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Abstract

Lipidomics is a well-established field, enabled by modern liquid chromatography mass
spectrometry (LCMS) technology, rapidly generating large amounts of data. Lipid extracts
derived from biological samples are complex and most spectral features in LCMS
lipidomics datasets remain unidentified, colloquially termed lipidomics “dark matter”. In-
depth analyses of triacylglycerol, diacylglycerol, and cholesterol ester species revealed
the expected ammoniated and sodiated ions as well as 5 additional higher mass dark
matter peaks. These additional peaks were of relatively high intensity and resulted from
analyte adduction with alkylated amine contaminants from LCMS-grade methanol and
isopropanol. Tandem MS (MS/MS) of adduct peaks yielded no lipid structural information,
producing only an intense ion of the adducted contaminant. Analysis of bovine liver extract
identified 33 neutral lipids with an additional 73 alkyl amine adducts. Removing alcohols
in place for acetonitrile and methyl tert-butyl ether in the mobile phase resulted in a 60%
decrease in neutral lipid annotations, but eliminated the formation of alkyl amine adducts.
Analysis of LCMS-grade methanol and isopropanol from different vendors revealed alkyl
amine adduct formation in one out of three different brands that were tested. Substituting
solvents increased lipid annotations by 36.5% or 27.4%, depending on the vendor and
resulted in >2.5-fold increases in peak area for neutral lipid species, dramatically affecting
their quantification and detection. Using principal component analysis, the same bovine
liver sample separated into vendor-based clusters. These findings demonstrate the
importance of solvent selection and disclosure during lipidomics protocols and highlight

the challenges when comparing data between experiments.
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Introduction

Lipidomics is a growing field that aims to characterize the complete set of all lipids
in a biological matrix'. Lipids are a diverse group of biomolecules and serve a wide variety
of functions in living organisms. The LIPID MAPS Structure Database?? represents the
largest repository of lipid structures, housing 48,205 structures as of 2023, both from
curated and computationally generated sources. Glycerophospholipids and sphingolipids
are commonly associated with membrane structure, lipid-protein interactions and cell
signaling events*. Neutral lipid classes, such as triacylglycerols (TG), diacylglycerols (DG)
and cholesterol esters (CE) have critical roles in energy metabolism, membrane fluidity
regulation and signaling pathways®. Liquid chromatography mass spectrometry (LCMS)
platforms are the primary tool for lipidomics applications, due to their sensitivity, qualitative
and quantitative data insights and high-throughput capabilities®. Lipidomics has been
applied to study numerous health conditions and disease models’-°, providing insight to

researchers and clinicians.

Accompanying any lipidomics dataset is a large group of unidentified spectral
features that are generated by untargeted LCMS workflows and modern data
preprocessing software, often termed lipidomics “dark matter”'%. This is also encountered
in the proteomics' and metabolomics'? fields. Elucidating the identity of dark matter is
often associated with database expansion or the incorporation of orthogonal separation
techniques, such as ion mobility’®'3, Identifying the proportion of dark matter that is
related to the biological material in the sample, such as novel biomolecules, is difficult to
determine, as matrix contaminants, data artifacts and in-source fragments are frequently

encountered in LCMS platforms utilizing electrospray ionization'413. It has been estimated
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that 98% of spectral features in omics datasets may be dark matter'?. Due to these
factors, characterization of lipidomics dark matter remains a major challenge for the field

moving forward.

