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Abstract

Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) combines

the sensitivity and selectivity of mass spectrometry with spatial analysis to provide a new

dimension for histological analyses to provide unbiased visualization of the arrangement of

biomolecules in tissue. As such, MALDI IMS has the capability to become a powerful new

molecular technology for the biological and clinical sciences. In this review, we briefly describe

several applications of MALDI IMS covering a range of molecular weights, from drugs to

proteins. Current limitations and challenges are discussed along with recent developments to

address these issues.

The field of proteomics has matured to include a number of powerful analytical tools to help

elucidate molecular mechanisms fundamental to understanding health and disease. Mass

spectrometry has achieved a pivotal role in proteomics owing to the sensitivity and

molecular specificity of this technology. For example, it is now possible to measure the

proteome of yeast cells with near comprehensive coverage [1–3] in a single experiment.

Although these experiments are technologically impressive, these achievements represent

only a starting point in the understanding of the many processes occurring within the cell

and further, to understand these processes in multicellular organisms. To determine the role

of a protein in human health and disease, one must study the protein in the context of its

natural environment, the tissue. Currently, many of the most widely used proteomics

approaches are unable to measure proteins while maintaining critical spatial information that

is necessary for an in depth understanding of the biological system being studied.

Traditionally, spatial information concerning the distributions of biomolecules in tissue has

been obtained by using techniques such as immunohistochemistry, which require prior

knowledge of target analytes. While effective in some cases, these methods are not adequate
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for the detection of biologically important protein processing steps such as post-translational

modifications or endogenous proteolysis.

Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS)

combines the tremendous sensitivity and selectivity of mass spectrometry with the spatial

analysis provided by traditional histology, offering unbiased visualization of the spatial

arrangement of biomolecules in tissue. An overview of a typical MALDI IMS workflow is

presented in Figure 1. In this example, flash frozen tissue is cut into thin tissue sections and

flat mounted onto a target. The sections are coated with a MALDI matrix that assists in the

desorption and ionization of the molecules in the tissue. During the experiment, specific

regions of the tissues are irradiated by a laser in an array of discrete points and mass spectra

are generated for each x,y coordinate. Ion intensities are then plotted on a coordinate system

matching the relative location of each spectrum that was acquired on the tissue surface,

creating images of the ion. For reference, IMS images may also be compared to a

histological stained micrograph of the tissue to determine molecular patterns that correlate to

specific anatomical features. This approach is useful for a wide variety of biological systems

(e.g., different species and analytes) as evidenced by the increasing frequency of

publications citing MALDI IMS in biology and medical research (Figure 2).

With a significant increase in the number and variety of applications employing this

technology, there is ongoing interest in MALDI IMS and important work has been done to

significantly improve both methods and instrumentation, in order to meet the needs of

researchers. An ideal imaging MS experiment would offer high sensitivity for all analyte

classes and submicron spatial resolution for analysis of sub-cellular structures, along with

easy identification and quantification of analytes. Although these “wish list” capabilities

have not yet been realized for routine IMS, the field has made great advances from its

beginning nearly 20 years ago [4]. In this review, we describe recent advances in MALDI

IMS that advance the field towards these performance metrics, including efforts to address

the limitations of current instrumentation and challenges for future MALDI IMS research.

This includes challenges in sample preparation, spatial resolution, analyte identification, and

data processing. We also discuss the opportunities and special considerations regarding the

use of MALDI IMS as a new molecular technology in the clinical laboratory, including the

potential for a high throughput, quantitative, and unbiased informational approach for

clinical analysis of patient samples

MALDI IMS as a robust bioanalytical tool

Below we outline four areas of ongoing interest and work in making IMS a robust

bioanalytical tool. These include: (1) the development of standardized protocols for sample

preparation, (2) improved spatial resolution of the images, (3) efficient protein and peptide

identification and tools to increase the dynamic range of MALDI IMS, (4) and the

development of next generation data processing algorithms that leverage the unique, highly

dimensional data generated in these experiments.
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1. Experiment-specific and standardized sample preparation methods

