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Abstract

A matrix-assisted laser desorption/ionization time of flight/time of flight tandem mass 

spectrometer (MALDI TOF/TOF) has been used for high-speed precursor/fragment ion transition 

image acquisition. High throughput analysis is facilitated by a Nd:YLF solid state laser capable of 

pulse repetition rates up to 5 kHz, a high digitizer acquisition rate (up to 50 pixels/second), and 

continuous laser raster sampling. MS/MS experiments are enabled through the use of a precision 

timed ion selector, second source acceleration, and a dedicated collision cell. Continuous raster 

sampling is shown here to facilitate rapid MS/MS ion image acquisition from thin tissue sections 

for the drug rifampicin and of a common kidney lipid, SM4s(d18:1/24:1). The ability to confirm 

the structural identity of an analyte as part of the MS/MS imaging experiment is an essential part 

of the analysis. Additionally, the increase in sensitivity and specificity afforded by an MS/MS 

approach is highly advantageous, especially when interrogating complex chemical environments 

such as those in biological tissues. Herein, we report continuous laser raster sampling TOF/TOF 

imaging methodologies which demonstrate 8-14 fold increases in throughput compared to existing 

MS/MS instrumentation, an important advantage when imaging large areas on tissues.

INTRODUCTION

Imaging mass spectrometry (IMS) has emerged as a powerful analytical tool enabling direct 

chemical interrogation and is ideally suited to the in situ measurement of the complex array 

of molecular species present in cellular tissue.1 Specifically, the rapid development of 

matrix-assisted laser desorption/ionization (MALDI) IMS technology in recent years has 

focused on advanced instrumentation, sample preparation, and data acquisition methods to 

improve the throughput, specificity, and sensitivity of these types of measurements.1-9

The importance of these types of improvements is especially evident in experiments 

involving biological tissue specimens. In MALDI tissue imaging experiments, a thinly 

sectioned tissue specimen is first mounted onto a target and then coated with a MALDI 
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matrix in a manner which preserves the spatial integrity of the analytes of interest. A raster 

of the tissue surface is performed to generate a mass spectrum at each x, y coordinate (i.e., 

an individual pixel in ‘microprobe’ imaging mode).10 Ion intensity maps are then 

constructed as a function of x, y position for any single ion of interest. The total number of 

pixels in an image is thus a function of both the raster step size (i.e., the step resolution of 

the image) and the imaged area. As this is a squared relationship, the number of pixels 

required to sample a large tissue area11-14 and/or a tissue area at high spatial 

resolution3, 15-18 can be quite large (Figure 1). For example, a 1 cm2 tissue section imaged at 

100 μm spatial resolution requires a 10,000 pixel image, whereas the same area imaged at 10 

μm spatial resolution results in a 1,000,000 pixel image. Typical spectral acquisition rates 

(~2,000 to ~7,000 pixels/hour) can then require many hours or days to analyze these types of 

samples.

With the recent advances in laser technology, the analysis time is typically no longer limited 

by the laser repetition rate,17, 19-20 but rather by the instrument configuration, acquisition 

mode, and type of mass analyzer. Traditional IMS experiments are performed by moving the 

sample stage in discrete steps under a stationary laser. At each step, the stage is stopped to 

fire the laser a set number of times within the defined pixel area before moving to the next 

raster step. A second acquisition mode, termed continuous laser raster sampling, has also 

been described wherein the laser is fired continuously as the sample stage is moved at a 

constant velocity across an area of interest.9, 21-25 In this mode of acquisition, the lateral 

spatial resolution is then defined by:

(1)

where frep is the laser repetition rate, vstage is the sample stage velocity, and H.A. (hardware 

average) is the number of laser shots averaged for a single pixel.21 Continuous raster 

sampling has been demonstrated to give 5 to 10 fold improvements in throughput and is very 

well suited to imaging platforms for which the laser acquisition mode is a potential time-

limiting segment of the experiment (e.g., time-of-flight [TOF] mass spectrometers).

In addition to throughput, specificity is extremely important when analyzing biological 

tissue specimens. Especially for small metabolites, there exist many isomeric, isobaric, and 

nearly-isobaric species that contribute to spectral complexity and cloud interpretation. In an 

imaging experiment, it is especially important to consider these potentially interfering 

species, as plotting the spatial distribution of a single peak may not represent only the spatial 

distribution of a single ion; rather, such an image may represent the confluence of several 

ions which have overlapping m/z values, giving a distorted picture of molecular distribution. 

