobaric lipid classes [3, 16]. Typical liquid 

chromatography mass spectrometry (LC–MS)–based plat-

forms make use of reversed-phase chromatography and 

extended gradients to accomplish lipid separation, although 

alternative separation solutions have also been demonstrated 

to be possible [17, 18]. While these approaches allow for the 

selective analysis of BMPs, the prolonged run times required 

by extended LC gradients make them less suitable than shot-

gun lipidomics for high-throughput applications in large-

scale lipidomic studies. Alternatively, a derivatization-based 

solution compatible with shotgun lipidomics analysis was 

developed by the group of Han, which developed a one-step 

methylation strategy, allowing separation of PGs and BMPs 

[5]. While this approach allows for the rapid and selective 

shotgun analysis of BMPs, the necessary derivatization step 

limits its applicability as part of a larger lipidomics panel.

In summary, none of the current approaches are practi-

cal for the integration of BMP into a large panel of lipids 

as analyzed by the Lipidyzer platform. However, integrated 

analysis of BMP is desirable for multiple reasons. Re-analy-

sis and re-injection of samples are avoided, batch effects are 

reduced, and uniform comparable data across the lipidome is 

obtained, ultimately leading to more robust conclusions. To 

overcome these issues and enable the facile analysis of BMP 

lipids as part of a large panel of lipid classes, we here set 

out to develop a label-free quantitative shotgun lipidomics 

approach for the selective analysis of BMP lipids. The devel-

oped strategy was integrated into the Lipidyzer platform and 

the SLA workflow software, including isotope correction.

To guarantee selective, quantitative, and accurate anal-

ysis of BMP lipids, separation from isobaric PG lipids is 

paramount. Derivatization-independent strategies enabling 

this separation during shotgun lipidomics analysis poten-

tially include lipid class separation using ion-mobility 

approaches such as DMS or the use of selective tandem mass 

spectrometric (MS/MS) transitions. As shown here, derivat-

ization-independent, rapid, robust, quantitative, and selec-

tive shotgun lipidomics analysis of BMP lipids is possible 

when sodiated molecular ions in positive mode electrospray 

ionization (ESI +) are used for collision-induced dissocia-

tion (CID).

Materials and methods

Materials

Methyl tert-butyl ether (MTBE) was obtained from Sigma-

Aldrich, methanol (MeOH), and ammonium acetate were 

from Supelco. Dichloromethane (DCM), LC–MS grade 

water, and 1-propanol were sourced from Honeywell, Rie-

del de Haën.

The following lipid IS and unlabeled BMP standards 

were purchased from Avanti (Alabaster, AL, USA): Ulti-

mateSPLASH One, dFA 18:1-d9, dCER d18:0 – d7/13:0, 

GluCER d18:1 – d7/15:0, LacCER d18:1 – d7/15:0, PA 

15:0–18:1-d7, BMP 14:0/14:0, BMP 18:1/18:1. Addition-

ally, “EquiSPLASH LIPIDOMIX Quantitative Mass Spec 

Internal Standard mix” was purchased from Avanti for use 

in DMS cell tuning.

K-562 cell culture

K-562 cells were cultured in T75 NUNC EasyFlask flasks 

in Gibco IMDM (1 ×) medium (Gibco, 12,440–053) sup-

plemented with 0.2% penicillin–streptomycin (Gibco, 

15,140–122) and 10% Gibco fetal bovine serum, heat inac-

tivated (Gibco, A52568-01). Cells were cultured until 80% 

confluency and harvested using trypsin (Wisent, 325–542-

EL). Cell density was calculated by placing 10 µL of the cell 

suspension into a dual-chamber cell counting slide (Bio-Rad, 

1,450,003, USA), which was then analyzed using the TC20 

automated cell counter (Bio-Rad, 1450102, USA). The pellet 

was subsequently spun down at 300 × g for 5 min at room 

temperature (RT). After discarding the supernatant and a 

brief phosphate-buffered saline (PBS) washing step, sam-

ples were spun down again at 300 × g for 5 min at RT. After 

discarding the supernatant, the pellets were resuspended in 

PBS to reach a concentration of 40 million cells/mL. Finally, 

25 µL aliquots were created (1 million cells/sample).

