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ABSTRACT

In-source fragmentation (ISF) poses a significant challenge in secondary ion mass spectrometry (SIMS). These fragment ions increase the
spectral complexity and can lead to incorrect annotation of fragments as intact species. The presence of salt that is ubiquitous in biological
samples can influence the fragmentation and ionization of analytes in a significant manner, but their influences on SIMS have not been well
characterized. To elucidate the effect of substrates and salt on ISF in SIMS, we have employed experimental SIMS in combination with
atomistic simulations of a sphingolipid on a gold surface with various NaCl concentrations as a model system. Our results revealed that a
combination of bond dissociation energy and binding energy between N-palmitoyl-sphingomyelin and a gold surface is a good predictor of
fragment ion intensities in the absence of salt. However, ion-fragment interactions play a significant role in determining fragment yields in
the presence of salt. Additionally, the charge distribution on fragment species may be a major contributor to the varying effects of salt on
fragmentation. This study demonstrates that atomistic modeling can help predict ionization potential when salts are present, providing

insights for more accurate interpretations of complex biological spectra.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0003281

I. INTRODUCTION

Secondary ion mass spectrometry (SIMS) is an ion beam-
based method for examining the composition of solid surfaces by
bombarding the sample with a focused primary ion beam and sub-
sequently measuring the desorbed secondary ions with a mass ana-
lyzer. SIMS is a powerful technique for studying the molecular
architecture of a wide variety of samples in a chemically specific
and sensitive manner.”” During analysis, this versatile ion beam-
based method creates energetically unstable molecules that lead to
intramolecular bonds breaking and the formation of fragment ions
from an initially intact precursor ion, a process termed in-source
fragmentation (ISF). In mass spectrometry, ISF poses a significant
challenge in beam-based ionization techniques because ISF results
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in spectral complexity characterized by a substantial proportion of
fragment ions within the spectra compared to intact molecular
ions. Therefore, spectral annotation of fragments can be misidenti-
fied as intact species.”* In complex samples, such as biological
tissue, this can result in very high spectral complexity. Despite its
critical importance, understanding the ISF during the SIMS process
remained elusive. Recently, our combined experimental and com-
putational study investigated the orientations of a model sample
(sphingolipid) on a gold surface and explored the desorption
process of the sample on the surface.” This study demonstrated
that combined desorption and binding energies between the
sample and surface calculated by computational approaches
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significantly contribute to fragment ion yields; therefore, they can
be used as a good predictor for ISF.

In biological tissue, ISF can complicate the resulting spectra.
Recent efforts have sought to minimize fragmentation using new
polyatomic ion and cluster sources or by careful sample preparation
to minimize matrix effects.”” New polyatomic primary ion sources
minimize the ISF of precursor ions at the expense of lateral resolu-
tion compared to commonly used liquid metal ion gun (LMIG)
sources (i.e, Au’, Ga", and Bi"). LMIG ions are easily focused to
100 nm and are generally used in imaging studies. For this reason,
understanding ISF in high-resolution SIMS is desirable. The pro-
cesses of desorption, ionization, and ISF are influenced by the
analyte and environment (i.e., “matrix”) that the analytes originate
from. Specifically, the presence of salts, ubiquitous in biological
samples like tissues and microbial colonies, can suppress or
enhance the fragmentation and ionization of analytes. In some
studies, salt can assist in differentiating metabolites,”” but often,
studies report that the presence of salt can lead to global ion
suppression.'’™'* Washing samples is a common practice for the
removal of salt and aids in restoring signal, but removing all salt is
a difficult process.'” In some cases, washing may remove or deloc-
alize metabolites.'”'* Furthermore, the presence of salt is ubiqui-
tous in most biological samples, and studying the effects of salts on
the ionization of biological compounds can assist in the interpreta-
tion of complex biological spectra.

Computational approaches, such as molecular dynamics (MD)
and density functional theory (DFT) calculations, have been widely
used to understand interactions at the interfaces between a wide
range of biomolecules and various surfaces.”'® Specifically, MD
simulations and DFT calculations have been applied to elucidate
important factors in mass spectrometry processes, which include
molecular configurations on specific substrates,'” mechanisms of
bond strengths for certain covalent bonds during ionization,'® and
the relationship between binding energy and fragment intensities,”
etc. For instance, as aforementioned, our recent simulations found
strong correlations between experimental fragment intensities and
the summation of bond dissociation energy required for specific
fragments of sphingolipid and their binding energy with a model
gold surface.” However, to our knowledge, no computational study
has been utilized to explore the effect of salts on fragmentation in
beam-based ionization techniques.

