
Trends in Analytical Chemistry 175 (2024) 117713

Available online 18 April 2024
0165-9936/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Frontiers in mass spectrometry-based spatial metabolomics: Current 
applications and challenges in the context of biomedical research 
Kate Wheeler a,1, Camil Gosmanov b,1, Michael Jimenez Sandoval c, Zhibo Yang b, Laura- 
Isobel McCall b,d,* 

a Department of Biology, University of Oklahoma, 101 Stephenson Parkway, Norman, OK, 73019, USA 
b Department of Chemistry and Biochemistry, University of Oklahoma, 101 Stephenson Parkway, Norman, OK, 73019, USA 
c Neuroscience Program, Amherst College, 5 East Drive, Amherst, MA, 01002, USA 
d Department of Chemistry and Biochemistry, San Diego State University, 5500 Campanile Drive, San Diego, CA, 92182, USA   

A R T I C L E  I N F O   

Keywords: 
Mass spectrometry 
Metabolomics 
Spatial analysis 
MALDI mass spectrometry imaging 
DESI mass spectrometry imaging 
Secondary ion mass spectrometry 
Chemical cartography 

A B S T R A C T   

Metabolites are critical products and mediators of cellular and tissue function, and key signals in cell-to-cell, 
organ-to-organ and cross-organism communication. Many of these interactions are spatially segregated. Thus, 
spatial metabolomics can provide valuable insight into healthy tissue function and disease pathogenesis. Here, 
we review major mass spectrometry-based spatial metabolomics techniques and the biological insights they have 
enabled, with a focus on brain and microbiota function and on cancer, neurological diseases and infectious 
diseases. These techniques also present signi昀椀cant translational utility, for example in cancer diagnosis, and for 
drug development. However, spatial mass spectrometry techniques still encounter signi昀椀cant challenges, 
including artifactual features, metabolite annotation, open data, and ethical considerations. Addressing these 
issues represent the future challenges in this 昀椀eld.   

1. Introduction 

Metabolites are central to biological function, representing key in-
termediates in the energy-generating pathways that keep us alive, the 
building blocks of living cells and viruses, and many of the signals that 
enable interactions between organisms. Metabolites can be character-
ized by targeted or untargeted metabolomics. Untargeted metabolomics 
is conducted without an a priori list of speci昀椀c metabolites to analyze, 
usually with the goal of attaining a broad representation of metabolites 
within a given system. Targeted analyses, in contrast, focus on quanti-
fying metabolites from a predetermined list. 

Metabolomics can be performed on bulk extracts, without consid-
ering spatial aspects. However, given the central role of metabolites in 
biological system function, quantifying metabolites is incomplete if the 
location of a given metabolite is not considered. Infectious diseases are 
often highly localized, in terms of symptoms and in terms of pathogen 
colonization sites. Nutrient metabolites that are at insuf昀椀cient local 
levels will, for example, prevent pathogen colonization at that location 
[1]. Deciphering the tissue localization of signaling metabolites can help 
determine sites and mechanisms of action, for example to elucidate 

mediators of extra-intestinal effects of the gut microbiota [2]. Local drug 
accumulation and local drug metabolism are critical concerns in phar-
macokinetics, without which a complete understanding of treatment 
failure vs success is impossible [3]. Metabolite segregation between 
cellular compartments is a key regulatory aspect enabling metabolic 
reaction directionality [4]. All these aspects would be missed through 
conventional analysis of single bio昀氀uids or of a single tissue segment, 
since they do not allow for spatial comparisons. Thus, there is a strong 
need for spatial metabolomics approaches, which will furthermore help 
enable a spatial framework for personalized/precision medicine initia-
tives. Here, we review mass spectrometry-based spatial metabolomics 
methods, with a focus on their applications in a biomedical context and 
on future trends in the 昀椀eld. 

2. Spatial metabolomics methods 

Mass spectrometry (MS)-based spatial metabolomics methods enable 
metabolite analysis from the sub-micrometer to the meter scale or larger 
(e.g. Refs. [5–12]. A common aspect across methods is the need to 
carefully plan sample preparation, followed by data acquisition and data 
processing to generate spatial metabolite maps (Fig. 1). Among the most 
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common methods are matrix-assisted laser desorption/ionization 
(MALDI) mass spectrometry imaging (MSI), secondary ion mass spec-
trometry (SIMS) and desorption electrospray ionization (DESI) MSI. 
Another emerging technique is the Single-probe MSI, which can be used 
to perform single-cell as well as tissue analysis (Fig. 1A). 

2.1. Sample selection and preparation 

Planning of sample collection and sample preparation to preserve 
spatial information is the key step without which quality data cannot be 
obtained. Simple analyses of the impact of location on the cell 

metabolome can be performed via analysis of cell culture systems, for 
example in mixed cell culture populations (e.g. Ref. [14]) or comparing 
between infected and infection-adjacent cells following in vitro infection 
[15]. Alternatively, single-cell MS and spatial analysis can be combined 
by systematically dissociating different regions of a tissue and keeping 
the resulting cells separated by tissue regions. More commonly, tissue 
sections are used for spatial metabolomic analysis, preserving more 
detailed spatial context than analyses of in vitro cultured cells or cells 
dissociated from biological systems. With skilled sectioning, even whole 
vertebrate sections can be analyzed (e.g. Ref. [16]). Greater spatial 
scales (across a given organ or multiple organs) or comparison between 

Abbreviations 

3D three-dimensional 
AA arachidonic acid 
DESI desorption electrospray ionization 
FAIR data 昀椀ndable accessible interoperable and reusable data 
FISH 昀氀uorescence in situ hybridization 
GC gas chromatography 
GCIB gas cluster ion beam 
GNPS Global Natural Products Social Molecular Networking 
ICP inductively coupled plasma 
LC liquid chromatography 
LPA lysophosphatidic acid 
PE phosphatidylethanolamine 

