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Abstract

Mass spectrometry imaging (MSI) of tissue samples is a promising analytical tool that has quickly

become associated with biomedical and pharmacokinetic studies. It eliminates several labor-

intensive protocols associated with more classical imaging techniques, and provides accurate,

histological data at a rapid pace. Because mass spectrometry is used as the readout, MSI can be

applied to almost any molecule, especially those that are biologically relevant. Many examples of

its utility in the study of peptides and proteins have been reported; here we discuss its value in the

mass range of small molecules. We explore its success and potential in the analysis of lipids,

medicinals, and metal-based compounds by featuring representative studies from mass

spectrometry imaging laboratories around the globe.

Introduction

Mass spectrometry-based imaging of tissue samples and surfaces is a relatively new

technology with a significant function in medicinal development (McDonnell and Heeren,

2007b). MSI was developed in the laboratory of Dr. Richard Caprioli, and has continued to

garner interest in labs around the world as its applications expand (McDonnell and Heeren,

2007b, Reyzer and Caprioli, 2011). The methodology essentially provides a chemical map

of a surface by incorporating mass spectrometry instrumentation and assigning spatially

relevant coordinates (McDonnell and Heeren, 2007b). The specificity of analyte detection is

provided by the mass spectrometry readout.

MSI is most often coupled with matrix-assisted laser desorption/ionization (MALDI),

although we will briefly discuss an alternative ionization method. MALDI utilizes a matrix

compound that is mixed and crystallized with the analyte of interest followed by desorption/

ionization with a laser beam. MALDI matrices absorb efficiently at the wavelength of the

specified laser. In MSI, the fundamentals of MALDI are utilized in a spatially relevant

manner. A thin surface (for our purposes, a thin tissue section) is evenly coated in a MALDI
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matrix, and this surface is subsequently analyzed by rastering across it with a MALDI laser

irradiation. The spatial resolution is controlled by the operator and is limited by the laser

spot size (e.g., typically 100 µm or less), and thousands of spectra are collected at specific

X-Y coordinates covering the surface of interest. After collection, all spectra are compiled

into one, average spectrum, wherein masses of interest can be selectively highlighted and

their spatial distribution depicted in a virtual image (McDonnell and Heeren, 2007b). This

workflow is shown in Figure 1. Tissue samples (whole organs) are typically sliced on a

cryotome at 10 – 20 μm thickness and thaw-mounted onto glass slides coated with

conductive material. Matrix is applied via any one of a number of automated mechanisms,

typically consisting of a nebulizer that evenly coats the entire slide with a thin layer of

matrix crystals (McDonnell and Heeren, 2007a, Reyzer and Caprioli, 2011, McDonnell and

Heeren, 2007b).

There are several benefits of implementing mass spectrometry imaging. Traditional protein

and peptide imaging methods, such as immunohistochemistry (IHC) staining, require the use

of a specific antibody (Coons et al., 1942). Additionally, these staining methods only allow

for a small number of molecules of interest to be analyzed on any given tissue section

(Andersson et al., 2008, Sanchez-Carbayo, 2006). MSI does not require antibodies, and the

use of a mass spectrometer's analyzer and detector also allow for the visualization of

thousands of molecules of interest simultaneously as all ionized molecules are non-

specifically detected. Similar benefits are true of MSI experiments for detection of small

molecules. The mass accuracy of the MS analyzer, e.g., time-of-flight (TOF) analyzers most

often applied for MSI, often allows for the identification of the molecule of interest, and

advanced MS methods, such as tandem mass spectrometry (MS/MS), yield additional

molecular information to derive identification.

A recent study by the Caprioli group demonstrates the functionality of MSI in a pathological

sense. This work probed proteomic differences between two dermatological conditions:

Spitz nevus (SN) and Spitzoid malignant melanoma (SMM). These two conditions are

virtually indistinguishable by traditional pathology methods; however, an MSI study was

able to identify a key proteomic difference that distinguishes the benign SN from the

malignant SMM with 97% accuracy. This study showcases the ability of MSI to

complement existing histopathology methods for more confident diagnoses (Lazova et al.,

2012).

In addition to interest in proteins and peptides, small molecules of all types are compounds

of interest in many clinically relevant studies. Herein we discuss the advances of mass

spectrometry imaging in three classes of small molecules: lipids, drug compounds, and

nanoparticles. Combined, these studies broadly indicate the bright future MSI holds in the

biomedical field.

