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Abstract

Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) mass 

spectrometry imaging (MSI) is a technique well suited for analysis of biological specimens. This 

tutorial review focuses on recent advancements and applications of IR-MALDESI MSI to better 

understand key biological questions. Through optimization of user-defined source parameters, 

comprehensive and quantitative MSI data can be obtained for a variety of analytes. The effect of 

an ice matrix layer is well defined in the context of desorption dynamics and resulting ion 

abundance. Optimized parameters and careful control of conditions affords quantitative MSI data 

which provides valuable information for targeted, label-free drug distribution studies and 

untargeted metabolomic datasets. Challenges and limitations of MSI using IR-MALDESI are 

addressed in the context of the bioimaging field.

Graphical Abstract

Introduction

Mass spectrometry imaging (MSI) is a rapidly evolving technique applied to a wide variety 

of applications from proteins1, pharmaceuticals2, endogenous metabolites3, and –omic level 

analysis4. In MSI, there are two general modes of operation - microscope and microprobe5. 

MSI data collected in a point-by-point manner where the analysis is performed sequentially 

across the sample is referred to as microprobe mode. MSI instruments that acquire data in 

microscope mode desorb ions from the sample and use a spatially resolved detector. 

Microprobe mode analysis is the most common and is the method by which IR-MALDESI 
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collects MSI data. By mapping m/z abundances and the positions from which they were 

acquired, unique ion maps of analytes can be generated, showing the spatial distribution 

within the sample. Heat maps depicting ion abundance generated with careful consideration 

of factors affecting analyte detection provide important visual representations of analyte 

distribution and relative concentration.

The concept of spatially resolved MSI using secondary ion mass spectrometry was originally 

proposed by Castaing and Slodzian in the 1960’s6, but its utility for biological mapping was 

not realized until the mid-1990’s with Spengler’s report of spatial distribution of 

biomolecules7 and subsequent application of matrix assisted laser desorption ionization 

(MALDI) MSI for biomolecules by Caprioli et al in 19978. Since then, MALDI has become 

the most commonly used MSI technique9 as it provides sensitive detection for a wide variety 

of compounds and commercial MSI instruments are now available. However, MALDI 

requires the careful selection of matrix/analyte pair, matrix application protocol and 

typically requires analysis under vacuum.

Ambient ionization techniques are desirable for MSI as they do not require the sample to be 

placed under high vacuum and represent analysis of biological samples closer to in vivo 
conditions. A number of ambient ionization techniques have been successfully applied to 

MSI and were the subject of a recent review10. Each technique has its advantages and 

disadvantages, allowing researcher to choose the technique best suited for the analysis.

Hybrid ionization methods offer unique advantages of two or more ionization methods. 

Laser-based desorption methods with post ionization allow the spatial information of 

analytes to be retained. Techniques such as electrospray laser desorption ionization 

(ELDI)11, matrix assisted laser desorption electrospray ionization (MALDESI)12, laser 

ablation electrospray ionization (LAESI)13, laser electrospray mass spectrometry (LEMS)14, 

or infrared laser ablation desorption electrospray ionization (IR-LADESI)15 combine 

resonant or nonresonant laser desorption of the substrate with postionization by electrospray 

ionization (ESI)16. Resonant desorption requires absorption of laser energy by a matrix. The 

term matrix referring to any substance that can resonantly absorb energy from a laser 

radiation source, be it an organic matrix for UV excitation or water, which is commonly 

used in IR laser excitation.

MALDESI was introduced by Muddiman and co-workers in 2006 as the first hybrid 

ionization technique combining resonant laser desorption with electrospray postionization12. 

The constant evolution of the MALDESI source has involved numerous optimizations of 

geometry17–19, source design12, 20–22, and chemical compositions23 based on the target 

analyte. MALDESI employing an IR laser with endogenous and exogenous ice matrix is 

particularly advantageous for fresh-frozen biological tissue analysis24. The higher fluence of 

an IR laser compared to a UV laser allows the complete ablation of material within the focal 

volume of the laser.

