7® ROYAL SOCIETY
P OF CHEMISTRY

Analyst

View Article Online

View Journal | View Issue

Multiple ion isolation and accumulation events for
selective chemical noise reduction and dynamic
range enhancement in MALDI imaging mass
spectrometry
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Abundant chemical noise in MALDI imaging mass spectrometry experiments can impede the detection of
less abundant compounds of interest. This chemical noise commonly originates from the MALDI matrix
as well as other endogenous compounds present in high concentrations and/or with high ionization
efficiencies. MALDI imaging mass spectrometry of biological tissues measures numerous biomolecular
compounds that exist in a wide range of concentrations in vivo. When ion trapping instruments are used,
highly abundant ions can dominate the charge capacity and lead to space charge effects that hinder the
dynamic range and detection of lowly abundant compounds of interest. Gas-phase fractionation has
been previously utilized in mass spectrometry to isolate and enrich target analytes. Herein, we have
characterized the use of multiple continuous accumulations of selected ions (Multi CASI) to reduce the
abundance of chemical noise and diminish the effects of space charge in MALDI imaging mass spec-
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trometry experiments. Multi CASI utilizes the mass-resolving capability of a quadrupole mass filter to
perform multiple sequential ion isolation events prior to a single mass analysis of the combined ion popu-
lation. Multi CASI was used to improve metabolite and lipid detection in the MALDI imaging mass spec-

rsc.li/analyst trometry analysis of rat brain tissue.
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Introduction

Matrix-assisted laser desorption/ionization (MALDI) imaging
mass spectrometry is a valuable tool for biological tissue ana-
lysis, enabling the detection of a wide variety of metabolites,
lipids, and proteins over a range of concentrations.'”
Extending the limit of detection and dynamic range for the
spatial mapping of lowly abundant compounds in tissue is a
major analytical challenge in imaging mass spectrometry
experiments.®® Oftentimes, MALDI analyses of biological
tissues produce highly abundant chemical noise, which sup-
presses the detection of lowly abundant ions of interest.
Chemical noise can originate from the MALDI matrix and/or
from abundant endogenous compounds in the tissue
environment.'*® This issue is exacerbated in instrument con-
figurations that utilize ion trapping devices that have finite
charge capacities. The presence of highly abundant ions can
introduce space charge effects that detrimentally affect the
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limits of detection and dynamic range for more lowly abun-
dant compounds.™"®

A variety of approaches have been developed to mitigate
chemical noise encountered during biological tissue analysis.
For example, orthogonal separation using liquid chromato-
graphy (LC) prior to mass spectrometry is routinely used to
increase the peak capacity of analysis.'®>* However, LC separ-
ation technologies are largely not directly compatible with
imaging mass spectrometry due the lengthy timescales needed
for each chromatographic separation.>® Condensed-phase
tissue washing and chemical derivatization approaches are
performed prior to subjection to in vacuo conditions of the
mass spectrometer and can be used to selectively remove unde-
sired compounds that may suppress ion signals of interest and
selectively improve the ionization efficiency of targeted ana-
Iytes, respectively. For example, tissue washing using volatile
buffers at different pH ranges has been used to enhance the
detection of neutral lipids and proteins.”>>” However, harsh
solvent conditions can remove tissue content and further
distort the natural morphology of the tissue environment.””
Chemical derivatization with reagents, such as 1-(4-(amino-
methyl)phenyl)pyridin-1-ium chloride (AMPP), can be per-
formed on tissue, but can suffer from incomplete and side
reactions that complicate the chemical milieu.***° These con-
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densed-phase approaches also require additional time-con-
suming steps to sample preparation protocols.