The ion suppression and fragmentation changes from salt are
often attributed to degradation of the analytes, formation of salt
adducts, or matrix effects due to competition for protons between
the salt ions and analytes. To study these possible effects on frag-
mentation and ion yield, we used the same lipid used in our previ-
ous study,” N-palmitoyl-sphingomyelin, on an Au (111) surface
and added several different concentrations of salt (NaCl). This
system allowed the observation of a standard lipid often observed
in biological systems without the complexity of a biological sample.
We collected SIMS data using a Bi3 primary ion source under
various NaCl concentrations and applied atomistic simulations—
both MD simulations and DFT calculations—to a salt-containing
system. From the simulations, we focused on the bond dissociation
energy required for the fragmentation of specific bonds, the interfa-
cial energy between surface and compound, as well as salts and
fragments, which can be considered important factors for the

Biointerphases 19(1), Jan/Feb 2024; doi: 10.1116/6.0003281
© Author(s) 2024

fragmentation.'®'” Finally, we correlated the data calculated by MD
and DFT with experimental SIMS data to understand primary ion
beam ionization of lipids in the presence of salts.

Il. METHODS
A. Sample preparations

22x22mm?* glass coverslips coated in 50 nm of gold (Au;
Tedpella Inc., Redding, CA) were cleaned in methanol, acetone,
and ultrapure water (18.2 Q) for 10 min and dried under vacuum.
A mixture of polydimethylsiloxane (PDMS; Dow Corning,
Midland, MI) and curing polymers (20:1) was cast in a petri dish
and cured for 1h at 70 °C. Rings were punched out of the PDMS
with a 5mm inner diameter, plasma cleaned (PX250, Nordson
March, Concord, CA), and placed on the cleaned gold-coated cov-
erslips. As previously reported,” MD simulations were used to cal-
culate the concentration of N-palmitoyl-sphingomyelin (PSM) that
would produce a monolayer within the 5mm ring. For each
mixture, PSM was maintained at 3.9 nM in MeOH, and NaCl was
added to produce a molar ratio of 1:0, 1:1, and 1:2 (0, 3.9, and
7.8 nM, respectively). 10 ul of each PSM solution were drop cast in
the O-ring and allowed to dry before removing the O-ring. This
was repeated three times for each condition. Then, samples were
stored under inert gas until surface analysis with TOF-SIMS.

B. TOF-SIMS

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
analyses were performed as previously reported.” Briefly,
TOF-SIMS analysis was performed on an IONTOF TOF-SIMS V
instrument using a 25 keV Bi3 liquid metal ion gun in high current
bunched mode with an approximate beam current of 0.5 pA.
Spectra were acquired with a m/z range of 0-900 for each
PSM-NaCl spot over a 200 x 200 um* area with an approximate
primary ion dose density of 6.39 x 10''ions/cm” for each image.
An electron flood gun was used to neutralize charge buildup.

Data were processed using Surfacelab 7 (IONTOF GmbH,
Miinster, Germany). The spectra were calibrated using C*, CH",
CH3, CHI, and C,H} peaks, and three 50 x 50 um’ regions of
interest (ROIs) were selected from each 200 x 200 um? area. Peak
areas from each ROI were normalized to the total ion intensity and
were exported from Surfacelab.

C. Simulations of N-palmitoyl-sphingomyelin and its
fragments on Au(111) surface

The molecular structure of the PSM was obtained from the
CHARMM-GUI individual library website.”" Initial PSM structure
for the MD simulations was obtained from the optimized structure
in our previous study.” Au(111) surface was built using the struc-
ture library, which is part of the INTERFACE force field.”' Point
charges of PSM and its fragments were obtained using the
restrained electrostatic potential (RESP) procedure at MO06-2X/
6-31G* level of theory”” ™" using NwcHEM, version 7.2.”> General
Amber force field (GAFF)*® and INTERFACE FORCE FIELD version 1.5
(Ref. 21) were used for the bonded parameters for PSM and
Au(111) surfaces, respectively. Parameters for monovalent ions
developed by Joung and Cheatham were applied for Na* and CI~
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ions.”” To examine the effect of salts on the interfacial energy
between PSM and Au(111), we first built three different systems for
the simulations of closely packed PSM by varying the ratio between
the number of PSM (a total of 30 PSM molecules) and NaCl pair,
which are 1:0 (no salt), 1:1, and 1:2 ratio, respectively. From this
initial system, we additionally built nine systems composed of
closely packed fragments, m/z 86, m/z 104, and m/z 184, on
Au (111) with the three different lipid/salt ratios, respectively
[Fig. 1(a)]. These three fragments were modified from PSM mole-
cules via Discovery Studio Visualizer 2021.”° In these closely
packed cases, we referred to our previous system,” where there were
30 PSM molecules or their fragments on a 5.21 x 4.03 nm* gold
surface. The position of NaCl ions near the lipid was determined
by the 1 us-long MD simulations of a single PSM molecule with 1:1
or 1:2 lipid/salt ratios on the gold surface. Gromacs 2018.6 (Ref. 29)
was used to conduct MD simulations of single and closely packed
PSM and its fragments under various salt concentrations. For all
the cases, MD simulations were performed in a rectangular peri-
odic box with a longer z-axis (5.21 x 4.03 x 10.00 nm?) in order to
periodically expand the system in x and y directions while