MSI microprobe analysis requires MS analysis at each rastered position, which needs to be 

performed sequentially and rapidly; therefore, it precludes the use of chromatographic 

separation prior to MS acquisition. The complex chemical composition of a biological tissue 
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in conjunction with tissue heterogeneity places high demand on the instruments spectral 

resolving power to separate all compounds based on m/z. Additional structural information 

may be obtained from MSI using MSn methods in the case of isobaric species. IR-

MALDESI has been developed using Fourier transform (FT) based MS instruments to 

obtain high resolving power MSI data.

This review summarizes the latest developments of IR-MALDESI imaging of biological 

tissues, highlighting its capabilities while identifying areas of improvement and future work. 

Parameters affecting imaging quality are optimized and applications in drug distribution 

studies and untargeted metabolomics are presented. The development of absolute 

quantification MSI demonstrates the analytical capabilities of IR-MALDESI for biological 

samples.

Methods

The main steps to an IR-MALDESI MSI experiment are the same as any MSI experiment25 

which can include collection, storage, and sectioning of the specimen along with instrument 

or ionization specific variables. Each of these components can be and tailored to the 

analyzed material for optimal results. Collection, storage and sectioning are highly 

dependent on the sample and analyte in the investigation. Analysis of animal tissue, plant 

tissue, materials research substrates and neat or buffered solutions all require sample specific 

collection and storage procedures to ensure sample integrity throughout the analysis process. 

Sectioning of a sample is required for some specimens to produce a flat 2 dimensional plane 

for laser ablation and to control the amount of material being sampled, which is the case for 

tissue analysis. Aqueous solutions can be analyzed by placing the liquid surface at the focal 

point of the laser or creating a dried droplet of the solution and deposition of an ice matrix 

on the surface prior to analysis. Other samples that are roughly planar can be analysed 

without the need for sectioning, such as fabric26, fibers27 and hair28. Tissues are the most 

commonly analyzed biomaterial to date and tissue sample preparation steps will be 

discussed in detail.

IR-MALDESI MSI tissue preparation

Biological tissues are harvested and immediately immersed in an isopentane/dry ice bath to 

prevent tissue fracturing during freezing as experienced with liquid nitrogen submersion25. 

Fresh frozen tissues are stored at −80°C until time of analysis. Tissues are mounted on a 

cryostat specimen disc using a thin layer of embedding media. The embedding media is used 

to only adhere the tissue to the cryostat specimen disc, such that the tissue is not completely 

embedded in the media.. The tissue is faced down to the desired plane for analysis using a 

cryomicrotome (Leica CM1950, Buffalo Grove, IL, USA) with section thicknesses of ≤50 

μm prior to thaw mounting onto precleaned glass microscope slides. A comparison of serial 

tissue sections with thicknesses of 50, 25, and 10 μm showed complete ablation of the tissue 

and similar ion abundance for 3 pharmaceutical compounds and endogenous analytes for 

each thickness29.
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Quantitative IR-MALDESI imaging preparation

In experiments where quantitative information is desired, additional steps are required for 

IR-MALDESI MSI analysis. A normalization compound is incorporated at a spatially 

uniform concentration using an automated pneumatic sprayer (TM Sprayer, LEAP 

technologies, Carrboro, NC) to account for variability. Prior optimization of the spray 

conditions are needed to ensure the uniformity of the coating. The normalization compound 

may be a stable isotope labelled (SIL) version of the analyte or carefully selected structural 

analogue of the quantified analyte given that it has a similar ionization efficiency. A 

precleaned microscope slide is uniformly coated with this normalization compound prior to 

sectioning of the tissue at a concentration sufficiently above the limit of detection for the 

tissue imaging experiment. The 10 μm tissue section is then thaw mounted onto the coated 

slide. A calibration curve may be constructed using SIL version of the analyte which allows 

the calibration curve to be placed directly on the analysed tissue30. Alternatively, natural 

isotope abundance standards may be placed on a blank tissue mounted and analysed in 

parallel to the tissue to be quantified31. Both calibration curve methods require the 

generation of a calibration series in solution prior to spotting on tissue. A constant volume of 

each calibration solution is pipetted on top of the thaw mounted tissue without spatial 

overlap to convert the liquid concentrations to a spatial concentration. Both methods have 

proven effective for calibration in MSI in good agreement with LC-MS/MS analysis of serial 

sections30, 31. Others have proposed spiked tissue homogenate cores as calibration points for 

quantitative MALDI MSI, but we have demonstrated this is not essential in IR-MALDESI 

because there is complete ablation of the tissue at each rastered position and IR-MALDESI 

does not require the extraction of analytes into an organic matrix like MALDI MSI does32.