Gas-phase separation techniques offer rapid and flexible
means of fractionating ion populations after ionization, but
prior to detection, without manipulating the original tissue
sample. Ton mobility-mass spectrometry (IM-MS) is widely
recognized for its ability to separate ions based on their colli-
sional cross section (CCS) and is routinely applied to imaging
mass spectrometry studies.>*** This method of gas-phase sep-
aration greatly increases the peak capacity of the analysis, but
requires the presence of an ion mobility device on the mass
spectrometer. Other gas-phase fractionation strategies include
the use of selective ion/ion reactions that allow separation of
isobaric (i.e., same nominal m/z) compounds on the basis of
gas-phase chemical reactivity.>**> More broadly applicable gas-
phase separation strategies involve the use of selective ion iso-
lation using a mass resolving quadrupole on a hybrid mass
spectrometer.’*™° The instrument used herein is a quadru-
pole-hexapole Fourier transform ion cyclotron resonance
(QhFT-ICR) hybrid mass spectrometer, which accumulates
ions in the hexapole ion trap prior to transfer to the ICR for
mass analysis. RF/DC isolation can be performed as ions pass
through the quadrupole mass filter (QMF) to provide for mass-
selective ion accumulation in the hexapole ion trap.***' More
recently, mass-selective ion accumulation has been termed
continuous accumulation of selected ions (CASI) and used to
improve limit of detection and dynamic range in imaging
mass spectrometry experiments.’®**™** Conversely, selected
ion ejection (SIE) can be performed by applying a supple-
mental alternating current (AC) waveform to the QMF to
eject a small m/z interval as the ions transmit through the
device.*” SIE has been employed to selectively exclude highly
abundant chemical noise and the subsequent broadband
enrichment of ions of interest in imaging mass spectrometry
experiments.*®

Most applications of CASI in imaging mass spectrometry
have used a singular mass isolation window for ion
accumulation.®®** However, multiple ion isolation windows
can be wused to selectively target multiple analytes
simultaneously.”®*” For example, broadband dipolar AC iso-
lation waveforms that contain multiple frequency notches
matched with the secular frequencies of ions of interest can be
applied to quadrupole ion traps and quadrupole mass filters
to effect multiple mass isolation windows.*®** While these
approaches allow for the simultaneous isolation of multiple
windows, a broadband AC waveform is required. Multiple
sequential isolation windows can also be affected by altering
the RF/DC settings of the QMF. The resulting ion populations
can then be collected in a downstream ion trap and analyzed
in a single mass analysis step; a process that has been termed
Multi CASI. Multi CASI can be used to selectively exclude one
or more interfering ions, while still allowing for broadband
enrichment at m/z values below and above the excluded m/z
window. This process has recently been used to quantify phar-
maceuticals in MALDI analysis of biological samples,'” but
has not seen broader adoption in imaging mass spectrometry
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and its analytical performance has not been rigorously charac-
terized. Herein, we have used Multi CASI to exclude the signal
from the MALDI matrix (i.e., between m/z 150 and 250), while
still simultaneously capturing metabolite ion signals below
m/z 150 as well as metabolite and lipid ion signals above m/z
250. This reduces chemical noise and increases the limits of
detection and dynamic ranges of ions of interest. The figures
of merit of full scan, single CASI, and Multi CASI workflows
are compared here to assess their analytical utility in imaging
mass spectrometry experiments.

Experimental
Materials

1,5-Diaminonapthalene (DAN), hematoxylin, eosin,
ammonium acetate, and chloroform were purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO, USA). 2-Propanol
and methanol were purchased from Fisher Scientific
(Pittsburgh, PA, USA). Rat brain (Brown Norway) was pur-
chased from BioIVT (Westbury, NY, USA) and stored at —80 °C
until analysis.

Tissue extraction

Microscope slides with uniform metabolite and fatty acid coat-
ings were prepared using an automated robotic sprayer.
Metabolites and fatty acids were extracted from rat brain tissue
(~300 mg) using the Folch method.”® Briefly, tissue was hom-
ogenized using a FastPrep-24 Classic (MP Biomedicals, LLC,
Irvine, CA, USA) with 50 pL of 5 mM ammonium acetate per
10 mg of tissue. The homogenate was centrifuged and 1 mL of
supernatant was collected. To the supernatant, 4 mL of metha-
nol and 8 mL of chloroform were added. Aqueous and organic
layers were separated and dried with nitrogen gas. The
aqueous portion was reconstituted in 600 pL of methanol and
the organic portion was reconstituted in 600 pL of 80:20 v/v
methanol : 2-propanol. These solutions were mixed and 1 mL
of the mixture was applied to a glass slide using an M5 TM
Sprayer (flow rate: 0.15 mL min~", nitrogen flow: 10 psi, spray
temperature: 40 °C, four passes with offsets and rotations,
spray velocity: 1300 mm min~", dry time: 2 seconds) (HTX
Technologies, LLC, Chapel Hill, NC, USA). A DAN MALDI
matrix layer was then applied using a custom-built sublima-
tion apparatus (120 °C, 8 min, <70 mTorr).”">> Approximately
2 mg of DAN was sublimated onto each microscope slide.
DAN was used as the MALDI matrix for all experiments due to
its broad compatibility for many analytes, including the low
mass metabolites and fatty acids studied herein. The most
abundant of chemical noise from this matrix is in the low m/z
mass range, which typically complicates analysis of low mass
metabolites and nicely demonstrates the capabilities of Multi
CASI. However, we have also performed Multi CASI using
other MALDI matrices (data not shown) and have observed
similar improvements in performance to those described
herein.