PI phosphatidylinositol 
MALDI matrix-assisted laser desorption/ionization 
MS mass spectrometry 
MSI mass spectrometry imaging 
NMR nuclear magnetic resonance 
PC phosphatidylcholine 
PET positron emission tomography 
PS phosphatidylserine 
SEAM spatial single nuclear metabolomics 
SIMS secondary ion mass spectrometry 
ToF time of 昀氀ight 
TIC total ion chromatogram 
TIMS trapped ion mobility spectrometry 
XIC extracted ion chromatogram  

Fig. 1. Representative spatial metabolomics work昀氀ows. (A) Work昀氀ows based on thin tissue sectioning. Top, single-probe MSI with representative resulting MS 
spectrum. Bottom, MALDI MSI. (B) Large-scale spatial analyses by LC-MS (“chemical cartography”) with representative total ion chromatogram (TIC), extracted ion 
chromatogram (XIC) and MS/MS spectrum for the corresponding feature, annotated as FA 18:2; O. Figure created using BioRender.com, Adobe Illustrator, and ‘ili 
software [13]. 
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multiple replicates can also be achieved by carefully planned systematic 
sample sectioning, followed by metabolite extraction, liquid chroma-
tography (LC)-MS analysis on each extract, and computational data re-
constructions, an approach termed “chemical cartography” or 
“molecular cartography” [17] (Fig. 1B). Spatial resolutions of ~1 mm3 

can be achieved using 昀椀ne swab-based sampling or 昀椀ne sectioning, 
though this method is more commonly applied for large-scale spatial 
analyses. On the other end of the spatial scale, spatial mass spectrometry 
approaches are also being applied to individual organelles and to 
elucidate subcellular metabolite distribution [9,18]. 

In all cases, careful and appropriate sample preparation methods are 
critical. They should limit metabolite degradation, preserve metabolite 
sample distribution (for example by avoiding diffusion or de- 
localization of metabolites) and preserve overall tissue biogeography 
or integrate suf昀椀cient reference points to enable correction of sample 
distortion introduced for example during desiccation of tissue slices 
[19]. Choices, such as 昀椀xation, matrix selection, desorption solvent, 
metabolite extraction solvent, data acquisition instrument and data 
acquisition polarity, will all determine the metabolite classes that can be 
detected in a given spatial metabolomics experiment [20,21]. While 
broad metabolite coverage is often the goal, full and complete metab-
olite coverage is not currently possible and often only a small fraction of 
the metabolites in a given sample are detectable and detected. The 
detectable metabolite classes will depend on the sample preparation and 
mass spectrometry techniques selected. 

2.2. Data acquisition approaches 

2.2.1. Vacuum-based methods 
In SIMS, a primary ion beam is applied to the sample surface, leading 

to the generation and ejection of secondary ions from the sample, which 
are then separated in a mass analyzer. Spatial data is acquired by sys-
tematically moving the ion beam across the sample surface, with lateral 
spatial resolution in the nanometer to micrometer range, a strength 
compared to most other alternative approaches. SIMS can also generate 
three-dimensional (3D) molecular maps as the sample surface is pro-
gressively eroded. There are multiple types of SIMS instrumentation, 
with various primary ion beams, lens positioning and mass analyzers, 
depending on the desired lateral and depth spatial resolution, speed of 
data acquisition, mass resolution and mass accuracy [9,22,23]. SIMS 
was originally predominantly restricted to elemental analysis and me-
tabolites that are non-volatile under ultra-high vacuum; data analysis 
can also be hampered by the fragmentation induced by the ion beam. 
However, instrumental developments, such as Cryo-OrbiSIMS or new 
ion beam technologies, such as GCIB, expand these limits [22,24]. 

MALDI is another method that is most commonly vacuum-based, in 
which analytes are co-crystallized with a small molecule matrix. This 
matrix absorbs energy from a laser beam rastered along a surface, 
leading to desorption and ionization of the matrix and analytes, gener-
ally in protonated or deprotonated forms. The chemical properties of 
detectable analytes are strongly in昀氀uenced by matrix choice, with new 
matrices expanding the ranges of metabolites that can be detected by 
MALDI-MSI (e.g. Ref. [20]; see Ref. [25] for a comprehensive review). 
MALDI has a wider spatial resolution than SIMS, usually 5–100 μm, 
though 昀椀ner lateral resolutions can be achieved with modi昀椀cations such 
as atmospheric pressure MALDI and improved sample preparation pro-
cedures [26]. 3D maps can also be generated with MALDI, though it is 
more dif昀椀cult than via SIMS due to the need for data acquisition and 
integration across multiple tissue segments (e.g. Ref. [27]). Although 
vacuum-based techniques provide very high spatial resolution and 
sensitivity, complex sample preparation is generally required. In addi-
tion, matrix application and high-vacuum working environments can 
potentially alter the samples. 

2.2.2. Ambient methods 
Ambient MSI techniques were designed to overcome the intrinsic 

drawbacks of vacuum-based methods. DESI was the 昀椀rst ambient-based 
MS technique developed for surface analysis [28]. This technique rasters 
charged solvent droplets onto a sample to desorb sample analytes from 
the sample surface for direct MS analysis. DESI is classically best suited 
for polar analytes, though modi昀椀cations in sample preparation, solvent 
composition or instrumentation can expand this range [29]. Unlike 
MALDI-MSI, which requires matrix embedding and usually ionization 
under vacuum, DESI-MSI requires no sample preparation and can be 
done at room temperature and atmospheric pressure, which allows 
quick analysis of spatially distributed molecular information. Disad-
vantages include a lower spatial resolution compared to SIMS or MALDI. 
However, recent technology development of DESI signi昀椀cantly 
improved its spatial resolution to 20 μm [30]. 