Lipids

Lipids have considerable diversity in chemical structure and biological function, and

comprise the external lipid bilayer as well as subcellular organelles, including the

mitochondria and surrounding nuclear membrane (Fahy et al., 2005). Due to this diversity in
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structure and localization, techniques that pinpoint specific lipids within tissues, while not

delocalizing the compound of interest, are of great interest. The techniques generally used to

identify lipids, however, involve the extraction of the lipids prior to analysis, which destroys

relevant information regarding its overall spatial distribution (Murphy et al., 2009). These

traditional procedures for lipid analysis utilize destructive assays, which are subsequently

coupled with mass spectrometry and/or liquid chromatography (Bulley et al., 1984, Conte et

al., 1997, García-Ayuso et al., 2000, Taylor et al., 1993, Wenk, 2005). Fluorescence imaging

could theoretically overcome these challenges, as fluorescent tagging procedures preserve

location, reveal the exact position of lipids, and allow researchers to observe the rapid and

dynamic changes in the location and structure of lipids (Schultz et al., 2010). However, most

fluorescent tags are as large as the lipid molecules themselves, which would likely cause

changes to the overall location and metabolism of the lipid. Therefore, in order to

successfully study lipids within a biological system, analytical techniques must be able to

overcome two major challenges: (i) preservation of the structural and locational information

of individual lipids, and (ii) provide a high level of molecular specificity to differentiate the

diversity in lipid structure (Ellis et al., 2013). Modern mass spectrometry, due to its

excellent sensitivity and molecular specificity, is arguably a method of choice for lipid

analysis. The mass spectrometric analysis of lipids is traditionally achieved through lipid

extraction from a sample and subsequent analysis by electrospray ionization (ESI), with or

without prior chromatographic separation (Ellis et al., 2013). Although this method provides

detailed structural information, it is not useful for measuring the spatial distribution of

specific lipids. Therefore, new mass spectrometry approaches have been developed that

provide direct surface analysis capabilities.

MALDI-MSI of Lipids

Recently, advances in MALDI-MSI have allowed for in-depth qualitative, quantitative, and

spatial analyses of several types of lipid species. Although the preparation and specific

parameters needed to map lipids varies between specific species, MALDI-MSI has been

shown to be a more efficient and convenient technique to detect lipids compared to

traditional methods. Techniques, such as fluorescence confocal microscopy and fluorescent

tagging of molecules are poor in lipid characterization because of the relatively small size of

lipids as well as their ubiquity throughout many cell types (Zemski Berry et al., 2011). The

abundance of lipids in various cell structures, such as internal and external membranes, is

beneficial to MALDI IMS because it allows for the direct visualization of these various

compounds on a tissue section. Furthermore, the sensitivity of MS for molecular weight

ranges under 1000 Da is especially high (Börner et al., 2007).

MALDI generates two-dimensional molecular maps by ionizing molecules on a tissue

sample through direct exposure to a laser. This is ideal for analysis of lipid compounds

because of their inherent ability to ionize and produce positive or negative ions. Lipid

molecules are amphipathic molecules comprised of either phosphate anions or nitrogen-

centered cations that readily ionize during MALDI (Chaurand et al., 2006, Fahy et al.,

2005).

Ferguson et al. Page 3

Adv Exp Med Biol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Several techniques exist to prepare various types of lipid species in order to obtain good

quality mass spectra. Generally, washing the mounted tissue slides with aqueous, volatile

salt solutions simplifies the spectra to lipid compounds, such as phosphotidylcholine, that

generate an abundance of positive ions through MALDI (Wang et al., 2011). This will

remove interfering salts and generate well-resolved mass spectra by taking out interfering

chemical noise. Lipid species that form a high abundance of negative ions during the

MALDI process, such as phosphatidylenolamine, naturally produce simpler spectra because

they do not form alkali metal attachment ions (Zemski Berry et al., 2011).

A final advantage of MALDI-MSI of lipids is that it can be used in combination with other

techniques. For example, MALDI can be used after thin layer chromatography (TLC)

allowing for precise isolation of lipid compounds directly on the TLC plate, versus a more

labor-intensive extraction process (Zemski Berry et al., 2011). MALDI-MSI has also been

used in conjunction with structural information obtained from ESI experiments,

immunoblotting, and histological information obtained from staining to provide a

multimodal model of lipid localization in the brain (Colsch et al., 2011). MALDI-MSI

analysis of lipids has also allowed advancements in forensic investigation as well as

diagnosis of diseases such as breast cancer and traumatic brain injury (Woods et al., 2013,

Zemski Berry et al., 2011). MALDI-MSI has proven invaluable in the growth of lipid

research and continues to spread into other avenues of biochemistry and analytical

chemistry.