This journal is © The Royal Society of Chemistry 2024
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Mass spectrometry

All mass spectrometry experiments were performed on a com-
mercial hybrid 7T solariX XR FT-ICR mass spectrometer
equipped with an Apollo II dual MALDI/ESI source along with
a dynamically harmonized ParaCell (Bruker Daltonics,
Billerica, MA).>* The MALDI ion source utilizes a Smartbeam II
Nd:YAG laser system (2 kHz, 355 nm). Mass analysis was per-
formed using a 0.4893-second time-domain transient length,
resulting in a mass resolving power of ~200000 at m/z
130.069. Mass spectra were recorded from m/z 100 to 600 and
were visualized in Compass DataAnalysis 5.0 (Bruker
Daltonics, Billerica, MA).

Full scan and Multi CASI analyses were compared using the
same acquisition conditions, where the only difference
between the two experiments was the addition of Multi CASI.
During full-scan analysis, no mass isolation is performed.
Multi CASI utilizes multiple sequential mass isolation
windows to isolate ion populations of disparate m/z prior to
collection of the ion populations in a downstream hexapole
ion trap (Fig. 1). For MALDI analysis, the total number of laser
shots defined for the acquisition is divided evenly between the
sequential mass isolation windows. Following accumulation in
the hexapole ion trap, the mass selected ions are jointly trans-
ferred to the ICR cell for mass analysis. Full scan and single
CASI methods using a defined number of laser shots are com-
pared with Multi CASI methods using double the number of
laser shots. This ensures that each isolation window has the
same number of laser shots as the full scan and single CASI
methods.

Imaging mass spectrometry

Transverse sections of a control Brown Norway rat brain were
collected at 10 um thickness using a Leica CM 3050S Research
Cryostat (Leica Biosystems, Buffalo Grove, IL, USA), thaw
mounted onto indium tin oxide (ITO)-coated slides (Delta
Technologies, Loveland, CO, USA), and warmed to room temp-
erature in a desiccator for 30 minutes. Following desiccation, a
1,5-diaminonaphthalene (DAN) MALDI matrix layer was
applied using a custom-built sublimation apparatus (120 °C,
8 min, <70 mTorr).>"*> Approximately 2 mg of DAN was subli-
mated onto each slide.

Metabolite and free fatty acid imaging mass spectrometry
of rat brain tissue was performed in negative ion mode. Full
scan and Multi CASI experiments were performed to deplete
chemical noise and to enrich selected analyte ions. Images
were acquired using pixel spacings of 150 or 300 pm in both
the x and y dimensions (1000 laser shots, 135 pm smart walk
raster). Serial tissue sections were stained using hematoxylin
and eosin (H&E) and scanned at 10x magnification using a
Zeiss Axio Imager M2 Microscope (Carl Zeiss Microscopy LLC,
White Plains, NY, USA). Data analysis of individual spectra was
performed using DataAnalysis (Bruker Daltonics, Billerica, MA,
USA). Analyte identifications were assigned using high resolu-
tion accurate mass measurements (HRAM) with a tolerance of
less than 5 ppm error along and searched against The Human
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Metabolome Database (https:/hmdb.ca/). Data analysis of
imaging experiments was performed using flexImaging
(Bruker Daltonics, Billerica, MA, USA).