Other ambient MSI techniques have been reported with improved 
spatial resolution. Despite the similarity of their names, the working 
mechanisms of DESI and nano-DESI are fairly different. Nano-DESI 
produces microscale liquid to extract analytes on the sample surface 
for real-time MS analysis with a spatial resolution better than 12 μm 
[31]. The Single-probe, which has a similar working mechanism as 
nano-DESI, is fabricated by integrating one dual-bore quartz needle, one 
solvent-providing capillary, and one nano-electrospray ionization 
(nano-ESI) emitter. The sampling liquid (e.g., methanol and acetonitrile) 
is continuously delivered through the solvent-providing capillary via a 
syringe pump. A small liquid junction, which is formed at the tip of the 
dual-bore quartz needle, contacts the tissue surface to dissolve analytes 
present on a small spot of the tissue. The extracted molecules are then 
automatically drawn (via a self-aspiration process) towards the inte-
grated nanoESI emitter for real-time MS detection. This technique has 
been primarily used for imaging small molecules, such as metabolites, 
lipids, and drug compounds on animal tissues, and a high spatial reso-
lution of ca. 8.5 μm can be achieved [32] (Fig. 1A). Both the nano-DESI 
and Single-probe are not commercially available, and the device fabri-
cation and experiment operation require extensive experience. Howev-
er, these methods have been adopted by other research groups, 
facilitating technology advancement and more applications [33–36]. 

3. Representative applications in health 

Spatial metabolomics can provide considerable insight into the role 
of location in healthy organ function as well as disease processes (Fig. 2). 
We illustrate the former by highlighting spatial metabolomics applica-
tions in the context of brain physiology and microbiome-host commu-
nication. The brain was selected because its inherent spatial architecture 
makes it one of the most common and earliest organs selected to test 
novel MSI techniques (e.g. Ref. [37]). Spatial metabolomics applications 
to the study of the microbiome are newer. The microbiome produces a 
considerable diversity of small molecules, with local as well as 
far-ranging effects that necessitate a spatial approach [38]. 

3.1. Understanding the brain 

Given the brain’s distinct architecture, it has commonly been used as 
a biological system to validate and illustrate the strengths of novel 
spatial metabolomic techniques. For example, the original publication 
on 3D OrbiSIMS used this technique to reveal the 昀椀ne spatial distribu-
tion of cholesterol and phosphoinositides in the mouse hippocampus, 
adenine accumulation at the single nucleus level, and γ-aminobutyric 
acid neurotransmitter accumulation in the stratum oriens region [9]. 
Likewise, water GCIB-SIMS was implemented to show differential 
abundance of speci昀椀c sulfatides, phosphatidylinositols, glutathione, 
adenosine monophosphate, and fatty acids between the outer layer of 
the cerebellum cortex, the middle layer, the granular layer and the white 
matter in mice [39]. 

Beyond these demonstrations of instrumentation capabilities, spatial 
metabolomics techniques have been implemented to provide functional 
insight into brain physiology. Speci昀椀cally, major challenges in our 
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understanding of the brain include mapping the relationship between 
chemical signaling, brain anatomical structures and brain function, and 
differentiating between healthy aging-associated changes vs patholog-
ical alterations. For example, Ding et al. used tissue sectioning followed 
by metabolite extraction and LC or gas chromatography (GC)-MS to 
compare the regiospeci昀椀c brain metabolome between ages and sexes in 
mice. Results showed a dominant effect of age over sex, including 
different patterns of sphingolipid species abundance, providing a 
chemical mechanism underlying myelin degeneration. Furthermore, 
regions with similar function showed similar metabolism, providing an 
important link between chemistry and physiology [40]. 

3.2. Understanding the microbiota 

The mammalian microbiota, the community of microorganisms 
living on and in a mammalian body, is restricted to speci昀椀c colonization 
sites. However, studies in germ-free and antibiotic-treated mice have 
revealed far-ranging effects of the microbiota in organs distal to sites of 
microbiota colonization [41]. Spatial metabolomic approaches can be 
used to identify the metabolite mediators and metabolic consequences of 
these far-ranging effects. For example, a systematic “chemical cartog-
raphy” comparison of tissue metabolite levels across organ segments, in 
germ-free vs colonized mice, identi昀椀ed novel microbiota-produced bile 
acid conjugate molecules: phenylalanocholic acid, tyrosocholic acid and 
leucocholic acid. These metabolites were found predominantly in the 
ileum, duodenum, and jejunum of colonized mice, while there was a 
ten-fold decrease in detection of the same conjugated bile acids in the 
caecum and colon [42]. 

On a 昀椀ner spatial scale, MALDI-MSI and DESI-MSI revealed higher 
levels in the white matter of colonized mice compared to brains from 
germ-free mice, of a mixture of 3-methyl-4-(trimethylammonio)buta-
noate and 4-(trimethylammonio)pentanoate, which inhibited fatty 
acid oxidation, thus expanding our understanding of the gut-brain axis 
[43]. However, deconvoluting microbiota vs host origin is challenging 
for metabolites that are potentially produced by both prokaryotes and 
eukaryotes. To address this issue, Uchimura et al. colonized germ-free 
mice with 13C or 12C-labeled non-replicating Escherichia coli bacteria. 
Bacterially-derived amino acids reached many organs including the 
liver, brain, spleen and pancreas within 2 h, with differential abundance 
depending on the organ and the amino acid [2]. Spatial metabolomics 
using MALDI-MSI also enabled 昀椀ner characterization of microbiota 
metabolism. Speci昀椀cally, one study found that B. subtilis produces the 
antibiotics surfactin and plipastatin at higher levels near zones of 
cross-species interaction [44]. 

