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Abstract 

Mass spectrometry imaging (MSI) is a new technique in the toolbox of the analytical biochemist. It 

allows the generation of a compound specific image from a tissue slice where a measure of compound 

abundance is given pixel by pixel, usually displayed on a colour scale. As mass spectra are recorded at 

each pixel the data can be interrogated to generate images of multiple different compounds all in the 

same experiment. Mass spectrometry (MS) requires ionisation of analytes but cholesterol and other 

neutral sterols tend to be poorly ionised by the techniques employed in most MSI experiments, so 

despite its high abundance in mammalian tissues cholesterol is poorly represented in the MSI 

literature. In this article we discuss some of the MSI studies where cholesterol has been imaged and 

introduce newer methods for its analysis by MSI. Disturbed cholesterol metabolism is linked to many 

disorders and the potential of MSI to study cholesterol, its precursors and its metabolites in animal 

models and from human biopsies will be discussed. 
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Introduction 

Pioneering work by the groups of Caprioli, Spengler, Clench and Murphy has moved mass 

spectrometry imaging (MSI) from the preserve of the mass spectrometry (MS) specialist into the realm 

of the analytical biochemist (1-4). At its simplest, a probe (e.g., laser or ion beam) samples the surface 

of a tissue section pixel by pixel with mass spectra being recorded of the sampled-surface at each 

pixel. An image of any ion recorded by the MS can then be generated across the sampled surface with 

ion abundance pixel by pixel illustrated on a colour scale (Figure 1) (5, 6). As an ion’s mass/charge 

(m/z), as recorded by MS, is related to its parent compound’s molecular mass, and hence to a 

particular compound, MSI at least to a first approximation, gives a molecular image of a compound in 

a tissue. There are many differing sampling probes providing different degrees of spatial resolution, 

ranging from 100 to 400 nm or smaller for secondary ion mass spectrometry (SIMS) at the high spatial 

resolution end of the spectrum (7, 8); 50 to 100 µm typical for matrix-assisted laser desorption 

ionisation (MALDI) (4-6) and desorption electrospray ionisation ionisation (DESI) (9) and 20 µm or less 

for the more sensitive MALDI2 (10, 11); to 300 - 1,000 µm for liquid extraction for surface analysis 

(LESA) at the low spatial resolution end of the spectrum (12, 13). However, as spatial resolution is 

increased the pixel size get smaller and the available tissue to be analysed is reduced meaning that 

low-abundance metabolites are discriminated against at high spatial resolution, this is less of a 

problem for highly abundant cholesterol but is for its lower abundance precursors and metabolites. 

A challenge for MSI of sterols is their comparatively poor ionisation characteristics in MALDI-MSI and 

DESI-MSI, two of the dominating MSI technologies of today (4, 9). Phospholipids are more readily 

ionised and tend to dominate the MSI spectra of animal tissues. Cholesterol is usually observed as the 

[M+H-H2O]+ ion at m/z 369.35 and cannot be differentiated from its isomers lathosterol or zymostenol 

(Figure 2), although the latter two isomers are almost always of very minor abundance in comparison 

to cholesterol and unlikely to significantly contribute to the signal at m/z 369.35 (14). Isomer 

differentiation is more of a problem for desmosterol, 7-dehydrocholesterol (7-DHC) and 8-
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dehydrocholesterol (8-DHC), precursors of cholesterol, often found in similar abundance in tissue, and 

can lead to misidentifications found in the literature. MSI of oxysterols (oxidised forms of cholesterol) 

is even more challenging on account of the fact that they can be formed in vivo from cholesterol 

enzymatically and non-enzymatically but also ex vivo in air (15), and tissue sections for MSI are 

prepared in air. The situation is further complicated in that oxysterols formed ex vivo are isomeric to 

those formed in vivo and most MSI technologies are unable to resolve isomers. Despite these 

challenges for the analysis of sterols and oxysterols technologies are being developed to allow their 

imaging. 