DESI of Lipid Compounds

MALDI-MSI is often used for peptide and protein analysis, and has been used for lipid

analysis as well (Watrous et al., 2011). MALDI-MSI utilizes a preparative step that evenly

covers the tissue with an organic matrix, assisting with ionization of the sample (Ferguson et

al., 2011, Schwamborn and Caprioli, 2010). The type of matrix used, however, greatly

influences the efficiency of ionization for different classes of molecules, and experimental

conditions used for lipid imaging are different from those used for proteins in terms of

matrix used, mass-to-charge (m/z) range, and the acquisition mode when using TOF

analyzers (Eberlin et al., 2011a, Ferguson et al., 2011, Fuchs et al., 2010, McCombie and

Knochenmuss, 2004, Schwamborn and Caprioli, 2010).

Desorption electrospray ionization (DESI) is an ambient desorption/ionization technique that

is based on the direct examination of unprepared, unmodified samples in the open

environment, and is commonly used for drug, metabolite, and lipid imaging. Recently, the

development of dimethylformamide (DMF)-based solvent combinations has minimized the

destructive nature of the technique, and has enabled DESI-MSI to be performed with

preservation of morphological features (Watrous et al., 2011, Eberlin et al., 2011b). By

preserving morphological features, histological and immunohistochemical analysis can be

performed after MSI (Eberlin et al., 2011a). The ability to preserve tissue morphology for

histological examination, while assessing the lipid and protein profiles on the same section

of tissue, provides an opportunity to correlate findings (Eberlin et al., 2011b). Eberlin and

Liu et al demonstrated that a single tissue section initially used for DESI-MSI of lipids can
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then be used for protein MSI, and subsequently hemotoxylin and eosin (H&E) staining to

acquire morphological information (Eberlin et al., 2011b).

By combining the techniques of DESI-MSI, MALDI-MSI, and H&E staining, Eberlin, et al.

(2011b) unambiguously matched the morphological and chemical features of mouse brain

and human brain cancer tissue samples. They found that, prior to DESIMSI of lipids, using

either acetonitrile (ACN):DMF (1:1) or ethanol:DMF (1:1) solvent systems did not disturb

the native protein localization, as ion images of control tissue sections showed similar

protein spatial distributions, as well as similar co-localization of lipids and proteins (Eberlin

et al., 2011b). Furthermore, results were able to be obtained from a sample of human glioma

grade III, having first undergone DESI-MSI, followed by MALDI-MSI, and finally optical

imaging after H&E staining (Eberlin et al., 2011b). In addition, their analysis of a control

tissue section, which had not been subjected to DESI-MSI, revealed similar spatial

distributions of their select proteins of interest (Eberlin et al., 2011b). This new approach

combines the unique strengths of DESI and MALDI for lipid and protein MSI, and allows

the unambiguous matching of morphological and chemical features. Eberlin, et al. (2011b)

conclude that the combined methods of DESI, MALDI, and H&E on the same tissue section

enables a more complete evaluation; and, is expected to not only enhance diagnostic

capabilities, but allow insights into the pathophysiology of disease.

These capabilities were further demonstrated by the same group in a study that employed

ambient ionization-based MSI for characterization of tumor borders. Several brain tumors

were analyzed via DESI-MSI to develop lipid-based classifiers to distinguish between tumor

and healthy tissue. This technique provides fast classification, and remains promising for

intraoperative use to differentiate visibly indistinguishable tumor borders (Eberlin et al.,

2013).

MSI with FT-ICR MS for Lipid Analysis

MALDI-MSI with TOF analyzers does not provide the ultra-high resolution and mass

accuracy necessary for direct identification of low molecular weight compounds. However,

MALDI can be coupled with Fourier transform ion cyclotron resonance (FT-ICR) MS in

order to obtain high mass accuracy and identify compounds of interest with a high degree of

confidence in tissue (Marshall et al., 1998).

Vidova, et al. (2010) characterized the major lipid components of the ocular lens using

MALDI-TOF-MSI. They found that the major lipid components were mainly long chain

phosphatidylcholines (PC) and sphingomyelins (SM) (Rujoi et al., 2004). However,

MALDI-TOF-MSI did not provide the proper degree of resolution and mass accuracy to

determine the exact masses of the lipid components in order to produce accurate spatial

distribution results of compounds close in molecular weight. Therefore, Vidova, et al.

(2010) used MALDI-FT-ICR-MSI in order to determine the masses of the specific PC and

SM species within the ocular lens. Sections of porcine eyes were prepared and analyzed with

MALDI-FT-ICR-MSI in positive ion mode. An example of the usefulness of FT-ICR MS in

this specific study was in the analysis of a lipid compound with a mass of 787 Da. The study

found that the lipid aggregated in its protonated form at m/z 787.6685 and also found an

unknown molecule at m/z 787.6042. Ultra-high resolution MS allowed for the
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discrimination between these two peaks, whereas a lower resolution MS instrument would

not be able to resolve the two, and would disrupt quantitative, qualitative, and spatial

distribution analyses. By utilizing the high mass accuracy of FTICR MS, Vidova, et al.