In instances where a potential lack of specificity is due to nearly-isobaric species (i.e., ions 

which are extremely close, but still different, in m/z), the use of a high mass resolving power 

instrument platform (i.e., an orbitrap or Fourier transform ion cyclotron resonance [FTICR] 

mass spectrometer) may provide enhanced molecular specificity.26-27 In instances where 

isomeric and truly isobaric compounds are a concern, ion mobility (IM)12, 28 and tandem 

mass spectrometry (MS/MS or MSn)12, 24, 29-30 approaches have been successfully 

employed. In addition to enhancing specificity, these gas phase approaches can also improve 
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sensitivity by eliminating chemical noise due to biological contaminants and/or the MALDI 

matrix. The ability of tandem imaging mass spectrometry approaches to also simultaneously 

identify the chemical structure of an analyte is particularly attractive. As such, imaging 

MS/MS methods have been successfully employed on several trap-based instrument 

platforms, including quadrupole-TOF (Q-TOF),12 linear ion trap (LIT), and LIT-

orbitrap24, 29-30 mass spectrometers. However, trap-based MS/MS methods require lengthier 

experimental times, decreasing throughput. So-called beam-type MS/MS methods (i.e., 

where the ion beam is transmitted through a collision cell without trapping) are inherently 

faster (e.g., triple quadrupole [QQQ]23, 31 as well as in source decay [ISD] TOF32 and 

TOF/TOF33 imaging setups), but have seen far less use in imaging experiments.

Herein, we describe a high speed tandem TOF imaging platform. Utilizing continuous raster 

sampling for the first time on a TOF/TOF platform, a 100 μm lipid ion image of a transverse 

mouse brain section is acquired in just over 20 minutes and allows identification of the lipid 

as part of the imaging experiment [lipid identified as SM4s(d18:1/24:1)]. A demonstration 

of the enhanced specificity of MS/MS imaging is shown for the detection of the drug 

rifampicin (RIF) from a rat kidney dosed in vitro. A demonstration of the enhanced 

sensitivity of MS/MS imaging is also shown for the detection of RIF from a rabbit liver 

dosed in vivo.

EXPERIMENTAL

Sample Preparation

Hand-spotted leucine enkephalin (YGGFL) was prepared via the dried-droplet method.34 

Briefly, a ~5 μM analyte solution was mixed with an equal volume of 5 mg/mL α-cyano-4-

hydroxycinnamic acid (CHCA) matrix solution (50/50/0.1 acetonitrile/water/trifluoroacetic 

acid), of which ~1 μL was then hand-spotted onto a stainless steel MALDI target.

10 μm thick transverse mouse brain sections were cryosectioned and then thaw-mounted 

onto conductive indium-tin oxide (ITO) slides. Application of a 1,5-diaminonapthalene 

(DAN) matrix layer was performed using a custom-built sublimation apparatus (110°C, 8 

minutes, 50 mtorr).35-36 Following analysis, the MALDI matrix was removed using an 

ethanol wash and then stained using hematoxylin and eosin (H&E).

A rat kidney (637 mg) was dosed in vitro by immersion with agitation in a solution of 

rifampicin (200 μM) for a total of 100 hours. The kidney was then flash-frozen and stored at 

−80°C until analysis. 12 μm thick coronal sections were cryosectioned and then thaw-

mounted onto a gold-coated stainless steel target. Matrix (20 mg/mL 2,4,6-

trihydroxyacetophenone [THAP] in 50/50 ethanol/water) was applied via a hand-spraying 

protocol using a thin-layer chromatography (TLC) sprayer.37 A serial tissue section was 

stained using H&E.