IR-MALDESI Tissue Imaging

The IR-MALDESI source and operation have been described in more detail 

elsewhere18, 24, 33, 34. Briefly, the IR-MALDESI source is enclosed within an acrylic box, 

effectively isolating the sampled environment from the laboratory. The slide-mounted tissue 

section is placed on a Peltier cooled sample plate within the source enclosure. The sample 

plate is located on a computer controlled XY translational stage with manual Z-axis height 

adjustment which allows the tissue section to be moved in an array of discrete positions 

under the fixed position of the laser. By translating the stage by less than the desorption 

diameter in an oversampling method35, in combination with complete desorption of the 

tissue, voxels smaller than the focal volume of the laser can be sampled18, 36. A voxel refers 

to the three dimensional tissue volume desorbed by the laser. This ensures the complete 

ablation of the entire tissue during the analysis, providing reproducible volumes of tissue 

sampled.

Formation of ice matrix layer

The enclosure is purged with dry nitrogen to a relative humidity (RH) less than 3% prior to 

bringing the Peltier stage to −9°C. This is done in order to prevent condensation of water on 

the tissue, which could potentially delocalize analytes in or on the tissue if droplets form 

prior to freezing. The tissue is maintained at −9°C for approximately 10 minutes prior to 

exposure to the ambient RH in the lab (>10% RH), causing the rapid formation of an ice 
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layer on the sample plate. This exogenous ice layer serves as an energy absorbing matrix in 

addition to endogenous water present within the biological tissue. Resonant excitation of OH 

stretching mode of water by a tunable mid-IR (2700–3100 nm) laser (Opolette, Opotek, 

Carlsbad, CA, USA) is used to desorb tissue material at each rastered position with a user-

defined number of laser pulses. Recently, it was found that two pulses at 2940 nm provides 

complete, reproducible ablation of a 10 μm thick tissue section within the focal volume of 

the laser29. The desorbed tissue volume is ejected normal to the surface where the ablation 

plume overlaps with an orthogonal electrospray plume as depicted in Figure 1. Analytes 

from the desorbed tissue material partition into the electrospray droplets where they undergo 

desolvation and charge transfer in a manner similar to ESI. The ions are then sampled by a 

high resolving power mass analyser (FT-ICR24, Q Exactive29, Q Exactive Plus33).

The geometry of the source will have a direct effect on the laser desorption and electrospray 

plume overlap, and therefore on ion formation. Statistical design of experiments (DoE) was 

used in several studies to explore the experimental space with distinct optimized parameters 

for direct analysis of liquid droplets, solid state sample and tissue imaging17–19. All tissue 

imaging experiments discussed here were performed with the same geometric configuration 

as determined by DoE for tissue imaging18.

Data Analysis and Visualization in MSiReader

Thermo .raw data files were converted to mzML format using MSConvert tool from 

ProteoWizard37. These mzML data files were subsequently converted to imzML file 

format38 using imzML converter39. Individual imzML files may be then concatenated into a 

single MSI file for MSI analysis in MSiReader40.

All IR-MALDESI images presented were analysed in MSiReader. MSiReader is an open-

source, vendor-neutral software created for visualization analysis of high resolving power 

MSI data40. Since its initial publication and public release in 2013, more than 20 new 

features have been added to the software package. Five subsequent public updates include 

normalization strategies, peak export, customizable heat maps, colocalization, batch 

processing, optical image overlay, and a standalone version that does not require a MATLAB 

license. These features have been developed to better visualize MSI data and understand the 

complex data sets, such as those presented here.