(2010) was able to find spatial and concentration-dependent distributions of various species

of lipids within the ocular lens.

Lipids in Traumatic Brain Injury

MALDI-MSI is also an important tool that can be used to develop molecular biomarkers of

disease. Recently, Woods, et al. (2013) used MALDI-MSI to characterize and quantify the

spatial distribution of ganglioside species in mouse brains after being subjected to low level

explosive detonations. This study set out to find a biochemical connection between exposure

to explosive blasts and traumatic brain imagery (TBI). Gangliosides account for 6% of total

brain mass and are included in several biochemical and metabolic pathways (Holthuis et al.,

2001). Ceramides are the scaffold molecules that form gangliosides, and the effects of

proximity blasts from explosions may cause a disruption in the various pathways of these

two lipids (Buccoliero and Futerman, 2003). Woods, et al. (2013) studied the changes in the

amount and spatial distribution of gangliosides and ceramides in mouse model brains

exposed to blast explosions. Ceramides were found to be present at higher concentrations in

TBI brains; however, this was determined via ESI due to insufficient MALDI ionization

efficiency. It was found that exposure to explosive blasts increases the amounts of a

ganglioside GM2 in several portions of the brain and causes a subsequent decrease in the

concentration of ceramide species (Figure 2). This was the first successful study to display

an increase in GM2 from a non-genetic cause (Woods et al., 2013). The findings of Woods,

et al. (2013) point towards the possibility of using gangliosides and ceramides as biomarkers

in the detection and analysis traumatic brain injury in patients, and, furthermore, implicate

MALDI-MSI as a useful strategy for biomarker discovery.

Medicinal Development

For the discovery and development of new drug entities, knowledge of a given compound's

biodistribution is a critical factor. To where does a new drug compound distribute in the

body? What are the metabolites of this new drug and where do these metabolites

accumulate? What are the quantitative measures of their distribution? These questions must

be answered in order to move from an in vivo animal model to human clinical trials. Because

the approval process of a novel therapeutic is long, arduous, and very costly, areas in which

technology can speed the acquisition of this information are open to modification

(Castellino, 2012). The majority of these technology-driven areas throughout the drug

development timeline occur within the pre-clinical stage. Traditionally, these early questions

are answered via methods such as autoradiography and fluorescent tagging, each with its

own set of limitations (Rasey et al., 1986, Solon et al., 2009). Both methods require labor-

intensive synthesis efforts to apply the necessary tags. Autoradiography involves the use of

radioactive materials, and thus comes with its own set of regulatory issues. When

radiolabeled versions of novel compounds are delivered to an animal, an autoradiograph is

produced; however, there is little to no indication of whether the observed image is the result

of an intact compound or a metabolic fragment (Rasey et al., 1986, Solon et al., 2009).
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Conversely, in a metabolite study, only metabolites containing radiolabeled atoms will be

detected and observed. Fluorescence tags are significantly larger than radioactive labels, and

require a significant amount of testing due to the possibility that the tag may interfere with

the compound's membrane penetrance and efficacy (Rudin and Weissleder, 2003).

Compounds are often less than 500 Da, meaning even the smallest dye molecule can have a

large effect on the uptake and subsequent biodistribution of the compounds of interest.

Images are further complicated by molecules exhibiting autofluorescence, and difficulties

similar to radiolabeling, such as difficulty attributing a signal to intact or fragmented

compound (Rudin and Weissleder, 2003). The synthesis of a pure compound itself provides

a challenge.

These issues can be circumvented by MSI, as its non-targeted nature means all molecules on

a given surface are chemically mapped, and no tag is required. With proper controls in

place, previously unknown metabolites can be uncovered by utilizing tandem mass

spectrometry (MS/MS) capabilities, essentially determining the structure of an unknown

peak. Below we discuss a few case studies that have utilized MSI in drug development

(Castellino, 2012, Castellino et al., 2011).

Fosdevirine

MALDI-MSI has already found success in the pharmaceutical industry, as evidenced by the

recent study by Castellino, et al. (2013). Human immunodeficiency virus (HIV) is a

widespread disease with limited treatments available. It is primarily an autoimmune disorder

that develops when viral strains display varying resistance to the available treatments. It

remains an active area of research in the pharamaceutical industry (Castellino et al., 2013).