For in vivo experiments, a New Zealand white rabbit infected with Mycobacterium 

tuberculosis was orally administered a cocktail of pharmaceuticals (rifampicin/isoniazid/

pyrazinamide/moxifloxacin at 30/50/125/25 mg/kg) once daily for one week with the 

approval of the institutional animal care and use committee (IACUC) of the NIH/NIAID and 
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was sacrificed 65 minutes after the final dose. The control tissue in this experiment was 

dosed with 50 mg/kg isoniazid only. The tissue was irradiated with UV light for 

disinfection, flash-frozen, and stored at −80°C until analysis. 12 μm sections were 

cryosectioned and thaw-mounted onto a gold-coated stainless steel target. Matrix (20 

mg/mL 2,4,6- THAP in 50/50 ethanol/water) was manually applied using a TLC reagent 

sprayer. A serial section was also obtained for H&E staining.

YGGFL, angiotensin II, [glu1]-fibrinopeptide B, trifluoroacetic acid, CHCA, and DAN were 

all purchased from Sigma Aldrich (St. Louis, MO). C24:1-OH sulfatide lipid standard was 

purchased from Avanti Polar Lipids (Alabaster, AL). THAP was purchased from Fluka 

(Sigma Aldrich, St. Louis, MO). Acetonitrile and ethanol were purchased from Fisher 

Scientific (Pittsburg, PA). Mouse brain and rat kidney were purchased from Pel-Freez 

Biologicals (Rogers, AR).

Imaging Mass Spectrometry

Peptide standard analysis as well as lipid and RIF imaging experiments were performed on a 

MALDI TOF/TOF mass spectrometer designed and built by Marvin Vestal and his team at 

SimulTOF Systems (Sudbury, MA).38-40 Briefly, this instrument is a dual polarity 

TOF/TOF system operated at 8 kV in reflectron MS mode and operated at 4 kV in MS/MS 

mode. This system is equipped with a 349 nm, diode-pumped, frequency-tripled Nd:YLF 

laser (Spectra-Physics, Santa Clara, CA) capable of laser repetition rates up to 5 kHz. The 

laser beam is oriented at a 90° angle with respect to the target surface and the laser energy is 

controlled by adjusting the current applied to the diode. All laser energies reported here (μJ/

pulse) are measured prior to attenuation (the attenuation is kept constant). In MS/MS mode, 

a precision timed ion selector (TIS) located at the velocity focal distance is used to isolate a 

precursor ion of interest. Following TIS isolation, the ions enter a collision cell and are then 

reaccelerated to 2 kV in the second source region. Fragmentation can be achieved using 

either laser induced dissociation (LID) (i.e., post-source decay [PSD] using no collision gas) 

or high energy collision induced dissociation (CID) (i.e., using collision gas). In MS mode, 

the TIS, collision cell, and second source acceleration regions are not active. A specified 

number of spectra are ‘hardware averaged’ on the acquisition card prior to writing the data 

to the hard disk. Instrument operation and data acquisition are controlled using the 

SimulTOF Controller and data analysis and ion image visualization were performed using 

the SimulTOF Viewer (SimulTOF Systems, Sudbury, MA). External calibration was 

performed using either a mixture of standard peptides (YGGFL, angiotensin II, and [glu1]-

fibrinopeptide B for positive mode calibration) or matrix clusters (DAN and THAP for 

negative mode calibration).

This instrument is designed to use continuous laser raster sampling. Ion images were 

acquired at 100 μm spatial resolution in typewriter mode (i.e., acquisition in one lateral 

direction only) in order to eliminate differences in ion signal intensity dependent on the 

direction of sample stage motion.21 The vertical spatial resolution is determined by the 

motor step size between continuously rastered rows and the horizontal spatial resolution is 

determined via Equation 1. Laser repetition rate, stage speed, and number of hardware 

averages were optimized for the fastest acquisition rate while not exceeding a spectral 
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acquisition speed of 50 pixels/second (to maintain a high digitizer efficiency and minimize 

data loss), not exceeding a laser shot overlap of 50 laser shots per unit area (to ensure that 

severe oversampling does not diminish sensitivity21), and not exceeding the maximum 

current output of the laser (at faster laser repetition rates, a higher diode current is required 

to achieve the same pulse energy compared to slower laser repetition rates).