Discussion

Effects of Ice Matrix on IR-MALDESI Analysis

The positive effects of the formation of an exogenous ice matrix layer were discovered when 

an ion abundance increase was observed when ice from ambient RH formed on the Peltier 

sample stage18. An investigation of the effects on desorption plume dynamics was 

subsequently undertaken using a novel shadowgraphy imaging system18. This system 

allowed images of the desorption plumb to be taken using UV-laser excitation of a 

fluorophore behind the desorption event. The short (~10 ns) fluorescence emission of the 

fluorophore allowed images to be captured of the desorption plume at the nanosecond 

timescale. Comparison of no ice and ice matrix desorption plumes showed distinct 

Bokhart and Muddiman Page 5

Analyst. Author manuscript; available in PMC 2017 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



difference in the tissue desorption processes. The mass spectra measured from each laser 

pulse shows nearly all material is desorbed in the first pulse without ice matrix while ion 

abundance actually increases with increasing number of laser pulses with an ice matrix. Note 

this analysis is performed on a 50 μm thick fresh frozen tissue section. Subsequent 

evaluation of the ice layer effects in a targeted manner is presented in Figure 2B–D. The 

average abundance (χ̄) and detection frequency (f) of three antiretroviral drugs incubated in 

cervical tissue were used as a metric to evaluate ice layer effects. As shown in Figure 2, ice 

matrix results in higher abundance and more frequent detection for all three compounds29.

Comparison of IR-MALDESI to MALDI MSI

MSI allows for the multiplexed analysis of analytes in a single experiment, having the 

potential to show the distribution of drug, metabolite, and endogenous species in a single 

experiment. The capabilities of IR-MALDESI for drugs and metabolites in an imaging 

experiment were compared to that of MALDI MSI41. The spatial distribution of lapatinib 

and metabolites were used as a comparison of serial sections of a dosed liver between the 

two MSI ionization methods. Figure 3 shows (top to bottom) optical image of the tissue, 

matrix application, distribution of parent drug, heme b indicating vasculature, and a 

colocalization plot of drug and heme b. The main differences between the two MSI 

techniques stem from matrix preparation and the laser used. MALDI requires the uniform 

deposition of an organic acid matrix while IR-MALDESI uses an ice matrix. The difference 

in matrix has major effects on the resulting mass spectra as organic acid matrices create 

many matrix related peaks in the low m/z range potentially obscuring an analyte ion whereas 

an ice matrix does not. Additionally, the IR laser used in IR-MALDESI completely ablates 

the ice matrix and tissue at each rastered position compared to the UV laser used in MALDI, 

which excites and ablates a much smaller volume of matrix and cocrystallized analytes. 

Nonetheless, the targeted analyte(s) can be detected with either method after some amount 

of method development. Lapatinib and metabolites were detected using both ionization 

methods, with 24 and 11 metabolites being imaged using MALDI and IR-MALDESI, 

respectfully. This work showcases the similarity and complementary data that can be 

obtained from using two different ionization methods that rely on separate mechanisms for 

the ionization of analytes. It should be noted that both analyses used an FT-ICR detector, 

though these were from different manufacturers. For a more accurate comparison of 

ionization methods the data should be collected on the same MS platform, although, this is 

often not experimentally feasible.

Electrospray Ionization Agent

MALDI uses the careful pairing of organic matrix and analyte for sensitive and selective 

detection. Additionally, metal salts may be used to preferentially form adducts to the 

analyte. In IR-MALDESI, the matrix only facilitates desorption of material and ionization is 

achieved by electrospray. This allows for easy adjustment of ionization characteristics by 

changing ESI conditions. This permits selection of aqueous and organic solvent system to be 

optimized for particular class of compounds41, although to date, only binary solvent systems 

have been investigated. Additionally, the ionization agent can be adjusted for operation in 

positive or negative ionization mode42 using typical ionization agents such as formic acid or 

ammonium hydroxide. Some instruments, like the Q Exactive, allow rapid change of 
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polarity such that a polarity switching imaging experiment may be performed on the same 

sample42–44. In this case, the electrospray solvent system must be selected as a compromise 

in performance between the polarities. As previously demonstrated for LC ESI analysis, 

weak acids can actually increase negative ion formation45 and are often most suitable for 

polarity switching experiments. Because the laser completely desorbs the material at each 

rastered position in IR-MALDESI, an image consists of spectra of alternating polarity and 

does not allow the collection of spectra in both polarities from the same spatial location.