The group of Castellino conducted experiments on a non-nucleoside reverse transcriptase

inhibitor that had passed all pre-clinical testing and entered into Phase IIb clinical trials.

Fosdevirine was developed by GlaxoSmithKline to treat a wide range of HIV-1 strains, the

most common subtype as well as the most lethal. Many of these strains have become

resistant to other forms of existing treatment, such as Efavirenz (Castellino et al., 2013).

Rigorous pre-clinical testing identified Fosdevirine as a promising drug due to its efficacy in

low doses, and its effectiveness against both single and double mutants of reverse

transcriptase that confer remarkable resistance against other drugs. The drug moved into a

human model, with Phase I testing conducted on healthy individuals indicating no

observable toxicity or side effects. Further testing on HIV-1-infected individuals that had not

previously received treatment confirmed earlier findings from healthy individuals. However,

Phase IIb trials involving HIV-1-infected individuals that had undergone alternative

treatments resulted in 25% of all subjects experiencing seizures, with no link to neurological

problems in medical histories (Castellino et al., 2013).

MSI was employed to study its biodistribution and metabolism in rabbit, minipig, and

monkey brain tissue in order to evaluate potential differences associated with adverse

neurological symptoms. This was done in conjunction with liquid chromatography-MS (LC-

MS) analyses of cerebral spinal fluid (CSF) from seizure patients as well as animal models.

LC-MS analyses of CSF found two cysteine adduct metabolites, M22 and M16, to be

present in seizure patients as well as rabbits and minipigs that exhibited central nervous
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system (CNS) toxicity due to Fosveridine treatment. While these results indicate M22 and

M16 as potential effectors of CNS toxicity, they do not provide spatial distribution

information within the tissues themselves. MSI studies further indicated a potential

mechanism for this CNS toxicity, providing important localization information. M22 was

observed to localize to the white matter portion of the brain in minipig and rabbit, both of

which exhibited Fosveridine-induced CNS toxicity. In monkeys, where no such toxicity was

observed, Fosveridine was found to localize to the gray matter portion of the brain. It is

hypothesized that binding of M22 and M16 to the GABAa receptor could be the cause of

this CNS toxicity. With MSI's capability to multiplex with other modes of imaging, it is

possible to utilize a technique such as immunohistochemical staining in order to observe that

M22 colocalizes with the GABAa receptor in rabbit and minipig brain, but not monkey brain

(Castellino et al., 2013). Together, this localization to the white matter and colocalization

with the GABAa receptor in model organisms exhibiting Fosveridine CNS toxicity show the

advantages of combining MSI with traditional staining protocols (Castellino, 2012,

Castellino et al., 2013, Castellino et al., 2011).

Paclitaxel

Optimized sample preparation protocols are important in the field of MSI. One such step is

the matrix selection, both type and application method can be varied in order to optimize

ionization of specific molecules (Reyzer and Caprioli, 2011, Rubakhin et al., 2005). This

optimization is especially crucial in small drug molecule studies due to the ion suppression

effects that are observed in the low m/z range of the spectrum. Because traditional MALDI

matrices are, themselves, small molecules, they contribute a number of interfering, intense

ion peaks in a mass spectrum. This can often suppress signal from target drug molecules that

are present in much lower levels than the saturated matrix solutions. Additionally, the spatial

resolution of any given imaging run can be limited by the size of the crystallized matrix

particles themselves, often exceeding the size of the laser spot and thus decreasing the

resolution of the data (Castellino, 2012, Castellino et al., 2011, Reyzer and Caprioli, 2011,

Rubakhin et al., 2005).

One common solution to these problems is the use of nanoparticle-assisted laser desorption/

ionization (NALDI). Nanoparticles are typically composed of an inorganic material, and

exhibit such desirable characteristics as low heat capacity and efficient photo-adsorption.

They are also smaller in size than matrix crystals, and thus do not interfere with spatial

resolution as readily; additionally, they have a large surface area that allows for maximum

adsorption of the desired analytes (Morosi et al., 2013).

Morosi, et al. (2013) employed NALDI for analysis of the biodistribution of a small drug

molecule used for cancer treatments, Paclitaxel, in solid tumors. This group utilized MSI in

organs excised from mice injected with Paclitaxel, and further utilized MSI in the study of

human xenograft tumors excised from mice injected with Paclitaxel. MSI served two major

advantages in the detection of Paclitaxel: negative ion mode and tandem mass spectrometry.