Results

CASI using a single mass isolation window has previously been
shown to improve the limit of detection in imaging mass spec-
trometry experiments.*® Multiple continuous accumulations of
selected ions (Multi CASI) uses multiple sequential RF/DC iso-
lation windows in a QMF to selectively accumulate disparate
m/z ion populations in a downstream hexapole ion trap. The
resulting ion population is then transferred to the ICR cell and
mass analyzed in a single acquisition (Fig. 1). When using
MALDI, the total number of laser shots for Multi CASI acqui-
sition is divided evenly between the successive mass isolation
windows. Multi CASI methods generally enrich populations of
selected ions, while preventing the accumulation of ions
outside of the selected m/z windows through quadrupole iso-
lation events. This more efficiently fills the charge capacity of
the ion trap with analytes of interest, improving the limit of
detection and dynamic range. Both the hexapole and ICR cells
are ion trap devices with finite charge capacities. When the
space charge limit is reached, the confinement of ions can be
diminished, and peak abundances may be distorted in the
mass spectrum. Space charge artifacts in the ICR cell may
manifest via peak coalescence and peak shifting.>*™>” The mul-
tiple mass isolation windows employed during Multi CASI
reduces the number of ions transmitted to the hexapole and
ICR cell, which significantly reduces space charge effects and
allows for greater accumulation of the ions within the selected
m/z windows.

In MALDI mass spectrometry, Multi CASI can be used to
improve the limit of detection and dynamic range for lowly
abundant compounds of interest. MALDI mass spectrometry
analysis was performed on a complex lipid mixture extracted
from rat brain tissue. Full scan and Multi CASI spectra were
collected to demonstrate the depletion of chemical noise and
enrichment of selected m/z regions (Fig. 2). The Multi CASI
method excluded much of the chemical noise originating from
the DAN matrix peak (m/z 157.007, 0.172 ppm) and related iso-
topic peaks. The depletion of this chemical noise led to enrich-
ment of the ions in the m/z 131 + 5 Da and 239 + 40 Da mass
regions selected by the Multi CASI windows. These mass
windows were selected due to their proximity to the DAN [M —
H]|™ peak (m/z 157.007). The proximity of these isolation
windows to the primary noise peak allows for a rigorous evalu-
ation of chemical noise exclusion. However, Multi CASI is also
effective at other mass ranges (e.g., m/z 700-1000 to sample
phospholipids, data not shown), depending on the chemical
noise to be excluded.

The extent of signal enrichment was monitored as a func-
tion of the number of MALDI laser shots accumulated in full
scan and Multi CASI methods (Fig. 3). Ion abundance is
expected to increase linearly with the number of accumulated
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Fig. 1 A simplified instrument schematic of the 7T solariX FT-ICR platform. (a) During Multi CASI, the first packet of MALDI ions is sequentially iso-
lated in the QMF and stored in the hexapole ion trap. (b) The second packet of MALDI ions is then similarly isolated and mutually stored with the first
MALDI event ions in the hexapole ion trap. (c) Both ion populations are sent to the ICR cell for mass analysis.

laser shots, until space charge effects are encountered, which
will result in a disruption of the linear trend. Space charge is
apparent with as few as 250 laser shots in the full scan experi-
ment, as detected by a decrease in signal intensity for aspar-
tate (m/z 132.030, 0.041 ppm) and eicosadienoate (m/z 307.264,
0.586 ppm) ions of interest (Fig. 3). Conversely, Multi CASI
allowed for improvement of over 500-fold in signal intensity
using 4000 laser shots for aspartate (present in the first Multi
CASI window, Fig. 3a) and over 180-fold improvement in signal
intensity using 3500 laser shots for eicosadienoate (present in
the second Multi CASI window, Fig. 3b) compared to the full
scan measurements. This is due to the reduction in ion popu-
lation through chemical noise exclusion. The ion population
reduction then allows for the traps to be filled with larger
amounts of the selected ions. Multi CASI is also able to reduce
variance in the data. The average relative standard deviation
was 6.35% for full scan, 1.85% for single CASI, and 1.64% for

2462 | Analyst, 2024, 149, 2459-2468

Multi CASI (Fig. 3). Space charge effects cause ions to behave
unpredictably in ion traps at capacity, leading to detrimental
effects such as reduced dynamic range, higher variability, and
peak shifting."***>° Multi CASI is able to exclude chemical
noise and therefore reduce the ion population in the instru-
ment. A lower ion population in the ion trap minimizes the
repulsion effects of space charge, lowering the overall standard
deviation of the data. A reduction in the accumulation of
chemical noise also allows for the detection of additional ana-
Iytes. Multi CASI allowed for the detection of nearly 5-fold
more peaks than that in the full scan analysis. While space
charge effects are reduced, they are not eliminated. This is
evident at 1200 laser shots in the Multi CASI experiment,
where space charge effects are observed (Fig. 3a). Space charge
in the ICR cell commonly manifests as peak shifting and peak
coalescence.®® As the laser shot count increases, the peaks for
aspartate (m/z 132.030) and eicosadienoate (m/z 307.264) shift

