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Abstract

Tissues present complex biochemical and morphological composition associated with their various 

cell types and physiological functions. Mass spectrometry (MS) imaging technologies are 

powerful tools to investigate the molecular information from biological tissue samples and 

visualize their complex spatial distributions. Coupling of gas-phase ion mobility spectrometry 

(IMS) technologies to MS imaging has been increasingly explored to improve performance for 

biological tissue imaging. This approach allows improved detection of low abundance ions and 

separation of isobaric molecular species, thus resulting in more accurate determination of the 

spatial distribution of molecular ions. In this review, we highlight recent advances in the field 

focusing on promising applications of these technologies for metabolite, lipid and protein tissue 

imaging.

Introduction

Imaging technologies provide transformative capabilities to investigate and visualize the 

complexity and cellular heterogeneity of biological systems [1]. Spatial and molecular 

complexity of biological systems are intrinsically associated to many physiological 

processes related to normal organ development as well as aberrant disease progression [2–4]. 

Cancer initiation and promotion, for example, involve multistep cellular and genetic changes 

that result in complex tumorigenic state and tissue features [5]. Molecular imaging 

technologies including MS imaging are key approaches for investigating complex biological 

tissues, allowing spatial characterization of molecular components associated to heterotypic 

interactions exhibited by different cell types and their diverse microenvironment [6–8].

MS imaging allows untargeted analysis of hundreds of molecular species directly from a 

tissue sample, providing direct spatial correlation between their abundances and histological 

features. Molecular species are chemically identified based on high mass accuracy 

measurements of their mass-to-charge ratios (m/z), isotopic distributions, and tandem MS 

fragmentation patterns [9,10]. The speed, sensitivity, and specificity of MS imaging 
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techniques have been widely explored for in depth investigation of the cellular environment 

of healthy and diseased thin tissue sections [11–13]. Despite its powerful analytical 

capabilities, direct tissue analysis by MS imaging presents challenges including matrix 

interferences and chemical noise, which can hinder detection and identification of less 

abundant molecular species. Moreover, the inability of MS imaging techniques to separate 

isomeric molecular ions prior to mass analysis can lead to inaccurate assessment of their 

spatial distribution within the tissue samples. In an attempt to address these challenges, gas-

phase ion mobility spectrometry (IMS) technologies have been integrated into MS imaging 

workflows, allowing rapid separation of molecular ions post ionization and prior to mass 

analysis. In this review, we provide a brief overview of MS imaging and IMS techniques, 

focusing on recent advances coupling these approaches for enhanced imaging of 

metabolites, lipids and proteins (Figure 1). Promising applications to tissue imaging are 

highlighted to demonstrate the value of these methods in biomedical research.

Mass Spectrometry Imaging Techniques

MS imaging techniques provide a range of analytical and imaging capabilities for biological 

tissue imaging. Secondary ion MS (SIMS) was the first ionization technique introduced for 

surface imaging [14]. However, the molecular fragmentation processes inherent to SIMS 

analysis at that time hindered biomolecule analysis for tissue imaging [15,16]. Following 

SIMS, matrix assisted laser desorption/ionization (MALDI) was developed for surface 

analysis, enabling softer ionization of molecular ions and imaging of intact biomolecules 

with molecular weight up to thousands of Daltons. MALDI-MS typically utilizes a UV laser 

beam to transfer energy to a matrix-embedded analyte surface, desorbing molecules into the 

gas phase and promoting molecular ionization [17]. MALDI has been extensively used for 

biological tissue imaging of metabolites, lipids and proteins with spatial resolution ranging 

from ~5–200 µm [18–24], and has been integrated with IMS for biological applications [25–

36]. The development of cluster SIMS allowed softer ionization of molecular ions and thus 

its application for imaging of intact metabolites and lipids from biological samples 

[16,37,38], with sub-micrometer spatial resolution [39]. Nevertheless, no approaches to 

couple SIMS imaging with IMS have been reported.

