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Abstract

Single-cell analysis is gaining popularity in the field of mass spectrometry as a method for
analyzing protein and peptide content in cells. The spatial resolution of MALDI mass
spectrometry (MS) imaging is by a large extent limited by the laser focal diameter and the
displacement of analytes during matrix deposition. Owing to recent advancements in both laser
optics and matrix deposition methods, spatial resolution on the order of a single eukaryotic cell is
now achievable by MALDI MS imaging. Provided adequate instrument sensitivity, a lateral
resolution of ~10 um is currently attainable with commercial instruments. As a result of these
advances, MALDI MS imaging is poised to become a transformative clinical technology. In this
article, the crucial steps needed to obtain single-cell resolution are discussed, as well as potential
applications to disease research.
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Introduction to MALDI mass spectrometry imaging

Matrix-assisted laser desorption/ionization mass spectrometry (MS) imaging, also referred
to as MALDI imaging MS and MS imaging, is a method that allows for the visualization of
the spatial distribution of compounds across tissue sections. This method does not require
specific antibodies such as those required by immunohistochemistry, thus allowing for a
direct discovery approach to tissue analysis. This is achieved by obtaining an array of mass
spectra using a pulsed laser. Once an array of spectra is obtained, it is possible to create an
ion image of a particular mass-to-charge (m/z) ratio. This image represents the spatial
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distribution and relative abundance of that particular ion. An array of MALDI mass spectra
(MS image) therefore contains hundreds of ion images, each representative of a different
molecule of interest in the same tissue section. MS images can be correlated with various
imaging modalities such as fluorescence, histological stains and MRI [1]. An overview of
this process is shown in Figure 1.

The MALDI MS imaging experiment described in Figure 1 is a suitable approach for
biomarker discovery, and can detect molecules that would not otherwise be detected in
tissue homogenates. For example, as a result of the limited dynamic range of MS, a
molecule that is confined to a relatively small area of the brain would be detected by MS
imaging, but not necessarily in a whole-brain homogenate. The mass lists from MALDI MS
images can be used to create classes of compounds to be analyzed by statistical methods
such as principal component analysis or hierarchical clustering [2,3]. Principal component
analysis reduces high-dimensional data into a working set of principle components that are
representative of the highest amount of variance in the data set. These components can be
visualized in order to determine how specific data points relate to one another [2]. An a
priori approach can also be taken to tissue analysis, such as histology-directed analysis
where regions of interest are identified by a histopathology expert.

Another form of analysis that will not be discussed in this article, but merits
acknowledgement is secondary-ion MS (SIMS). SIMS boasts higher spatial resolution (~500
nm on tissues) than MALDI MS imaging, allowing for subcellular resolution. SIMS can
therefore be applied to the characterization of individual organelles, and most often detects
elemental composition or small molecules (such as vitamin E [4]) and metabolites, but
generally does not detect peptides, proteins and most lipids [4,5]. SIMS should therefore be
regarded as a technique that is complementary to MALDI MS imaging. Ambient MS
imaging methods, such as desorption electrospray ionization [6,7] and laser ablation
electrospray ionization [8,9], have a significant advantage of minimal sample preparation,
but their discussion lies outside the scope of this article.

MALDI MS imaging & histochemistry

Hematoxylin and eosin (H&E) staining of tissue is a method of widespread use in the
preparation of clinical tissue specimens, and allows the visualization of cells with bright
field microscopy through the respective labeling of the nucleus and cytoplasm of cells
[10,11]. The microscopic review of H&E-stained tissue sections by the trained eye of
pathologists is then used to establish diagnosis based upon criteria such as cellular
composition. Malignancies are also graded according to characteristics such as proliferation,
cellular and nuclear morphology, vascularization and the visual presence of biomarkers.

Methods have been developed that allow for the co-registration of histological features
observed by various histological stains with that of the MALDI MS ion image. There are
two methods that are widely used to correlate histology results with that of the MALDI MS
image. The first approach is to apply the histological stain of choice to a serial section of
tissue from that which is being analyzed by MALDI MS imaging. By staining a serial
section, the researcher need not concern themselves with the compatibility of the stain with
the mass spectrometer [12,13]. The second method is to stain the same tissue section from
which the MALDI MS image was obtained. This can be carried out either before, by
employing a MS-compatible stain [14], or after acquiring the ion image, by washing off the
matrix and staining the tissue section post-imaging [15,16].