ARTICLE pubs.aip.org/avs/bip

minimizing non-bonded interactions along z-directions [Fig. 1(b)].
The initial systems were optimized using the conjugated gradient
algorithm up to a maximum residual force of 0.2 kcal/mol/A. Then,
the systems were equilibrated for 500 ps in the constant tempera-
ture, constant-volume (NVT) ensemble using the Berendsen veloc-
ity rescaling method.” After the equilibration, the systems were
simulated for 1us in vacuum. All simulations adopted a time step
of 1fs. Long-range electrostatic interactions were applied using
the particle mesh Ewald method.”" All hydrogen atoms were con-
strained using the Linear Constraint Solver.”* After the MD simula-
tions for 1us, clustering analysis was performed to obtain
representative snapshots for the bond dissociation energy calcula-
tions. The representing conformations were identified by assessing
the root-mean-square deviation of the PSM molecule with the
Gromos algorithm implemented in Gromacs.” For each system,
the central structure of the most populated cluster was used for the
bond energy calculations. MD trajectories of the last 500 ns were
used for analyzing binding energy and ion-fragment energy
calculations. The simulation process in this study is illustrated in
Fig. 1(b).

© Author(s) 2024
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FIG. 1. (a) Chemical structure of PSM with three major fragments (m/z 86, m/z 104, and m/z 184) observed in SIMS. (b) Overview of the simulation workflow used in this
study with representative snapshots of each simulation step.
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D. Calculations of bond energies of PSM in the gas
phase in the presence of NaCl

We first performed MD simulations of a single PSM with
excessive NaCl nearby (1:5 lipid/salt ratio) in a vacuum to obtain
representative structures of PSM with different lipid/salt ratios.
However, MD simulations demonstrated that only one pair of NaCl
is in the vicinity of PSM, and the remaining pairs were filed away
from the PSM in a vacuum (Fig. S1).** Based on these simulations,
we took two representative snapshots for bond dissociation energy
using DFT calculations—one was a PSM without NaCl representing
a case in the absence of salts, and the other was a PSM with one
pair of NaCl representing all cases in the presence of NaCl. These
representative structures with/without salts taken from the cluster
analyses were used as initial conformations of gas phase calcula-
tions. All bond dissociation energy calculations were carried out
with the NWChem quantum chemistry code.”> The PSM and its
fragments resulting from the bond breaking were optimized with
M06-2X Minnesota density functional”” with the 6-311G** basis
set.”>”* We referred to our previous study and used the same
approach for the bond energy calculations.” The simulation process
for bond dissociation energy is shown in Fig. 1(b).

E. Analysis of MD simulations for binding energy and
ion-fragment interactions, visualization, etc

Non-bonded interactions, including binding and ion-fragment
interaction energy, were calculated via the CPPTRAJ module in the
AMBER 22 package.””> VMD 1.9.3 was used to visualize the sim-
ulation trajectories and create the snapshots used in the figures of
this study.”® We referred to previous computational studies' " and
used similar approaches for the non-bonded energy calculations.

lll. RESULTS AND DISCUSSION

This work aimed to improve our understanding of the effects
of NaCl on the fragmentation and ionization of lipids. Here, we
examined a model lipid, namely, palmitoyl-sphingomyelin (PSM;
sphingomyelin 16:1/18:0), in the presence of NaCl. PSM was
chosen as a prototypical lipid component in the plasma membrane
and signaling pathways and has been implicated in human
health.”*” PSM has two distinct chemistries consisting of a polar
headgroup and non-polar fatty acid tails [Fig. 1(a)] and forms
pseudomolecular ions with salt in the gas phase.”” Multiple con-
centrations of salt were added to PSM and spotted on a gold- (Au-)
coated glass surface to create an environment that contains salt, a
common compound within the environment in which biological
samples are typically probed.