NPC1 cKO mice-derived bone marrow–derived 
macrophages

BMDMs were isolated from the femora of adult NPC1 cKO 

mice generated as described elsewhere [19] by crossing the 

Npc1 flox/flox line with the CX3 CR1-Cre line [20, 21]. 

Cells (5 ×  105) were plated in 10-cm-diameter tissue culture 

dishes in L929-conditioned media (20%). For experimen-

tal seeding, cells were cultivated (DMEM, 1% penicillin/

streptomycin and 10% fetal calf serum) at 37 °C with 7.5% 



3667Label-free quantitative shotgun analysis of bis(monoacylglycero)phosphate lipids  

 CO2. For activation, cells were treated with 0.1% lipid mix 

(Sigma; L0288-100ML) for 16 h before harvesting for lipi-

domic analysis. The Npc1flox line (CXrCR1-) was used as 

a control.

Internal standard preparation

BMP 14:0/14:0 was added to the current Lipidyzer internal 

standard mix at a concentration of 4 µg/mL (6.02 µM) [22].

Lipid extraction

Extraction of lipids was achieved using MTBE, similar to 

the protocol described in Ghorasaini et al. and Matyash et al. 

[9, 10, 23]. In brief, after the addition of the BMP supple-

mented IS mix, samples are mixed with a mixture of MTBE 

and MeOH. Cells are subsequently lysed through brief (~ 2 

min) ultra sonification at maximum intensity. After letting 

samples rest for approximately 30 min and centrifugation 

(5 min, 18,213 × g), the supernatant is collected into a fresh 

Eppendorf vial. After a second extraction, the supernatants 

from both extractions are combined and mixed with LC–MS 

water, forming a biphasic solution. After centrifugation (5 

min, 18,213 × g), lipids are collected from the upper layer, 

which is subsequently dried using a gentle nitrogen stream 

before being reconstituted in “lipidomics running buffer” 

(50:50 DCM:MeOH + 10 mM ammonium acetate).

MS/MS analysis

Samples were measured using a SCIEX QTRAP 6500+ mass 

spectrometer fitted with a SelexION DMS device. 1-Pro-

panol was used as DMS modifier gas. Samples were admin-

istered through flow injection using a Shimadzu LC-30 

autosampler with lipidomics running buffer as the liquid 

phase. Optimal separation settings for the DMS device were 

tuned on the day of analysis using equiSPLASH LIPIDO-

MIX. All samples were measured in MRM mode using both 

a shotgun lipidomics method and a DMS lipidomics method. 

BMP MRM values were integrated into the shotgun lipi-

domics method. A comprehensive list of MS settings can 

be found in the Supplementary Table S1 and reference [8]. 

BMP lipids were added to “method2” of the Lipidyzer plat-

form operating without DMS separation. Details about the 

mass spectrometric fragmentation of BMP and PG lipid can 

be found in the results section.

Lipidyzer analysis

Raw data outputs from Analyst are read by SLA [8]. Using 

BMP-supplemented dictionaries (Supplementary Table S2-

S4), SLA applies various corrections to the data. Among 

these are checks for data quality and correction for naturally 

occurring isotopes. In addition, SLA calculates the median 

intensities from the measured MS cycles (n = 20) and com-

pares them to the median intensities of specified IS, result-

ing in analyte concentrations. Resulting data was further 

analyzed using SODA light, a lightweight branch of the 

integrated data analysis tool iSODA [24] used by the Neu-

rolipid Atlas [22] (www. neuro lipid atlas. com). iSODA filters 

for features that exceed blank signals by at least twofold and 

applies normalization to the data based on total measured 

lipid content per sample in % of total lipidome.

Validation experiments

Validation experiments were conducted by spiking 25 µL 

aliquots of K-562 cells, each containing 1 million cells. 

BMP was added to samples using BMP dissolved in a 50:50 

MeOH/DCM solution. For the selectivity experiments, 10 

µL of 100 µg/mL BMP 18:1/18:1 (51.7 µM), 10 µL of 100 

µg/mL PG 18:1/18:1 (51.7 µM), or 50 µL of 100 µg/mL PG 

18:1/18:1 (258.7 µM) was added to K-562 aliquots.