A recent publication by Cajka et al.'® highlighted that quality variation in LCMS-
grade solvents has been overlooked in the field and provided an assessment of
isopropanol from 5 different vendors. Their results show a wide range of background
signal intensities in the low-mass region. The isopropanol from some vendors produced
enough background signal to suppress the maximum total ion current intensity from a
human serum extract up to 60% compared to other vendors. Furthermore, they and
others'”18 observe neutral lipid classes adducting to protonated ethylamine, originating
from acetonitrile reduction during electrospray ionization, forming [M+46]" ions in both
commercial standards and complex biological extracts. Alkylated amines have been
previously added to LC mobile phases to enhance the ionization of different analytes
including anabolic agents'®, hydroperoxyoleates®® and polymers?'. As discussed herein,
preliminary tests on commercial standards revealed a complex pattern of 4 unknown
adduct peaks beyond the commonly observed [M+NH4]*, [M+Na]*, [M+K]* peaks and the
previously observed [M+46]" ion. The four novel adducts were all of higher mass and
suspected to be contaminants found in the LCMS-grade solvents used as mobile phases.
Methanol and isopropanol were determined to be the source of these alkylated amine
species, prompting a thorough investigation into vendor-based differences in LCMS-
grade solvents and the impacts they have on lipidomics dataset acquisition, processing,

and ultimately the quality of the results reported.
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Experimental Section

Materials and Reagents: LCMS-grade water (Omnisolv LCMS), ammonium formate,
ammonium fluoride, ammonium bicarbonate, ammonium acetate, N-methyl-p-
toluenesulfonamide and tetrafluoroboric acid diethyl ether complex were purchased from
Millipore Sigma (St. Louis, United States). Optima LCMS-grade acetonitrile, HPLC-grade
methyl tert-butyl ether and diethyl ether were purchased from Fisher Scientific (Waltham,
United States). LCMS-grade methanol and isopropanol were purchased from Honeywell
(Chromasolv LCMS, Morris Plains, United States), Sigma (Hypergrade LCMS LiChrosolv)
and Fisher Scientific (Optima LCMS). Vendor names are randomized and not directly
named in the text for confidentiality. Toluene, chloroform and KOH were purchased from
Caledon Laboratories Ltd. (Georgetown, Canada). Glass centrifuge tubes were
purchased from Kimble (Vineland, United States). TG 15:0-18:1-d7-15:0, DG 16:0-18:1,
CE 17:0, PG 16:0-18:1 and PA 16:0-18:1 were purchased from Avanti Polar Lipids
(Alabaster, AL, United States). Absolute ethanol was purchased from Commercial

Alcohols Inc. (Brampton, ON, Canada).

Sample Preparation: 50 mg of bovine liver was thawed and extracted using a modified
Bligh-Dyer method?223, Briefly, liver was transferred to conical 10 mL glass centrifuge
tubes. 1 mL of water with 0.1 M sodium acetate and 2 mL of methanol with 2% acetic acid
(v/v) were added to each tube and then homogenized by hand and bath sonicated for 5
min. 1.5 mL of chloroform was then added to each tube and shaken for 2 min, then
centrifuged (528 x g, 2 min). The chloroform layer was carefully removed by Pasteur
pipette and transferred to a new 10 mL glass centrifuge tube. The water/methanol layer

was then extracted two more times with 1 mL of chloroform with each chloroform layer
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combined with the previous extractions for a total of 3.5 mL per sample. The chloroform
was then evaporated under a stream of nitrogen gas and dissolved in 1 mL of ethanol
and incubated at 30°C for 10 min, centrifuged (528 g, 2 min) and transferred to an Agilent
amber HPLC vial with a Polytetrafluoroethylene-lined cap. All lipid standards were
prepared at either 10 or 1 uM in toluene. Diazomethane was synthesized from N-methyl-
N-nitroso-p-toluenesulfonamide as previously described?*25. Lipid solutions of PG and PA
were derivatized in-solution as previously reported using the trimethylation enhancement

using diazomethane (TrEnDi) method?®.

