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ABSTRACT: Electrospray ionization (ESI) is a foundational
technique in mass spectrometry (MS) widely applied to measure

nonvolatile molecules in diverse chemical and biological samples.
Yet variation in ESI-MS instrumentation, operating settings, and
parameters such as solvent composition creates specific, local b

E[M+Na]* E[M+H]*

ionization environments that drive the formation of select ion f
species for individual analytes. As ESI continues to advance ‘
analytical discovery, understanding the extent to which variation in k 1
ion species formation impacts intra- and inter-experimental results

is essential. Here, we assessed ion species formation by analyzing
an internal retention time standard (IRTS) mixture across ten
laboratories employing high-resolution ESI-MS instrumentation
from four vendors (Agilent Technologies, ThermoFisher Scientific, Shimadzu Corporation, and Waters Corporation). Instrument
vendors were considered not as a benchmark of performance, but as a practical framework to capture differences in source design,
ion optics, and analyzer/detectors that are inherently coupled to commercial platforms. Despite the use of standardized extraction
and chromatographic protocols, differences in instrument configuration, source conditions, and method execution resulted in
variation in ion species formation across vendors, among laboratories using instruments from the same vendor, and even within
individual laboratories. These findings demonstrate that, even with standardized methods, the collective influence of local ionization
environments on ion species formation remains a critical obstacle for interpreting LC—MS small molecule data and improving
reproducibility and comparability across studies.

KEYWORDS: electrospray (ESI), ionization, mass spectrometry (MS), metabolomics, molecule

Bl INTRODUCTION variety of disease states.”” Similarly, metabolomics and

Since its initial publication in 1984, electrospray ionization lipidomics have leveraged ESI-MS to characterize plant response

(ESI) has had a transformative impact on mass spectrometry by

enabling the ionization of nonvolatile molecules."”” This Received: January 12, 2026
advancement has catalyzed a wide range of research initiatives, Revised:  April 15, 2026
including proteomics, metabolomics, and lipidomics.”~> Within Accepted:  April 17, 2026

proteins, ESI has deepened our understanding of protein Published: May 6, 2026

expression, configuration, and modification, elucidating bio-
logical signaling mechanisms and their perturbation across a
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to environmental stressors, disease pathogenesis in humans, and
the complex interactions between agriculture, food and human
health.*"" Technological innovations alongside ESI have also
enabled the measurement of macromolecules, including kilo-
dalton- to megadalton-scale systems such as native membrane
proteins, RNA-ligand complexes, and viral capsids.'*~"*

As a result, ESI is now a widely commercialized ionization
technique. Although MS vendors apply the same core principles,
the engineering of source geometries and auxiliary mechanisms
to facilitate ion formation (e.g, sheath/curtain gases and
elevated temperatures) varies across platforms and applica-
tions."> For example, Agilent Technologies Jet Stream ESI
technology uses a heated sheath gas to enhance ion trans-
mission.'® Conversely, ThermoFisher’s heated ESI (HESI)
source, implemented on select Orbitrap instruments, uses a
heated sheath gas that is diffusely applied along the capillary, a
notable difference to the focused application of the Jet Stream
systems.'” On other ESI-MS systems, such as Shimadzu
instrumentation, dual ionization capabilities have been en-
gineered to allow for fast switching between ESI and
atmospheric pressure chemical ionization (APCI) to further
expand the measurable chemical space for small molecules.'® In
practice, this design often requires a trade-off of reduced ESI
capillary voltage that is compensated by an auxiliary heater in
ESI applications. Postionization, commercial MS instrumenta-
tion also use unique ion paths and focusing techniques to
facilitate downstream analysis and detection.”” As each vendor
has refined ESI and ion transfer processes on their systems,
evidence has shown that variations in source design and local
operating conditions across vendors and through evolving
instrumentation from the same vendor influence ion forma-
tion.”" ™

However, ionization is not only influenced by source design
and operation. Namely, the chemical composition of the spray
solution within the ESI microenvironment is a key modifiable
parameter that can be curated to drive specific ion formation
pathways.”*™>° For example, solvent composition strongly
influences droplet behavior, with more organic solvents
promoting faster desolvation, while protic solvents stabilize
hydrogen-binding clusters and promote the formation of
protonated [M + H]" adducts."””’ Additionally, acid/base
additives and salt modifiers are also widely used to enhance
ionization efficiency and direct adduct formation. For example,
ammonium salts can promote [M + NH,]" formation, while
acids and bases (e.g., formic acid or ammonium hydroxide) can
shift the protonation equilibrium, thereby biasing ionization
toward specific adduct species.”””*** In summary, ESI is a
powerful and variable ionization process influenced by both
controllable and uncontrollable factors.

At a fundamental level, factors influencing the local ESI
ionization environment have substantial effects on ion species
formation. Combined with an incomplete understanding of ESI
mechanisms, this leads to multifactorial variability that
challenges the reproducibility and comparability of data
generated by ESI-MS.”>*****! A critical aspect of this variability
is ion species formation (including adducts, neutral losses, and
multimers), a pivotal step in ion generation, detection,
annotation, and quantification.”**> Although the importance
ofion species formation in ESI-MS has long been acknowledged,
there has been limited systematic evaluation of how the patterns
of ion species formation diverge in real-world applications,
where instrument platforms and methods implementation may
vary. This gap is particularly pronounced for the diverse
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landscape of small molecules and understanding how ion species
formation affects both targeted and nontargeted metabolomics
applications.

Herein, we present critical insights into the variability of ion
species formation by leveraging a custom internal retention time
standard (IRTS)>® mixture across ten laboratories following the
same standardized nontargeted metabolomics protocol devel-
oped by the Periodic Table of Food Initiative (PTFI).** All
laboratories were equipped with high resolution mass
spectrometry instrumentation from multiple vendors, including
Waters (one lab, W1), Thermo (three laboratories, T1-T3),
Shimadzu (two laboratories, S1 and S2), and Agilent (four
laboratories, A1—A4). Importantly, extraction and chromato-
graphic methods were standardized or otherwise documented to
capture variation in method implementation.”> MS settings,
including electrospray ionization, were optimized by each
laboratory. Collectively, the data collected provides insights
into how method implementation factors affect real world
execution of a standardized method, influencing ion species
formation and, in turn, small molecule identification and
quantification.