Metal Adduct Formation

Additionally, changing the traditional ionization agents (acid, base) by doping the 

electrospray with a constant concentration of metal adduct has proven to be useful. Meier et 

al doped the electrospray solvent with silver nitrate to selectively form Ag+ adducts, which 

have an affinity toward double bonds46. Silver is not found biologically, so there is complete 

control over adduct formation. Using its unique isotopic distribution, roughly 1:1 for 107Ag 

and 109Ag, multivariate analysis of spectra and selection of mass spectra peak pairs with 

this ratio allow facile identification of unsaturated compounds. This work is exemplified by 

the confident identification of 43 olefinic lipids in human serum. Also in this work, the high 

affinity of Ag+ for double bonds was used to lower limits of detection of cholecalciferol by 

2 orders of magnitude. This, however, is still above physiological serum levels.

Increases in ion abundance and reproducibility may be obtained using cationization agents in 

a targeted manner depending on the analyte. Bokhart et al doped electrospray solvent with 

sodium chloride to preferentially form a sodium adduct of antiretroviral drugs30. This 

afforded differences in ionization efficiency per-spectrum to be accounted for as 

demonstrated by the reproducibility of normalization to the protonated and sodiated forms of 

a normalization compound. The increased reproducibility allowed quantitative MSI data to 

be obtained from emtricitabine in a human cervical tissue model30.

Drug Distribution Studies

Quantitative IR-MALDESI imaging

A major research area in MSI is obtaining reproducible and accurate quantitative 

information from a MSI experiment. This is not trivial due to tissue heterogeneity, careful 

incorporation of a calibration curve and the minute volume of tissue sampled at each voxel. 

IR-MALDESI is inherently quantitative with the complete ablation of tissue within the focal 

volume of the laser and employ of oversampling. MALDI, on the other hand, relies on 

extraction and cocrystallization of analytes with the matrix and ablation depths of 

approximately 100 nm. Ionization in MALDI is dependent on the organic acid matrix 

chosen, crystal size, and sample preparation steps. Ionization in IR-MALDESI is 

independent of the matrix as it relies on ionization through an electrospray like mechanism.

In a proof of concept quantitative experiment, 5 sequential sections of a single human 

cervical tissue incubated in 100 μg/mL antiretroviral (ARV) drug solution were quantified 

using IR-MALDESI and serial sections to each were quantified using a validated LC-

MS/MS method on the homogenate to evaluate the accuracy of quantitative MSI. The 
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incorporation of a structural analogue normalization compound allowed for the ratio of 

analyte/normalization compound response to be taken at each voxel, corresponding to one 

orbitrap mass spectrum, to help account for tissue specific ablation, ionization efficiency, 

and ion loss through the MS. The incorporation of a calibration curve consisting of SIL 

analogue of the drug allows the calibration curve to be placed directly on top of the analysed 

tissue.

The quantification of ARV in a tissue section in a MSI experiment is summarized in Figure 

4. The SIL-calibration curve has A+3 m/z shift, where the natural abundance of the A+3 

isotope peak will have negligible contribution to the abundance. Data extraction is easily 

performed in MSiReader software with automated quantification procedure being available 

within the software in MSiReader v0.8+. Briefly, the analyte and calibration curve 

abundances are normalized to the normalization compound response at a per-voxel level 

(Figure 4A,B). Data is extracted for regions of interest – specifically for calibration spots 

and tissue areas to be quantified. The tissue concentration for each ROI is calculated using 

the average normalized response and the volume from which it has been detected to give a 

spatial concentration. The resulting calibration curve (Figure 4C) can then be used to 

calculate the concentration of analyte in tissue (Figure 4D). IR-MALDESI analysis is 

typically performed on 10 μm thick sections and the IR laser completely ablates the material 

within the focal volume of the laser, truly sampling a volume of tissue and therefore yielding 

accurate tissue concentrations of analyte. Using this method, IR-MALDESI gave a similar 

result to a validated LC-MS/MS method for the 5 replicates of a model tissue system 

designed to define the quantitative analytical capabilities of IR-MALDESI with a 

concentration of 17.2±1.8 μg/g tissue compared to 28.4±2.8 μg/g tissue determined by LC-