LCMS analysis and Data Processing: All data were acquired using an Agilent 6546 QToF
mass spectrometer operating in positive polarity with an Agilent 1260 LC system using
MassHunter Acquisition Software (version 10.0). Separation via HPLC was achieved
using an Agilent Poroshell 120 EC-C1s (2.7 um, 2.1x100 mm) for alcohol-based methods
or a Thermo Scientific BioBasic-4 (5 um, 150x4.6 mm) for methyl tert-butyl ether-based
methods. Flow injection analysis was also performed for selected experiments by
removing the chromatography column and connecting the HPLC effluent directly to the
mass spectrometer. The column compartment was heated to 45°C and injection volumes
of 5 pL for on-column or 10 uL for flow injection analysis with a flow rate of 400 pL/min
used for all analyses. The following source parameters were used for all analysis, gas
temp 200°C, drying gas 10 L/min, nebulizer 50 psi, sheath gas temp 300°C, sheath gas
flow 12 L/min, VCap 3500 V, fragmentor 150 V, skimmer 75V, Oct 1 RF Vpp 750 V, mass
range of m/z 40—-1700 and an acquisition rate of 3 spectra/s. A data-dependent MS/MS
acquisition method was used with the following settings: quadrupole isolation width of 1.3

m/z, 10 precursors/cycle, absolute threshold 5000 counts, active exclusion enabled after
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1 spectrum and released after 0.15 min, abundance dependent accumulation of 25,000
counts/spectrum, purity stringency of 70% and a purity cut-off of 0%. A triplicate of TG
15:0-18:1-d7-15:0 (10 pM in toluene) was also acquired using a Sciex QTrap 4000
coupled to a Dionex Ultimate 3000 using an Agilent C1s Poroshell 300SB-C1s (5 um, 75 x
2.1 mm) column. Mobile phases consisted of water, acetonitrile, methyl tert-butyl ether,
methanol or isopropanol in compositions that are specified where relevant in the text.
LCMS-grade alcohols were compared between each vendor using bovine liver extract
and commercial standards; solvent A consisted of 50:50 water and methanol with 10 mM
ammonium formate, solvent B consisted of 25:75 methanol and isopropanol with 10 mM
ammonium formate. The following HPLC gradient program was used: 0 min 20% B, 0.5
min 20% B, 10 min 100% B, 20 min, 100% B followed by 5 min of re-equilibration at the
gradient’s starting conditions. To clean and condition the LCMS system when comparing
solvents from different vendors, a 1:1 mixture of water and acetonitrile was flushed
through the hydraulic path and column for 10 min, followed by 60 min of washing with the
vendors solvents at a 1:1 mixture of solvent A and B. In addition, two no-injection blanks
were conducted prior to the analysis of lipid standards or bovine liver extract samples to
ensure no sample carryover. For HPLC gradients using methyl tert-butyl ether, solvent A
was water with 10 mM ammonium formate, while solvent B was 10:60:30 water,
acetonitrile and methyl tert-butyl ether with 10 mM ammonium formate. The HPLC
gradient program was 0 min 40% B, 0.5 min 40% B, 10 min 100% B, 40 min, 100% B.
Data were analyzed using Agilent MassHunter Qualitative Analysis (version 10.0) or
converted to .mzML format using Proteowizard’s MSConvert?” and imported into

MzMine?8 (version 3.3.0). Agilent Lipid Annotator was used for all lipid identifications using
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the default method. Microsoft Excel and R were used for plotting and filtering data. Lipid
features were extracted using the “Targeted Feature Detection” module in MzMine. Peak
areas were then normalized by log2 transformation and batch corrected using the Limma

package (version 3.44.0) in R.
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Results and Discussion

Neutral lipids are best identified in LCMS workflows as ammonium adducts?®-31,
as they produce the most informative fragmentation patterns. Consequently, volatile
ammonium salts, such as ammonium formate or ammonium acetate, are commonly
added to mobile phases to promote ammonium adduct formation while also improving
chromatographic performance3?. Reversed phase chromatography schemes consisting
of various proportions of water, methanol, acetonitrile and isopropanol are employed to
separate lipid classes by acyl-chain length and degree of unsaturation®. A recent
publication by Cajka et al.’® investigated vendor-based contamination in isopropanol,
demonstrating the effect of solvent vendor in lipidomic profiling experiments, with some
vendors generating large amounts of background signal and ultimately lowering
sensitivity for orbitrap-based instruments. They also showed that ethylamine
contaminants originating from acetonitrile can adduct to TG species, complicating
lipidomic profiling of complex samples. Our observations corroborate these results while
also adding a considerable amount of depth regarding the deleterious effects that solvent