B METHODS

Materials and Reagents

Internal Retention Time Standard. The reversed-phase internal
retention time standard (IRTS) was prepared by AnalytiCon Discovery
(Postdam, Germany). The 33 compounds included in the IRTS
mixture were selected for their (i) detection by LC-ESI-MS, (ii)
unlikeliness to be naturally occurring in food, (iii) separation across the
full chromatographic range of a standardized reverse phase method, and
(iv) scalability for eventual commercialization into a globally
distributable reagent for nontargeted metabolomics.*® A full list of
the IRTS compounds and their physicochemical properties computed
using rdkit (version 2025.09.3) is presented in Supporting Information
Table $-1.*

Carrot Procurement and Processing

Orange carrots (Daucus carota subsp. sativus) were purchased from a
supermarket in Fort Collins, Colorado, USA. A total of approximately
200 g of commercially available carrots were randomly selected and
transported to the laboratory under standard commercial handling and
storage conditions. All carrots were combined to generate a single
composite specimen that was processed as a collective sum.

Following procurement, carrot samples were prepared by removing
the tops and outer skin, chopped into half-inch pieces, and frozen at
—80 °C. The frozen carrot pieces were then lyophilized using a
Labconco lyophilizer before reaching complete dryness after 72 h.
Dried carrot pieces were homogenized using a coffee grinder and
divided into 55 + S mg aliquots. These samples were stored at —80 °C
until distribution, where samples were shipped alongside dried IRTS
material on dry ice to participating laboratories. Laboratories A2 and T1
procured and processed local orange carrots independently using
similar methodologies (Table S-2).

Lab-Specific Reagents

Laboratories received IRTS and carrot samples as dried, powdered
materials, which were stored at —80 °C upon receipt. Each laboratory
performed resuspensions, extraction, and LC—ESI-MS data acquis-
itions following a standardized protocol that allowed for flexible
selection of reagents and materials. All solvents were procured by
vendors preferentially selected by each laboratory to reflect existing
resources for laboratories across global locations.>® A full list of the lab-
specific reagents used is presented in Supporting Information Table S-3.

Sample Preparation

IRTS Resuspension and Dilutions. Once received, IRTS samples
were resuspended in 1.1 mL of an 80:20 methanol/water (MeOH/
H,0) solution prepared by each laboratory. For laboratories A2 and

https://doi.org/10.1021/jasms.6c00011
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T1, this solution was used to prepare IRTS solutions at a variety of
concentrations. All other laboratories prepared a single-concentration
IRTS solution, which was then extracted via solid phase extraction
(SPE) as described below.

Solid Phase Extraction

Carrot and blank IRTS samples were extracted following the PTFI
standardized nontargeted metabolomics method.>> Agilent SPE
Captiva Cartridges were first conditioned with a 120 yL addition of
80:20 MeOH/H,O and 480 uL of a 5:1 acetonitrile/water solution
with 1% formic acid (FA) (crash solution). Laboratories W1, Al, A4,
S2, and T2 implemented a positive pressure manifold to dispense
solvents at 1 drop every 3—5 s. Laboratories T1, T3, A2, A3, and S1
used a complementary vacuum filtration system to achieve similar
elution of solvent through SPE cartridges. Once complete, samples
were left under gas flow for an additional 10 min to ensure complete
dryness.

Lyophilized carrot samples were allowed to reach room temperature
(~30 min) before resuspending in 12 yL of 80:20 MeOH/H,O for
every 1 mg of food. Laboratories also created IRTS extraction blanks at
this step by adding 600 uL of 80:20 MeOH/H,O to empty tubes.
Samples were vortexed for 10 min before centrifuging at 14,000 RCF.
Both steps were completed at room temperature. Supernatant (120 L)
of each sample was then introduced to the SPE cartridges, which were
preloaded with 480 uL of crash solution. An additional 10 yuL of
resuspended IRTS was added to each sample before pressurizing
systems under nitrogen, where again, the flow was set to one drop every
3—Ss.

The collected eluent was then centrifuged for 10 min at 3500 RCF
before drying. For all laboratories except A3 and T2 which used a
SpeedVac, drying was completed with a nitrogen evaporator. Samples
were then resuspended in 80:20 MeOH/H,O to an optimal volume
that had previously been determined for their instrument (data not
shown). Samples underwent a final 10 min vortex at room temperature
before being temporarily stored until LC—MS analysis. Specific
parameters for extraction conditions are presented in Supporting
Information Table S-4, with solvents presented in Table S-3.

B DATA COLLECTION

LC—MS Data Acquisition

Reversed-phase LC—ESI-MS data were collected by each
laboratory following the PTFI's standardized nontargeted
metabolomics workflow.” Chromatographic separations were
completed using an Agilent Zorbax SB-Aq RRHD column (2.1
mm X 100 mm X 1.8 um particle size) with an Agilent in-line
filter (0.3 pm, 2 mm LD.) held at 30 °C. Mobile phase A
consisted of LC—MS grade water (H,0) with 0.1% LC—MS
grade FA while mobile phase B was LC—MS grade ACN with
0.1% LC—MS grade FA. All laboratories implemented the same
chromatographic separation with the solvents presented in
Table S-3. The flow rate was set to 0.6 mL/min across a 15 min
linear gradient. The LC method began at 1.8% B. After
maintaining this composition for 1 min, B ramped to 90% for an
additional 10 min. These conditions were held for 1.8 min
before re-equilibrating the column to 1.8% B for the remaining
3.2 min. Two uL of samples were loaded onto the column for
separation by all laboratories except A4. Here, the addition of
IMS separations required a 4 4L injection of sample and 4-bit IM
multiplexing to enhance signal intensity.*®*’

Mass spectrometry data were collected in precursor-only
mode across the one Waters, two Shimadzu, three Thermo-
Fisher, and four Agilent instruments included in this study. For
TOF analyzers, the acquisition rate was 2—3 scans per second.
Additionally, it was recommended that laboratories collect data
in centroid mode to support file sharing. Other mass
spectrometer settings were left as discretionary considerations,
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with guidance to optimize individual systems for small molecule
analysis. Specific parameters and model information for each
laboratory are presented within each vendor in Supporting
Information Tables S-5—S-8.