However, the integration of metabolomics analysis with microbiome 
data can be challenging. Limitations in current dissection methods result 
in the loss of spatial resolution at the level of individual cells [45], and 
bacterial constituents of the microbiome are at or below the spatial 
resolution of MALDI-MSI, the most common 昀椀ne-scale MSI instrumen-
tation available to microbiology laboratories. SIMS studies of microor-
ganisms have either focused on elemental analysis, environmental 

microorganisms (e.g. Refs. [46–48]), or pathogenic microorganisms (e.g. 
Ref. [23], see below). Additionally, many microbiota metabolites are 
still of unknown identity. Indeed, this is a particular challenge across 
metabolomics studies, with considerable signals that cannot currently 
be annotated, either because they are instrumental artefacts, or because 
they represent novel chemical matter (especially from microorganisms) 
[49,50]. Advances in genomic and metabolite databases and new data 
processing tools will help address the latter issue [51]. An emerging 
approach is dual MALDI-MSI and 昀氀uorescence in situ hybridization 
(FISH), to identify the speci昀椀c microbes producing metabolites of in-
terest locally [10]. Improved communication between microbiome re-
searchers and bio-analytical chemists focused on small molecule 
characterization will enable increased expansion of spatial metabolomic 
techniques to study the microbiome [52]. 

4. Representative applications in disease 

4.1. Cancer 

Spatiality is central in cancer pathophysiology and treatment, from 
de昀椀ning tumor margins to understanding sites and consequences of 
metastasis. Indeed, determination of tumor margins during surgery is 
one of the major clinical applications of spatial metabolomics [53]. 
Other implementations in a laboratory setting have generated funda-
mental insight into cancer pathogenesis, for example by characterizing 
the tumor microenvironment. Using MALDI-MSI, Randall et al. 
demonstrated high levels of acylcarnitines at the tumor periphery, 
anti-correlated with ATP [54]. Zink et al. likewise used MALDI-MSI and 
agarose-embedded cells and ovarian explants to show that ovarian tissue 
produces norepinephrine in the presence of fallopian tube-derived 
transformed cells, and that norepinephrine promotes invasiveness of 
cancer cells [55]. Additional insight can be provided by multi-modal 
data acquisition. For example, air昀氀ow-assisted DESI-MSI showed 
increased proline levels in esophageal squamous cell carcinoma. 
Combining this approach with immunohistochemistry demonstrated 
that the rate-limiting enzyme in proline biosynthesis was likewise 
upregulated in these tumors, and similar concurrent patterns were 
observed between metabolites and enzymes in glutamine metabolism 
[56]. Likewise, protein and metabolite spatial distribution were 
analyzed in parallel in the human breast cancer tumor microenviron-
ment via SIMS, taking advantage of lanthanide-labeled antibodies. This 
approach revealed for example higher levels of lysophosphatidic acid 
LPA (20:0) in highly-proliferative cells (marked by Ki-67 -positive re-
gions) and higher polyunsaturated lipids in in昀椀ltrating macrophages 
[57]. Expanding this approach to other protein markers and other can-
cer types shows great promise, and may lead to the development of 
novel therapeutic regimens in oncology. 

4.2. Neurological disorders 

Spatial metabolomics 昀椀ndings on healthy brain function can be 

Fig. 2. Example applications of spatial metabolomics.  
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extended in the context of neurological disorders, with emphasis on 
neurodegenerative diseases, traumatic brain injury, and stroke. For 
example, MALDI-MSI revealed lower dopamine and norepinephrine in 
damaged brain regions in rat Parkinson’s disease models, and that 
levodopa treatment led to elevated striatum γ-aminobutyric acid levels 
[20]. MALDI-MSI also found that gangliosides were overall lower in the 
cerebellum and right hemisphere in a mouse model of Alzheimer’s dis-
ease compared to controls. These 昀椀ndings may help expand our under-
standing of Alzheimer’s disease pathogenesis [58]. 

Likewise, MALDI-MSI studies of mouse brains after experimentally- 
induced stroke revealed striking spatial metabolomic differences be-
tween infarcted vs healthy sites. Glucose and citric acid were elevated 
whereas guanosine monophosphate (GMP), adenosine diphosphate 
(ADP), inosine carnitine, glutathione and [PC(32:0) + K]+ were 
decreased [59,60]. This may re昀氀ect metabolic shifts in response to 
limited oxygen availability, as well as inability to protect against 
oxidative damage. Importantly, these manuscripts also used a spatial 
approach to test whether new therapeutics could improve this aberrant 
distribution [60,61]. 

In the context of traumatic brain injury, GCIB-SIMS revealed signif-
icant loss of polyunsaturated cardiolipin in the ipsilateral contusional 
cortex and CA3 region of the brain hippocampus in rats. The CA3 region 
plays a role in memory, so loss of cardiolipin in this region could explain 
poor cognitive performance after head injury [22]. In another rat study, 
GCIB-SIMS showed selective accumulation of speci昀椀c phosphatidyleth-
anolamine PE (38:4)-OH and arachidonic acid AA (20:4)-OH oxidized 
lipids in the ipsilateral pericontusional cortex, with concomitant loss of 
the non-oxidized phosphatidylethanolamine and accumulation of free 
fatty acids [62]. 3D MALDI-MSI further revealed elevated phosphati-
dylcholine PC(42:9) at the lesion site in rats [63]. As with the analyses of 
stroke, above, MALDI-MSI was also used to characterize the spatial 
response to treatment, revealing a decrease in speci昀椀c ceramide at the 
impact site in animals treated with a “decoy” peptide [64]. Thus, spatial 
metabolomics analyses can not only provide insight into the pathogen-
esis of neurological damage, but also assess treatment ef昀椀cacy. 