Calibration lines for K-562 cell extracts (25 µL, 1 million 

cells) and LC–MS water (25 µL) were generated in parallel. 

BMP 18:1/18:1 of differing concentrations, dissolved in a 

50:50 MeOH/DCM solution, was added to K-562 cell ali-

quots or LC–MS water as follows: 10 µL of 5 µg/mL, 10 µL 

of 10 µg/mL, 50 µL of 10 µg/mL, 10 µL of 100 µg/mL, 20 

µL of 100 µg/mL, and 50 µL of 100 µg/mL (n = 3). Linear-

ity and slopes were calculated using linear regression. The 

repeatability of BMP 18:1/18:1 spiking was assessed across 

five independent experiments through the addition of 10 µL 

of 10 µg/mL or 10 µL of 100 µg/mL BMP 18:1/18:1 dis-

solved in a 50:50 MeOH/DCM solution (n = 5).

Results and discussion

DMS-based lipid class separation and selectivity 
assessment

As a starting point, we tested the DMS-based separation 

of both PG and BMP lipid classes using a pair of isobaric 

BMP and PG species (BMP 18:1/18:1 and PG 18:1/18:1) 

in ESI + and ESI- modes, investigating their [M +  H]+, 

[M +  NH4]+, [M +  Na]+, and [M -  H]− ions. However, as 

shown in Fig. 1 and also partially described by Hankin et al. 

[6], DMS separation is insufficient for the separation of the 

tested isobaric PG and BMP lipids. Moreover, [M +  NH4]+ 

ions became undetectable after the DMS cell was turned on 

and were thus excluded from subsequent analyses.

As DMS-based separation of PG and BMP was insuf-

ficient, we next aimed at leveraging selective MS/MS frag-

ments. To this end, the group of Murphy [6] has described 

MS/MS fragmentation of both lipid classes in detail, 



3668 L.Y. Wang et al.

pointing out that CID of [M -  H]− ions leads to identical 

MS/MS spectra. On the other hand, CID of [M +  H]+ and [M 

+  NH4]
+ ions leads to fragment ions enriched in either one 

of the lipid classes. For BMP 18:1/18:1 and PG 18:1/18:1, 

this specifically means that BMP lipids primarily dissoci-

ate into a monoacyl-group fragment corresponding to a dis-

sociation at the phosphate group, resulting in a fragment 

ion m/z 339 for BMP 18:1/18:1 (Fig. 2A, supplementary 

Figure S1), whereas PG lipids primarily dissociate into a 

diacyl-group fragment, resulting in a fragment ion of m/z 

603 for PG 18:1/18:1 (Fig. 2B, supplementary figure S2).

Nevertheless, while the fragmentation spectra of both 

lipid classes are enriched in these fragments, there is still 

considerable overlap between the two. In turn, the employ-

ment of these ions/transitions during shotgun lipidomics 

analysis would consequently lead to contamination between 

the two lipid classes. We evaluated the overlap between the 

m/z 775.5  339.2 and m/z 775.5  603.5 mass transitions 

in ESI + MRM mode through the infusion of BMP 18:1/18:1 

(16.7 µg/mL) and PG 18:1/18:1 (16.7 µg/mL) while simul-

taneously assessing the influence of collision energy on the 

formation of the m/z 339.2 or 603.5 fragments (Fig. 2C–D). 

At the collision energy with optimal sensitivity (Fig. 2C, col-

lision energy = 39.6 V), PG lipids would account for roughly 

12% of the BMP trace at equimolar concentration when 

using the m/z 775.5  339.2 transition. Furthermore, the 

results did not reveal a specific collision energy that would 

allow for selective analysis of the lipid classes. Although the 

contamination may appear minor, it can potentially lead to 

biological misinterpretations, particularly in extreme situa-

tions, such as bacterial extracts, which can contain dispro-

portionate amounts of PG compared to BMP lipids [25].