Confirmatory IMS Data Acquisition

LC—IM—MS data were collected by the Center for Innovative
Technology at Vanderbilt University (Lab A4) on an Agilent
1290 Infinity I UHPLC coupled to an Agilent 6560 IM-QTOF
MS platform. IM-MS data were collected with both positive and
negative ESI from m/z 50 to 1700 at a cycle time of 2.1 frames
per second. Following ESI, ions were accumulated in a trap for
3900 us (us) before being released for 180 ys into an ion
mobility drift tube operated with ultrahigh purity (UHP)
nitrogen. Ion mobility scans were collected using a transient rate
of 7 with 4-bit multiplexing to enhance the duty cycle. The max
drift time for the separation was set to 60 ms.

Confirmatory DDA Data Acquisition

To validate select IRTS adducts of species, data dependent
acquisition (DDA) data were collected by the Analytical
Resources Core at Colorado State University (Lab W1) using
the same LC and ESI settings as presented in Supporting
Information Table S-4. Waters DDA data were collected on the
Xevo MRT using an inclusion list to preferentially select adducts
for individual IRTS molecules (Table S-9). Dynamic exclusion
was also used with an exclusion window of 6 s and a 100 ppm
mass difference. Precursor scanning was initially performed
across m/z 50—1200 at a rate of 0.1 s/scan. Acquisition switched
to MS/MS when individual ion intensity exceeded 3000. Here,
MS/MS data were acquired until ion accumulation reached a
TIC threshold of 100,000 or 0.2 s of data were acquired.
Throughout MS/MS acquisition, LM resolution was set to 6.0
to limit the quadrupole transmission window to the MO isotope.

Data Analysis

Raw, vendor-encoded LC—ESI—-MS data were processed using
Skyline (Version 24.1.0.414).”° Target libraries were developed
for IRTS molecules observed in either negative or positive
mode. Positive ESI ion species searched included protonated
([M + HJ*), sodiated ([M + Na]*), potassiated ([M + K]*),
ammonium adduct ([M + NH,]*), and protonated dimer ([2M
+ H]") forms. For negative ESI, ion species searched included
deprotonated ([M — H]"), formate adduct ([M + COOH]"),
acetate adduct ([M + C,0;H]™), chlorine adduct ([M + ClI]7),
and deprotonated water loss ([M — H,O — H]").

Data across instruments were processed together by
ionization mode. Candidate peaks for each IRTS were evaluated
based on their mass accuracy (<S ppm) and proximity of raw
retention time values to previously established PTFI retention
time library values.***” Notably, the PTFI retention time library
had variable accuracy across instrumentation, as configuration
differences such as dead volume from the LC outlet to the MS
inlet are unaccounted for in raw retention time data.*® However,
the consistency of these differences resulted in reproducible
early or late elution of peaks that still supported the
identification of IRTS regardless of these differences. Once
identified, all IRTS signals were manually integrated prior to the
export of final data (Table S-10). Transitions for all data as well
as raw, vendor-encoded files are available on Panorama Public

(https://pamoramaweb.org/Sco3leurl).Arl
IMS Data Analysis

LC—IM—MS data were processed using the PNNL PrePro-
cessor (Version 4.0) to deconvolute the multiplexed signal.*”
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Figure 1. Overview of ion species formation for all IRTS compounds across vendors. (A) Schematic of experimental setup, where a homogeneous
IRTS mixture was distributed internationally to partner laboratories. Laboratories first prepared dried standard material by resuspending it in 80:20
methanol/water and then diluting the sample to the optimal concentration (data not shown). Laboratories collected data following the PTFI
nontargeted metabolomics standardized reversed phase LC method.*® MS data were collected using parameters optimized for small molecule analysis
by each laboratory. Despite standardized protocols, convenience and logistics resulted in variations of method adoption across laboratories, including
sources of solvents, resuspension volumes, and instrumentation settings. (B) The most abundant negative mode ion species observed for each IRTS
compound is depicted across all instrument vendors ([M — H]~, red; [M + HCOO]", orange; [M + Cl]~, pink; and undetected, white). (C) The most
abundant positive mode ion species of each IRTS compound across all instrument vendors ([M + H]*, blue; [M + Na]*, green; [M + K], lime green;
[M + NH,]*, turquoise; and undetected, white). For both graphs, the most abundant ion species was determined by counting the most abundant ion
species across all injections. A complete reference of IRTS compounds and method implementation and instrumentation parameters are available in
Supporting Information Tables S-1, S-3—S-8.

Files were then uploaded to IM-MS Browser (Agilent, Version z [mg+ m,
10.0), where they underwent alignment using calibrant ions CCS = (ty — tg)—

. . . 2. , 43 p m, (1)
(tune mix) acquired at the beginning of experiments.” From
there, IRTS adducts were searched, and the arrival times and Here, t, and m, are the arrival time and mass for a particular ion
experimental collisional cross section (CCS) values were species, my is the buffer gas (N,) mass, and z is the ion charge.
determined using the single-field CCS method (eq 1.7 The parameters ff and t;, are obtained from the calibration curve
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slope and y-intercept as determined from the regression of
measured drift times and standard CCS values of the tune mix.
Experimental CCS values are presented in Supporting
Information Table S-11.

DDA Data Analysis

DDA data were analyzed using SeeMS software, where
precursor molecules were selected based on their m/z and
retention time values recorded from previous acquisitions."*
Manual processing was performed where the elution window
was isolated to extract DDA data for each target analyte. Data
was acquired for both an IRTS sample and a blank of 80:20
MeOH/H,0. Spectral data was then input into R (Version
4.4.3) for plotting Raw DDA spectra in IRTS and solvent blank
samples using %gplotl (version 4.0.0) and dplyr packages
(version 1.1.4).” Raw data is also available on the Panorama

Public page (https://panoramaweb.org/Sco3dQurl).41
Data Processing, Visualization and Statistical Analysis

Data Processing. Exports from Skyline were processed in R
(Version 4.4.3) using tidyverse packages (version 2.0.0).* This
included an initial merge of extracted ion chromatogram (EIC)
data with metadata to define laboratory, instrument, and sample
type for each injection. Intensity (peak area) cutoffs of 2000 and
5000 were used for negative mode and positive mode,
respectively. These thresholds were determined by computing
average noise values and multiplying by three. To remove false
annotations, an additional mass filter of >15 ppm was used. Any
annotations that did not align with the PTFI retention time
library values for the IRTS compounds (+1 min) were manually
removed from the data before proceeding to data alignment.