Our previous study investigating the substrate effects of lipid
ISF in SIMS revealed that combined adsorption and binding ener-
gies were a good predictor of fragment ion intensities in a system
without salt.” The addition of salt mimics the native environment
often encountered in biological studies, which may complicate the
spectra. Other studies have shown that salt may suppress the yield
of secondary ions;'"**"** however, the mechanism for this suppres-
sion is not well characterized. In this work, we identified various
molecular fragments originating from PSM listed in Table S1
(Ref. 43) but focused on three representative fragments: CsH;,N*

ARTICLE pubs.aip.org/avs/bip

(m/z 86), CsH;,NO* (m/z 104), and CsH,sPNO; (m/z 184). The
average spectra of the PSM system without NaCl and containing
NaCl are presented in Fig. 2(a) and Fig. S2."" In this system, the
primary fragments CsH;,N" (m/z 86), CsH;42NO* (m/z 104), and
CsH,sPNOj (m/z 184) are present in both the PSM-only sample
and the NaCl-containing samples and have high signal intensity.
We observed decreased ion yields in some PSM fragment ions (i.e.,
CsH ,NO" and CsH,sPNOj) and increased in other fragment ions
(e, CsH,N™) [Fig. 2(b)]. Another high-intensity fragment peak
also appears at m/z 58, corresponding to C;HgN". However, m/z
58 was excluded from this analysis due to possible interference
from acetone and other hydrocarbon impurities that have the same
nominal mass.

One possible theory for ion suppression is the formation of
salt adduct peaks. This would result in the formation of Na®
cations instead of the protonation of the PSM fragments. Notably,
m/z 147 and m/z 208 show increased yields in the salt-containing
samples [Fig. 2(a)]. These peaks correspond to Na* cations of
CsH,,PNOj and C,Hs;POj, which are found as their protonated
ions at m/z 125 and m/z 184, respectively (Fig. $3).*’ This increase
in abundance accounts for 7% and 1% of the decrease in signal

A
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FIG. 2. (a) Representative mass spectra from the PSM-only sample (top;
green) and 1:2 (PSM: NaCl) sample (bottom; cyan). (b) The relative abundance
of Na" and major PSM fragments under each condition. The relative abundance
is normalized by TIC.
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intensity observed for m/z 125 and m/z 184, respectively.
Therefore, this increase in the abundance of cation species does not
fully explain the reduction in protonated ions. An increase in
cation species that did not compensate for the decrease in proton-
ated ions was also observed for arginine in a salt-containing sample
by Piwowar et al.'' In this previous study, global suppression of ion
intensity for arginine in a salt-containing system was observed,
whereas we observed an increased abundance of CsH;,N*. This
suggests that cation formation is not only an unlikely cause of the
reduction in ion intensity observed for m/z 125 and m/z 184, but
also no cations were observed with or without salt for m/z 86. Na*
cation species of other fragments (i.e., m/z 86 or 104) were not
observed in the SIMS spectra. An alternate theory to interpret these
changes in ion yield is that interactions with salt (NaCl) and PSM
fragment ions may result in ion suppression or enhancement. This
may indicate that charged Na* and CI” form favorable ion-
fragment interactions, which may prevent their ionization.

(A)

W
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To understand the effect of salts on the abundance of detected
fragments, we employed combined DFT calculations and all-atom
MD simulations of the PSM. Additionally, three major fragment
species observed in positive ion mode, m/z 86, m/z 104, and m/z
184, were modeled for the simulations in the presence of different
lipid/salt ratios [Fig. 1]. When no salts are present in the system,
m/z 184 showed the highest intensity, followed by m/z 86 and m/z
104. Also, the summation of the bond dissociation energy and
binding energy (ion-fragment interaction equal zero as there are
no salts) is in line with a trend of the experimental intensities
[Fig. 3(a)]. An identical trend was observed in our previous study,
where two different PSM orientations on Au(111) in a vacuum
without any salts were simulated for the calculations.” However,
when salts are present, our simulations demonstrated that the non-
bonded interaction energy between fragments and ions nearby
should be considered. As shown in Figs. 3(b) and 3(c), a summa-
tion of the bond dissociation energy and binding energy cannot
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determine the intensity of fragment species in the 1:1 and 1:2 cases.
However, when ion-fragment interactions are added to the com-
bined energy, linear correlations with experimental intensities are
observed in the salt-containing cases. Moreover, experimental
spectra from SIMS showed different trends depending on the lipid/
salt ratios. For example, in the case of 1:0 (no salt), m/z 184 has the
weakest energy with the highest abundance, followed by m/z 86
and m/z 104 with the strongest energy and the least abundance
[Fig. 3(a)]. In contrast, when salts are present (both 1:1 and 1:2),
m/z 86 became the fragment with the highest abundance, followed
by m/z 184 and m/z 104. These two trends align with the calculated
energies [Figs. 3(b) and 3(c)]. This change in relative abundance
indicates that the three combined values—(1) the bond dissociation
energy of a fragment species in vacuum, (2) the binding energy
between PSM and gold surface, and (3) the ion-fragment interac-
tion energy at the gold surface—are strongly related to the experi-
mental fragment intensities measured by SIMS and, therefore, can
be used as a good predictor for the fragment intensities in the pres-
ence of ions in the system.