General MALDI IMS work flows have been described in a number of publications [5, 6];

however, the specifics of these protocols are often tailored for the analyte and tissue of

interest. These protocol adjustments are commonly made in the sample preparation steps

that precede MALDI IMS analysis. Sample preparation, including tissue section thickness,

tissue washes, and matrix application are often optimized for each new type of experiment to

maximize the sensitivity and provide sufficient spatial resolution for the experiment. For

example, lipid analysis has been shown to benefit from an aqueous wash of tissue to remove

salts [7], while organic washes are used for protein analysis, in order to fix tissue and

remove lipids that suppress protein signal [8]. Other tissue treatments are often developed

for analytes that are difficult to desorb and ionize. For example, a detailed sample

preparation protocol for membrane proteins in retinal tissue was described that included a

special tissue mounting technique, followed by pipetting deionized water 11 times over the

tissue [9]. With slight modifications to this protocol, Nicklay and co-workers acquired

images of the transmembrane myelin proteolypid protein (PLP) in rat brain tissue (Figure 3)

[10]. Here, the authors added a final wash step that included 1% acetonitrile.

The method of matrix application is important and should be optimized for each type of

experiment. For example, robotic spotting of matrix on tissue allows for excellent analyte

extraction, but low image resolution (200 μm). Spraying matrix solution onto the tissues

surface, either by hand or with a robotic sprayer, allows for better resolution (10–20 μm),

although care must be taken to keep the tissue surface from becoming too wet with solvent

to avoid delocalization of analytes. Sublimation and rehydration offers excellent image

resolution, but may result in comparably less effective extraction of analytes (i.e. lower

sensitivity). Of course, care must be taken to ensure that the sublimation is homogeneous

across the tissue and that the recommended rehydration step does not introduce

delocalization [11]. In all of these methods, matrix thickness can affect ion intensities and

different matrices are more sensitive for specific molecules. For example, α-cyano-4-

hydroxycinnamic acid is best for peptides and small proteins, while sinapinic acid is better

for larger proteins (> 20 kDa).

As this imaging technology is applied to new fields, the number and types of analytes and

tissue types will increase, as will the details of various sample preparation protocols. With

this in mind, inherent variation between protocols will require careful consideration of how

novel sample preparations affect the accuracy and reproducibility of IMS data. Although

sample preparation may vary between different experiment types, it will also be increasingly

important to maintain carefully controlled and standardized sample preparation procedures,

since even small alterations may produce variations in the MS data and the corresponding

image. It is imperative that the MALDI IMS community develop guidelines and protocols to

ensure consistent and accurate data acquisition [12].

2. Spatial resolution

Spatial resolution of the MALDI IMS experiment is a key parameter and must be chosen

with care. High-resolution imaging (<20 μm raster) is necessary for certain applications,

particularly applications designed to elucidate biological differences at the cellular level.
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IMS provides unique information to the study of cells because molecular components that

define the cellular phenotype may be measured directly in each cell rather than having to

infer their contribution from average measurements taken from cell populations.

Commercially available MALDI IMS instruments operate in microprobe mode, in which a

raster by the laser is performed over an area of the tissue, generating mass spectra at each

ablation point. In general, the minimum spatial resolution that can be achieved is limited by

the diameter of the laser beam. Current commercial MALDI IMS instruments in microprobe

mode can now achieve spatial resolutions at just below 20 μm. There is a considerable effort

to increase the spatial resolution through the use of several instrumental approaches. One

technique to increase resolution without instrument modification is oversampling. Here, the

laser ablates overlapping areas between adjacent spots such that the signal originates from

just part of the original spot size [13]. This method is useful but requires complete ablation

of the sample at each spot and, therefore, longer data acquisition times. As an alternative, a

simple, inexpensive modification to standard commercial instruments has been described to

reduce the diameter of the laser beam using a 25 μm pinhole filter. The filter reduced the

laser beam diameter from 20 μm to 5 μm on two MALDI TOF instruments [14].

Custom instrument configurations have also been developed that enable high spatial

resolution IMS analysis. In one example, a Gaussian beam profile was created using optical

single mode fibers, offering a small laser beam diameter [15]. In another case, a

transmission geometry vacuum ion source was designed to allow sub-micron laser spot sizes

[16, 17]. In this configuration, the laser beam irradiates the backside of the sample. The

authors acquired sub-cellular images of synaptophysin (m/z 323) and somatostatin (m/z 532)

in islet cells (Figure 4).