To account for the variable resuspension volumes (RV) and
injection volumes (IV) optimized for each laboratory, a dilution
factor (DF) was defined. This term also included a sample
concentration factor (SCF) to account for double-concentrated
(2X) samples, where appropriate (eq 2).

_ RV(uL)/TV(uL)
SCF

DF
)
This dilution factor was multiplied with the raw area values to
account for variability in IRTS preparation and to ensure
optimal analysis on each instrument. This data was then
normalized to the total IRTS signal of all ions within each
injection to complete quantitative alignment of data (Table S-
12).
lon Species Formation Preferences

The processed data (Table S-12) were then used to qualitatively
assess ion species formation across laboratories and among
replicate injections within a laboratory. For each IRTS
compound in each injection, the most abundant ion species
was first identified. To evaluate differences between laboratories,
the most abundant ion species were aggregated through a count
across laboratories. The same approach was applied to replicate
injections to evaluate consistency within instrumentation for
comparisons within the same vendor and within individual
laboratories. All analyses were performed separately for blank +
IRTS and carrot + IRTS datasets.

To evaluate profiles, box and whisker plots of the observed ion
species and their relative intensities were generated to compare
relative adduct species distributions across platforms. Statistical
analysis was performed using a Kruskal—Wallis test followed by
aDunn’s test to determine pairwise significance.**” All p-values
were adjusted using the Benjamini—Hochberg correction before
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determining significant changes (a < 0.05).*® Outputs from
these tests are presented in Supporting Information Table S-13.
Within-lab ion species profiles were assessed by comparing
individual replicates collected for IRTS + blank or IRTS + carrot
samples.

B RESULTS AND DISCUSSION

To evaluate differences in ion species formation, we
implemented the Periodic Table of Food Initiative (PTFI)
standardized nontargeted metabolomics method across ten
laboratories (Figure 1A). For analysis, all laboratories were sent
the PTFI internal retention time standard (IRTS) mixture that
was developed to support comparability of this method by
aligning chromatographic data (see Supporting Information
Table S-1 for full IRTS list). The IRTS mix was shipped as a
dried powder, ensuring consistent sample integrity for the global
network of participating laboratories. Upon receipt, laboratories
implemented a standardized workflow for resuspending and
preparing the IRTS before acquisition of LC—MS1 data. In
execution, this resulted in some variation in method translation
due to differences in available equipment and reagents.
However, all materials were noted and required to meet
minimum standards (i.e., all solvents being LC—MS grade
reagents) to account for potential effects on ion species
formation. Examples of this include solvent suppliers for items
like LC—MS grade acetonitrile (ACN) varying based on
feasibility of procurement, cost, and lab preferences (see Table
S-3 for more solvent information). Similarly, sample preparation
using solid phase extraction (SPE) was completed using either a
positive pressure manifold or vacuum filtration based on
available equipment. Once prepared for LC—MS1 analysis,
laboratories implemented the standardized chromatographic
method on instrumentation that was independently optimized
for acquisition of small molecule data in positive and negative
ESL

The results presented here reflect data collected across 10
laboratories, each with unique instrument models from four
leading commercial vendors: Agilent Technologies (4 labo-
ratories, Al-A4), Shimadzu Corporation (2 laboratories, S1—
S2), Thermofisher Scientific (3 laboratories, T1—T3), and
Waters Corporation (1 lab, W1). Vendors are referenced here
not to imply differences in performance, but to provide a
practical framework for capturing variability arising from
differences in source design, ion optics, and analyzers that are
inherently coupled to commercial platforms. In practice, the
translation of a standardized method includes several other
factors that may drive variation in ion species formation both
within and between experiments. These data were used to
evaluate the variability of ion species profiles across the 33 IRTS
compounds using both negative and positive electrospray
ionization. Of these compounds, 32 were detected in positive
ion mode and 26 in negative ion mode.

Variation of lon Species across ESI-MS Vendor

We first evaluated the ion species profiles of the IRTS
compounds by identifying the most abundant ion species per
injection for each compound within each lab and aggregating the
top ion species counts to determine the most abundant ion
species for each instrument vendor. The choice to group by
instrument vendor allowed for an account of the inherent
differences in source design, ion optics, and analyzers that are
coupled to commercial platforms. In practice, variation in ion
species formation is also influenced by additional factors and
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Figure 2. Ion species formation within commercial instrument vendors in negative mode ESI. (A) Pie charts reflecting the profile of adduct species
formation for all IRTS compounds within Shimadzu (2 laboratories, left), ThermoFisher (3 laboratories, middle), and Agilent (4 laboratories, right)
instruments. The darker color of the pie indicates the proportion of IRTS compounds for which the same ion species was observed across laboratories.
The lighter color of the pie reflects the proportion of IRTS compounds for which the ion species was different across laboratories. (B) A Venn diagram
of the specific IRTS compounds for which the ion species were different across laboratories: Thermo instrumentation (left), Agilent instrumentation
(right). (C) Normalized box plots of the ion species abundance (plotted as area) for the IRTS compound 326 MADN within the three ThermoFisher
laboratories (left) and the four Agilent laboratories (right). Significant differences (p-value <0.05) in ion species within each instrument vendor is
denoted with an asterisk.**™** (D) Extraction ion chromatograms (EICs) for the ion species of 326 MADN from laboratories Al and A4. EIC for the
ion species of 326 MADN in lab T1: high concentration (left), low concentration (right).