contamination can have on the identification and quantification of neutral lipids.
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Figure 1. Unknown adducts provide charge to major neutral lipid standards in
LCMS analysis. A) MS-level scans of CE 17:0, DG 16:0-18:1, TG 15:0-18:1-d7-15:0 (all
at 10 uM) and permethylated PA 16:0-18:1 (1 uM) derivatized by TrEnDi, eluted using a
binary LC gradient of water, methanol and isopropanol with 10 mM ammonium formate.
Additional peaks appear with m/z offsets of 46, 60, 74, 88 and 102 from the lipid species
exact mass and are the primary MS/MS peaks present after CID. B) All adduct masses
of TG 15:0-18:1-d7-15:0 (spectra with m/z included) elute from the LC at the same time,
suggesting they are from the same lipid species. Adducts also appear at a wide range of
ESI voltages.

Analysis of commercially available DG, TG and CE standards revealed a complex
and reproducible pattern of peaks in addition to the [M+NH4]* and [M+Na]* adducts that

are typically observed for these lipid classes (Figure 1A). CID of these peaks at 28 eV
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produced MS/MS spectra that had a single intense peak corresponding to the m/z
difference between the parent mass and the standard’s neutral exact mass, either by 46,
60, 74, 88 or 102 (Supporting Figure S1). For all standards that were analyzed, all of the
additional m/z features elute at the same time and also appear in similar abundance ratios
across a wide range of ESI voltages, suggesting that these are all adducts of the same
lipid standard (Figure 1B). Furthermore, this phenomenon was observed across
instrument platforms that have different ESI source architecture (Supporting Figure S4)
and on similar Agilent instrument platform, but in a different laboratory (data not shown).
Previous findings identify an ethylamine adduct ([M+46]*)!" and observed its interaction
with TG species'®, as well as DG and CE species®?. To our knowledge, this is the first
report of higher mass adducts of this nature. Analysis of other common phospholipid
species, such as phosphatidylcholine and phosphatidylethanolamine species did not
produce the same pattern of higher mass peaks. Phosphatidic acid (PA) and
phosphatidylglycerol (PG) standards were observed to form additional [M+88]" and
[M+102]* species at 0.33-fold and 0.62-fold intensity relative to their typical [M+NHa4]*
ions, respectively. PA and PG species modified using Trimethylation Enhancement using
Diazomethane (TrEnDi)?>?® to produce permethylated neutral lipids that form
ammoniated ([MT+NHa4]*) ions®? also formed [M+88]* and [M+102]* species, but at much
greater intensity relative to the [MT+NH4]* peaks (3.28-fold and 5.44-fold, for PA and PG,

respectively) than unmodified PA and PG (Supporting Figure S2 and S3).
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Table 1. Measured adduct m/z in the ESI low-mass region and their molecular formulas
calculated using MassHunter Qualitative Analysis (version 10.0). The mobile phase
consists of methanol (25%) and isopropanol (75%) with 10 mM ammonium formate.
Observed m/z and peak heights are averaged over 1 min of analysis time at a flow rate

of 400 pyL/min.