In addition to advances in instrumentation, matrix application itself may limit the lateral

resolution in a MALDI IMS experiment. With instruments capable of high resolution

imaging, the size of the matrix crystals and the density of the applied matrix can be a

limiting factor in MALDI IMS resolution. Sublimation of matrix onto tissue is currently the

best method for high resolution analysis [18]. However, this type of solvent-free application

limits sensitivity and must be followed by rehydration of the sample to extract proteins and

peptides from the surface of the tissue into the matrix [11].

Despite its clear advantages, the capability for high spatial resolution imaging has some

disadvantages. The large data sets that are generated result in long data acquisition and

processing times and issues of data storage may arise. Most importantly, high resolution

imaging often results in decreased sensitivity, since less material is analyzed using smaller

ablation areas. Thus, high resolution imaging is most effective with metabolites, drugs,

lipids, and peptides that are more easily extracted and ionized. Finally, the large number of

laser shots and spectra acquired in a high resolution IMS experiment contributes significant

wear and tear on MALDI IMS instruments, such that costly instrument parts, including

lasers and detectors, must be replaced more frequently. Taken together, it is important to

carefully evaluate the spatial resolution that is required to answer a given biological

question, and employ the resolution needed to answer the question at hand. For cases that
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require high resolution imaging, increasing the speed of analysis and improving data storage

and processing capabilities are active areas of instrument and are discussed further below.

Speed of analysis—As the capabilities for high spatial resolution are advanced, the need

for faster data acquisition becomes increasingly apparent. Thus, a large effort in

instrumentation development has been devoted to increasing the speed of analysis. At the

time that this technology was first introduced, 1 Hz N2 lasers were common in MALDI MS

instruments and imaging experiments took several hours or in some cases days to acquire

images. As IMS has become more mainstream, instrumentation developers have worked to

meet the needs of IMS research. For example, commercial instruments now incorporate

lasers with the ability to operate at pulse repetition rates of ~1 kHz or more using frequency

tripled solid-state lasers, although researchers are working to increase these rates further. For

example, investigators have recently presented data using a 20 kHz Nd:YVO4 laser [19],

with the best results obtained when operating at repetition rates between 5–10 kHz.

Another approach for decreasing sample acquisition time is to use continuous laser raster

sampling. Typically, pixels are acquired by sampling at discrete spots over the tissue, with

the laser turned off as the stage moves from spot to spot. With continuous sampling, the

laser is fired continuously as the sample stage moves non-stop in a straight line. Using a

5kHz Nd:YLF laser with continuous laser raster sampling, a sagittal rat brain tissue section

was analyzed in less than 10 min at a spatial resolution of 100 μm [20]. In another example,

images of drugs in rat sections were acquired with a 1 kHz laser with a rastering speed of 18

mm/s and was completed in less than 15 minutes [21]. Lastly, it is worth noting that

instruments operating in mass microscope mode would also offer the opportunity for faster

analysis. The desorption/ionization beam in this configuration is 200–300 μm, so fewer

measurement points are required for a given area, even for high resolution images [22]. The

disadvantage to such an approach is the extremely limited m/z range and sensitivity of these

instruments relative to more conventional mass analyzers.

Data storage and processing—Data file sizes obtained by MALDI IMS can be large

even for routine, low resolution imaging. Individual images can generate thousands of

spectra, which greatly impact data processing times, computation costs, and data storage

[23]. Currently, no data reduction tools for MALDI IMS data are commercially available.

However, as MALDI IMS researchers develop methods for increased spatial and mass

resolution, high throughput analysis, and specialized applications such as 3-D imaging [24],

the need for data reduction will become increasingly important.

3. Protein identification in MALDI IMS

MALDI IMS analysis is highly sensitive and allows researchers to map the spatial

distribution of a large number of analytes simultaneously. However, identification of species

within an MS image can be labor intensive in some cases. Targeted in situ MALDI MS/MS

analysis for the identification of lipids and small molecules is generally routine using current

technology, but identification of proteins and peptides pose greater challenges [25].