MS/MS homogenate. These values represent the average concentration for the five tissue 

sections with a 95% confidence interval. The similar absolute concentration by the two 

methods indicates great potential for IR-MALDESI to be applied to quantify drug 

concentrations within tissue microenvironments where concentration may reach therapeutic 

or potentially toxic levels – information that is lost in the homogenization process required 

for LC-MS/MS analysis. The IR-MALDESI MSI quantification was compared to LC-

MS/MS of an adjacent tissue section, since both IR-MALDESI and LC-MS/MS are 

destructive techniques. By comparing MSI to LC-MS/MS, it is assumed that the LC-MS/MS 

data is the true concentration of analyte in tissue based on LC-MS/MS acceptance in the 

literature and by regulatory agencies. Differences between the two methods could be 

attributed to the sample preparation steps for the two quantification methods as they are 

necessarily different at nearly every step, with an amount of error associated with each 

deviation. LC-MS/MS requires homogenization of the tissue to aid extraction of analytes 

into the solvent and removal of tissue debris. LC-MS/MS quantification is based on area 

under a chromatographic peak where ionization suppressing compounds such as lipids are 

chromatographically resolved from the antiretroviral drug. The extracted analyte in LC-

MS/MS of a tissue homogenate represents the average concentration of the drug in the tissue 

section with the loss of all spatial information in the homogenization process. In IR-

MALDESI MSI quantification, the tissue is carefully prepared with a normalization 

compound present uniformly across the analyzed area and a calibration curve spatially 

integrated with the analyzed tissue. In MSI, the spatial concentration of the analyte is 
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preserved by analyzing the tissue at many locations across the tissue, with each location 

essentially a separate MS analysis but without chromatographic separation. Additionally, the 

calibration curve is based on MS peak height for each voxel of a calibration spot instead of 

the area under the chromatographic peak for individual calibration standards in LC-MS/MS.

IR-MALDESI MSI is ideally suited for drug distribution studies, specifically ARVs because 

they are often administered in a multidrug regimen referred to as highly active antiretroviral 

therapy (HAART) requiring the analysis of numerous drugs and metabolites in a single 

analysis. This is in comparison to the industry standard quantitative whole body 

autoradiography which requires synthesis and administration of radiolabelled compounds, 

which has significant cost and safety concerns associated with it. Additionally, this method 

only detects the radiolabel and is unable to differentiate parent and metabolites.

Multi-organ Pharmaceutical Distribution

The developed quantitative IR-MALDESI was utilized for a multi-organ drug distribution 

study of HIV integrase inhibitor efavirenz (EFV) within a rhesus macaque dosed to steady 

state31. The quantitative MSI method was applied to a tissue set identified as putative HIV 

reservoirs where latent virus may be dormant and current ARV regimens may not penetrate. 

MSI allows vital inter- and intraorgan assessment of drug penetration needed to eradicate 

HIV from an infected individual.

Eleven putative HIV reservoirs were analysed by IR-MALDESI MSI and distributions of 

EFV were quantified using a calibration curve on organ-matched, non-dosed tissue. The 

quantification process was performed in parallel to absolute concentration determination by 

LC-MS/MS, hematoxylin and eosin (H & E) staining, and immunohistochemistry (IHC) 

staining of CD3+ cells. Representative MS and IHC images for 5 tissues are shown in Figure 

5. Interpretation of the three imaging modalities allowed for comprehensive determination of 

drug distribution into specific regions of an organ and its corresponding immune response by 

CD3. Heterogeneous EFV distribution was observed in the tissues, with the most 

heterogeneity observed in the gastrointestinal tract, specifically the colon (Figure 5A). 

Combining information gained from MSI, H&E, and IHC, it was determined that EFV had 

the highest concentration in the colon mucosa and lamina propria.

MSI Imaging of Antiretroviral Drugs in Hair

Hair has long been used as a temporal record for determining use of drugs of abuse. 