MALDI-MSI and DESI-MSI of cholesterol and its precursors 

Both MALDI and DESI are desorption ionisation methods (5). In MALDI-MSI the tissue section to be 

analysed is coated with matrix, usually a UV absorbing matrix, by spraying the matrix from a pneumatic 

sprayer or by sublimation of the matrix onto the tissue surface in a vacuum chamber. A matrix is not 

required for DESI. The tissue itself is usually of 5 – 20 µm thickness cryo-sectioned using a microtome. 

The tissue is thaw-mounted onto a microscope slide which often has a conductive surface of indium 

tin oxide for MALDI-MS (5). In the MALDI process the exact ionisation mechanism is still a subject of 

debate but can be imagined in simple terms as the excitation of the matrix by the absorption of laser 

light (usually 337, 349 or 355 nm) leading to vaporisation and ionisation of matrix and surface analytes, 

and in the positive ion mode the transfer of a cation, often a proton or alkali metal, from the matrix 

to the analyte. This mechanism favours the analysis of Brønsted and Lewis bases. In the negative-ion 

mode, the matrix acts as a Brønsted or Lewis base and ionisation favours proton donors. The ionisation 

process can occur under vacuum (vacuum MALDI) or at atmospheric pressure (AP-MALDI), but in both 

cases does not favour the ionisation of cholesterol in either the positive or negative-ion mode, as it is 

a weak proton accepter and weak proton donor. Never-the-less in tissues where cholesterol is 

abundant images can be generated. The brain is a good example of an organ rich in cholesterol with 

average levels about 20 µg/mg wet weight (16). MALDI-MSI has been used to image cholesterol in 

rodent brain and highlight its differential abundance in distinct anatomical regions (17, 18). Although 

aromatic small molecules usually constitute the MALDI matrix, graphene oxide has also been used in 

the MSI of cholesterol as the [M-H]- ion at m/z 385.35 in breast cancer tissue (Figure 3) (19). 

Silver ions (Ag+) are known to complex to double bonds (Figure 3) (20). This chemistry has been 

exploited for the MSI of sterols. In an early study, AgNO3 was sprayed as a “matrix” onto an etched 

silicon wafer and tissue thaw mounted ready for “nano-structure initiator” – MSI (21). Images were 

generated for cholesterol as [M + 109Ag]+ at m/z 495 and for dehydrocholesterol, a combination of 7-

DHC (probably also 8-DHC) and desmosterol, at m/z 493 from brains of 1-day old mice. In brain tissue 

from a mouse model of Smith-Lemli-Opitz syndrome (SLOS), where 7-dehydrocholesterol reductase 

(Dhcr7), the gene that codes the enzyme that converts 7-DHC to cholesterol, is deleted a build-up of 

dehydrocholsterols was observed in the cerebellum and brain stem (21). The application of Ag+ to 

enhance MSI can be achieve in different way, AgNO3
+ solution can be pneumatically sprayed onto 

tissue (22) or alternatively silver can be sputtered onto tissue (23, 24). The end result is the same, an 

improvement in the sensitivity for MSI of double bond containing sterols. 

A modification of MALDI called MALDI-2 has been developed which improves the ionisation of certain 

lipid classes including sterols. Here a second laser pulse interacts with the plume of matrix and analyte 

generated by a primary laser producing more matrix ions available to transfer charge to analyte (10). 

Using MALDI-2 cholesterol, monitored as the [M+H-H2O]+ at 369.35 has been imaged in a sagittal 

section of rat brain and at high spatial resolution (15 µm) in mouse cerebellum, as has somewhat 

strangely vitamin D3 as the [M+H]+ ion m/z 385.35 (10, 11). Vitamin D3 is the light-induced ring opened 

product of 7-DHC. Its presence in the circulation is extremely low and it is unlikely to be present in 
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brain. It is more likely that the authors were detecting 7-DHC, 8-DHC, their isomer desmosterol or a 

dehydrated cholesterol autoxidation product or perhaps vitamin D3 artifactually generated by laser 

light (Figure 2). Interestingly, MALDI-2 has been used to image cholesterol esters in multiple sclerosis 

brain tissue at the small pixel size of 6 µm (5). Cholesterol esters, if present in mammalian brain are 

present at very low levels (16), but perhaps their presence in multiple sclerosis brain is a consequence 

of the disease itself. 