does not correlate to any conclusions about the performance of HCOO]~ was favored by each. The IRTS compounds
individual instruments. These profiles were compared across 345 _VKUB and 393 SEKI exhibited a more variable pattern
each instrument vendor for data collected in both negative and of ion species formation across instrument vendors, whereas
positive ESI mode. neither was detected on the Shimadzu instruments, and [M +
In negative mode, 19 of 26 (73%) IRTS compounds were Cl]” and [M + HCOO]™ were favored on the Thermo
detected as the same ion species across all vendors (5 [M + instruments. Additionally, for 345_VKUB, the most abundant
HCOO], 14 [M — H]™) (Figure 1B). The preferred ion species ion form detected on Agilent instrumentation was [M +
of the remaining seven IRTS compounds varied across HCOO]™, making this the only IRTS compound to be observed
instrument platforms. Of these, three exhibited a single outlier. as a different (i.e, not [M — H]™) most abundant ion species
For example, 259 XZAC was detected as [M — H]™ on all across all instrument vendors. Notably, for the three laboratories
vendor instruments except Shimadzu, where this compound was that reported solvent suppliers on Agilent instruments, the
not detected. This observation may be influenced by the ESI/ source and catalog number for LC—MS grade acetonitrile and
APCI dual source design; however, definitive attribution is not methanol were identical, providing a potential explanation for
possible, as other factors affecting ionization also vary across this consistency outside of the instrumentation itself. Of the 19
these comparisons.'® Similarly, 326 MADN and 484 FKDB IRTS compounds for which the same ion species was observed
were detected as [M — H]™ on all instruments except as most abundant across laboratories, at least two ion species
ThermoFisher and Shimadzu; respectively, where [M + were detected for each compound. Markedly, none of the
1381 https://doi.org/10.1021/jasms.6c00011
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calculated physicochemical properties (including LogP, polar
surface area, and hydrogen acceptor/donor count) of the IRTS
compounds were able to explain the patterns in ion species
formation (Table S-1).** While the variation of IRTS ion species
is reported across vendors, it is also noteworthy that variation in
ion species formation can arise from differences in method
execution, solvent sources, and sample preparation. Across
vendors, no two laboratories executed the standardized method
in exactly the same way, emphasizing that the observed
variability reflects the combined influence of instrumentation,
solvent source, and laboratory practices.

Next, we considered the ion species profiles across instrument
vendors using positive ESL. Here, 17 of the 32 (53%) IRTS
compounds were detected as the same ion species ([M + H]")
across all instrumentation (Figure 1C). For the remaining 15
IRTS compounds, the most abundant ion species were variable
across instrument platforms (among other varying factors).
Notably, while this variability was observed for more
compounds in positive ESI than negative ESI, the trends were
similar. Namely, for eight of the IRTS compounds
(230_MWSU, 239 QQKI, 339 YZKY, 393 SEKI,
400_OOAY, 484 FKDB, 553 YWXP, and $82_ULGJ),
unique ion species formation was observed on one of the four
commercial vendors. This uniqueness was most commonly
observed on Waters instrumentation, where five of the
aforementioned seven IRTS compounds were detected as a
unique ion species compared to the other vendors. This ESI-MS
vendor was only present in one lab and included variations
external to instrumentation, including solvent supplier and
sample preparation that may all also be related to this
observation. The compound 339_YZKY was detected as [M +
Na]* on all instruments except ThermoFisher, where it was
detected as [M + NH,]*, 582 ULG]J was detected as [M + Na]*
on all instruments except Agilent, where it was detected as [M +
NH,]* and 230 MWSU was detected as [M + Na]* on all
instruments except Shimadzu, where it was not detected. This
missingness of specific IRTS compounds was again only
observed on Shimadzu instruments and could reflect unique
source design effects that reduce ionization efficiency for specific
analytes.m’49 However, other effects driving these observations,
including overall instrument sensitivity, contaminants, ion
suppression, or in-source fragmentation, cannot be ruled
%31 Similarly, the variation in method execution across
laboratories may also contribute to this observation.

Five of the IRTS compounds (259 MAYK, 304 PUZK,
306_OOPX, 314 XVJI, and 345_VKUB) showed dynamic ion
species formation across at least 2 of the 4 instrument vendors.
Specifically, 459 OFAM was detected as [M + Na]* on Agilent
and Waters, [M + H]* on ThermoFisher, and [M + NH,]* on
Shimadzu. Similarly, 565 NY]JF was detected as [M + Na]* on
Agilent and Waters, [M + NH,]* on ThermoFisher, and was not
detected on Shimadzu instruments. The dynamic preferences
across both negative and positive mode ESI collectively indicate
a complex and variable process of ion species formation for small
molecules, that likely reflect the combined influences of
instrumentation design and operation, as well as other sources
of variability such as differences in method execution, solvent
composition, sample preparation, instrument sensitivity, and
potential in-source processes including fragmentation or ion
suppression.

out.
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Variation of lon Species within ESI-MS Vendor

Unique ion species formation across different vendor instru-
ments is not unexpected; however, we would anticipate less
appreciable differences within vendor instruments. To explore
this, we aggregated data across multiple laboratories utilizing
instrumentation from the same vendor, allowing us to assess
within-platform variability in instrument operation and method
adoption. This included Shimadzu (2 laboratories: S1 and S2),
ThermoFisher (3 laboratories: T1, T2 and T3), and Agilent (4
laboratories: Al, A2, A3, and A4). Results from Waters
instrumentation were not included, as there was only one
participating lab using a Waters instrument (W1).

We first assessed within-vendor consistency in the most
abundant ion species formation (Figure 2A), and found that, in
contrast to the diversity of preferred ion species observed across
vendors, variability within a vendor was reduced. Namely, across
the two Shimadzu laboratories (S1 and S2), the most abundant
ion form was the same for all IRT'S compounds. This was despite
differences in IRTS preparation conditions and instrument
models which may entail variations in sources, ion paths, and
other components (Supporting Information Tables S-3, S-4 and
S-7). Conversely, ion forms varied from ThermoFisher and
Agilent instrumentation, with the 3 instruments in the
ThermoFisher vendor group showing different preferred ion
forms for five IRTS compounds. Similarly, the four laboratories
using Agilent instrumentation also detected different preferred
ion forms for five IRTS compounds. Two IRTS compounds,
326_MADN and 345_VKUB, had consistent ion forms within
ThermoFisher and Agilent systems (Figure 2B). The remaining
IRTS compounds that had variable ion profiles were unique to
ThermoFisher (304 PUZK, 393 SEKI, and 454 FKDB) or
Agilent (314_XVJI, 400_OOAY, 459_OFAM) instrumenta-
tion.