Observed m/z Calculated

Theoretical Peak Height

[M+H]* lon Formula Error (ppm) m/z [M+H]* (Counts)
102.1279 CsH1sNH 1.72 102.1277 1.3E6
88.1120 CsH13NH -0.87 88.1121 4 4E5
74.0965 C4H11NH 1.02 74.0964 3.8E2
60.0805 CsHoNH -4.67 60.0808 4.0E3
46.0650 C2H7NH -2.79 46.0651 1.0E4
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Figure 2. Adducting m/z are found in the low-mass region of ESI| spectra when
using a mobile phase of water, methanol and isopropanol with 10 mM ammonium
formate. A) Additional adduct peaks are observed for DG 16:0-18:1, examining the low-
mass region (highlighted in orange) shows the same m/z. B) Flow injection analysis of
TG 15:0-18:1-d7-15:0 with different mobile phases show different adduct patterns.
Methanol (25%) and isopropanol (75%) with 10 mM ammonium formate shows all
observed adducts. Eliminating both alcohols from the mobile phase and using only
acetonitrile with ammonium formate produces only the TG ammonium adduct. Methanol
and isopropanol in isolation contain different contaminants that adduct to TG 15:0-18:1-
d7-15:0, only m/z 46 and 60 appear in methanol, while m/z 88 and 102 appear in
isopropanol. C) Using a mobile phase of 50% water and 50% acetonitrile as solvent A
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produces a low and constant total ion chromatogram (TIC) signal. When the mobile phase
is abruptly changed to 100% solvent B (water (5%), methanol (27.5%) and isopropanol
(67.5%) with 10 mM ammonium formate) for 0.1 min and then returned to 100% solvent
A, a large increase in TIC signal is observed corresponding with a change in the LC
pressure. Most of this signal increase corresponds to m/z 102.128, indicated by the
extracted ion chromatogram (EIC) on the right.

It was noted that all of the m/z values corresponding to these adducts were
observed in the low-mass region of the MS-level spectra and were suspected to be
solvent contaminants (Table 1 and Figure 2A). All adducts were proposed to be alkylated
amine structures, based on their predicted elemental compositions calculated from their
accurate masses, and their intensities spanned 3 orders of magnitude. Cajka et al.'®
identified the higher mass portion (m/z 88, 102 and 116) of this homologous series of
amines as mobile phase impurities. In the analysis herein, m/z 116 was observed in the
low-mass region of the MS-level scans, but was not found to adduct with any neutral lipid
species in our data. To test which solvents were producing these peaks, a commercial
TG standard was analyzed by flow injection analysis in acetonitrile, methanol and
isopropanol, each with 10 mM ammonium formate. Solvents were analyzed individually
and compared to 25% methanol and 75% isopropanol, which is the approximate mobile
phase composition that these adduct species were initially identified using a binary HPLC
gradient (Figure 2B). When both methanol and isopropanol are used as the mobile phase,
all adduct m/z are observed. However, only m/z 46 and 60 adducts appear with 100%
methanol, while only m/z 88 and 102 were observed in 100% isopropanol. Using
acetonitrile eliminated all alkylated amine adducts and produced a [M+NH4]" peak with a
3-fold increase in intensity compared to the original 25:75 methanol and isopropanol

mixture. This is contradictory to previous findings specifically linking the ethylamine (m/z
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46) adduct as a reduction product of acetonitrile and water during electrospray'¢-'8. Other
nitrogen-containing adduct species with neutral lipids, such as acetamidinium
([M+C2HeN2+H]*) produced from acetonitrile, have previously been reported34, but were
not observed using acetonitrile under the current conditions. To confirm that the LCMS-
grade alcohols were the source of the alkylated amines, a 50:50 mixture of water and
acetonitrile was held constant, producing a low-intensity and constant total ion
chromatogram (TIC, Figure 2C). The mobile phase was abruptly switched to water (5%),
methanol (27.5%) and isopropanol (67.5%) with 10 mM ammonium formate for 0.1 min.
A pressure change was noted approximately 3 min later, signaling that the combination
of methanol and isopropanol was eluting from the HPLC, and a large increase in total ion
current was observed. An extracted ion chromatogram (EIC) showed that this TIC peak
coincided with an increase in m/z of 102.128, which is the dominant alkylated amine
adduct. Altering the type of ammonium salt did not affect the appearance of these
alkylated amines (Supporting Figure S5), further suggesting that they are contaminants
in the LCMS-grade products. CID analysis of m/z 102.128 was compared to
diisopropylamine, which has the same molecular formula calculated for 102.128
(Supporting Figure S6). Analysis of the MS/MS spectra showed several shared fragment
ions with the unknown m/z 102 adduct. However, additional peaks with m/z of 46, 57 and
72 were also present in the contaminant m/z 102 MS/MS spectra, suggesting the

contaminant adduct may be a mixture of CsH1sN isomers.
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Figure 3. LC gradients consisting of methanol and isopropanol generate large
amounts of dark matter associated with neutral lipids in bovine liver lipid extract
A) Using a binary gradient consisting of water, methanol and isopropanol with 10 mM
ammonium formate, 33 neutral lipids were detected, but large amounts of alkylated
ammonium adducts were also observed. B) An alcohol-free mobile phase consisting of
water, acetonitrile and methyl tert-butyl ether with 10 mM ammonium formate removes
the presence of alkylated ammonium adducts and results in 20 neutral lipid annotations.