Like MALDI, DESI is a desorption ionisation method. In DESI an electrospray of charged solvent droplets 

is directed at the target surface, the charged droplets sample the surface extracting analytes and 

scatter in the direction of the inlet capillary of the mass spectrometer. Ionisation occurs in an ESI-like 

process with analytes having a high gas phase basicity being most preferentially ionised in the positive 

ion mode and those with a high gas phase acidity being preferentially ionised in the negative-ion mode 

(25). DESI can be used for MSI with the dimensions of the primary electrospray beam dictating pixel 

size. Pixel sizes of 50 – 150 µm are most common. Due to its lack of strong basic or acidic groups 

cholesterol tends to be poorly ionised by DESI, however, ionisation can be improved by incorporating 

trifluoroacetic acid in the DESI spray solvent (9). DESI-MSI has been nicely exploited for the imaging of 

mouse brain and in a mouse model of Alzheimer’s disease (AD) (9). Infra-red (IR)– MALD-ESI is a hybrid 

of IR-MALD and ESI where analytes are desorbed by IR-MALD and ionisation achieved in a plume of 

charged droplets from an ESI emitter. Using IR-MALD-ESI-MSI cholesterol has been imaged in skin and 

found to be high in the epidermis (26). 

MSI of sterols exploiting chemical derivatisation 

The concept of derivatisation is embedded in the history of sterol/steroid analysis (27). Although 

primarily used to enable gas-chromatography – MS of sterols/steroids, derivatisation has also been 

employed to improve the sensitivity of LC-MS and MALDI-MS analysis (28). More recently 

derivatisation methods have been used to enhance MSI of sterols/steroids (29, 30). Many steroids 

possess a keto (oxo) group, this function is readily derivatised by hydrazine reagents to give a 

hydrazone, and this form of derivatisation has been widely exploited in steroid biochemistry for 

decades to enhance substrate polarity (Figure 4) (31, 32). Two popular derivatisation reagents are the 

Girard T (GT) and Girard P (GP) reagents which contain a positively charged nitrogen group, these have 

been used for on-tissue derivatisation to enhance the signals for steroids in a number of different 

tissues. The derivatisation reagent can be sprayed onto a tissue slice using a pneumatic sprayer then 

incubated in an acidic atmosphere to catalyse the reaction, and after drying in a desiccator and 

application of matrix, is ready for MALDI-MSI or in the absence of matrix DESI-MSI. This form of 

technology has been used for MSI of steroids in rodent adrenal tissue (33, 34), testis (35, 36), lung 

(37), cartilage (38), tumour xenografts (39) and brain (40). 

Cholesterol and most oxysterols, however, do not possess an oxo group and are not suitable for direct 

derivatisation with hydrazine reagents. This obstacle is overcome for in-solution derivatisation by 

incorporating an enzymatic oxidation step prior to treatment with Girard reagent (41, 42), and can be 

similarly adopted as part of the on-tissue derivatisation approach (6, 43). This on-tissue “enzyme-

assisted derivatisation for sterol analysis” (EADSA) approach has been successfully adopted for 

imaging cholesterol in rodent and human brain, liver tissue and in the developing zebrafish. In brief, 

fresh frozen tissue from e.g. rodent brain is cryo-sectioned to 10 – 15 µm thickness and thaw-mounted 

onto glass slides (ITO coated for MALDI-MSI) and dried in a vacuum desiccator, then isotope-labelled 

standards in ethanol are pneumatically sprayed onto the tissue to allow for normalisation of signal. 

Bacterial cholesterol oxidase is next sprayed onto the tissue in phosphate buffer, the tissue is then 

incubated for 1 hr in a humid atmosphere. Cholesterol oxidase enzyme oxidises 3β-hydroxy-5-ene 

sterols to their 3-oxo-4-ene analogues (Figure 4) (44), and after drying the tissue again in a desiccator 
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it is sprayed with GP reagent in aqueous acidic methanol, then incubated in an atmosphere of aqueous 

acidic methanol (6, 43). The tissue is dried once more. For MALDI-MSI matrix is sprayed onto tissue 

prior to analysis, this is not required for DESI-MSI or LESA-MSI (see below).     