Kidney imaging experiments were also performed on a Bruker Autoflex TOF/TOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany) and a linear ion trap mass spectrometer 

(LTQ XL, Thermo Scientific, San Jose, CA) equipped with a MALDI source. The Autoflex 

TOF/TOF provides a TOF/TOF platform for comparison which does not utilize continuous 

raster sampling. For the Autoflex TOF/TOF experiments, MS/MS images were acquired in 

LIFT “fragment only” MS/MS mode (using no collision gas). The precursor ion for RIF (m/z 

821.4) was isolated using an isolation window of ±8 Da. A 150% detector boost, 60% laser 

power boost, and 1% (of parent ion mass) precursor ion selector (PCIS) window were used. 

50 laser shots per pixel were averaged using no precursor filters (to ensure only a single ion 

was imaged using only 50 laser shots at each pixel). Data analysis and ion image 

visualization were performed using FlexImaging. For the ion trap experiments, the precursor 

ion for RIF (m/z 821.4) was isolated using an isolation width of 2 Da and fragmented using a 

normalized collision energy of 45%. Three microscans of five laser shots each were 

analyzed for each pixel. Data analysis and ion image visualization were performed using 

ImageQuest (Thermo Scientific, San Jose, CA).

Lipid ion identification was performed by searching fragment ion spectra against the LIPID 

MAPS (Lipidomics Gateway, www.lipidmaps.org) and METLIN Metabolite (http://

metlin.scripps.edu) databases. Chemical structures and cleavage sites were confirmed using 

ChemBioDrawUltra 14.0 (CambridgeSoft Corporation, PerkinElmer Inc., Waltham, MA).

RESULTS

MS/MS Performance

Important to any MS/MS experiment is the selectivity with which a precursor ion is chosen 

for fragmentation. In a TOF/TOF configuration such as the one described here, MS/MS 

selectivity is afforded by the precursor ion selection and the second source reacceleration. 

The resolution of the precursor ion selectivity can be enhanced by either narrowing the TIS 

precursor ion isolation window or by shortening the length of the second source 

reacceleration pulse, though manipulation of the isolation window is the more common 

approach. For example, by narrowing the width of the TIS gate from 40 ns to 15 ns in the 

positive ion mode MS/MS analysis of protonated YGGFL, the precursor ion window is 

narrowed from several (~5) Daltons to a single Dalton, allowing for the isolation of the 

primary 12C isotope of the [M+H]+ ion (Figure 2a inset and 2b inset). Although the isolation 

resolution is improved by narrowing the TIS window, the overall sensitivity is diminished 

by over a factor of 5. Varying isolation resolutions can be employed, but for isolation 

windows less than roughly 40 ns, ion signal intensity obtained from tissue is diminished. 

This is likely due to the velocity distribution of the ion packet, the fall time of the TIS power 

supply, and any fringe field effects from the TIS gate. Additionally, at the higher laser 

fluences typically required for efficient MS/MS performance (especially on biological tissue 
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sections), precursor mass resolution is diminished, especially at higher mass. Thus, for the 

imaging experiments described herein, the TIS isolation window was maintained at ~40 ns.

Fragmentation can be achieved using either PSD (no collision gas) or high energy CID 

(using collision gas). In PSD, residual energy from the MALDI process results in 

fragmentation after the ions have exited the source region of the instrument.41-45 In a 

TOF/TOF configuration, the observed fragments have dissociated after the initial source 

region but prior to the second source region.46-47 As fragmentation occurs in a field free 

region of the instrument, fragments from PSD have the same velocities (but different kinetic 

energies) as the intact parent ion, meaning they will arrive at the TIS gate at the same time 

and will be isolated as a common velocity family. The second source reacceleration then 

allows for separation of parent and fragment ions in the second TOF region (this separation 

of metastable ions has also been historically achieved in TOF configurations using a 

reflectron41-45). PSD spectra are typically equivalent to more conventional low energy 

collisional activation processes.46-47 For example, an MS/MS spectrum of YGGFL utilizing 

PSD for fragmentation produces many low-energy sequence ions from peptide backbone 

amide bond cleavages (Figure 2a and 2b). The formation of the a-, b-, and y-type ions are all 

consistent with relatively low energy processes, as is the b4/a4 ion ratio (i.e., a smaller b4/a4 

ion ratio is typically consistent with a lower energy fragmentation process48-52). Conversely, 

the introduction of a collision gas induces high energy (keV) ion/neutral collisions in the 

collision cell, resulting in the generation of ions from high energy fragmentation channels, 

such as the tryptophan and phenylalanine immonium ions (Figure 2c).46, 53 The abundances 

of the low energy fragmentation channels (e.g., the a4 and b4 ions) are relatively unchanged 

with collision gas, indicating that high energy CID of the parent contributes relatively little 

to these fragmentation pathways. While high energy CID and consecutive fragmentation 

processes have proven useful in some analyses (e.g., using peptide side chain fragmentation 

to differentiate between isobaric leucine and isoleucine amino acid residues),46, 53 PSD 

fragmentation is sufficient for the analytes studied herein.