4.3. Infectious disease 

4.3.1. Bacterial infection 
Infection is often a location-speci昀椀c process: pathogens accumulate 

at speci昀椀c body sites, and symptoms may manifest in discrete locations. 
In the context of bacterial infection, MALDI-MSI was used to track the 
virulence factor lipid A in the mouse spleen during Francisella novicida 
infection, in comparison with time-dependent spatial loss of phospha-
tidylinositol (PI) 18:0/20:4. F. novicida serves as a model for Francisella 
tularensis ssp. tularensis, causative agent of tularemia. PI(18:0/20:4) is a 
precursor of in昀氀ammatory lipids such as arachidonic acid. These 昀椀nd-
ings are helping to de昀椀ne the role of arachidonic acid and cyclo-
oxygenase-2–dependent in昀氀ammation in tularemia [65]. Likewise, 
bacteria and the host compete for iron in tissue abscesses caused by 
Staphylococcus aureus. Tracking siderophores by MALDI-MSI and iron by 
inductively coupled plasma (ICP)-MS in parallel showed the uneven 
distribution of iron availability vs uptake in the tissue abscesses 
collected from mouse liver, kidney, and heart [66]. Additional 
MALDI-MSI analyses of samples from murine and human S. aureus 
infection revealed variable lysyl-phosphatidylglycerol lipid levels be-
tween infection foci. This may indicate heterogenous bacterial response 
to a common host environment, or underlying variation in the host 
environment leading to differential bacterial virulence factor expression 
[67]. Similarly, multiple separate studies used time of 昀氀ight (ToF)-SIMS 
to analyze Pseudomonas aeruginosa bio昀椀lms, demonstrating spatial het-
erogeneity of quinolone specialized metabolites and accumulation of 
quinolones around the perimeter of bronchial sections [23,68]. 

MALDI-MSI is also useful to study the distribution of host molecules 
involved in infectious diseases. For example, bile acid access is crucial to 
bacterial infection by C. dif昀椀cile. MALDI-MSI revealed elevated levels of 

the bile acid taurocholate in the ileum of C. dif昀椀cile-infected mice [69]. 
Similarly, analysis of mouse liver infection by S. Typhimurium using 
DESI-MSI and immunohistochemistry revealed co-localization of neu-
trophils, dendritic cells, monocytes and macrophages with 
phosphatidylcholine-plasmalogens and long-chain acylcarnitines. These 
昀椀ndings provide insight into immunometabolic changes during Salmo-
nella infection [70]. 

In addition to these microscale analyses, broader-scale chemical 
cartography work昀氀ows can also provide signi昀椀cant insight into bacterial 
infection. A chemical cartography study of the lung of a cystic 昀椀brosis 
patient revealed a disconnect between homogenous Pseudomonas aeru-
ginosa spatial distribution and patchy production of its quinolone and 
rhamnolipid virulence factors across the lung [17]. This heterogenous 
virulence factor production may re昀氀ect differential contact with other, 
heterogeneously-distributed bacteria in the lung [71]. Another path-
ogen which is associated with cystic 昀椀brosis, Achromobacter, was nega-
tively correlated with the antibiotic meropenem [17]. This approach 
may help understand in vivo resistance to antimicrobial agents. 

To enable application of these methods to highly pathogenic agents, 
pathogen inactivation methods compatible with spatial metabolomics 
need to be developed and optimized. Chemical cartography is at an 
advantage here, as many standard metabolite extraction solvents will 
inactivate pathogens (e.g. dichloromethane; methanol). With regards to 
other spatial metabolomics approaches, method validation is necessary. 
Wang et al. recently demonstrated that 100çC heat killed Mycobacterium 
tuberculosis and was compatible with lipid analysis by MALDI-MSI. The 
authors showed that different sphingomyelin species accumulate in 
cellular lesion regions, caseous lesion regions, and adjacent undamaged 
lung tissue, as well as variability between lesions [21]. Other methods 
such as short glutaraldehyde 昀椀xation may also be suitable for such 
studies [15]. 

4.3.2. Parasitic infection 
Parasitic infections are neglected compared to many bacterial in-

fections and thus there have been fewer applications of spatial metab-
olomics to study parasitic diseases. These diseases are poorly understood 
and would bene昀椀t from the insights enabled by these technologies. 
Indeed, when these techniques were applied to Chagas disease, they 
provided the 昀椀rst mechanistic explanation for the localization of Chagas 
disease symptoms in the body and a novel mechanism of disease toler-
ance. Chagas disease is caused by the parasite Trypanosoma cruzi, and in 
chronic cases causes enlargement of the heart, esophagus and colon. 
Chemical cartography analyses of the T. cruzi-infected heart and 
gastrointestinal tract in mouse models showed persistent metabolic 
perturbations speci昀椀cally at these sites of symptom localization and 
disconnected from parasite load. In addition, results revealed local 
perturbation of acylcarnitines and glycerophosphocholines during 
infection with different T. cruzi strains and in accordance with disease 
severity. Modulating carnitine levels induced tolerance to T. cruzi 
infection via restoration of the cardiac metabolome and lowered cardiac 
strain in mice [72–74]. MALDI-MSI in combination with auto-
昀氀uorescence microscopy enabled detection of Plasmodium-infected cells 
in the mouse liver, which had high localized levels of phosphatidylserine 
PS(40:5) [75]. This method could help understand the local metabolic 
changes associated with Plasmodium liver infection, which would be 
missed by bulk tissue analyses due to the low parasite load. 

4.4. Drug distribution 

Spatial metabolomics approaches have often been used to investigate 
drug distribution. Indeed, poor drug bioavailability and pharmacoki-
netics are a major cause of drug failure during drug development. Drug 
ef昀椀cacy and drug safety are thus dependent on drug tissue distribution. 