Shown in Figure 5 (top panel) is an image of cholesterol in a sagittal section of mouse brain, generated 

following on-tissue EADSA. This image can be matched to plate 17 of the Allen Mouse Brain Atlas 

https://mouse.brain-map.org/static/atlas (Figure 5, bottom panel) (45). The image was recorded at 

50 µm resolution using AP-MALDI with m/z measurement to an accuracy of 10 ppm on an Orbitrap 

IDX mass spectrometer. Cholesterol is seen to be abundant in fibre tracts, particularly those of the 

corpus callosum, arbor vitae of the cerebellum and of pons and medulla (see https://mouse.brain-

map.org/static/atlas). Images with higher spatial resolution can be recorded but with the penalty of 

acquisition time. Here the assumption is made that the ion at 518.4105 ± 10 ppm (Figure 5, top panel) 

corresponds to cholesterol, this is reasonable as its isomers lathosterol and zymostenol are of much 

lower abundance in brain (14). An added advantage of Girard derivatisation is that the derivatised 

sterols give informative fragmentation patterns in tandem MS (MS/MS or MS2) and even more 

information when multistage fragmentation is applied (MSn) (46). Where available this allows the use 

of MS3 to generate an image in MALDI-MSI and to confirm that the ion being monitored is in fact 

derived from cholesterol (Figure 6) (6, 30). A problem encountered in MALDI-MSI is that tissue surface 

is exposed to air during sample preparation, this is almost unavoidable as the tissue needs to be cryo-

sectioned and manually mounted on a slide. Exposure to air can lead to oxidation of cholesterol and 

the artefactual formation of an oxysterol. This makes MALDI-MSI of oxysterols almost impossible 

unless a fragment ion can be found that is unique to an endogenous oxysterol and absent from MS/MS 

or MSn spectra of autoxidation artefacts, in which case MALDI-MSI could be carried out using a 

multiple-reaction monitoring (MRM) like “scan”. 

A way to circumvent the problem of distinguishing endogenous compounds from isomers potentially 

formed by autoxidation is to introduce a separation step between surface-sampling and mass 

spectrometry analysis. One possibility is ion mobility separation, where after ionisation ions are 

separated based on their size, shape and charge (47), however, this has yet to show separation of 

sterol isomers. A different strategy is to decouple surface-sampling from MS analysis. We have 

recently taken this approach where the surface is sampled by a robotic probe as in the LESA technique 

(12, 13), and the extracted analytes separated by LC prior to ESI-MS analysis (43). We have adopted 

this strategy following on-tissue EADSA to image mouse brain using a grid format where each pixel 

corresponds to a LESA-extraction followed by LC separation and MS(MSn) analysis (43). Pixel size can 

be 300 µm, but the penalty of chromatographic resolution is in analysis time where each LESA-LC-

MS(MSn) run may take 1 hr, hence spatial resolution is usually degraded to 800 µm requiring fewer 

pixels to cover a mouse brain section, which is the order of about 100 pixels at 800 µm resolution 

(Figure 7). Despite the long analysis time and comparatively low resolution a surface can be imaged 

for individual oxysterol isomers and for cholesterol and its precursors all in a single analysis (43). 

Shown in Figure 7 is the layout for pixel by pixel analysis of a sagittal section of mouse brain and the 

resulting images for 24S-hydroxycholesterol (24S-HC), 24S,25-epoxycholesterol (24S,25-EC), 

cholesterol and its precursors desmosterol and 7-DHC/8-DHC. These images correspond to plate 17 in 

the Allen Mouse Brain Atlas (see https://mouse.brain-map.org/static/atlas). Note the nose is absent 

from the tissue section analysed and the pixels in the far left column are likely to have been over-

sampled due to tissue folding during the mounting process. Never-the-less, 24S-HC is found to be most 

abundant in the thalamus and stratum regions of mouse brain while cholesterol is most abundant in 

the pons and medulla (Figure 7) (43). The LESA-LC-MSI method incorporating GP-derivatisation has 

recently been used to support PET imaging studies of CYP46A1, the enzyme that converts cholesterol 

to 24S-HC in brain (48). 

https://mouse.brain-map.org/static/atlas
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An alternative route for on-tissue derivatisation of sterols is to exploit chemical derivatisation of the 

sterol hydroxy group to a  ketone followed by derivatisation with hydrazine reagent and MALDI-MSI 

(49) or to derivatise the hydroxy group directly with betaine aldehyde. The latter has been use for 

DESI-MSI where betaine aldehyde is included in the ESI spray solvent (50). 