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 MALDI mass spectra of rat brain extract using (a, b and c) a full scan acquisition method and (d, e and f) a Multi CASI acquisition method (m/z
131 + 5 Da and 293 + 40 Da) designed to eliminate signal from the DAN MALDI matrix. Spectra shown in (b and c) are magnified m/z regions from
the full scan acquisition and spectra shown in (e and f) are magnified m/z regions from the Multi CASI acquisition. Full scan spectra utilized 1000
laser shots per spectrum and Multi CASI spectra utilized 1000 laser shots per isolation window.
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Fig. 3 Average intensity of (a) aspartate (m/z 132.030, 0.041 ppm) and
(b) eicosadienoate (m/z 307.264, 0.586 ppm) as a function of the
number of MALDI laser shots per window for a full scan acquisition
method (blue diamonds), a single CASI acquisition method [(a) m/z 131
+ 5 Da, (b) 293 + 40 Da, green triangles], and a Multi CASI acquisition
method (m/z 131 + 5 Da and 293 + 40 Da, grey squares). Each measure-
ment represents three, five scan average measurements.

to higher m/z values (ESI Fig. 11).°° Ton cyclotron frequency
decreases with increasing ion population in the ICR cell,
which results in a shift to higher m/z values.®>®* Space charge
affects ions in the m/z 131 + 5 Da window at a lower number of
laser shots when compared to ions in the m/z 293 + 40 Da

This journal is © The Royal Society of Chemistry 2024

window (i.e., 1200 versus 2000 laser shots in Fig. 3), and does
so independent of the order of the two isolation windows (data
not shown). This disparity may be due to a low-mass cutoff
(LMCO) or pseudopotential trapping well depth effect in the
hexapole ion trap.

Another method for limit of detection and dynamic range
enhancement in MALDI mass spectrometry is single CASIL.'®
The signal enrichment capabilities of Single CASI and Multi
CASI were compared to quantify the improvements in dynamic
range (Fig. 3). The two methods demonstrate comparable
improvements in signal enrichment until ICR the charge
capacity limit is reached in the Multi CASI experiment around
2000 laser shots (ESI Fig. 21). Space charge effects will gener-
ally appear with fewer numbers of laser shots in the Multi
CASI methods, as multiple isolation windows are included in
the analysis, though this will depend on the width of the mass
windows as well as the number and abundances of peaks in
those windows. Increasing the quantity and width of isolation
windows allows for more ions to be added to the ion trap and
therefore reach the charge capacity limit with a fewer number
of laser shots (ESI Fig. 31). Even with this downside, Multi
CASI still is able to detect more analytes as it can cover mul-
tiple mass ranges. Multi CASI allowed for the detection of 1.7-
fold more peaks than single CASI analysis. Subsequent Multi
CASI experiments are all performed using 1000 laser shots per
window to minimize the effects of space charge.

Multi CASI can be used to improve the limits of detection
and dynamic ranges for lowly abundant compounds in
imaging mass spectrometry experiments. Multi CASI windows
centered at m/z 131 + 5 Da and m/z 293 + 40 Da are used to
acquire an image of rat brain tissue at 150 um spatial resolu-
tion (Fig. 4). Full scan and Multi CASI utilized 1000 laser shots
per window for both methods for comparison. Many ions that
were not detected or detected at low abundance in the full
scan experiment are readily detected across the rat brain tissue

Analyst, 2024, 149, 2459-2468 | 2463
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Fig. 4 Imaging mass spectrometry analysis (150 pm spatial resolution, 1000 laser shots per window) of rat brain tissue using (left) a full-scan acqui-
sition and (right) a Multi CASI (m/z 131 + 5 Da and 293 + 40 Da) acquisition. lon images for a range of metabolites and lipids show improved bright-
ness (i.e., limit of detection) and contrast (i.e., dynamic range) with the Multi CASI acquisition. Images are displayed without normalization.