Ambient ionization MS techniques were introduced in 2004 with the development of 

desorption electrospray ionization (DESI) [40]. Ambient ionization MS enables real-time 

and in-situ analysis of samples at atmospheric pressure conditions with minimal to no-

sample preparation, and was thus rapidly adapted for imaging applications [41]. DESI 

utilizes a spray of charged solvent droplets to desorb and ionize analyte molecules from a 

sample surface, allowing efficient analysis of metabolites and lipids from biological samples 

[40]. The demonstration of DESI-MS for tissue imaging in 2006 drove its use in biomedical 

research [42], and it is now broadly used for tissue imaging with a typical spatial resolution 

of 150 µm [43–48]. The increased application of DESI led to the development of tens of 

other ambient ionization MS techniques, many of which have been successfully adapted for 

tissue imaging [49]. Among these, liquid extraction based techniques, such as liquid 

extraction surface analysis (LESA) [50], liquid microjunction surface sampling (LMJ-SSP) 

[51], and nanoDESI [52], employ a solvent ‘liquid microjunction’ that interacts with a 

sample surface to extract molecules in a pulsed or continuous approach [53]. Extracted 
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molecules are re-aspirated, ionized and introduced into the mass spectrometer by 

electrospray ionization. LESA, LMJ-SSP and nanoDESI have been used for biological tissue 

imaging providing moderate to high spatial resolution (500–1000 µm, 630 µm and 15 µm, 

respectively)[54–56]. Other ambient ionization MS techniques have employed hybrid 

methods for desorption and ionization. Laser desorption electrospray ionization (LAESI), 

for example, combines a laser pulse to ablate material from a tissue surface and ESI to 

intercept the resulting plume for ionization [57].

Ion Mobility Spectrometry

IMS technologies are well suited for coupling with MS imaging techniques as they provide 

high-throughput separation capabilities (milliseconds), without significant increase in typical 

imaging analysis time (<1s/pixel), which is infeasible with other separation techniques such 

as liquid-chromatography (LC) approaches (minutes to hours). IMS are used for gas phase 

separation of molecular ions based on their size, shape, and charge within an electric field, 

also defined as their “mobility” (K) [58]. The most established form of IMS, named drift 

tube ion mobility spectrometry (DTIMS) employs a constant low electric field used to propel 

ions through a drift tube cell, while a high pressure buffer gas (typically helium or nitrogen) 

flows in the opposite direction of the ions, slowing their acceleration [59]. The number of 

collisions an ion experiences, dictated by its collisional cross section (CCS), influences its 

velocity through the drift cell, thus allowing separation from other ions. Besides DTIMS, 

traveling wave ion mobility spectrometry (TWIMS) is a widespread IMS technology that 

also employs an electric field to drive ions through a traveling wave ion guide. Contrary to 

DTIMS, a pulsed DC voltage is applied to each electrode in succession throughout the 

TWIMS device creating a travelling wave that the ions “surf” proportionally to K [59]. 

DTIMS and TWIMS have been widely integrated to LC-ESI-MS workflows to separate 

metabolites, lipids and protein molecular ions [60], with typical separation resolution of 60 

and 40, respectively, and total separation time of less than 200 ms. DTIMS and TWIMS 

require complex hardware operated under low pressure conditions, and are commonly 

commercialized as part of mass spectrometer systems in tandem with time of flight (TOF) 

mass analyzers. On the other hand, differential mobility spectrometry (DMS), or field 

asymmetric ion mobility spectrometry (FAIMS), are smaller and simpler IMS devices that 

can be incorporated to the interface of various mass spectrometers [61]. In FAIMS, an 

alternating electric field is applied perpendicularly to the ion path such that the ions 

experience both high and low field environments. The mobility of ions in a high field (Kh) is 

different from their mobility in a low field (KL), thus causing ions to drift towards the walls 

of the ion mobility cell. This drift can be counteracted by a compensating voltage applied 

parallel to the alternating electric field, allowing for ions with a particular Kh/KL ratio to 

traverse through the device towards the mass analyzer. FAIMS has also been widely 

employed in LC-ESI-MS applications, providing typical separation resolution of 15 at no 

significant increase in analysis time when operated at fixed field values [62]. In the last 10 

years, DTIMS, TWIMS, and FAIMS have been integrated to MS imaging techniques such as 