From this, we next sought to understand how the ion species
profiles varied across laboratories using instruments from the
same vendor, though the models, operation settings, and other
method adoption variables still varied. We analyzed data from
both ThermoFisher and Agilent laboratories using the ion
species profile of the IRTS compound 326 MADN. Within
each injection, ion areas were normalized and plotted to depict
the variation of ion species abundance within each lab. Across
the laboratories using ThermoFisher instrumentation, the data
show several unique features in 326_MADN negative ESI ion
species formation (Figure 2C). Specifically, in lab T1, [M — H]~
and [M + HCOO]™ were both highly abundant, averaging 48.1
and 44.4% of the total 326_ MADN signal, respectively. This was
significantly more abundant than [M + Cl]~ which represented
7.5% of the total 326 MADN signal. Conversely, in lab T2, [M
+ HCOO]™ represented 76.5% of the total 326_MADN signal,
while the [M — H] ™ and [M + Cl] ™ ion species were significantly
lower, at 18.8% and 4.8%; respectively. In lab T3, [M +
HCOO]™ was again the most abundant ion species, accounting
for 54.8% of 326_MADN total ion signal. There was no
significant difference in abundance between this ion species and
the [M — H]™ (17.6%) and [M + CI]~ (27.6%) ion species.
Normalized ion species profiles of 326 MADN also varied
across laboratories using Agilent instrumentation. Specifically, in
lab Al, [M + HCOO]~ accounted for 54.2% of the total
326_MADN signal. This was significantly more than [M + CI]~
at 11.5% but not significantly more than the [M — H]™ ion
species, which made up the remaining 34.3%. Lab A2 showed a
similar ion species distribution of 326_MADN, with relative
intensities of the total 326_MADN signal, averaging 51.7%,
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Figure 3. Ion species formation within commercial instrument vendors in positive mode ESI. (A) Pie charts reflecting the profile of ion species
formation for all IRTS compounds within Shimadzu (2 laboratories, left), ThermoFisher (3 laboratories, middle), and Agilent (4 laboratories, right)
instruments. The darker color of the pie indicates the proportion of IRTS compounds for which the same ion species was observed across laboratories.
The lighter color of the pie reflects the proportion of IRTS compounds for which the ion species was different across laboratories. (B) A Venn diagram
of the specific IRTS compounds for which the ion species were different across laboratories: ThermoFisher instrumentation (left), Agilent
instrumentation (right), and Shimadzu instrumentation (top). (C) Normalized box plots of the ion species abundance for the IRTS compound
306_OOPX across two Shimadzu laboratories (top) and three ThermoFisher laboratories (bottom). Significant differences (p-value <0.0S) in ion
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species within each instrument vendor is denoted with an asterisk.”~
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41.1% and 7.2% for [M + HCOO]~, [M — H] ", and [M + CI]7;
respectively. Conversely, instrumentation in laboratories A3 and
A4 showed preference for the [M — H] ™ ion species. For lab A3,
[M — H] ™ accounted for 62.6% of the total 326 MADN signal.
This was significantly more than [M + CI]™ at 3.9%, but not
significantly more than the [M — H]™ ion species, which made
up the remaining 33.5%. In lab A4, [M — H]~ was the most
abundant, averaging 93.5% of the total 326_MADN signal. This
was significantly more than both [M + Cl]™ and [M — HJ,
which were 6.1% and 0.6%; respectively. Across all Agilent and
ThermoFisher instrumentation, differences in instrument
models and operating parameters (e.g., voltages, temperatures,
solvent supplier source) could contribute to the observed
variation in ion species formation.””*’ Notably, lab A4 was the
only system to implement an Agilent 6560, which includes an
additional drift tube ion mobility stage that may contribute to
the notable absence of the [M + HCOO]~ adduct species.”” "

To contextualize these patterns, we examined representative
ion species from Agilent and ThermoFisher instrumentation to
highlight both shared and vendor-specific features. Lab Al
displayed a profile dominated by [M + HCOO]~, with [M —
H]™ and [M + Cl]” present at much lower abundance. In
contrast, lab A4 exhibited a pronounced inversion, where [M —
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H]~ was the most abundant ion species (Figure 2D). Dilution
series data from Lab T1 offered additional insight into a
concentration-dependent shift in ion species intensity. Namely,
at lower analyte concentrations, the formate ion species
predominated, whereas at higher concentrations the deproto-
nated species became dominant. These results demonstrate that,
beyond interlab differences, the most abundant ion species can
also be influenced by analyte concentration. Other work has
demonstrated similar concentration-dependent ion formation
preferences for piperidine analogues, adding another layer of
complexity for translating the factors driving ion species
formation in nontargeted and semitargeted small molecule
applications.”

This analysis was also conducted for ion species formation in
positive mode ESI. We observed variations in ion species profiles
across all three vendors (Figure 3A). For Shimadzu instruments
(two laboratories: S1 and S2), the most abundant ion species
varied for two IRTS compounds, while for both ThermoFisher
instruments (three laboratories: T1, T2 and T3) and Agilent
instruments (four laboratories: Al, A2, A3, and A4), the most
abundant ion species varied for 11 IRTS compounds. No IRTS
compounds showed variable ion species profiles for all three
vendor instruments (Figure 3B). However, six IRTS compounds
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showed variation in ion species formation across Agilent and
Thermo laboratories. These included 256_MAYK, 314 _XV]I,
345 _VKUB, 459 OFAM, 484 FKDB, and 582 ULG]. Shi-
madzu laboratories showed unique variation in ion species
formation for only one IRTS compound, 326 MADN. Notably,
the ion species formation of this compound was variable across
Agilent and ThermoFisher instruments in negative mode as well.
ThermoFisher laboratories showed variability in the most
abundant ion species for four IRTS compounds: 230_MWSU,
304 PUZK, 332 YZKY, and 565 NY]JF. Similarly, the four
Agilent laboratories showed variability in the most abundant ion
species for five IRTS compounds: 201_BWJD, 239 QQKI,
393 SEKI, 400 _OOAY, and 553 YWXP. Notably, the
preferred ion species observed for 304 _PUZK and
400_OOAY was also variable in negative mode. Overall, these
results reveal greater variation in 1on spec1es formation in
positive ESI compared to negative ESL*