To determine the impact that the alkylated amine contaminants had on a complex

lipidomics sample, bovine liver extract was analyzed in positive polarity using a binary

HPLC gradient. Mobile phase A was 50:50 water and methanol and mobile phase B

consisted of 25:75 methanol and isopropanol, both contained 10 mM ammonium formate.

Over a linear 20 min gradient, 174 lipids were annotated using Lipid Annotator from 1545

total features (Figure 3A). 33 neutral lipid species from the TG (n=19), CE (n=7) and DG
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(n=7) classes were identified. Each DG species and 3 of 7 CE species that were
annotated had a corresponding m/z 46 adduct (Supporting Table S1). TG species were
the most affected neutral lipid class, producing an additional 59 features from the 19
identities corresponding to alkylated amine adducts, representing an increase of 310%
TG-associated peaks. The m/z 46 adduct was identified for each annotated TG in the
dataset, with m/z 88 being the next most common affecting 89% of TG species. The m/z
74 adduct was the least common, only associating with 5 of all identified TG species. The
m/z 102 adduct, which was most abundant when examining commercial standards of TG
and DG species, was only identified for 12 of the 19 TG species (63%) in the sample. The
m/z 60 adduct was only identified for 6 of the 19 TG species (21%). As acetonitrile was
shown to eliminate alkylated amine adduct formation by flow injection analysis, the same
sample of bovine liver extract was analyzed using a binary HPLC gradient without
methanol or isopropanol (Figure 3B). Acetonitrile alone, though, is not a practical option
for LCMS-based lipidomics due to its low eluent strength and the strong interactions
between neutral lipid species and reversed-phased columns. As a result, solvent B was
made to a ratio of 10:60:30 water, acetonitrile, and methyl tert-butyl ether to increase the
elution strength of solvent B, while solvent A was water. Both solvents A and B contained
ammonium formate at a concentration of 10 mM. Methyl tert-butyl ether has compatibility
issues with some HPLC components, thus was kept to a 30% maximum concentration,
as recommended by the LC manufacturer, while 10% water was required to solubilize 10
mM ammonium formate in solvent B. To elute CE and TG species under these conditions,
a C4 column was employed for the analysis. While no alkylated amine adducts were

detected for CE and TG species, only 20 neutral lipid species were identified (Supporting
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Table S2) as compared to 33 using water, methanol and isopropanol. No DG species
were annotated in the sample using this method. Chromatographic performance suffered
due to the high proportion of methyl tert-butyl ether in the mobile phase and the high ratio
of water required to solubilize ammonium formate (Supporting Figure S7). While
chromatographic peak shape is improved using methanol and isopropanol with a C1s
HPLC column, the m/z 46 adduct creates an isobaric peak with TG species possessing
acyl chains containing 2 additional carbons, creating a XIC doublet for each [M+MH4]* TG
peak (Supporting Figure S7). This has been shown previously by Cajka et al.'® and adds
additional complexity to the analysis of neutral lipids when alkylated amine adducts begin
forming. These results demonstrate that methanol and isopropanol remain the ideal
solvents for lipidomics applications, the latter of which being the most essential and widely
used in the field. Thus, improving our understanding of methanol and isopropanol
contamination and how it affects complex lipidomics samples, is critical to ensuring high-