Next, as DMS was insufficient for the separation of iso-

baric BMP and PG lipids, we searched for alternative solu-

tions. While investigating, we observed a significant frac-

tion of sodiated ions in the ESI + spectra of BMP (and PG) 

lipids (supplementary Figure S3-S5). Importantly, unlike 

fragmentation of [M +  H]+ and [M +  NH4]
+ ions, [M +  Na]+ 

ions give rise to lipid class-selective fragments that we sub-

sequently investigated for their applicability in label-free, 

selective, and quantitative shotgun lipidomics analysis of 

BMP lipids. The consistent formation of [M +  Na]+ BMP 

ions was tested in both LC–MS grade water and K-562 cell 

extract for two BMP lipid species, BMP 18:1/18:1 (16.7 

µg/mL) and BMP 14:0/14:0 (16.7 µg/mL) (supplementary 

Figure S6). Overall, the general distribution of molecu-

lar adduct ions remained stable when comparing the two 

matrices and lipid species. In summary, DMS as well as 

CID fragmentation of [M -  H]− and [M +  H]+ is insufficient 

for the selective analysis of BMP using shotgun lipidomics 

analysis. However, CID-based fragmentation of [M +  Na]+ 

ions gives rise to selective fragments that can be used for 

quantitative shotgun lipidomics analysis of BMP lipids. The 

specific fragmentation routes for sodiated BMP 18:1/18:1 

and PG 18:1/18:1 are shown in supplementary Figure S7 

and can also be found in Hankin et al. [6]. The fragmentation 

spectra for sodiated BMP 18:1/18:1 and PG 18:1/18:1 are 

shown in Figure S8.

Shotgun analysis using sodiated ions

As a first and most important step in this investigation, we 

established selectivity for BMP analysis, isolating and frag-

menting sodiated molecular ions. As we had established 

that DMS is not sufficiently separating isobaric BMP and 

PG lipids, we carried out all experiments without applying 

DMS. We spiked K-562 cell extract samples with either 40 

µg/mL BMP 18:1/18:1 (51.7 µM) or a low/high concentra-

tion of 40/200 µg/mL (51.7 µM/248.7 µM) PG 18:1/18:1 and 

quantified the BMP lipid against an external calibration line. 

After spiking, BMP 18:1/18:1 concentrations increased cor-

respondingly, whereas the observed BMP levels were com-

pletely unaffected by PG spiking at two different concentra-

tion levels (Fig. 3), indicating that there was no significant 

Fig. 1  Differential mobility behavior across ramped COV compensation voltages (V) of several PG 18:1/18:1 and BMP 18:1/18:1 ions at a sepa-

ration voltage of 3800 V
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cross talk between the traces when using sodiated molecular 

ions and lipid class selective fragments.

Next, we assessed the quantitative character of the method 

using BMP 18:1/18:1 as a surrogate BMP lipid. During the 

development of the method, no deuterated BMP standards 

were commercially available. In turn, and as also done by 

others, we used BMP 14:0/14:0 as the internal standard (IS). 

To obtain accurate quantitative results during shotgun lipi-

domics analysis, isotope correction is mandatory. Isotope 

correction was integrated using the SLA built-in isotope 

correction library, which was expanded with BMP-specific 

parameters, calculated using Rdisop, identical to the SLA 

guidelines (Supplementary Table S2) [8]. The dictionar-

ies for integrating the BMP lipid class into the existing 

Lipidyzer platform [9, 10] can be found in Supplementary 

Table S2–S4. To assess linearity, as well as process efficacy 

[26] we spiked increasing amounts of BMP 18:1/18:1 into 

K562 cell extracts or water blanks and compared the slopes 

of the calibration lines to theoretical trueness. The calibra-

tion line was also used to calculate the lower limit of quan-

tification (LLOQ), defined as the mean blank concentration 

+ 10 * SD of the blanks. Similarly, the limit of detection 

(LOD) was calculated as the mean blank concentration + 3.3 

* SD of the blanks, where LC–MS grade water served as the 

blank. Finally, we assessed intra- and inter-day repeatabil-

ity in K-562 cell extracts across five independent batches, 

as well as trueness. A summary of our validation results is 

shown in Table 1.

Application in biological studies

Finally, we assessed the biological applicability of the 

method as part of a large lipid panel in an in vivo model. 