Paclitaxel ionizes more efficiently in negative ion mode, and is typically suppressed by

abundant lipids in positive ion mode over the m/z 800-1000 range (Paclitaxel MW 853.9

m/z). Thus, MSI allows for the option of collecting data for observation of a negatively
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charged ion of Paclitaxel, specifically a fragment ion at m/z 284.2. MS/MS coupled to MSI

experiments allowed for the confirmation of this peak by observing the transition from m/z

284.2 to m/z 72.6 (Morosi et al., 2013).

This group also employed quantitative MSI by utilizing a deuterated internal standard, D5-

Paclitaxel. The internal standard was spotted onto control tissues, a calibration curve was

constructed, and Paclitaxel signal was measured and compared to the internal standard

signal in a specific region of interest. The success of this quantitative method was further

shown by the differences in normalized intensities in liver when mice were treated with

different levels of the drug. This group indicates that their success with quantitative MSI

was likely due to the homogeneity of the nanoparticles used, versus the traditional

heterogeneous MALDI matrix crystals (Morosi et al., 2013).

Read-Through Compounds

The treatment and management of genetic disorders are major target areas in the drug

development field since no such drugs are yet of proven efficacy. One common genotype is

caused by nonsense mutations, resulting in a malformed or unstable protein. Such nonsense

mutations create a premature termination codon (PTC). Instead of translating a gene

sequence in its entirety, the mRNA falls off the ribosome resulting in a truncated form of the

protein. This protein fragment is subsequently degraded, and thus no full length, functional

protein is produced by the patients’ cells (Gatti, 2012).

Examples of PTC disorders include Duchenne muscular dystrophy (MD), cystic fibrosis,

and ataxia-telangiectasia (A-T). A-T is often caused by a single point mutation in the ataxia-

telangiectasia mutated (ATM) gene encoding for ATM protein. This serine/threonine kinase

is active in DNA repair, mainly by phosophorylation of a large number of proteins involved

in DNA repair and cancer. Individuals deficient in ATM exhibit such symptoms as impaired

cerebellum development, increased risk of cancer (one-third of all A-T patients develop

cancer), and enhanced susceptibility to radiation (Chun and Gatti, 2004, Chun et al., 2003,

Swift et al., 1986).

Aminoglycosides, such as Gentamicin, could potentially be used to treat PTC disorders by

binding to the small ribosomal subunit at the decoding site and inducing translational read-

through of the stop codon (Yoshizawa et al., 1998). While this has been successful in

laboratory studies in “proof of concept,” it would engender adverse side effects such as

toxicity and potential deafness (Barton-Davis et al., 1999, Lai et al., 2004, Zingman et al.,

2007). Treating neurological diseases like A-T would also require that the aminoglycoside

cross the blood-brain barrier. Due to their large and rigid structure, aminoglycosides do not

penetrate a healthy blood-brain barrier. A new class of small molecule read-through (SMRT)

compounds has recently been developed that overcomes most of these issues (Barton-Davis

et al., 1999, Chun and Gatti, 2004, Chun et al., 2003, Du et al., 2009, Gatti, 2012, Lai et al.,

2004, Swift et al., 1986, Yoshizawa et al., 1998, Zingman et al., 2007).

Although SMRT compounds have shown promise in vitro, there has been little information

concerning the biodistribution of these compounds. In a mouse model, we determined the

biodistribution of a derivative of RTC13 utilizing MSI (Du et al., 2009, Du et al., 2013). The
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compound was administered intraperitoneally to mice, and its biodistribution was studied in

all major organs at various time points. The SMRT compound was found to cross the blood-

brain barrier without any off-target build-up. These results were confirmed by MS/MS, and

tissue structure was elucidated by H&E staining, as shown in Figure 3 (in prepration). These

results highlight the utility of MSI as an initial biodistribution screening technique due to its

speed and direct analysis of unmodified, novel compounds.

Metals and Nanoparticles

A newer area of MSI being investigated is the imaging of nanoparticles and other metal

elements. Metal analysis is typically done using inductively coupled plasma MS (ICP-MS),

which uses a plasma flame to ionize metal particles wherein they are detected by a mass

spectrometer (Zoriy et al., 2007, Zoriy et al., 2008). While ICP-MS is often coupled with

liquid samples in an electrospray-like set-up, recent studies have utilized laser ablation ICP-

MS (LA-ICP-MS) to study dried samples, such as droplets, tissues, and other surfaces. The

coupling of ICP-MS to laser ablation has allowed for spatially relevant images to be

collected, and thus MSI of metal elements is possible. We will discuss two examples of LA-

ICP-MSI analyses of metals in tissue (Zoriy et al., 2007, Zoriy et al., 2008).