Secondary Ion Mass Spectrometry (SIMS) – MSI 

SIMS provides highest spatial resolution MSI. Here a fast moving ion beam (keV) of metal ions or 

clusters e.g. C60
+, are focused to give a pixel size of less than 1 µm and results in surface ionisation. 

Primary ion beams tend to lead to high fragmentation of lipids which is a disadvantage for MSI (5). 

NanoSIMS is a variant of SIMS which uses Cs+ or O- as the primary ion beam leading to extensive 

fragmentation of lipids on the tissue surface but spatial gives resolutions of 50 – 100 nm (7). A clever 

application of NanoSIMS is where cells are enriched with 18O-cholesterol by culturing in medium 

containing 18O-cholesterol. The cells are then analysed by NanoSIMS and the 18O- fragment ion 

monitored (7). As plasma membranes are rich in cholesterol it can be assumed that when imaging 

these membranes the 18O- ions detected are derived from the labelled cholesterol. By incubating 

fibroblasts with both  18O-cholesterol and 15N-sphingosine and 15N-sphingonine Kraft and colleagues 

could show that plasma membranes contain domains enriched in 15N-sphingolipids but that 18O is 

more uniformly distributed, indicating that sphingolipids and cholesterol do not form domains rich in 

both cholesterol and sphingolipids (51). This argues against the lipid raft hypothesis (52). 

When SIMS uses a liquid metal ion gun filled with bismuth a primary beam of Bi3
+ cluster ions is 

generated which provide a softer form of ionisation with [M+H]+ and [M+H-H2O]+ ions being generated 

from a tissue surface. Lazar et al used this form of SIMS-MSI to image cholesterol in brain tissue from 

human donors and found that cholesterol is elevated in cortical layers III and IV of the cerebral cortex 

of tissue from AD donors (8).   

Potential use of MSI to study the involvement of sterols in disease 

For many years disordered cholesterol metabolism has been linked with neurodegenerative disease 

including AD, Huntington’s disease, Parkinson’s disease, motor neuron disease and multiple sclerosis 

(53-57). MSI provides an exciting tool to investigate these disorders both from human donors and 

mouse models. However, most of the cholesterol in brain is located in the myelin sheaths (70 – 80 % 

in rat and mouse brain) surrounding axons and is metabolically inactive (16), so while gross changes 

in oligodendrocyte cholesterol are likely to be detected by MSI e.g. in multiple sclerosis, this is unlikely 

to be so for metabolically active cholesterol in neurons. MSI for cholesterol precursors and 

metabolites may prove a better approach to study neurodegenerative disorders. However, cholesterol 

precursors and metabolites are about 100 – 1000 times lower abundance than cholesterol in brain 

making their imaging a challenge (58). Perhaps the LESA-LC-MSI approach incorporating derivatisation 

will prove most successful as this allows cholesterol its immediate precursors and metabolites to be 

analysed in brain in a single assay, although admittedly at low spatial resolution (43). 

Sterols are not only implicated in neurodegeneration, but also fatty liver and diabetes, atherosclerosis 

and inflammatory disorders. MSI will no doubt be used in the study of these diseases and provide 

much needed correlation between sterol concentrations and location. 