Accumulation of BMP lipids is a critical hallmark of Nie-

mann Pick disease type C (NPC) and can be used as a diag-

nostic biomarker [2, 14, 15, 27]. In turn, we modeled NPC 

using a recently generated mouse model with a depletion 

of NPC1 in myeloid cells [19] and compared bone mar-

row–derived macrophages (BMDM) from NPC1 condi-

tional knockout mice (NPC1 cKO) with control BMDMs. 

The results are shown in Fig.  4 or can alternatively be 

viewed dynamically in the NeuroLipid Atlas (NLA) (www. 

Fig. 2  Fragmentation spectra 

of the precursor ion m/z 797.5 

for A BMP 18:1/18:1 and B PG 

18:1/18:1. C Monitoring the 

transition m/z 775.5  339.2 

while infusing BMP (16.7 µg/

mL) (black line) and PG (16.7 

µg/mL) (orange line) and 

ramping the collision energy. D 

Monitoring the transition m/z 

775.5—> 603.5 while infusing 

BMP (16.7 µg/mL) (black line) 

and PG (16.7 µg/mL) (orange 

line) and ramping the collision 

energy

Fig. 3  Selectivity assessment for the analysis of sodiated BMP 

18:1/18:1
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neuro lipid atlas. com, see the “Data Availability” section 

for details) [22]. NLA pretreats data before analysis [22]. 

Briefly, it filters relevant lipid species through comparison 

with blank samples and removes all lipid species not reach-

ing a level of > 2 times the concentration in blanks. Sub-

sequently, the data browser calculates the concentration of 

fatty acids (FA) from each lipid species, accounting for the 

difference in number of FA per lipid class. As the exact com-

position of a triglyceride (TG), which contains three FA’s, 

cannot be determined using the current setup, the composi-

tion of TGs is expressed as total carbon and double bond 

number, specifying the identified FA, e.g., TG 60:4–18:1.

BMP lipid levels are strongly dependent on species and/or 

tissue type [2]. Here, we show a relative contribution of 6.9% 

of BMP to the total lipidome of murine BMDMs, which is 

increased to 11.5% (1.6-fold increase, unpaired Welch t test, 

Benjamini-Hochberg (BH) corrected: p = 0.0008) in NPC1 

cKO (Fig. 4A). The distribution of FA tails in the BMP class 

is similar to previous reports, containing high proportions 

of 18:1 and 22:6 FAs (Fig. 4B) [2]. Although the BMP class 

as a whole is upregulated in NPC1 cKO, individual species 

appear to be differentially affected (Fig. 4B–C). Specifically, 

the accumulation of BMP lipids containing FA 22:6 tails is 

particularly pronounced in NPC1 cKO BMDM (2.42-fold 

increase, unpaired Welch t test, BH corrected p = 0.0096), 

closely resembling earlier clinical reports [28]. Notably, 

FA 22:6 concentrations are unaffected in other lipid classes 

(Fig. 4D), indicating an increase in total FA 22:6 concen-

trations and not a redistribution. This seems remarkable as 

endogenous concentrations of highly unsaturated FAs are 

believed to predominantly stem from dietary uptake rather 

than endogenous biosynthesis.

Discussion

Here, we describe the label-free, rapid, accurate, and quan-

titative shotgun analysis of BMP lipids, integrated with 

an existing large panel of lipid classes monitored by flow-

injection DMS-MS/MS analysis (Lipidyzer, 17 lipid classes, 

>1400 lipid species). Analysis of the entire panel of more 

than 1400 lipid species takes approximately 30 min; how-

ever, selected analysis of the BMP class can be done in as 

little as 75 s per sample, providing significant throughput. 