quality and consistent results.
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Figure 4. Using LCMS-grade methanol and isopropanol from different vendors
alters alkylated ammonium adduct formation and dramatically changes neutral
lipid analysis. A) TG 15:0-18:1-d7-15:0 eluted on a binary gradient of water, methanol
and isopropanol with 10 mM ammonium formate. Methanol and isopropanol purchased
from 3 different vendors are compared, water and ammonium formate are from the same
vendor in each trial. Analysis from Vendor 1 produces the adducting pattern previously
observed with neutral lipids, while Vendors 2 and 3 only produce ammoniated and
sodiated adducts. B) The same sample of bovine liver lipid extract is analyzed with
alcohols from all 3 vendors. C) Abundant TG species show dramatic differences in
intensity when compared between vendors. D) Other major classes of phospholipids are
unaffected. E) A 36.5% increase in lipid annotations is observed comparing the same
sample from Vendor 1 to Vendor 3, a 27.4% increase was found when switching from
Vendor 1 to Vendor 2.

To investigate the impact of the vendor-based differences in LCMS-grade solvent
quality have on neutral lipid analysis, methanol and isopropanol from an additional 2

vendors were purchased and compared using TG 15:0-18:1-d7-15:0 (Figure 4A). Vendor
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1 was used exclusively in data shown until Vendors 2 and 3 were purchased. Vendors 2
and 3 showed no alkylated amine TG adducts and resulted in a 5.96-fold sensitivity
enhancement for the same 10 yM TG standard comparing vendors 2 to 1. A 5.06-fold
increase was observed comparing vendors 3 to 1. Using the same sample of bovine liver
extract, each vendor was also compared and differences in the TICs are observable in
baseline noise level and at various retention time points (Figure 4B). This is especially
true for retention times (RTs) >13 min, where TG and CE classes elute. The TIC for vendor
3 is much higher than both vendors 1 and 2 at RTs 13-16 min, with a substantially lower
baseline at RTs >16 min. The low-mass region for each vendor was compared and m/z
102 is the most intense peak in each vendor solvents, however, a 13.3-fold reduction in
m/z 102 is observed comparing vendors 2 and 1, and vendor 3 was found to have a 1.82-
fold reduction in m/z 102 compared to vendor 1 (Supporting Figures S8 and S9).
Comparing TG species, 1.64-fold and 2.84-fold increases in intensity were observed for
TG 50:1, the most abundant TG species in the sample, when comparing vendor 1
solvents to vendors 2 and 3, respectively (Figure 4C). TG 48:0 experienced 1.87-fold and
3.46-fold increases in intensity in an analogous manner switching to solvents from
vendors 2 and 3, respectively. Other abundant phospholipid classes, such as PC, PE,
and LPC species, were not affected by vendor LCMS methanol and isopropanol
selections (Figure 4D). Overall, vendor 3 had the greatest number of lipid annotations,
with 344 total lipids, representing a 36% increase in annotations compared to using
methanol and isopropanol from vendor 1 (Figure 4E). Despite vendor 2 having the lowest

intensity impurity peaks, including m/z 102, in its low mass region, it did not produce the
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highest number of lipid annotations, suggesting that other vendor-based contaminants or