Aside from the study of innate metal composition of tissues, there is growing interest in

metal- and non-metal-based nanoparticle biodistribution. This stems from the recent

development of nanoparticles as drug delivery vehicles (Meng et al., 2010). Nanoparticles

are promising due to their small, biocompatible nature and their ability to package many

varieties of molecules, from proteins to small drug compounds, and deliver them to specific

areas of a cell or organism. We will discuss a recent study that further stretched the

capabilities of MALDI-MSI for the purposes of imaging nanoparticles in tissue (Yan et al.,

2013).

Endogenous Metal Ions

LA-ICP-MS has long been used for the analysis of trace metals in samples; however, LA-

ICP-MSI is a more recent application of this useful technique (Zoriy et al., 2007, Zoriy et

al., 2008). Many metal ions play key roles in biological processes, thus it is of interest to

study their distribution in tissue samples. Lear, et al. (2012) further improved the LA-ICP-

MSI protocols in order to allow for the detection of traditionally undetectable metal ions by

altering the reaction gas contents in a typical experiment.

Tissue surfaces are extremely complex, with thousands of different compounds present in a

1 μm2 pixel, thus it is advantageous to develop techniques that will allow for enhanced

signal intensity of particular molecules of interest. Specifically in LA-ICP-MSI, argon gas is

employed to provide electrons as well as assist in the nebulizing process of ions of interest;

however, this use of Ar significantly interferes with a number of signal regions, most

notably that of iron (Fe). Additional impurities in the Ar gas source can lead to further

eclipsing of signals of interest. This group employed the use of an H2 reaction gas to

dissociate ArO clusters and other interfering compounds while maintaining sensitivity in the

detection of several metal ions, including: Mn, Fe, Cu, and Zn (Lear et al., 2012).
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Mouse brain was used to study the distribution of each of the above mentioned metal ions.

For Cu and Zn ions, specifically 63Cu and 66Zn, there are no known interferences and thus it

was shown that use of H2 reaction gas did not improve signal intensity during an LA-ICP-

MSI experiment; however, both ions were able to be mapped at a 30 μm spatial resolution.

The success of the H2 reaction gas was evident in the analysis of the 56Fe and 57Fe ions, as

well as the 55Mn ion, both of which experience heavy interference with Ar gas clusters and

impurities. Background signal was reduced after introduction of the reaction gas, and thus a

much clearer 56Fe image was produced at a spatial resolution of 6 μm. This improvement

was even more pronounced in the analysis of 57Fe, which is more heavily suppressed by

interfering signals due to its lower abundance. The adaptability of this technique for analysis

of important metal ions indicates its promise as an analytical tool for analysis of all

biologically relevant molecules, from metal ions to proteins (Lear et al., 2012).

Platinum from cis-platin drug

Drug toxicity studies are imperative in advancing novel compounds into clinical trials. Cis-

platin is a commonly used drug complex in the treatment of many types of cancers;

however, it is known to exhibit nephrotoxicity when given in larger doses. It is of great

interest to observe the biodistribution of platinum (Pt) in cis-platin-treated individuals, as

well as the differential distributions of copper and zinc (Cu and Zn), two important metal

ions involved in biological processes (Zoriy et al., 2007).

Traditionally, Pt has been tracked in tissue via neutron activation analysis and

autoradiography. These techniques, while sensitive, require labor-intensive techniques

further complicated by the need for a nuclear reactor to produce neutrons. Less expensive

alternatives to nuclear reactors often result in lower sensitivity, and still involve the use of

radioactive materials. Zoriy, et al. (2007) turned to LA-ICP-MSI to study the biodistribution

of Pt, a technique that does not require the use of radioactive materials and is capable of

whole-tissue analysis. This technique had been previously employed to show a correlation

between the Alzheimer's disease-related amyloid beta protein (Aβ) and trace element

concentration (Hutchinson et al., 2005).

This group was able to image the biodistribution of Pt, Cu, and Zn in mouse kidney derived

from cis-platin-dosed animals. Hemotoxylin and eosin staining was used to distinguish

specific kidney structures, with LA-ICP-MSI experiments utilizing a spatial resolution of 50

μm. Zoriy, et al. (2007) were also able to employ internal standards for quantitative

purposes. They observed a higher concentration of Cu in the capsule and external cortex

(glomeruli), and a higher concentration of Zn in the inner cortex (tubules). Pt concentration

was highest in the medulla, decreased in the inner cortex, and was lowest along the

periphery of the kidney. The Pt gradient reflected the typical primary urine gradient found in

the kidney structures. This is thought to be the first alternative imaging method for Pt that

did not require the use of radioactive materials, and thus shows the versatility of MSI (Zoriy

et al., 2007).
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Nanoparticles

A growing problem in medicine is the treatment of drug-resistant diseases, especially drug-

resistant cancers. These cancers often require a combination of drugs working

synergistically to effectively kill the fast-growing cells. Determining the perfect treatment

cocktail can be a daunting task for physicians and researchers, and further prescribing of a

large number of medications can create a variety of burdens for the patient in question. This

also leads to complications in FDA investigational new drug (IND) studies. Nanoparticle

drug delivery vehicles are a promising solution to these woes for a number of reasons (Meng

et al., 2010).