There are generally two approaches for identification of proteins from tissue. The first is

imaging of intact proteins using a linear TOF mass spectrometer, which is necessary to
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accommodate the larger masses of these molecules. Signals from images of intact proteins

are compared to MALDI MS data from fractionated tissue homogenates. Using imaging

results as a guide, the protein fraction containing the signals of interest is determined and

bottom up or top-down LC MS/MS experiments are performed to identify the species. A

significant drawback to this method is that TOF mass analyzers have limited mass resolution

and cannot resolve the multiple ion species that may lie within a single peak in the spectrum.

Moreover, analysis of large proteins requires greater ionization energy and, therefore,

imaging with TOF mass spectrometers using routine methods is practically limited to

species under ~ 50 kDa, although examples of detection of large (e.g. 200 kDa) proteins

have been reported [26].

A second identification strategy is to perform an on-tissue tryptic digest [27, 28]. Here,

trypsin is deposited directly on tissue, whether by robotic spotters [29] or automated

sprayers, and hydrolysis occurs on the tissue surface. Following matrix application, MS/MS

analysis is performed directly from tissue, typically by collision induced dissociation. The

issue of mass resolution remains with TOF instruments, as several overlapping signals are

often present in the complex MS spectra generated from direct tissue analysis. Unresolved

features in the mass spectra pose difficulties for the interpretation of MS/MS results and

may obscure important details in MS images of near isobars with distinct spatial

distributions. In order to avoid these issues, high mass resolution IMS using FTICR [30, 31]

or Orbitrap [28, 32] mass analyzers are extremely valuable in MALDI IMS experiments.

These instruments offer high mass resolution as well as high mass accuracy, giving

increasing confidence for analyte identification. One drawback of Fourier transform based

analyzers is that they are relatively slow, typically requiring long transients for each pixel. In

addition, high mass resolution data generates large data files which, in turn, increase data

processing times.

In some cases, ion mobility spectrometry [33] can be effectively incorporated into the IMS

experiment. In ion mobility spectrometry, ions are passed through a drift cell containing a

neutral buffer gas, under the influence of an electric field. Ions are separated by their

collision cross sections; ions with small collision cross sections move through the drift cell

more quickly than ions with large collisions cross sections. The additional separation by ion

mobility increases the dynamic range of the analysis and has allowed for imaging of near

isobars of tryptic fragments from actin and ubiquitin in rat brain tissue. By selecting ions

with different mobilities, separate localization could be found for these peptides (Figure 5)

[34]. Without ion mobility separation, this localization would not have been apparent and

the image for this signal would have been an overlay of the images for each peptide.

Several challenges for MS/MS in imaging MS experiments should be noted. For example,

MS/MS data acquisition is not automated and fragmentation data must be collected

manually, one parent mass at a time. This greatly increases data acquisition time, especially

if there are multiple signals of interest. Moreover, as data is acquired for MALDI MS/MS,

matrix is ablated from the tissue surface such that a given spot on the tissue surface may

only be analyzed a limited number of times. Identification of multiple species, therefore,

may require multiple samples. Multiplexed MS/MS methods, in which multiple MS/MS

products are analyzed simultaneously, would greatly increase the efficiency of this
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approach. Finally, the z = +1 charge states that arise from the MALDI process greatly affect

the efficiency of peptide fragmentation. Recently, new MALDI matrices that give rise to

multiply charged MALDI ions have been introduced and may help resolve this issue [35].

4. Processing and Analysis of IMS Data

Data Processing and analysis are essential parts of an imaging mass spectrometry

experiment, yet this is still a young and developing field. The complicated nature of IMS

data has given rise to a number of different preprocessing and analysis methods, and

requires that experimentalists understand correct usage of these methods for accurate results

[23]. Moreover, many of these methods are not available commercially. Unfortunately, this

lack of integration with commercial software packages results in a barrier for the use of

these algorithms by investigators that don’t have the ability to write custom programs to

manipulate the data. In these cases, investigators are encouraged to consult with those who

have expertise in relevant bioinformatics fields to assess confidence of scientific findings

and to correctly apply these computational tools.