To validate whether our calculated energies can also be used
to predict the effect of salt concentration on the intensities of
certain PSM fragment species, we compared the calculated energies
with the relative abundance of certain fragment species normalized
by total ion counts (TICs) illustrated in Fig. 2(b). By doing this, a
relative portion of a fragment of interest in the three different salt
ratios can be compared. As illustrated in Figs. 3(d)-3(f), the com-
bined energy is also correlated with the relative abundance of each
fragment normalized by TIC. Specifically, our calculations matched
a trend shown in the relative abundance of m/z 86 that increases as
salt concentration increases [Fig. 3(d)] and the trends of m/z 104
and m/z 184 that showed the opposite [Figs. 3(e) and 3(f)]. These
correlations also indicate that the three combined values—a sum of
the bond dissociation energy, the binding energy, and the ion-
fragment interaction energy—correlate well with the two trends
observed in SIMS fragment ion abundance. Overall, this compari-
son confirmed that calculated energies by computational
approaches can be used as a good predictor for fragment intensities
in the presence of salts.

We focused on ion-fragment interactions to understand the
increase in abundance observed in m/z 86, which is contrary to
previous accounts of global ion suppression with the addition of
salt. As such, these results indicate that ion suppression may be
molecule and/or fragment-specific. Interaction between ions and
fragments showed two distinct trends as the lipid and salt ratio
changed [Fig. 4]. In the case of the smaller fragment, m/z 86, the
non-bonded interactions became weaker as salt concentration
increased. In contrast, the longer fragments, m/z 104 and m/z 184,
have more stable interactions with ion pairs as NaCl concentration
was increased [Fig. 4]. We assume that this is due to the charge dis-
tribution of the fragment. The partially positive charges are distrib-
uted to the hydrogen atoms of the triethylamine head group of m/z
86, which are exposed, but partially negative charges are mainly
located in the carbon or nitrogen atoms that are buried inside;
therefore, only Cl™ ions can preferably interact with the fragment
and a stronger repulsive interaction between m/z 86 and the Na*
ions could be made as lipid/salt ratio increases (Fig. S$4).”
However, both m/z 104 and m/z 184 have relatively neutral,
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FIG. 4. (a) Representative snapshots of m/z 86, m/z 104, and m/z 184 with 1:0,
1:1, and 1:2 ratios between lipid and salt on Au(111) surface (top view). Periodic
boundaries are shown as blue rectangles. (b) Averaged interaction energy
between ions and fragments between a fragment and adjacent ions in three dif-
ferent lipid/salt ratios.

partially positive, and negative regions in the fragment, thus facili-
tating the interaction with both Na* and Cl™ ions (Fig. $4).** These
different charge distributions could be one of the significant con-
tributors to explain why the presence of salts influences the frag-
ment intensities of m/z 86 in a different manner compared to the
other two fragment species.

IV. SUMMARY AND CONCLUSIONS

In this follow-up study, combined experimental and computa-
tional approaches have been performed to elucidate the effect of
substrate and salt on lipid ISF that occurs in SIMS. The binding
energy between PSM and gold surface combined with the bond
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dissociation energy of fragment species in the gas phase can be used
as a good predictor for fragment intensities in the absence of NaCl.
These results were consistent with our previous study.5 However,
these two energies are insufficient to determine the intensity of PSM
fragment species in the presence of salts, and the ion-fragment inter-
action energy at the gold surface needs to be considered as well.
Furthermore, we showed that the differences in charge distributions
of fragment species could be a major factor in fragmentation trends
in the presence of salts—either suppressing or enhancing the frag-
mentation and jonization of fragment species. Overall, this follow-up
study shows that atomistic modeling can be used to predict the ioni-
zation potential in the addition of salt as well as provide a framework
for experimental analyses on more complex samples.
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