Eye drops are commonly used for a variety of eye conditions. Some 
chemical constituents of eye drops are toxic to parts of the eye, like 
benzalkonium chloride [76]. Other common issues with eye drops are 
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the constituents not reaching the correct part of the eye for treatment, 
such as atropine which must reach the sclera [77]. ToF-SIMS and 
MALDI-MSI were used to characterize the spatial distribution of these 
constituents and their local concentrations in rabbit models [76–78]. 

Studying the distribution of drugs in diseased tissues is important to 
ensure that the drug is concentrated enough in the correct area to 
properly treat the infection. In the case of leishmaniasis, miltefosine 
decreases the parasite load, but the disease often recurs in patients who 
were thought to be cured. MALDI-MSI showed that miltefosine was 
unable to reach parasites lying dormant in collagen-rich lesional tissues 
in a mouse model of cutaneous leishmaniasis [3]. Likewise, in tuber-
culosis, emergence of drug resistance has been tied to tuberculosis 
granulomas not allowing full drug penetration. Speci昀椀cally, moxi-
昀氀oxacin, an anti-tuberculosis drug, was found by MALDI-MSI to accu-
mulate at the granuloma edge rather than core, indicating incomplete 
drug penetration in a rabbit model of disease [79]. Chemical cartog-
raphy approaches likewise revealed heterogenous drug distribution 
throughout the lung of cystic 昀椀brosis patients for three different drugs 
(meropenem, piperacillin and cipro昀氀oxacin), and found that azi-
thromycin was the only drug to uniformly penetrate the lung [17]. 
Similarly, in cancer, MALDI-MSI revealed a zone with low erlotinib 
levels at the tumor periphery, maybe due to pH gradients affecting 
erlotinib solubility [54]. For multicellular pathogens, drug distribution 
within the pathogen is also important for drug ef昀椀cacy. Using 
atmospheric-pressure scanning microprobe MALDI MSI, oral uptake of 
imatinib was observed in the esophagus of male and female Schistosoma 
mansoni [80]. 

These techniques can also be used to study drug adverse effects. For 
example, a particular HIV treatment involves the combinations of 
emtricitabine (FTC), tenofovir (TFV), efavirenz (EFV), or rilpivirine 
(RPV). After treatment using either the TFV–FTC–EFV combination or 
the TFV–FTC–RPV combination in mice, MALDI MSI was used to 
investigate drug accumulation in the kidneys, liver and brain, which 
could cause organ toxicity [81]. Overall, these approaches can help 
understand drug treatment success and mechanisms associated with 
treatment failure. 

5. Frontiers in spatial metabolomics research 

Novel data acquisition approaches and data analysis tools are 
constantly being developed to enable increasingly 昀椀ner spatial resolu-
tion (e.g. Refs. [9,82,83]), though the utility of large-scale spatial 

analyses should not be ignored either (e.g. Ref. [42]). Approaches are 
also being developed to analyze a broader range of metabolites (e.g. 
Ref. [24]), though metabolite feature annotation remains a challenge. 
Likewise, improved data analysis approaches are also needed, including 
multi-omics methods. In all cases, there is a need for compliance with 
昀椀ndable, accessible, interoperable and reusable (“FAIR data”) open data 
principles (Table 1). 

5.1. New emerging analytical and instrumental approaches 

New approaches with 昀椀ner spatial resolution are enabling charac-
terization of subcellular organellar metabolomes. One example of an 
emerging approach is SEAM (spatial single nuclear metabolomics), 
which combines ToF-SIMS with improved computational algorithms, 
enabling demarcation of individual cell nuclei and demonstrating one 
speci昀椀c hepatocyte subtype that is more abundant near sites of liver 
昀椀brosis [83]. Likewise, 3D OrbiSIMS revealed subcellular sites of accu-
mulation of the drug amiodarone in single macrophages [9]. Another 
SIMS study demonstrated focal accumulation of purine biosynthesis 
intermediates, providing the 昀椀rst functional evidence of an active 
metabolon (complex of sequential enzymes in a given metabolic 
pathway) [82]. 

One challenge with analysis of increasingly 昀椀ne spatial resolution is 
reduced ion abundance. One new method addresses this issue through 
laser-induced post-ionization in a transmission mode MALDI-MSI set-up 
(“MALDI-2”), broadening the range of ionizable and detectable metab-
olites [84]. Detection limits have also been improved by new reactive 
MALDI matrices [20]. Combining ion mobility with current spatial 
metabolomics work昀氀ows, such as MALDI, nano-DESI, and liquid 
extraction surface analysis (LESA), can provide greater annotation 
con昀椀dence and help increase sensitivity [16,85–87]. However, adding 
this additional measurement dimension will increase dataset size, 
already a challenge in spatial metabolomic studies. Likewise, some of 
the current data analysis software may not currently be able to handle 
ion mobility data, thus leading to data processing challenges. 

5.2. Annotation con昀椀dence 

Although spatial metabolomics can be performed in a targeted 
fashion, especially when using LC-MS [7], it is most commonly per-
formed through untargeted acquisition approaches, unlike other tech-
nologies such as microscopy which focus on known signals. Metabolite 

Table 1 
Frontiers in spatial metabolomics.  