MALDI, LESA, DESI, LMJ-SS, and LAESI for applications in metabolites, lipids and 

proteins imaging, few of which we highlight next.
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Imaging of Small metabolites and Synthetic Drugs

Small primary metabolites have important regulatory roles in many biochemical pathways 

including glycolysis, glutaminolysis, and the tricarboxylic acid cycle, and are highly 

representative of cellular state. Dysregulated expression and distribution of metabolites have 

been explored by MS imaging to identify potential disease markers in biological tissue 

samples [63]. However, mass spectral interferences, which are prominent in MALDI 

experiments that present matrix ions at the same m/z range, as well as the inability to 

separate structural isomers have hindered broader use of MS imaging for metabolite 

imaging. Integration with IMS has thus been explored to provide improved chemical 

specificity and imaging accuracy for metabolite imaging. For example, MALDI and TWIMS 

have been used to image carnitines and acylcarnitines, essential compounds involved in 

cellular metabolism, in hypoxic tumor tissue regions of a breast cancer xenograft model. 

Separation of the stearoylcarnitine ion [M+H]+ at m/z 428.3 from an interfering background 

ion detected at m/z 428.2, (0.8 ms separation in drift time) was achieved by integrating 

MALDI with TWIMS, as well as subsequent fragmentation and identification by collision 

induced dissociation (CID) (Figure 2, left panel) [25]. Importantly, 2D ion images revealed 

an increase in stearoylcarnitine levels in hypoxic tumor regions, likely due to the inhibition 

of β-oxidation pathways. In a different study, MALDI and TWIMS were used to investigate 

the distribution of nucleotides adenosine triphosphate, adenosine diphosphate and adenosine 

monophosphate in post-mortem mouse brain tissues, allowing improved selectivity for 

nucleotide analysis and reduced interference from matrix ions (Figure 2, center panel) [26].

Analysis of the distribution of small synthetic drugs and their metabolites is important in the 

development of new treatment approaches. Drug imaging has also been explored by MS 

imaging and IMS techniques to separate the exogenous compounds from endogenous 

isobaric molecular ions [64]. The anti-cancer drug vinblastine, for example, was imaged 

directly from whole mouse tissue sections by MALDI-TWIMS to show its distribution prior- 

and post-dose. Separation of the protonated precursor vinblastine ion at m/z 811.4 from an 

isobaric endogenous glycerophosphocholine (PC) lipid species at m/z 811.4 as well as other 

interfering matrix ions was achieved with TWIMS. Identification of vinblastine was then 

possible by tandem MS analysis, providing increased specificity and higher accuracy 

determination of its spatial distribution [65]. Enhanced detection of drugs of abuse cocaine, 

tramadol and morphine and their metabolites in mouse kidney tissue sections was 

accomplished by coupling LESA to FAIMS. For example, norcocaine (NCOC), a cocaine 

metabolite indicative of cocaine intake, and benzoylecgonine (BZE), a cocaine metabolite 

that can result from external contamination, are structural isomers that present very similar 

fragmentation patterns. FAIMS allowed separation of the compounds (resolution = 3) for 

improved molecular analysis from kidney tissues (Figure 2, right panel) [66]. These 

examples clearly demonstrate the value of integrating IMS to MS imaging workflow for 

improved small molecule analysis.