factors contribute to signal intensity.
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Figure 5. LCMS-grade methanol and isopropanol from different vendors have
dramatic effects on the lipidomics dark matter that is observed in untargeted
lipidomics studies. A) Scatter plots showing the dark matter in grey and annotated lipids
coloured by class in the same sample of bovine liver extract analyzed with methanol and
isopropanol from 3 different vendors. B) Principal component analysis (PCA) of the same
bovine liver extract sample cluster separately from each other. C) Correlation plots
showing the top 25 contributing lipids to Dim1 and Dim2 of the PCA in descending order.
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To examine the differences that vendor solvent quality imparts on the lipidomics
dark matter generated from the same sample, scatter plots showing all unknown and
annotated features were produced (Figure 5A). Using the same Lipid Annotator method
parameters, vendor 3 generated the most features (n=2319), while vendor 1 generated
the fewest (n=2054). A complete list of features for each vendor can be found in a
supporting Microsoft Excel worksheet containing the raw output from Lipid Annotator. This
is especially observable for features with m/z <500, where vendor 3 had 838 features
compared to 685 for vendor 1. CE and TG species simultaneously demonstrated a
reduction in unknown features and an increase in lipid annotations when the solvents
were switched from vendor 1 to either vendor 2 or vendor 3. The peak areas of annotated
lipids were examined using principal component analysis (Figure 5B). All 3 vendors
cluster separately, suggesting that sample reproducibility is highly dependent on LCMS
solvent vendor choice. Dim1 of the PCA represents a large portion of the total variation
between samples (70.2%). Correlation plots showing the contributions of the top 25 lipids
contributing to Dim1 variation highlight the impact that neutral lipid species play in this
variation, with 22 of the 25 lipids being from the TG, CE and DG classes. Dim2 represents
dramatically less variation (7%) and is mostly made up of phospholipids and ceramide-
containing species, likely highlighting the inter-replicate variation of the study. These
results suggest that vendors of the same LCMS-grade solvents are optimally suited for
certain applications, while being detrimental to others. For example, the methanol and
isopropanol from vendor 1 have been shown in this study to be unsuitable for neutral lipid
analysis; however, they appear to contain the least contaminant peaks overall, especially

at lower RTs. As a result, vendor 1 solvents may be better suited for more polar
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biomolecules, such as lyso lipid species or acylcarnitine focused applications. We
therefore contend that solvent vendor selection, particularly in the case of methanol and
isopropanol, should be carefully considered in method development and be a significant

factor in the principle determinants of interlaboratory precision.
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Conclusions

While researchers have focused on strategies to improve or expand
characterization of the dark matter generated in lipidomics datasets, a great deal of work
is still required to gain a comprehensive understanding of its origins. LCMS-grade solvent
differences between vendors are often overlooked and have only recently been
acknowledged to impact lipidomics studies. With the high-throughput capabilities and
sensitivity of modern LCMS platforms, untargeted lipidomic applications generate
thousands of features from a single sample. While ethylamine adducts have been
previously reported to interfere with neutral lipid analysis and originate from acetonitrile,
our results show that it is also a contaminant in a particular LCMS methanol and was not
observed using acetonitrile. The results of this study show that a considerable portion of
dark matter in some lipidomics datasets originates from spectral contamination caused
by adduction of alkylated amine impurities found in LCMS solvents, shedding light onto a
portion of the lipidomics dark matter that would not benefit from orthogonal separation
techniques or novel informatics methods to elucidate its identity. Alkylated amine adducts
represent a large number of meaningless spectral features that do not improve our
understanding of the biological samples being analyzed, both wasting instrument time
and reducing overall instrument sensitivity. Various efforts have been undertaken to bring
standardization to the field of lipidomics, which is a major challenge considering the wide
variability in protocols, instrument platforms and consumable products. We have
demonstrated that large differences in lipidomics datasets can be directly attributed to
LCMS methanol and isopropanol vendor selection. Vendor-based solvent differences can

lead to dramatic variation in sensitivity that affect the analysis and ultimate results of entire
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classes of neutral lipids. As a result, different LCMS-grade methanol and isopropanol
products cannot be considered equivalent in their quality. Further complicating this
situation, considerable variation in the total amounts of lipidomics dark matter is observed
between vendors, increasing the enormity of the task of fully characterizing and
understanding dark matter in lipidomics datasets. As a result, solvent vendor choice can
have serious consequences to lipidomics experiments, requiring careful consideration

during method development and data acquisition.

25

https://doi.org/10.26434/chemrxiv-2024-r67fv ORCID: https://orcid.org/0000-0003-1410-5797 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-r67fv
https://orcid.org/0000-0003-1410-5797
https://creativecommons.org/licenses/by-nc/4.0/

Associated Content:

The supporting information (Sl) is available free of charge on the ACS Publications
website at DOI: XXXX and contains additional chromatograms, diagrams, and tables, as
referenced in the main article. A second Microsoft Excel worksheet is also included
containing the Lipid Annotator output for a bovine liver extract sample analyzed using

each vendor’s solvents.
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