in the Multi CASI experiment. An increase in LOD is observed
as an increase in the brightness of the image and an increase
in dynamic range is observed as an increase in the contrast of
the image. For example, a 6.5-fold increase in aspartate ion
intensity was observed and 4.5-fold more peaks were detected
in Multi CASI analysis when compared to full scan analysis,
and DAN matrix intensity decreased by over 50-fold in Multi
CASI analysis. Multi CASI is performed by ablating the same
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pixel in multiple (i.e., two) discrete MALDI ablation steps.
Each MALDI ablation step then uses separate quadrupole
mass filter settings to accumulate ions from disparate mass
isolation windows. As such, MALDI laser power and shot count
need to be optimized to ensure sufficient material is sampled
in each Multi CASI ablation event and that signal is not dimin-
ished in the subsequent isolation windows. Laser power was
optimized for each experiment to yield maximum signal in the
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Fig. 5 Imaging mass spectrometry analysis (300 pm spatial resolution, 1000 laser shots per window) of rat brain tissue using two Multi CASI acqui-
sition methods for detection of (a and b) aspartate using different sequences of mass isolation windows m/z 131 + 5 Da and 239 + 40 Da and (c and
d) eicosadienoate using different sequences of mass isolation windows m/z 131 + 5 Da and 239 + 40 Da. Images are displayed without

normalization.
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first ablation event, while not diminishing analyte signal in
the second ablation event. Two Multi CASI images were
acquired using different sequential orders of the two isolation
windows to verify that the sampling and accumulation con-
ditions used here had no effect on the imaging mass spec-
trometry results (Fig. 5). For example, the tissue pixel is
ablated and this first packet of ions is isolated with a mass iso-
lation window of m/z 131 + 5 Da. The same pixel is then
ablated a second time and this packet of ions is isolated with a
mass isolation window of m/z 293 + 40 Da. Both ion popu-
lations are accumulated in the hexapole ion trap and then
mass analyzed together in the ICR cell (Fig. 5a and c). In a
second image, the mass isolation windows are then switched
so that the first packet of ions is isolated using a mass window
of m/z 293 + 40 Da, followed by a second mass window of m/z
131 + 5 Da (Fig. 5b and d). The distributions and intensity for
aspartate and eicosadienoate are consistent across the tissue
when comparing the two methods, indicating that the order of
the ablation events does not have an impact on the quality of
the imaging data using the settings describe here.

Conclusions

Herein, we have described a method for gas-phase ion enrich-
ment in imaging mass spectrometry experiments. Multiple
continuous accumulations of selected ions (Multi CASI) uti-
lizes multiple sequential RF/DC mass isolation windows in a
quadrupole mass filter (QMF) to selectively accumulate ions in
a downstream hexapole ion trap. In this study, Multi CASI can
provide for nearly 500-fold enrichment in targeted ion signals,
resulting in substantial improvements in the limits of detec-
tion and dynamic ranges of selected ions within the mass iso-
lation windows. The ion enrichment provided by Multi CASI
improves the MALDI analyses of biological tissue. Signal for
lowly abundant compounds, such as the amino acids and
lipids observed in our analyses, is greatly enriched. Multi CASI
methods applied to several other workflows in our lab have
also resulted in similar improvements in performance. Multi
CASI improves upon typical CASI methods by allowing for the
selection of multiple mass windows for analysis, enabling a
broader view of compounds in a single image. This has a mul-
tiplexing effect compared to other CASI and selected ion moni-
toring (SIM) configurations. Multi CASI is also enabled
without the addition of a supplemental waveform to the quad-
rupole, as has been reported in workflows that leverage mul-
tiple frequency notches. Accurate use of Multi CASI requires
sufficient sample at each pixel for multiple laser ablation steps
(i.e., for multiple sequential mass isolation windows) on the
same spot. Space charge effects can persist at higher laser shot
counts due to abundant endogenous molecules, though these
effects are observable at far fewer number of laser shots in full
scan experiments. Herein, Multi CASI allowed for the detection
of 4.6-fold more peaks in imaging mass spectrometry analysis
of rat brain when compared to full scan analysis, and 1.7-fold
more peaks than single CASI analysis. This leads to an increase

This journal is © The Royal Society of Chemistry 2024
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in throughput, reducing the number of targeted windows

needed to enrich lowly abundant analytes in imaging mass
spectrometry experiments.

Abbreviations

MALDI Matrix-assisted laser desorption ionization

Multi Multiple continuous accumulations of selected
CASI ions

LC-MS Liquid chromatography-mass spectrometry

DAN 1,5-Diaminonaphthalene
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