Challenge Examples 
Instrumentation  " Spatial resolution  

" Spatial co-registration  
" Sensitivity and matrix effect  
" Structural coverage  
" Absolute quanti昀椀cation  
" MSn  

" Ease of use and learning curve for new users  
" Data size and complexity  
" Molecular information extraction 

Annotation  " Quality MS/MS data  
" Differentiating between metabolites and artefacts/contaminants  
" Spectral library breadth  
" In silico structure prediction and annotation con昀椀dence 

Multi-omics  " Diversity of metabolite identi昀椀ers  
" Differential nomenclature across data types  
" Integration of multi-omics data 

Ethics  " FAIR data principles  
" Accessibility  
" Privacy 

Translational implementation  " Clinical use  
" Impact on drug development  
" Disconnect between analytical chemists and biologists  
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annotation is a recurrent challenge in untargeted metabolomics in 
general. Usually less than 30 % of signals can be annotated in a given 
study [88]. New computational tools for metabolite annotation (e.g. 
Ref. [89]) will also bene昀椀t spatial metabolomics. Methods that can 
calculate false discovery rates are being developed for metabolomics in 
general and spatial metabolomics in particular [90]. However, 
expanded implementation of these and complementary methods by re-
searchers in the 昀椀eld is necessary. A further limitation is that many MSI 
studies still rely solely on MS1 for compound annotation, leading to an 
inability to differentiate between isomers. To address this issue, Ellis 
et al. used full-scan Fourier transform mass spectrometry data acquisi-
tion to guide data-dependent MS2 acquisition at an adjacent imaging 
position via ion trap MS2, using an LTQ Orbitrap Elite instrument 
coupled to their MALDI source [91]. Adding ion mobility dimensions is 
also proving highly effective at enabling differentiation of isomers. 
These novel instruments con昀椀rm that isomers are a highly prevalent 
problem in spatial metabolomics, with 29 % of the most abundant m/z 
values representing multiple species by ion mobility in one study [16]. 
Combining trapped ion mobility spectrometry (TIMS) with spatial dis-
tribution analysis by MALDI, for example, revealed that a detected m/z 
848.55 feature was a combination of two unique mobility ranges, one of 
which had the same spatial distribution as [PC(38:5) + K]+, thus 
differentiating this m/z 848.55 feature into [PC(38:4) + K]+ and the M 
+ 2 peak of [PC(38:5) + K]+ [85]. Ion mobility has also been coupled to 
nano-DESI or liquid extraction surface analysis MSI [92]. Expanded 
generation of standard measurements and ion mobility libraries is 
essential to enable ion mobility-supported metabolite annotation [93]. 
Broader implementation of this technique will be facilitated by the fact 
that combined MALDI-ion mobility instruments are now commercially 
available [94]. 

5.3. Methods that minimize artefacts and increase robustness 

Great care in sample preparation and data acquisition are critical, as 
these are the steps that determine downstream data quality. As with any 
analytical approach, it is essential to ensure that the methods employed 
do not introduce any artefacts. For example, the process of cell sorting 
can affect most metabolite classes [95]. For swab-based chemical 
cartography approaches, polymer swabs can lead to ion suppression and 
should thus be avoided in favor of cotton swabs [13]. Pathogen inacti-
vation techniques should be validated to demonstrate that they only 
minimally affect the chemical pro昀椀le. As an example, the 
heat-inactivation method developed by Wang et al. for Mycobacterium 
tuberculosis was only suitable for lipids [21]. Duration of storage and 
storage temperature also impact the (spatial) metabolite pro昀椀le [19]. 
Combining stable isotope labeling with MSI can help demonstrate that 
detected features represent true metabolic products, rather than arte-
facts caused by laser irradiation during the ionization process in 
MALDI-MSI, for example [96]. In experiments using electrospray ioni-
zation and in most work昀氀ows that lack a chromatography step, ion 
suppression effects and differential ionization ef昀椀ciencies should also be 
kept in mind [97]. A further issue is the need for data acquisition 
methods that incorporate suf昀椀cient reproducibility and speed of analysis 
to enable comparison between multiple replicate samples. LC-MS/MS 
based chemical cartography approaches can readily analyze suf昀椀cient 
replicates to enable statistical analyses (e.g Refs. [72,73]). New data 
analysis tools have also recently been developed to assess and improve 
the reproducibility of metabolomics and spatial metabolomics data (e.g. 
Refs. [98,99]). 

5.4. Multi-omics and data integration 

Spatial metabolomics requires integration with external data types 
such as histological section images or magnetic resonance imaging 
(MRI) data (e.g. Refs. [42,54]). Integrating microscopic images with MSI 
data may be challenging if the staining process distorts the sample 

differentially from the sections used for MSI experiments. Data inte-
gration may also be desirable between two different spatial metab-
olomics techniques, for example differing in spatial resolution and data 
acquisition speed. Race et al. have addressed this issue by developing a 
new algorithm that can fuse MALDI-MSI and SIMS data [100]. One 
alternative to address co-registration issues is to acquire multimodal 
data from the same sample, for example by combining spatial analysis of 
metabolites and lipids with analysis of metal-tagged antibodies to 
differentiate between cell types using SIMS [57]. Correlation between 
‘omics datasets is also of great interest. Indeed, integration of the many 
spatial transcriptomic approaches with spatial metabolomics may be a 
particularly rich source of biological insight [83]. However, a challenge 
to doing so is the use of multiple different styles and names to describe 
the same metabolite. This is being partially addressed by tools such as 
RefMet [101] and LipidMaps standardized lipid nomenclature [102]. All 
multi-omics correlations should also consider data sparsity and com-
positionality (e.g. Ref. [103]). 

5.5. New visualization approaches 

Visualizing what is inherently 3D data in the two dimensions of a 
manuscript page is inherently reductionist. Video 昀椀gures and supple-
mentary data can help bridge that gap, as can embedded 3D 昀椀gures in 
pdf 昀椀les [104]. Augmented and virtual reality approaches are the next 
logical step and are beginning to be implemented [105–107]. These 
currently bene昀椀t from the broad availability of smartphones and the 
increasing availability and affordability of virtual reality headsets. 