Focusing on the IRTS compound 306_OOPX, we further
explored the variation of ion species formation within Shimadzu
and ThermoFisher instrumentation. In data from the two
Shimadzu instruments, we detected unique ion species (Figure
3C), where in S1 [M + Na]* was most abundant, averaging
69.6% of the 306_OOPX total signal and [M + NH,]"
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accounting for the remaining 36.4%. In S2, the only observed
ion species for 306_OOPX was [M + NH,]*. While Shimadzu
instruments were generally characterized by the relative
simplicity in their ion species profiles for 306_OOPX, it should
be noted that this work does not consider any ion clusters,
multimers, or in-source fragmentation that could also account
for the variability in ion channels observed for 306 _OOPX.***°
In the three ThermoFisher laboratories, ion species proﬁles were
again unique to each lab (Figure 3D). Specifically, lab T1
observed four ion species: [M + H]*, [M + K]*, [M + Na]*, and
[M + NH,]*, with [M + Na]* being significantly more abundant
(75.1%) than all other ion species. In lab T2, all ion species
except [M + K]* were detected with [M + NH,]* being the most
abundant, accounting for 69.1% of the total 306_OOPX signal.
This was significantly more than [M + H]* (11.6%), but not [M
+ Na]* (19.4%). Finally, lab T3 detected all four ion species with
no significant differences, likely due to a low number of
replicates for this data set. The total signal distributions were:
[M+H]J* (41.0%) > [M + NH,]* (34.3%) > [M + Na]* (23.3%)
> [M + K]* (1.4%). While the positive ion mode data reflects a
similar uniqueness of the most abundant ion species of
individual IRTS compounds compared to negative ion mode,
the trends in positive ion mode were exaggerated, with not only
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regions represent the [M + H]* ion species. Additional IRTS are in Supporting Information Figures S1—-S12.

significant differences in ion species profiles across laboratories,
but also the varied presence/absence of ion species across
instruments. This lack of consistency in ion species formation
across instrumentation further complicates the use of a single
“consensus” ion species for identifying and reporting analytes in
small molecule applications, highlighting the use of ion species
grouping with methods such as RAMClust, MZMine, and
CAMERA.> ™’

Fluctuations in ion species formation across negative and
positive ESI present a meaningful challenge for standardized
reporting in small molecule applications. The results presented
here indicate that the collective influence of controllable factors
such as source or MS settings, and uncontrollable factors such as
commercial instrument design and general, subtle differences in
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solvent composition or sample handling can make ion species
formation inconsistent, even across the same vendor (both
within and between laboratories). In these data, the prevalence
of a specific ion species ranged over 65% instrument-to-
instrument, even within the same vendor. These observations
suggest that small variations, often introduced without concern
when implementing a given method, may have a disproportion-
ately large impact on ion species formation. While evaluation of
the IRTS compound mix provides a lens into these variations, it
is important to note that in real-world small molecule
applications where the preferred ion species form is often
uncharacterized, these differences could obscure accurate
annotation and quantification.
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Variation of lon Species Formation within Laboratories

To distinguish instrument-driven effects from interlaboratory
differences, we considered ion species variation within
individual laboratories through evaluation of multiple injections
on the same instrument, effectively reducing variation from
differences in standardized method adoption across laboratories.
This analysis revealed fluctuations in the most abundant
negative mode ion species of one or more IRTS compounds
in 6 out of 10 laboratories (Figure 4A). In positive mode, 9 of 10
laboratories saw a change in the most abundant ion species.
Within the instrument vendors, we also observed varied
formation of these ion species. Namely, Shimadzu and
ThermoFisher instruments showed the greatest agreement of
the most abundant ion species, whereas Waters and Agilent
instruments showed the most disagreement among or between
the most abundant ion species. To understand this further, we
considered how the data was collected within each lab. In 7 of 10
laboratories, replicate data was collected across separate
acquisition periods (e.g., nonconsecutive days spanning several
weeks or months between acquisition periods) and therefore
may have used different mobile phase preparations or instru-
ment performance, which may contribute to inconsistencies in
preferred ion form within a lab. For the remaining three
laboratories, W1, Al, and A4, data was collected in consecutive
acquisitions (e.g., same or consecutive days where systems were
cleaned, mobile phases added, etc. akin to routine, large
experiment studies). For these cases, variation of ion species
formation was still observed in positive mode for several IRTS
compounds. Lab A4 also observed variation in ion species
formation in negative mode.

We next sought to define the quantitative impact of these
variations by comparing the ion species formation profiles of a
single IRTS compound across replicate IRTS blank injections
within one lab (Figure 4B). Two distinct profiles emerged: in
four injections, [M + H]* was the most abundant ion species
(58.3—56.1%), followed by [M + Na]* (43.8—40.6%). In the
remaining eight injections, three ion species were observed, with
[M + Na]* as the most abundant (62.7—60.1%), followed by [M
+H]* (31.2—26.4%) and [M + K]* (11.0—8.2%). Similar trends
were observed for this compound in a complex matrix
background of orange carrot, where interferences from coeluting
analytes can influence ion generation pathways.”’ In three
injection replicates, [M + H]* was the most abundant (63.7—
61.1%), followed by [M + Na]* (38.8—36.2%), and in the
remaining six injection replicates [M + Na]* was the most
abundant (60.4—58.0%), followed by [M + H]" (33.4—28.5%),
and [M + KJ* (11.1-8.3%) (Figure 4C). Notably, the two
patterns of ion species profiles also corresponded to the
acquisition timeline, with the earlier analyses including two
ion species and later injections observing three. This analysis,
which was a part of a larger (>100 samples) study that was
analyzed through three experimental batches, showed a clear
difference in batch 1 compared to batches 2 and 3 that
correspond with ion profile differences. Between each
acquisition batch, the source was cleaned and mobile phases
were refreshed. After batch 2, the analytical column was also
replaced. While these procedural changes temporally align with
the observed differences, a direct causal relationship cannot be
established given the number of variations. Additionally, this
observation is consistent with other reports that show the
stabilization time of MS spectra for specific analytes can take
several hours.”’ Nevertheless, these variations are noteworthy
for both annotation and quantification, as they illustrate cases
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where relying on a single ion species may misrepresent the data,
given that the most abundant ion species can vary between
injections.éz’63