After image acquisition, proper data processing and analysis are required for accurate

interpretation of IMS results. In general, the data can be processed both at the spectral level

and at the image level. Preprocessing of spectral data may include smoothing, background

subtraction, and normalization to account for instrumental and chemical noise in IMS data

[36]. Spectra in IMS often contain high-frequency noise and unresolved chemical

background, such that smoothing and background subtraction are important for accurate

representation of molecular localization in MS images. Most MALDI IMS acquisition and

visualization software include automated algorithms for these preprocessing methods.

Normalization of spectral intensity is used to account for some variations in ionization due

to suppression and matrix effects. Normalization to the total ion count (TIC) is most

commonly used in MALDI IMS to account for global effects across the tissue. However,

normalizing to the TIC is problematic if substantial differences in the TIC between pixels

exist [23, 37]. In this case, normalization can significantly change the image [37].

Ultimately, there is unlikely a single best preprocessing method for all IMS data sets. Thus,

the investigator should assess the appropriateness of these methods for a given experiment,

to ensure the most accurate representation of the data.

In addition to normal mass spectral noise, image noise can arise due to the stochastic nature

of the analysis. Recently, commercial IMS data analysis software packages have

incorporated averaging and smoothing algorithms to reduce the impact of noise within an

MS image. In addition to preprocessing, commercial software also offers additional tools for

image manipulation, including the ability to select data from regions of interest within the

tissue, co-registration of optical images (e.g. stained serial sections) with the MALDI MS

image, and easy export of MS spectra from individual pixels to other software programs for

further analysis, including statistical analysis and data base searches.

Finally, picking peaks for further analysis can be complicated in IMS, due to the large

number of peaks in the data set. One option is to perform peak picking from the mean

spectrum of the image, although this may not be sensitive, especially for signals that are
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only present in small areas of the tissue. Another problem encountered with peak picking in

IMS is that m/z values can drift slightly between pixels due to instrumental drift during the

long acquisition time and/or variability in the tissue surface [38, 39]. Peak alignment tools

have been developed to account for this variation [36], but are not yet commercially

available.

MALDI IMS in the clinical laboratory

One of reasons for increased interest in MALDI MS in biology is the potential of the

technology to solve clinical problems. For example, the application of MALDI profiling

approaches to the classification of microbes made significant impact on clinical

microbiology [40–42]. The molecular specificity, high throughput, and accuracy of

classification of this technology provide a means for clinical laboratories to save time and

money while maintaining or even increasing the quality of the clinical results. The key

challenge of MALDI IMS for routine clinical application is to develop automated protocols

to accommodate a heavy workload and must maintain a high level of quality control. In

addition to the developments described earlier, other factors are also important when

considering the potential of this technology for routine pathological analysis in the clinical

laboratory. These include the development of high-throughput MALDI IMS, the ability to

quantitate MALDI IMS results, and finally bioinformatic tools for data analysis of patient

samples.

1. Sample Throughput

Sample throughput is essential to establish MALDI IMS as a robust analytical technology

for clinical applications. As discussed above, developments in instrumentation for fast data

acquisition will greatly help towards this goal. Nevertheless, there are other places for

improvement within the IMS workflow, which has several time-intensive steps, including

tissue sectioning, matrix application, and setting up the image. As such, researchers are also

targeting steps within this workflow in order to further increase sample throughput. For

example, the MALDI slides pre-coated with matrix have been developed that could be

prepared in advanced and would bypass the matrix application step after sectioning [43, 44].

These slides offer similar image quality to post coating approaches (Figure 6) and have a

shelf life of more than 6 months, when kept in a desiccator.

Automated sample loading systems have been reported for continuous instrument operation

[45]. The loading system includes a controlled environment storage chamber and sample-

loading robot and was demonstrated to be reproducible for clinical applications. Such

advances are essential, as high sample throughput is necessary to make the technology

viable for the clinical laboratory.

2. Quantitation in IMS

Relative quantitation of analytes from the direct analysis of tissue requires special

consideration when designing an experiment. Ion suppression, analyte extraction efficiency,

ionization efficiency, and ion stability may affect results [46, 47]. Ion suppression results

from endogenous species that compete for ionization, such as lipids or salts, resulting in
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decreased signal intensities for some analytes. These effects are not unique and are common

in many types of MS analyses of complex biological mixtures [37]. In IMS, however, the

chemical microenvironment of adjacent areas within the same tissue section may be

composed of different cell types and morphologies [48, 49]. This tissue heterogeneity may,

in some cases, result in varying desorption/ionization effects across a single tissue section.