Drug Imaging

Especially for low molecular weight drugs and metabolites, there exist many isomeric, 

isobaric, and nearly-isobaric species that contribute to spectral complexity. This can be 

particularly important when examining, for example, the biodistribution of a drug.27 On 

instrument platforms where high resolution MS analysis is not an option, MS/MS is often 

used to maintain a high level of molecular specificity and ensure accuracy. In instances 

where large tissue areas are being examined, the high throughput capabilities of a MALDI 

TOF/TOF platform equipped with continuous laser raster sampling are attractive. This is 

exemplified here by imaging in negative ion mode the distribution of RIF, an antibiotic 

frequently used in the treatment of tuberculosis, in a rat kidney dosed in vitro (Figure 3). In 

MS mode, the singly deprotonated RIF ion, [M-H]− (m/z 821.4), is observed to localize 

primarily in the cortex of only the dosed kidney (Figure 3c). Conversely, a common kidney 

lipid, SM4s(d18:1/h24:0),54 is localized to the medulla region in both the control (non-

dosed) and dosed kidneys (the identity of this lipid was later confirmed using MS/MS 

analysis, Supplemental Figure 1). Using continuous laser raster sampling, this 100 μm MS 

image consisted of 48,921 pixels and was acquired in 90 minutes. As the laser beam 
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diameter is ~50 μm, a second image can then be acquired, with the continuously rastered 

rows interleaved within the first image (Figure 3d). Selecting the [M-H]− RIF ion to perform 

a 100 μm MS/MS image allows for observation of the distribution of the primary RIF 

fragment (m/z 821.4 → m/z 397.1), providing molecular confirmation of the drug 

distribution (Figure 3e). This MS/MS image contained 46,925 pixels and was acquired in 91 

minutes. For both the MS and MS/MS images shown here, the stage velocity was 2 mm/s, 

the laser frequency was 1000 Hz, and each pixel represents 50 laser shot hardware averages. 

Laser pulse energies of 36.0 μJ and 63.7 μJ were used for the MS and MS/MS images, 

respectively. The latter pulse energy is near the maximum pulse energy of the laser at a 1000 

Hz laser frequency, preventing the use of faster laser repetition rates (which would require 

the use of diode currents higher than those available on the current system to maintain the 

same pulse energy). In this configuration, though the digitizer is acquiring pixels (i.e., 

summed spectra) at a rate of 20 Hz, the overall effective acquisition rate is slightly lower. At 

the end of each line scan, the system is briefly paused to flush the acquired spectra from the 

acquisition card to the hard disk (this is done to minimize data loss). This brief flush period, 

combined with the delay time required to return the stage to the beginning of the next 

continuous raster line (since these images are required in typewriter mode), results in an 

effective pixel acquisition rate of ~9 Hz (46,925 pixels/91 minutes). Nevertheless, this 

represents a ~10 fold improvement in throughput over an analogous MS/MS image acquired 

on a TOF/TOF instrument with no continuous raster scanning (46,226 pixels/861 minutes, 

or an overall effective pixel acquisition speed of ~0.9 Hz, data not shown) and an ~8 fold 

improvement in throughput over an analogous MS/MS image acquired on an ion trap system 

(48,807 pixels/752 minutes, or an overall effective pixel acquisition speed of ~1 Hz, data not 

shown). On occasions such as this where an image requires a large number of pixels to 

effectively sample an area, the use of continuous raster sampling, coupled with TOF/TOF 

analysis, provides an efficient and specific means by which to perform analysis.