With influence from external variation of solvent supplier and
method adoption controlled within laboratories, we sought to
next consider if artifact signals could possibly be conflating ion
species observations within a lab. To further understand these
variations, we examined ion mobility data collected on an
Agilent 6560 IM-qTOF by laboratory A4 (Figure SA). Across
the seven IRTS compounds with observed variation in ion
species formation (one detected in negative ESI, six detected in
positive ESI), five compounds exhibited the presence of two or
more unique drift times for one ion species. The observation of
multiple peaks in the ion mobility data may suggest the presence
of an interfering signal that is contributing to the intensity of this
ion species. However, these samples contained only solvent and
the IRTS compounds, which would suggest any isobaric
interferences result from a contamination or artifact signal. A
more likely explanation is the presence of unique 3D
conformations of the IRTS compounds (conformers) or
protonation at different sites (protomers), creating charge
isomers for a single IRTS compound. For the other two IRTS
compounds, 400_OOAY and 459_OFAM, only one drift time
for each ion species was observed, suggesting that either
isomeric ion species are not present, or not resolved with the
relatively low resolving power of the DTIMS separation (<60),
which may obscure the presence of ion configurations with small
structural differences.””

For IRTS compounds exhibiting variable ion species
formation on the W1 instrument, confirmatory analysis using
LC—MS/MS (data dependent acquisition) was performed using
inclusion lists for each ion species. Fragmentation of the m/z
corresponding to the [M + Na]* ion species of 582 ULGJ
resulted in a distinct fragmentation pattern in the IRTS sample
compared to a solvent blank (Figure SB). This behavior was
consistent for all evaluated ion species for the IRTS compounds
with one exception. Similar fragmentation patterns were
observed in both the IRTS sample and the solvent blank when
isolating the m/z corresponding to the [M + H]" ion species of
205_SGGZ (Figure SC). Although this could be a consequence
of sample carryover, the absence of similar behavior in other
IRTS compounds and the restriction of this observation to a
single ion species of 205_SGGZ suggests that carryover is
unlikely. Instead, this observation suggests that the apparent [M
+ HJ* signal for 205_SGGZ in the IRTS sample may be
confounded by background contributions from the solvent or
other artifacts. Collectively, the confirmatory IMS and MS/MS
data indicate the potential presence of coeluting, unidentified
interferences that complicate the accurate summation of ion
species intensities, posing challenges for quantitative compar-
isons through a summation of all observed ions comprehensive
analyte identification.

B CONCLUSIONS

The influence of controllable and uncontrollable factors on ion
species formation holds importance for the application of LC—
ESI-MS to scientific challenges. For nontargeted applications
with unknown “true” answers, the fundamental variations
driving ion species preference presents obstacles for both
identification and quantification of small molecules. These
challenges extend to semitargeted approaches where stable
isotope labeled internal standards are not available for every
compound. Here, we provide critical insights into the effect of
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ion species generation across 10 laboratories with instrumenta-
tion from Agilent, Shimadzu, ThermoFisher, and Waters, which
analyzed identical samples using standardized methods adopted
with slight variations within each lab. Across this network, the
most abundant ion species observed in both negative and
positive ion mode was found to vary across instruments, an
unsurprising outcome given the differences in ion source
configuration and operating conditions across platforms coupled
to the variations in how laboratories adopted the method.

Continued exploration, however, revealed that differences in
preferred ion species also occurred between laboratories using
instruments from the same vendor. Even more surprisingly,
these differences were present within data from a single
laboratory and even within consecutive experimental acquis-
itions common for large experiments. Confirmatory IMS and
DDA analysis revealed potential background interferents that
could account for or contribute to these observations for some,
but not all, observations, indicating a complex interplay between
instrumentation, ionization environment, and preferential ion
species formation pathways. Some molecular features exhibited
recurring patterns of ion species variation across acquisitions
and laboratories, while others appeared only once under a single
set of conditions. For molecules without structural identifica-
tion, the recurring and transient ion species variations reflect a
combination of stochastic and context-specific processes driving
small molecule ionization. These findings, while essential for
analyte identification, also have significant implications for
qualitative and quantitative reporting both within and across
laboratories. As data repositories and method standardization
efforts grow in omics, the data presented here underscore the
challenges in relying on a single “high confidence” ion species or
summing ion species for reporting reliable, comparable data.
While method standardization may improve consistency, our
results indicate that fully harmonized ionization behavior across
real-world laboratory conditions remains challenging due to the
influence of controlled and uncontrolled factors, as well as
artifactual contributions that skew trends. As such, database
efforts should prioritize the incorporation of data from multiple
platforms and experimental conditions to better capture the
diversity of ion species that may be observed. In this context,
comprehensive metadata reporting, feature grouping across
adducts, and inclusion of multiple ion species per compound will
be critical for improving database robustness and enabling more
reliable cross-study comparisons. Concurrently, systematically
evaluating, recognizing and addressing ion species variability in
ESI-MS applications to elucidate the contributions of
individual variables and ESI alignment is essential. Taken
together, these findings emphasize that embracing, rather than
oversimplifying, ion species complexity is essential for unlocking
reproducible, comparable LC—ESI-MS data sets across plat-
forms and laboratories.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jasms.6c00011.

Instrumentation properties, data outputs, and statistical
analyses completed in this work are available through the
corresponding Supporting Information. R code for data
analysis is available at Github at: https://github.com/
ThePrenniLab/Odenkirk Adducts_Across_Vendors.
Raw spectra and extracted ion chromatograms (EICs) of
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data are available at: https://panoramaweb.org/5co3d-
Q.url (PDF)

Odenkirk JASMS_ MulitiLab_Ion_Supporting Informa-
tion_revised 260304 (XLSX)
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