Nanoparticles are typically small, biocompatible molecules on the scale of nanometers.

Their surfaces are easily modified via various synthesis routes, and this allows for specific

targeting of nanoparticles to desired cell types (Meng et al., 2010). Additionally, their

mostly hollow cores allow for packaging of a variety of molecules. Recent studies have

indicated nanoparticles as effective delivery vehicles to carry molecules to specific drug-

resistant cancer cells and subsequently release them, in this particular case these molecules

included siRNA and a small drug compound (Meng et al., 2010).

Traditional nanoparticle imaging methods require the use of a large dye molecule, which can

interfere with the activity and resulting biodistribution of the nanoparticles in question.

Nanoparticles, such as gold or silica, are often used as MALDI matrices due to their limited

background noise contributions in a mass spectrum (Morosi et al., 2013). However, they are

not commonly detected using LDI-based methods due to their variation in size, the fact that

they often contain fixed charges, and the lack of a predictive spectral profile.

Yan, et al. (2013) have circumvented these limitations by establishing a spectral profile, or

‘barcode,’ of the nanoparticles involved via attachment of a ligand molecule to the surface

of the nanoparticle. These ligands are smaller in size than traditional dyes, and serve the

added function of modifying the surface properties of the nanoparticles. This study was able

to identify a molecular ion attributed to the gold nanoparticle core, as well as three distinct

molecular ions attributed to each of the ligands attached, as shown in Figure 4. This

illustrates a promising future for the use of LDI-MS-based imaging methods for the

detection of such nontraditional molecules as nanoparticles (Yan et al., 2013).

Conclusion

Since its inception nearly two decades ago, the field of mass spectrometry imaging has

grown rapidly. New developments in sample preparation protocols, desorption/ionization

methods, instrumentation (e.g., mass spectrometry analyzers and detectors), and data

processing and data display have aided in its incorporation into bioanalytical chemistry and

even medicine. We have discussed a number of applications in the realm of small molecules,

and many more examples of MSI's utility can be found in the study of peptides and proteins.

Going forward, it is likely that MSI will become a permanent fixture in biomedical research.

Further advancements in software and instrumentation are already aiding its incorporation

into clinical settings, and the continued, collaborative goal towards standardized protocols

will aid in its development as a pharmaceutical and clinical tool.
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Figure 1.
Schematic of a MALDI-MSI experiment shows a typical tissue sample preparation protocol.

A laser then rasters across the tissue surface. At each point, or pixel, a mass spectrum is

collected. These spectra are averaged, and individual masses are selected to create maps,

such as the one shown on the right (kidney tissue of a small molecule metabolite).
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Figure 2.
MALDI-MSI of two gangliosides: (a) GD1d18:1/C18:0 and (b) GM2 d18:1/C18:0 in brains

of control mice and mice 2, 24, and 72 h after open field blast exposure at 4 and 7 m. In

panel a, GD1 is present mainly in gray matter areas (hippocampus, cortex, and

hypothalamus), and there is no observable change in the distribution of GD1 between

control and blast groups. In panel b, for the controls, the GM2 peak was highly localized in

the lateral and the dorsal third ventricles while increases were observed in the hippocampus

and thalamus for blast exposure, especially for 4 m 2 and 24 h postblast samples. Reprinted
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with permission from the Journal of the American Chemical Society. Copyright © 2013

American Chemical Society (Woods et al., 2013).
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Figure 3.
MALDI-MSI of brains from SMRT-treated mice. The top panel shows a sodiated adduct

found in cerebellum, imaging shown on right: green spots (white arrows) correspond to

signal. Tissue was H&E stained following MSI. The bottom panel shows a sodiated adduct

found in the cerebrum.
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Figure 4.
Structures of the surface monolayers on the AuNPs: the “mass barcode” is the m/z of the

AuNP surface ligand. LDI-MS images of AuNPs in mouse spleens. The biodistributions of

AuNPs are shown in panel (a) (AuNP 1), (b) (AuNP 2), and (c) (AuNP 3). Reprinted and

adapted with permission from the Journal of the American Chemical Society. Copyright ©

2013 American Chemical Society (Yan et al., 2013).
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