In addition, uneven matrix application may introduce variations in ion signal [11]. Even if

matrix is homogenously applied, variations in tissue composition can affect matrix

crystallization, producing different crystal sizes and morphologies. Control experiments

should be conducted that are designed to account for different extraction efficiencies of

analytes with the preparation protocol being used.

Several groups have introduced methods to obtain absolute quantitative information from

IMS data. Typically, these methods incorporate an internal standard to correct for signal

variability. One common approach used for pharmaceuticals is to spot a dilution range of a

target analyte on a control tissue section and analyze the control tissue and dosed tissue in

parallel [50–53]. The drug concentration in the dosed tissue is estimated by comparing the

ion intensity in the image to the standard curve from the dilution range. This method is fast

and relatively simple, although it may not always accurately represent the extraction

efficiency of the compound. To overcome this, investigators have applied an internal

standard directly on the MALDI target, before tissue mounting [54]. This method offered

improvements in signal reproducibility, MS images, and calibration cure linearity [51, 54].

Furthermore, it has been shown to account for tissue-specific variations when monitoring the

analyte to internal standard ratio across several tissues types [49]. Recently, a promising

mimetic tissue method, in which tissue homogenates spiked with internal standard of

varying concentrations were frozen into a polymer mold [55] was described. The frozen

homogenates were sectioned, mounted, and imaged in parallel with dosed tissue. This

method mimics both the analyte extraction and ion suppression effects of the dosed tissue. In

one example, the authors demonstrate that this method is comparable to similar analysis by

LC MS/MS for rat liver from a rat dosed with the drug nevirapine (Figure 7).

Even in cases when robust methods for quantitation are established, additional challenges

will certainly arise for special cases such as whole body imaging [48, 49, 56–59], where

diverse tissues types are sampled simultaneously and 3D imaging [60–62], in which the

signal intensities and variations in sample preparation must be normalized throughout

several tissue sections. Finally, it should be noted that the development of quantitative

methods in MALDI IMS is primarily driven by an interest to quantitate small molecule

pharmaceuticals in tissue and therefore most quantitation methods are developed for analysis

of exogenous compounds in tissue from dosed animals. Still, it is possible to envision a

future in which quantitation of endogenous molecules may be possible, using a similar

approach.

3. Bioinformatic analysis

Statistical evaluation of IMS data is necessary for clinical research and biomarker discovery.

Well-established multivariate analyses, such as principle component analysis and

classification algorithms are used in both unsupervised data mining and supervised
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classification of IMS results. These methods are used to identify patterns in the localization

of molecules in a histology-directed or histology-independent manner and are typically

employed by treating each pixel as an independent sample. There are several excellent

reviews describing various methods for these analyses [23, 63]. Commercial software from

instrument vendors and open-source software are available for some statistical analyses.

However, these platforms tend to be vendor-specific, and the details of the computational

approach are not always well understood by the practitioners. As a result, many groups still

rely on in-house solutions to preprocessing and statistical analysis to meet the needs specific

to their research. In order to overcome these limitations, more development is needed done

to add transparency to the statistical treatment of such data, and the results that are returned

must be provided in a form that can be clearly interpreted by the clinician. Moreover,

clinical applications of MALDI IMS will benefit greatly when standardized approaches to

the analysis and classification of these data are available.

Conclusions and perspectives

Since the inception of MALDI IMS, improvements to instrumentation and the experimental

workflow have increased the spatial resolution, speed, and sensitivity of analysis.

Developments in sample preparation have allowed this technology to be applied to

measurements in a diverse set of biological systems. Advances in instrumentation have

allowed for increasing spatial resolution in IMS images, although this has introduced new

challenges with data acquisition times and data storage and processing. New strategies to

increase the dynamic range of analysis, including Fourier transform-based methods and the

incorporation of ion mobility, have been shown to be effective for broadening the

application of IMS to include many new analytes. Data processing and analysis are areas

within the MALDI IMS workflow that are currently being rigorously pursued. Standardized

preprocessing methods must be developed for complex IMS data, as well as validations for

effective, cross-platform applications. Other advances, such as the integration of IMS data

with other imaging modalities, such as microscopy and MRI would greatly enhance the

potential for new enriched data sets to help unravel the complexity of living systems.