In addition to enhancing specificity and providing molecular confirmation, MS/MS imaging 

can also improve sensitivity by eliminating chemical noise due to biological contaminants 

and/or the MALDI matrix. This is shown here by imaging in negative ion mode the 

distribution of RIF in a rabbit liver dosed in vivo (Figure 4). In MS mode, the singly 

deprotonated RIF ion, [M-H]− (m/z 821.4), is not observed (Figure 4a). An ion image plotted 

showing the distribution of m/z 821.4 ± 0.4 Da shows no rifampicin localization as the drug 

signal is overwhelmed by the chemical background of the tissue (Figure 4c). Using 

continuous laser raster sampling, this 100 μm MS image consisted of 14,387 pixels and was 

acquired in 35 minutes. As with the kidney imaging experiment, a second ion image can be 

acquired by interleaving the acquisition rows within the first image (Figure 4d). Selecting 

the [M-H]− RIF ion to perform a 100 μm MS/MS image allows for observation of the 

distribution of the primary RIF fragment (m/z 821.4 → m/z 397.1). RIF is observed to 

localize to the hepatocytes in the liver, but not in the blood vessels (Figure 4e). This is 

consistent with a steady-state dosing regimen where RIF would no longer be present in the 

blood, but would have been taken up by the hepatocytes. The improvement in signal-to-

noise afforded by the MS/MS mode image (13,822 pixels acquired in 49 minutes) is due to 

the elimination of chemical noise and now provides an image of drug distribution. For both 

the MS and MS/MS images shown here, the stage velocity was 1 mm/s, the laser frequency 
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was 1000 Hz, and each pixel represents 100 laser shot hardware averages. Laser pulse 

energies of 36.0 μJ and 63.7 μJ were used for the MS and MS/MS images, respectively.

Lipid Imaging

In addition to using MS/MS to improve the molecular specificity of an imaging experiment, 

the ability to use a MS/MS fragmentation pattern to simultaneously image and identify an 

ion of interest can be useful. This is exemplified here by imaging the distribution of a 

sulfatide in a transverse mouse brain section in negative ion mode (Figure 5). In MS mode, 

the singly deprotonated lipid ion, [M-H]− (m/z 888.7), is observed to localize to regions of 

the corpus callosum and cerebellar cortex (Figure 5c). As with the drug imaging experiment, 

a second image can be acquired by interleaving the laser rows between those of the first 

image (Figure 5d). Selecting the precursor ion at m/z 888.7 for MS/MS imaging provides a 

series of lipid fragment ions, allowing for identification of the lipid as SM4s(d18:1/24:1) 

(Figure 5b).55-56 For example, the fragment ion at m/z 259 corresponds to galactose 3-

sulfate, with fragment ion at m/z 241 representing a dehydration product of the galactose-

sulfate fragment (see Supplementary Figure 2 for MS/MS of a SM4s(d18:1/24:1) lipid 

standard). Cleavage of the NH-CO bond is also observed, resulting in a direct loss of the 

fatty acyl group and giving a m/z 540, b1 fragment ion (the dehydrated version of this ion at 

m/z 522 is also observed). An ion image representing the bisulfate fragment ion (m/z 888.7 

→ m/z 97.0) gives a more specific and sensitive image than the MS image, showing a 

similar spatial distribution to the m/z 888.7 parent ion (Figure 5e). Other fragment ions are 

also present in the MS/MS spectrum and are likely derived from other isobaric or nearly-

isobaric species (see Supplementary Figure 3 for an example of how spatial localization can 

be used to exclude these interfering fragment ions). This MS/MS image contained 16,904 

pixels and was acquired in 22 minutes (4 mm/s stage speed, 4000 Hz laser, 22.5 μJ pulse 

energy, 100 hardware averages per pixel, 40 Hz digitizer pixel acquisition rate), resulting in 

an overall effective pixel acquisition rate of ~13 Hz. This MS/MS image represents the 

maximum laser current (and thus pulse energy) available at this laser repetition frequency 

and nears the maximum digitizer acquisition rate at high efficiency, resulting ~14 and ~12 

fold improvements in throughput compared to the MS/MS acquisition speeds mentioned 

earlier for the (discrete raster) TOF/TOF and ion trap systems, respectively.

CONCLUSIONS

The use of continuous raster sampling on a MALDI TOF/TOF system has been 

demonstrated here to improve the throughput ~8-14 fold compared to conventional 

TOF/TOF and ion trap systems, resulting in overall effective pixel acquisition rates of up to 

13 Hz. This has been shown to facilitate drug imaging where other isobaric species may 

complicate spectral and image interpretation, improving the molecular specificity and 

sensitivity of the resulting MS/MS ion image and dramatically reducing the analysis time. 