Conclusion 

MSI has a great potential for the analysis of sterols and oxysterols and in investigations of their 

importance to human health. While most of the studies to date have been performed on rodent 

models, human tissue can also be analysed. The major advantage of MSI is that when utilised with 
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appropriate isotope labelled standards absolute concentrations of analytes can be determined at 

defined anatomical locations. While it is possible to generate images of cholesterol at sub-µm pixel 

sizes, MSI of less abundant sterols and oxysterols is more challenging, the challenge is accentuated by 

the existence of multiple oxysterol isomers and the prevalence of cholesterol to become oxidised ex 

vivo in air to give oxysterols of identical structure to those generated in vivo. Never-the-less separation 

methods are being developed to link with MSI which will allow isomer separation although the 

problem of autoxidation may be more difficult to overcome. A major advantage of MSI is that besides 

the analyte of interest images can be generated for other molecules that ionise and are recorded in 

the MS scan. From a health perspective we foresee MSI to offer real advantages in the study of 

neurodegenerative disease, fatty liver and diabetes and in the field of immunity.      
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Figure Captions 

Figure 1. Schematic of MSI. A probe e.g. laser light or an ion-beam, samples the surface of a tissue 

section pixel by pixel. Mass spectra are recorded at each pixel. An image of any recorded ion is 

generated from its MS-abundance data at each pixel. MALDI-MSI of the [M+H-H2O]+ of cholesterol in 

a sagittal section of mouse brain is illustrated. Modified from Angelini et al, Analytical Chemistry 2021 

93 (11), 4932-4943, reference (6), Copyright © 2021 The Authors. Published by American Chemical 

Society under CC-BY licence. 

Figure 2. Structures of cholesterol, desmosterol and their isomers, and of the oxysterols 24S-

hydroxycholesterol formed enzymatically and of 7α-hydroxycholesterol and 7β-hydroxycholesterol 

which can both be formed in vivo enzymatically or non-enzymatically and ex vivo by autoxidation. The 

structures of 6β-hydroxycholesterol and cholesta-5,6-epoxide are also shown. 

Figure 3. Ionisation of cholesterol by MALDI, and of other double bond containing sterols by silver-

laser desorption ionisation (AgLDI). 

Figure 4. Derivatisation of steroids and sterols with the Girard T (GT) and Girard P (GP) reagents. To 

derivatise sterols without a keto (oxo) group but with a 3β-hydroxy group cholesterol oxidase is used 

to oxidise the hydroxy group to a ketone ready for subsequent reaction with Girard reagent. 

Figure 5. AP-MALDI-MSI of cholesterol in a sagittal section mouse brain following on tissue EADSA with 

derivatisation using GP reagent. The upper panel shows the image of GP-derivatised cholesterol at 

m/z 518.4105 ± 10 ppm. The central panel depicts an optical image of the same tissue section, and 

the bottom panel is plate 17 from the Allen Mouse Brain Atlas https://mouse.brain-

map.org/static/atlas (Allen Institute for Brain Science) (45). 
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Figure 6 . API-MALDI-MSI of cholesterol following GP derivatisation exploiting MS3 targeting the 

cerebellum in a sagittal section of mouse brain. (A) MS3 spectrum of endogenous cholesterol from a 

single pixel. (B) MS3 spectrum of authentic cholesterol standard. (C) Image of cholesterol generated 

using the MS3 transition 518→439→163. (D) Fragmentation pattern for GP-derivatised cholesterol. 

MB midbrain, P pons, MY medulla, CBX cerebellum. Modified from Angelini et al, Analytical Chemistry 

2021 93 (11), 4932-4943, reference (6), Copyright © 2021 The Authors. Published by American 

Chemical Society under CC-BY licence. 

Figure 7. LESA-LC-MSI of cholesterol its precursors and oxysterols after on-tissue EADSA with GP 

derivatisation. Identification of analytes was confirmed by retention time, accurate mass, MS3 spectra 

and reference to authentic standards. Quantification was made by isotope dilution against isotope 

labelled sprayed-on standards. (A) Grid showing each pixel to be analysed in a sagittal section of 

mouse brain. (B) Plate 17 in the Allen Mouse Brain Atlas (Allen Institute for Brain Science) (see 

https://mouse.brain-map.org/static/atlas) (45). (C) 24S-hydroxycholesterol, (D) cholesterol, (E) 

24S,25-epoxycholesterol, (F) desmosterol and (G) 7/8-DHC.    
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