Overall, MALDI IMS is rapidly maturing to become a robust and routine bioanalytical

technology for basic biological research and clinical analyses. MALDI IMS has already

been applied in an increasing number of basic biological studies although inclusion into the

clinical research arena has not yet begun. The utilization of this technology in clinical

analysis is highly likely thanks to the convergence of technological development for

advanced IMS instrumentation and emerging clinical problems that require high molecular

specificity and sensitivity, in addition to detailed histopathological information. Automated

MALDI MS analysis has already been found to have great utility in the clinical

microbiology lab, providing a technological basis for the further development of automated

MALDI IMS as part of a standard clinical approach in the molecular age of medicine.
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Research Highlights

• MALDI IMS has the capability to become a powerful new molecular

technology for the biological and clinical sciences.

• We describe applications of MALDI IMS covering a range of molecular

weights, from drugs to proteins.

• Current limitations and challenges are discussed, as well as recent developments

that address these issues.
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Figure 1.
Overview of the MALDI IMS workflow on a section of a human kidney biopsy. (A) Fresh

frozen tissue is cut and mounted on a conductive surface. Matrix is applied by a robotic

sprayer or is sublimated, and the section is irradiated by the laser in a raster array. (C) Mass

spectra are acquired for each x,y coordinate. (D) Selected ions may be mapped on the tissue

surface to create images.
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Figure 2.
Publications reporting the development and application of IMS through 2013. Data was

collected from a PubMed search of the following key words: (imaging mass spectrometry

OR mass spectrometry imaging)) AND (“1980”[Date - Publication]: “2013”[Date -

Publication])).
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Figure 3.
Images of the membrane protein myelin proteolipid protein (PLP, 30 kDa). Special sample

preparation protocols were developed to enable imaging of membrane proteins [10]. The

protein was imaged within cerebrum (left) and cerebellum/medulla (right). Exclusive

localization to white matter regions of brain, particularly to the corpus callosum (Cc),

caudate-putamen (Cp), and septal nucleus (Sn) of the cerebrum and the arbor vitae (Arb) of

the cerebellum and the entire medulla (Med), is apparent.
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Figure 4.
Target MALDI IMS analysis of synaptophysin (m/z 323) and somatostatin (m/z 532) in

single islet cells. Images were obtained using a transmission geometry ion source for high-

resolution imaging. (a) Optical image of islet cells. (b) MALDI IMS of an immunoreactive

islet cell for synaptophysin. (c) Targeted IMS of a delta cell for synaptophysin (green) and

somatostatin (red), showing different localization for each molecule within different cellular

structures. [16]
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Figure 5.
Images of separated and identified isobaric ions of tubulin and ubiquitin tryptic peptide

fragments (1039 m/z) in rat brain were imaged using ion mobility spectrometry coupled with

imaging mass spectrometry. For these images, two different drift times have been selected:

100–127 and 133–148 bins to reconstruct the respective images. Without any ion mobility,

one image is obtained corresponding to the superposition of these two images. [34]
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Figure 6.
Comparison of imaging results of mouse brain serial sections with matrix pre- and post-

coated targets at different spatial resolutions. Ion images were collected in negative ion

mode. Tentative identification was based on previous MS/MS analyses of lipids at these

masses in mouse brain. Below: H&E optical scanned images from a serial section are shown

at the bottom of the figure.
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Figure 7.
Quantitative analysis of a rat liver section dosed with the drug nevirapine (m/z 267.124)

using a mimetic tissue model. (A) Optical scan of sections from the nevirapine-dosed rat

liver (left) and the mimetic tissue model (right), before matrix application. (B) Ion image for

nevirapine, m/z 267.124, at 75% maximum intensity threshold. (C) Comparison of

nevirapine quantification results from the MALDI IMS and LC-MS analyses.

Gessel et al. Page 22

J Proteomics. Author manuscript; available in PMC 2015 July 31.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