5.6. Open data, FAIR principles and ethical considerations 

Generating spatial metabolomics data that is FAIR (昀椀ndable, acces-
sible, interoperable and reusable) bene昀椀ts the broader scienti昀椀c com-
munity, by enabling external evaluation and validation of 昀椀ndings and 
to serve as the foundation for new research avenues. Some of these goals 
can be achieved by depositing spatial metabolomics data into existing 
repositories such as MassIVE/GNPS (Global Natural Products Social 
Molecular Networking [108]), the Metabolomics Workbench [109] and 
MetaboLights [110]. There are also databases speci昀椀c to MSI data such 
as METASPACE [90]. Such databases are especially critical, since spatial 
metabolomics datasets are usually much larger than non-spatially 
resolved bio昀氀uid analyses, for example, especially if multiple replicate 
samples are included in the spatial analysis. However, these open data 
practices must also consider participant privacy and the protection of 
study subjects [111]. 

Inter-operability in spatial metabolomics is also often challenging. In 
particular, feature peak areas obtained on different instruments and by 
different laboratories may be dif昀椀cult to compare unless absolute 
quanti昀椀cation is performed. Purpose-built and novel instrumentation 
are often restricted to the research group that designed them. Likewise, 
proprietary software or in-house code that is not shared restrict acces-
sibility and reproducibility of spatial metabolomics analyses. One 
possible solution is the implementation of open spatial metabolomics 
quality control and data processing tools within the Galaxy framework 
[112], in combination with publisher mandates similar to those for ge-
netic sequencing information. Detailed methods in scienti昀椀c publica-
tions are critical, complying with the guidelines of the Metabolomics 
Standards Initiative [113] and mass spectrometry imaging-speci昀椀c 
guidelines such as MSIcheck [114,115]. Lastly, even though costs for 
spatial metabolomics analyses are often greater than traditional bio昀氀uid 
metabolomic analyses, it will be important to ensure that everyone 
bene昀椀ts from the generated insights, including people suffering from 
rare or neglected diseases. 
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5.7. Translational frontiers 

5.7.1. Clinical implementation 
Determining metabolite localization can provide valuable insight 

into metabolite function in health and disease. However, invasive biopsy 
collection, even when feasible, is certainly less desirable from a patient 
perspective. Thus, from a diagnostic perspective, it is necessary to assess 
whether the metabolic changes observed at sites of tissue damage can be 
quanti昀椀ed in bio昀氀uids or by non-invasive positron emission tomography 
(PET) scan approaches. There are multiple available PET tracers that can 
assess carbohydrate metabolism, fatty acid metabolism and amino acid 
metabolism [116,117], or even antibiotic uptake by bacteria in vivo 
[118]. 

In a surgical context, spatial metabolomics analyses are already 
being implemented to determine tumor margins, for example with the 
iKnife (rapid evaporative ionization mass spectrometry (REIMS)) [119, 
120], the MassSpec Pen (water-based extraction followed by electro-
spray ionization and MS) [121,122] or using DESI-MS [123]. Broader 
implementation will need to consider cost and ease of use and training, 
building on these demonstrations of feasibility. This may be facilitated 
by recent advances such as the integration of the MassSpec Pen into 
standard surgical robotics systems [53]. A further necessary consider-
ation will be cross-site reproducibility, especially with regards to pre-
diction accuracy, once these techniques expand beyond the developers’ 

laboratories [99]. 

5.7.2. Drug development 
Spatial metabolomics approaches have been extensively imple-

mented to study drug distribution and drug metabolism [124,125]. 
However, most of these studies have been performed in healthy animals, 
with some exceptions (e.g. Ref. [3]). Having observed that drug distri-
bution can differ between infected and healthy tissue [74], it will be 
necessary to focus future drug distribution and metabolism studies on 
disease models. Spatial analyses of microbe-microbe or microbe-host 
interactions are also being used to discover new antibiotics (e.g. 
Ref. [126]), drug mechanisms of action (e.g. Ref. [127]), or host-targeted 
treatments [69,73]. As an example, MALDI-MSI-derived insights into the 
relationship between bile acid distribution and C. dif昀椀cile bacterial 
infection led to the development of an experimental 
cholestyramine-based treatment strategy tested in mice [69]. One 
challenge, however, is that follow-through from spatial metabolomic 
discoveries to drug development is often lacking, likely due to the dif-
ferential expertise and interests involved. 

6. Discussion and conclusion 

This review focused on MS-based approaches for spatial metab-
olomics. Spatial mass spectrometry analysis has been increasing in the 
past 25 years. Initially dominated by MALDI-MSI, there is now 
increasing implementation of DESI-MSI, as well as combination with ion 
mobility. Beyond the scope of this review, there are also many exciting 
spatial methods involving other analytical methods such as spatial nu-
clear magnetic resonance (NMR) spectroscopy (e.g. Ref. [128]), Raman 
spectroscopy (e.g. Ref. [129]), and PET (e.g. Ref. [116]). New MS-based 
techniques for spatial metabolomics and spatial metabolomics data 
analysis are also constantly being developed (e.g Refs. [14,57,83]). 
Overall, including a spatial aspect to metabolomics analyses grants a 
new level of understanding of the role of metabolism in disease patho-
genesis, lending itself to more effective diagnostic, prevention, and 
treatment methods in a spatial precision medicine framework. 
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[28] Z. Takáts, J.M. Wiseman, B. Gologan, R.G. Cooks, Mass spectrometry sampling 
under ambient conditions with desorption electrospray ionization, Science 306 
(2004) 471–473. 

[29] C. Liu, K. Qi, L. Yao, Y. Xiong, X. Zhang, J. Zang, C. Tian, M. Xu, J. Yang, Z. Lin, 
Y. Lv, W. Xiong, Y. Pan, Imaging of polar and nonpolar species using compact 
desorption electrospray ionization/postphotoionization mass spectrometry, Anal. 
Chem. 91 (2019) 6616–6623. 
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