BMP lipids can accurately be quantified by fragmenting 

sodiated ions, thereby generating specific fragments for both 

BMP and isomeric PG lipids. As an IS, we had to reside 

with BMP 14:0/14:0, as no isotopically labeled IS was com-

mercially available at the time of development. However, 

as BMP 14:0/14:0 is generally not present in biological 

materials, this did not affect method performance, as can be 

argued by obtaining highly accurate results when spiking 

cell extracts with BMP 18:1/18:1. Nevertheless, particularly 

for the accurate quantification of highly unsaturated BMP, 

the use of a more closely related isotopically labeled BMP 

IS would be preferred in the future. The quantitative nature 

of the presented assay can be underlined by acceptable ana-

lytical figures of merit (Table 1). The obtained sensitivity 

(LLOQ = 0.12 µM) was sufficient for detecting changes 

in BMP metabolism in a murine NPC1 model and proves 

comparable to other published methods [29]. Linearity was 

assessed from 0 to 258.7 µM, and acceptable results were 

obtained (Table 1). Trueness was found to be somewhat 

affected by the matrix, as judged from a slight reduction 

of the calibration slope when comparing neat with matrix-

fortified extracts. Nevertheless, as the presented method is 

not aimed at critical clinical decision making but rather as 

a high-throughput research tool, this seemed acceptable to 

us. Furthermore, some variance is presumably inherent to 

the Lipidyzer platform itself, rather than the measurements 

of BMP lipids. To obtain accurate quantitative results, we 

incorporated isotope correction using the Rdisop package.

The addition of BMP lipids significantly broadens the 

applicability of the Lipidyzer workflow and can be used 

by researchers in various scientific fields to reveal distinct 

properties of BMP lipids in direct comparison to other lipid 

Table 1  Analytical figures of merit

RSD refers to relative standard deviation. LLOQ was calculated as 

“mean blank concentration + 10 * SD of the blanks.” LOD was calcu-

lated as “mean blank concentration + 3.3 * SD of the blanks.” Blank 

refers to LC–MS grade water, which was worked up according to the 

Lipidyzer protocol (see the “Materials and methods” section)

Analytical parameter Result

Calibration range 0–258.7 µM

Calibration function

Synthetic standard solution y = 42.40x – 1.795

Spiked cell extract y = 34.14x – 1.216

Linearity (R2)

Synthetic standard solution 0.9932

Spiked cell extract 0.9925

Lower limit of quantification (LLOQ) 0.12 µM

Limit of detection (LOD) 0.04 µM

Intra-day repeatability (n = 5), RSD

0.1 µg/mL 5.6%

1 µg/mL 4.9%

Inter-day repeatability (n = 5), RSD

0.1 µg/mL 10.7%

1 µg/mL 14.8%

Trueness (measured/expected) intra-day (n = 5)

0.1 µg/mL 96.3% ± 2.53%

1 µg/mL 98.1% ± 3.81%

Trueness (measured/expected) inter-day (n = 5)

0.1 µg/mL 85.9% ± 9.23%

1 µg/mL 83.5% ± 12.33%
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classes. For example, BMP lipids express a very distinct FA 

composition. The overenrichment of FA 22:6, presumably 

n3-docosahexaenoic acid (DHA), in BMP lipids is most 

notable. Despite BMP lipid concentrations composing only 

6.9% (Fig. 4A) of total measured lipid concentration in WT 

samples, they harbor 41.2% (Fig. 4D) of the total measured 

pool of FA 22:6, which in turn composes only 1.71% of all 

measured FAs (supplementary Figure S9). Furthermore, this 

is in direct contrast to their proposed precursor PG, which is 

practically devoid of FA 22:6 (Fig. 4D). The overenrichment 

of FA 22:6 can also seemingly be differentially expressed, as 

demonstrated in the NPC1 cKO BMDM. Although the mecha-

nism for this overenrichment remains unknown to date, this 

data suggests a specific role of FA 22:6 in BMP function. We 

are confident that the presented quantitative label-free shotgun 

lipidomics analysis of BMP lipids is a significant addition to 

the Lipidyzer toolbox and will enable researchers in various 

fields to gain deeper insights into this intriguing class of lipids.

Conclusion

We here present a shotgun lipidomics strategy for the selec-

tive analysis of BMP lipids based on CID fragmentation 

of sodiated ions. Avoiding chromatographic separation as 

well as derivatization allowed for the integration of the BMP 

lipid class into the quantitative Lipidyzer platform. Together 

with the recently introduced iSODA [24] visualization tool, 

we are confident that this addition will allow for the robust 

quantitative analysis of BMP lipids and empower biologists 

and chemists to gain deeper insights into BMP lipid biology.

Supplementary information.

Supplementary information The online version contains supplemen-

tary material available at https:// doi. org/ 10. 1007/ s00216- 025- 05890-4.
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normalized FA abundance. *p < 

0.05; **p < 0.01; ***p < 0.001
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