Imaging of Lipids in Biological Tissues

Lipids are integral components of cellular membranes and play important signaling roles in 

cellular processes. Complex lipids including glycerophospholipids, glycerolipids and 
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sphingolipids present diverse chemical structures, commonly composed of fatty acid (FA) 

chains and distinct backbone structures, and have been increasingly investigated as disease 

markers by MS imaging approaches [43,67]. Integration of MS imaging and IMS have been 

used to reduce isobaric interferences due to isomerism in lipid chemical structures and other 

interfering molecular ions, which complicate precise structural assignment and analysis of 

lipid species from tissue samples by MS imaging [32–34,68]. Using MALDI and TWIMS, 

for example, identification and accurate imaging of a plasmalogen 

glycerophosphoethanolamine (PE) lipid, PE P-40:6 was achieved by separating the 

molecular ion from an isobaric lipid, PE 38:0, based on characteristic shifts in drift times 

experienced by the plasmalogen species compared to the diacyl species [27]. In a different 

study, the PC(34:2) lipid was separated using TWIMS from a nominally isobaric peptide 

(RPPGFSP) with a separation in drift-time peak maxima of 0.055 ms, enabling distinct 

visualization of each molecular ion (Figure 3, top left panel) [34].

Ambient ionization MS imaging techniques have also been coupled to IMS to improve lipid 

imaging from biological tissue sections [28,69,70]. Gangliosides, for example, are complex 

lipid species abundant in brain tissue that are not efficiently ionized by DESI, resulting in 

low relative abundances and S/N. Recently, Skraskova et al. integrated DESI and TWIMS to 

image mouse brain tissue sections and separate FA and lysolipids, glycerophospholipids, 

doubly charged ceramide-based lipids and gangliosides, and triply charged gangliosides into 

distinct mobility trendlines. This workflow resulted in simplification in data analysis and 

enhanced imaging of ganglioside species (Figure 3, top right panel) [28]. LAESI was also 

coupled to TWIMS for MS imaging of a sagittal rat brain section [69]. Nominally isobaric 

lipid and protein molecular ions detected in the narrow m/z 788.493±0.02 range were 

detected at different drift times (2.79 ms and 1.89 ms, respectively), allowing identification 

and accurate spatial determination of their specific spatial distributions (Figure 3, bottom left 

panel). Improvements in the analysis and imaging of multiply charged cardiolipins and 

gangliosides from rat brain tissue sections have also been accomplished by coupling DESI 

with a FAIMS device [56]. An overall increase of ~ 50% in S/N, as well as detection of 23 

cardiolipins and 7 gangliosides not observed by DESI-MS imaging alone was achieved with 

the integrated approach (Figure 3, bottom right panel). Altogether, these studies showcase 

the value of IMS in lipid analysis, allowing for improved specificity, identification and 

image quality of lipids by MS imaging.

Imaging of Peptides and Proteins

Proteins are critical to the structure, function, and regulation of cells. Investigating the 

dysregulation of protein expression and distribution within diseased tissues is important for 

biomarker discovery and identification of novel therapeutic targets. The addition of ion 

mobility separations into MS imaging workflows has allowed increased specificity and 

sensitivity for protein analysis, further advancing MS imaging into proteomics applications. 

Integration of MALDI with TWIMS and DTIMS has been explored for tissue analysis after 

on-tissue enzymatic digestions of proteins into peptides [29–31,36,71], enabling mass 

spectra deconvolution, as well as increased species detection, identification, and 

determination of their spatial distribution. For example, Hart et al. were unable to identify a 

tryptic peptide at m/z 1118.5 from a human skin tissue section by MALDI-TOF alone due to 
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the presence of fragment ions from interfering isobaric glycerophospholipid and matrix ions 

in the CID mass spectra. Precise isolation for CID and further identification as a keratin 1 

peptide was possible by separating the peptide ion from interfering isobaric species by 

TWIMS [71]. More recently, Cole et al. implemented the “IMS TAG” technique to improve 

protein identification by MALDI using TWIMS. The technique uses synthetic recombinant 

proteins that when digested yield peptides identical to those from a protein of interest within 

a biological tissue sample (Figure 4, left panel) [35]. The recombinant protein is analyzed 

concomitantly to the tissue sample of interest after on-tissue digestion, yielding tryptic 

peptides with characteristic ion mobility drift times and mass spectra that are used as a 

standard for comparison with peptides from the tissue and accurate protein identification.