However, this is typically performed using a thatch of hair which will represent the average 

incorporation over a long period of time. IR-MALDESI MSI was used to analyse single hair 

strands at a spatial resolution of 100 μm, which based on an average growth rate of 1 cm/

month, gives a temporal resolution of approximately 7 hours28. This analysis is of particular 

interest to HIV research in patients receiving pre-exposure prophylaxis where consistent 

dosing is vital to the programs efficacy. IR-MALDESI proved to be a useful technique for 

the spatial analysis of hair without the need for sample preparation steps required for 

MALDI MSI, such as analyte extraction and/or longitudinal slicing of the individual hair 

strands47. Microscopy images of a hair after IR-MALDESI clearly showed ablation of the 

cuticle and into the cortex of the hair strands.
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Many factors influence the incorporation of drug into hair including the drug basicity, 

lipophilicity, and melanin content of the hair. The authors present a method of normalization 

based on the oxidation of 5,6-dihydroxyindole-2-carboxylic acid, the monomeric unit of 

eumelanin, to pyrrole-2,3,5-tricarboxylic acid. This was performed by spraying the 

individual hair strands with 15% hydrogen peroxide and 1 M ammonium hydroxide using a 

thermally-assisted pneumatic sprayer. Figure 6A shows the distribution of EFV before and 

after treating the hair with H2O2. The sample preparation step does not delocalize or extract 

EFV significantly. Normalizing the response of incorporated EFV to the oxidized eumelanin 

product reduced variability between patients with different hair colour indicating IR-

MALDESI could be broadly applicable method for drug adherence evaluation (Figure 6B).

Untargeted Metabolomic MSI Analyses

Polarity switching MSI of Cancerous vs Healthy Ovarian Tissue

IR-MALDESI is well suited for untargeted metabolite and lipid analysis of biospecimens, 

allowing researchers to better understand underlying biological factors in health and 

disease46, 48. Ionization by electrospray allows facile acquisition in either positive or 

negative mode. A strategy for repeated acquisition of both polarities in a spatially resolved 

manner was originally applied to the forensic analysis of fibres and dyes. In this polarity 

switching MSI method, positive and negative ionization was performed on alternating voxels 

of the image27. Interpretation of the data requires parsing of the data file by polarity prior to 

MSI interpretation. This allows for analysis by both polarities on the same tissue with 

minimal loss in spatial resolution. This acquisition method was optimized and applied to 

sections of cancer and control ovarian tissue from a chicken model of ovarian cancer 

(OVC)42. Prior to analysis, the authors investigated the influence of several electrospray 

compositions and their effects on lipid response in both polarities. The optimized conditions 

were applied to the untargeted analysis of healthy and cancerous chicken ovary tissue, with 

fold differences in ion abundance being compared in MSiReader. Spatial interrogation of 

OVC is important in characterizing alterations in lipid metabolism, which has been linked to 

the disease49. Figure 7 shows MS images of selected lipids in a healthy (left) and cancerous 

(right) chicken ovary tissue. The dashed line indicates maturing follicles in the healthy tissue 

while the solid white line indicates the cancerous regions in an ovary tissue. The untargeted 

method revealed compounds up and down regulated in the two tissues, indicating potential 

for IR-MALDESI to discover potential biomarkers of disease (Figure 7).

Fundamental mass spectrometry principles of spectral accuracy and sulfur counting were 

used in the identification of lipid and metabolites from full scan MS1 data. For example, 

glutathione was identified using accurate mass (<1 ppm) and the concept of sulfur counting 

to eliminate other possible isobaric species from MS1 data.

Limitations

The utility of IR-MALDESI has been demonstrated but there are several inherent limitations 

of the technique. Nearly every MSI technique requires cryosectioning of tissues, which does 

not allow analysis at multiple time points from a single biological experiment. Instead, 

analysis of several time points must be carried out using separate subjects, increasing time 
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and cost while introducing biological variability. MSI is primarily used as a destructive ex 

vivo imaging technique and is not typically applied to in vivo imaging. However, recent 

publication of in vivo analysis using laser desorption with secondary ionization was recently 

reported50, describing a new way of performing MSI for in vivo imaging. Quantification 

using IR-MALDESI is method development intensive, requiring careful selection of a 

normalization compound and creation of a calibration curve for each compound. Typically, 

quantitative MSI experiments are run in parallel to a validated LC/MS assay for comparison 

of total amount of analyte in the tissue. Analysis of tissue in microprobe mode requires the 

sequential analysis of thousands of tissue desorption events, thereby effectively diluting the 

amount of tissue sampled by several orders of magnitude. In addition to the minute amount 

of tissue sampled per spectrum, no pre-concentration or chromatographic separation steps 

may be performed due to the repetitive, sequential acquisition in MSI. This repeated 

acquisition of MSI results in analysis times of several hours for a modest-sized tissue. 