This method of MS/MS image acquisition has also been shown to facilitate lipid 

identification while decreasing the time required for image acquisition. As IMS analyses are 

extended to smaller spatial resolutions and larger tissue areas, throughput becomes an 

important analytical figure of merit. Coupled with the benefits of MS/MS methodology (i.e., 
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improved sensitivity and chemical specificity), continuous laser raster sampling offers one 

method by which to maintain high throughput for large imaging datasets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The relationship between the number of pixels required to image a specified area is 

inversely related to the square of the spatial resolution defined across that area.
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Figure 2. 
MS/MS analysis of [YGGFL+H]+ using (a) PSD and a 40 ns TIS window, (b) PSD and a 15 

ns TIS window, and (c) high energy CID and a 40 ns TIS window. All spectra represent an 

average of 1500 laser shots. Degree symbols (°) denote water losses and asterisks (*) denote 

ammonia losses.
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Figure 3. 
IMS of kidney dosed in vitro: Average spectra for (a) MS analysis and (b) MS/MS analysis 

of the [M-H]− of rifampicin from the dosed kidney (each spectrum is an average of a 100 

pixel region of interest). The inset of (b) shows a zoom-in of the primary rifampicin 

fragment (see RIF structure inset). (c) A 48,921 pixel MS mode image (normalized to total 

ion current [TIC]) acquired in 90 minutes shows rifampicin to localize only to the dosed 

kidney (green), while a common sulfatide, SM4s(d18:1/h24:0), localizes to the medulla 

region of both the control and dosed kidney sections (blue). (d) Hematoxylin and eosin 

(H&E) stains of serial kidney sections are used to indicate the manner by which the 

interleaved MS and MS/MS scans are performed. (e) A 46,925 pixel MS/MS mode image 

acquired in 91 minutes showing the primary fragment of rifampicin (821.4 → 397.1) 

confirms the drug localization. All ion images are plotted using a ±0.4 m/z tolerance. Due to 

the difference in experimental modes (MS and MS/MS), ion (and image) intensities are not 

comparable between a (c) and b (e).
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Figure 4. 
IMS of liver dosed in vivo: Average spectra for (a) MS analysis and (b) MS/MS analysis of 

the [M-H]− of rifampicin from the dosed liver (each spectrum is an average of a 100 pixel 

region of interest). (c) A 14,387 pixel MS mode image acquired in 35 minutes shows no 

rifampicin localization as the drug signal is overwhelmed by the chemical background 

(blue). (d) Hematoxylin and eosin (H&E) stains of serial liver sections are used to indicate 

the manner by which the interleaved MS and MS/MS scans are performed. (e) The 

improvement in signal-to- noise afforded by the MS/MS mode image (13,822 pixels 

acquired in 49 minutes) allows for the detection of the primary fragment of rifampicin 

(821.4 → 397.1) and provides an image of drug distribution. All ion images are plotted 

using a ±0.4 m/z tolerance. Due to the difference in experimental modes (MS and MS/MS), 

ion (and image) intensities are not comparable between a (c) and b (e).
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Figure 5. 
Mouse brain imaging: Average spectra for (a) MS analysis and (b) MS/MS analysis of the 

m/z 888.7 (each spectrum is an average of a 100 pixel region of interest). (c) A 17,346 pixel 

MS mode image acquired in 43 minutes shows the m/z 888.7 lipid to localize to specific 

regions of the brain, including the corpus callosum and cerebellar cortex. (d) H&E stain of a 

serial brain section following IMS shows the interleaved MS and MS/MS analyses. (e) A 

16,904 pixel MS/MS mode image acquired in 22 minutes showing bisulfate fragment ion 

(888.7 → 97.0) confirms the parent m/z 888.7 lipid localization. Using other fragment ions, 

the lipid of interest can be identified as SM4s(d18:1/24:1). All ion images are plotted using a 

±0.4 m/z tolerance. Due to the difference in experimental modes (MS and MS/MS), ion (and 

image) intensities are not comparable between a (c) and b (e).
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