Ambient ionization MS imaging of proteins have been notoriously challenging due to the 

low desorption and ionization efficiencies of proteins, interfering chemical noise, and ion 

loss inherent of analysis at atmospheric pressure conditions. Recent success implementing 

ambient ionization MS for protein imaging was propelled through the integration of FAIMS 

into the analytical workflow. Griffiths et. al coupled LESA to a chip-based FAIMS device to 

image the spatial distribution of proteins within mouse brain and liver tissue sections, 

enabling detection of 26 and 29 total proteins respectively, including 7 proteins in brain and 

13 proteins in liver that were not observed with LESA alone (Figure 4, central panel) 

[54,72]. Feider et. al coupled the same FAIMS system to an LMJ-SSP source to image 

proteins in rat brain and human ovarian tissues [56]. In rat brain tissue, 66 protein ions were 

exclusively observed when utilizing FAIMS separation, and not detected using LMJ-SS 

alone (Figure 4, right panel). Improved correlation between the spatial distribution of protein 

ions and histologic structures of tissues was also achieved, such as a clear definition of 

thymosin β-4 within the brain hippocampus. In high grade serous carcinomas (HGSC) 

tissues, clear visualization of the protein calcyclin was achieved in cancer tissue regions, 

while high abundance of hemoglobin α was observed in regions with necrosis.

Conclusion

The addition of IMS into a MS imaging workflow alleviates challenges inherent to direct 

analysis of complex biological tissues, including reducing chemical noise interference, 

improving separation and chemical identification of isobaric species, and visualization of 

ions at low S/N. When applied to tissue imaging, more accurate and clear spatial 

determination of metabolites, lipids, and proteins within histologic features are achieved. 

These analytical workflows have expanded the molecular information acquirable by MS 

imaging, making these techniques more attractive for biomedical research. Several 

improvements are envisioned to further expand and advance the use of these approaches in 

biological tissue imaging. IMS separation is inherently associated with ion loss due to the 

increased ion travel path, often resulting in lower sensitivity despite improvements in S/N. 

This decrease in sensitivity has been particularly detrimental when used with ambient 

ionization MS techniques, which intrinsically suffers from low ion transmission at 

atmospheric pressure. Developments in hardware to integrate these systems and improve ion 

transmission are needed to increase sensitivity for MS semi-targeted imaging applications. 

Further, there has been limited success using IMS to separate isomeric lipids and metabolites 

in biological MS tissue imaging. Improvements in ion mobility separation resolution would 
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further expand the molecular information acquirable by MS imaging and improve 

identification of molecules for biomarker discovery. As MS imaging techniques have been 

integrated to high resolving power mass analyzers, the molecular information acquired from 

tissue samples have become increasingly large and complex, which complicates data 

analysis and interpretation. Data complexity becomes even more intricate when the 

dimension of separation from IMS analysis is added to MS imaging workflows. Thus, 

software solutions that provide functionalities to process and interpret the spatial, separation 

and molecular information obtained are necessary to advance research. Lastly, inclusion of 

CCS information into molecular databases obtained from MS imaging experiments could 

significantly improve identification of molecular ions to further propel the use of IMS for 

biological tissue imaging research.
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Highlights

• IMS improves analytical performance of MS imaging of biological tissue 

samples.

• Improvements in specificity and imaging accuracy are achieved for small 

molecules.

• IMS reduces background and isobaric interferences for small molecule MS 

imaging.