Additionally, IR-MALDESI MSI shows preference for compounds that are highly abundant 

and easily ionisable and most applications are towards small molecules and lipids. To date, 

large biomolecules such as proteins have not been observed from tissue, however, they are 

easily detected from purified protein solutions for concentrations as low as 10 pM17. 

Detection of intact or tryptic peptides from tissue will require extensive method development 

that differs significantly from our current protocols presented here and are an ongoing 

research focus.

Conclusions

IR-MALDESI has proven to be a robust MSI technique for the analysis of biospecimens. 

Significant improvements have been made in analysis from a breadth of sample types and 

analytes while retaining the spatial location. There is still opportunity in the MSI field for 

improvement, in comprehensiveness of analysis, exhaustively defining quantification 

abilities, reducing spatial resolution, and validation of and application to real biological 

questions. The application of IR-MALDESI MSI to targeted, quantitative drug distribution 

studies and untargeted metabolomics studies demonstrates the versatility of the IR-

MALDESI imaging platform for a variety of analytes and applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of IR-MALDESI source. The sample is placed on a Peltier cooled X-Y 

translational stage where an exogenous ice matrix layer may be formed. A 2.94 μm laser is 

used to desorb material from the sample. The desorption plume interacts with an orthogonal 

electrospray plume where analytes partition into the charged droplets and ionization occurs 

in an ESI-like manner.
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Figure 2. 
Influence of ice as a matrix for a 2940 nm IR laser. Targeted analysis of three antiretroviral 

(ARV) drugs in tissue from tissue with and without ice matrix. Ice matrix increased the 

frequency of detection and the average ion abundance for all three analytes of interest. 

Reproduced from Ref 29 with permission from Springer.
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Figure 3. 
Comparison of MALDI and IR-MALDESI MSI analysis of serial sections from a lapatinib 

dosed liver. A,F) optical images of the analysed tissue, B,G) image of tissue with matrix 

applied C,H) lapatinib D,I) heme b E,J) colocalization of lapatinib (blue) and heme b (red) 

in a single MS image. Reproduced from Ref. 41 with permission from Elsevier.
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Figure 4. 
Summary of a quantitative MSI experiment using IR-MALDESI. A) Emtricitabine (FTC) 

was quantified in a cervical tissue model system using a B) stable isotope labeled (SIL) 

calibration curve on the same tissue. C) MSI calibration curve showed good linearity and D) 

summary of calculated FTC in the model tissue. Reproduced from Ref. 30 with permission 

from Springer.
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Figure 5. 
MSI of efavirenz and CD3+ IHC imaging of A) colon B) ileum C) inguinal lymph node D) 

cerebellum E) spleen. Reproduced from Ref. 31 with permission from American Society for 

Microbiology. Copywrite 2015.
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Figure 6. 
IR-MALDESI analysis of ARVs in hair. A) EFV distribution before and after H2O2 sample 

preparation for the normalization of drug incorporation to melanin content. MSI images 

show that incorporated EFV does not delocalize during sample preparation B) 

Normalization of EFV to monomeric eumelanin unit potential for broad application of IR-

MALDESI MSI analysis to hair analysis of drug incorporation. Reprinted with permission 

from Ref. 28. Copywrite 2016 American Chemical Society.
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Figure 7. 
Control (left) and cancer (right) ovarian tissue was analysed using IR-MALDESI MSI. The 

two tissue types showed significant changes in lipid and metabolite profiles especially in 

maturing follicles (dashed line) and within cancerous regions (solid line). Reproduced from 

Ref. 42 with permission from The Royal Society of Chemistry
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