• Improved imaging and identification of proteins are achieved using IMS 

separation.
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Figure 1. 
Schematic representation of the MS imaging and IMS techniques that have been integrated 

for enhanced imaging of metabolites, lipids and proteins from biological tissues. MS 

imaging techniques highlighted include MALDI, DESI, LMJ-SSP, LESA and LAESI. IMS 

techniques include DTIMS, TWIMS and FAIMS. 2D ion images of metabolites (adenosine 

diphosphate and adenosine monophosphate), lipids (Gangliosides GD1 (d18:1/18:0) and 

GT1 (d18:1/18:0)), and proteins (ubiquitin and hemoglobin α) obtained using MS imaging 

and IMS are shown [26,28,56].
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Figure 2. 
Examples of small metabolite and drug imaging in biological tissues using MS imaging 

coupled to IMS. The left panel shows an application of MALDI and TWIMS for separation 

of a stearoylcarnitine species from an isobaric background ion in breast tumor xenograft 

model tissue, allowing accurate imaging of the stearoylcarnitine ion. Species were identified 

by tandem MS analysis following TWIMS separation [25]. The middle panel shows an 

application of MALDI and TWIMS for imaging adenosine triphosphate, adenosine 

diphosphate, and adenosine monophosphate in mouse brain tissue, with corresponding ion 

mobility and mass spectra [26]. The right panel shows an application of LESA and FAIMS 
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to separate isomeric cocaine metabolites BZE and NCOC, in human kidney tissue, with 

structures shown at the top of the panel. Addition of acetonitrile in the drift gas enables 

separation between the isomeric species, as shown in the top extracted ion chromatogram 

[66].
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Figure 3. 
Examples of lipid imaging from biological tissue samples using MS imaging coupled to 

IMS. The top-left panel shows the application of MALDI and DTIMS to separate and image 

lipids and protein species. Ion images of PC 34:2 (structure shown at the top of the panel), 

an isobaric peptide RPPGFSP, and an overlay of the two ion images, representing the result 

obtained with no IMS are shown. A 2D IMS-MS separation map is shown for the two 

species [34]. The top-right panel shows the use of DESI and TWIMS for tissue lipid 

analysis. The 2D plot for m/z vs drift time illustrate the IMS trendlines observed: (1) fatty 

acids and lysolipids, (2) glycerophospholipids, (3) doubly charged ceramide-based lipids and 

gangliosides, (4) triply charged gangliosides from mouse brain tissue. Representative ion 

images for ganglioside species are shown on the right [28]. The bottom-left panel shows the 

m/z vs drift time plot with a lipid and protein IMS trendline obtained using LAESI and 

TWIMS from mouse brain tissue. The IMS spectra for a lipid and protein species at m/z 
788.5 is shown on the right. Individual mass spectra extracted at 1.89 and 2.79 ms in drift 

time are shown at the bottom [69]. The bottom-right panel shows an application of DESI and 

FAIMS to improve detection and imaging of cardiolipins in mouse brain tissue. Mass spectra 

without IMS (top) and with (bottom) IMS separation by FAIMS from a rat brain tissue 

sample are shown. Improvements in S/N and number of detected cardiolipin species were 

observed. Representative ion images for two cardiolipin species are shown at the bottom 

[56].
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Figure 4. 
Examples of peptide and protein imaging from biological tissue samples using MS imaging 

coupled to IMS. The left panel shows the application of MALDI and TWIMS in the “IMS-

TAG” method, which employs an internal standard protein that, when digested, yields 

peptides of interest (denoted with red arrows) within a tissue sample. The images show the 

distribution of three peptides within the ion images, a vimentin peptide, a HS90 peptide, and 

a histone H2A peptide, where only vimentin and HS90 are within the tissue [35]. The 

middle panel shows the use of LESA and FAIMS to image proteins from mouse brain tissue. 

An increase in the S/N and number of proteins detected with LESA was observed when 

FAIMS was used. The spectra when FAIMS voltage are applied shows greater variation in 

the species within a mouse brain tissue section observed within the same analysis time, and 

the images show a higher intensity of the calmodulin protein when FAIMS is used. 

Similarly, left panel shows the use of the LMJ-SS and FAIMS to image proteins in rat brain 

tissue. Increased ion intensity of protein species from rat brain tissue and improved spatial 

correlation of the molecular ions within the tissue section are observed, with the thymosin 

β-4 located majorly in the hippocampus of the rat brain [56].
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