Chaurand et al. have investigated various histological stains and their compatibility with MS
when used in the same tissue section [14]. The most popular histopathology stain, H&E, is
unfortunately not compatible with MALDI MS analysis [17,18]. On the other hand,
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histopathological dyes such as cresyl violet and methylene blue are compatible with mass
spectrometric analysis. Overall, it has been determined that water-based solvents, such as
cresyl violet and Terry’s polychrome, show the strongest deviation from the control, while
alcohol-based solvents such as methylene blue demonstrate better agreement with the
control [14]. Figure 2 demonstrates various stains that have been tested for compatibility
with MALDI MS imaging and the resulting profile spectra from each stained section.
Protein distributions that have been obtained by MALDI MS images and cross referenced
with histological stained sections that pathologists use to diagnose disease have shown the
protein distribution in the MALDI MS image to be predictive of the diagnosis that still has
yet to be made [13].

Sample preparation methods for MALDI MS imaging

Sample preparation is an integral step in the MALDI MS imaging process and is often a
limiting factor in spatial resolution. Contributing factors to this problem include matrix
crystal size and homogeneity and analyte mobility. A strategy for minimizing the diffusion
of analytes during matrix deposition involves fixation (chemical treatment) of the tissue
before [19,20] or during [21] matrix deposition. It has also recently been shown by Marko-
Varga et al. that no pretreatment of the tissue is also advantageous for the detection of the
drug compounds erlotinib and gefitinib in adenocarcinoma cell tumors [22].

Various matrix deposition methods have been developed that focus on obtaining
homogeneous matrix crystals and reducing analyte mobility, thus aiding in obtaining single-
cell spatial resolution. Matrix deposition methods include nebulized spray coating [23],
matrix sublimation [24], electrospray deposition [25], automated acoustic deposition [26],
piezoelectric-based matrix inkjet printers [17,27], spray-droplet deposition [28], and vapor
deposition (sublimation) coupled with matrix recrystallization [29]. The resolution limits of
these methods are summarized in Figure 3. Reviews have also been published that
summarize the advantages and disadvantages of these methods [23,30]. All of these fixation
and matrix deposition methods are crucial in the quest to obtain single-cell resolution and
each warrant a more in-depth description.

Chemical treatment/fixation of tissue sections

The chemical treatment of tissue sections for MALDI MS imaging analysis can greatly
affect the type of molecules that are detected and the sensitivity of analysis, and is therefore
discussed here. Chemical treatment of tissue sections is a vital step in the sample preparation
process for MALDI MS imaging of proteins, as it can remove lipids and biological salt
adducts that may affect the observed protein signal. Conversely, chemical treatment can also
be used to enhance lipid signal, depending upon the solvent used. Some solvents also serve
as a way to preserve the tissue by dehydration and fixation, thereby minimizing lateral
protein diffusion, one of the main hurdles to overcome in the MALDI MS imaging sample
preparation process. Excised tissues are initially snap-frozen in either liquid nitrogen or a
dry ice/ethanol bath. Tissue samples are then sectioned on a cryotome and mounted onto a
surface such as an indium tin oxide-coated glass slide that can be analyzed by MALDI MS
imaging. Fixation of the tissue can then be performed prior to matrix application [19,20] or
during the matrix deposition process [21]. This process takes approximately 30 min to
complete, depending upon the tissue drying time and solvent fixation time [20].

In addition to the widely accepted histological fixation/dehydration with a graded ethanol
series (70% ethanol followed by 95% ethanol fixation), solvents such as acetone,
isopropanol, methanol, chloroform, toluene, hexane, xylene, water and tertbutyl methyl
ether (t-BME) have been investigated as potential chemical treatments prior to matrix
application for MALDI MS imaging [19,20]. Lemaire et al. found an increase in signal
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detection for m/z >5000 for all solvents tested [19]. They found that all components
investigated (signal intensity, signal-to-noise [S/N]) ratio, and number of peaks) were
highest when tissue was treated with either xylene (44% increase in signal) or chloroform
(40% increase in signal) prior to matrix application, as compared with untreated tissue.
Furthermore, they confirmed that the solvents investigated did not perturb cellular structure
by staining with known antibodies in serial tissue sections. The organic solvents investigated
function as lipid extraction solvents; thus, they will not remove salt adducts from the tissue
as a graded ethanol series has been shown to do [23].

Seeley et al. assessed chemical treatment of tissue sections by comparing the resulting total
ion current and number of peaks present in the profile spectra of each section [20]. They
determined that alcohol-based washes, such as isopropanol, methanol and ethanol, along
with water and acetic acid washes had the most positive effect on protein signal detection. In
counterintuitive results, lipid extraction solvents such as chloroform had a substantial effect
on enhancing lipid signal detection (Figure 4). They further investigated the effects of
ethanol, isopropanol, acetic acid and water washes on tissue morphology and determined
that ethanol and isopropanol allowed one to distinguish cell membranes, nuclei and nucleoli
after H&E staining at 40x magnification. Acetic acid was found to have negative effects on
the tissue, and water was found to completely disrupt the morphology of the tissue section.
Their final conclusion was that ethanol and isopropanol were best suited to the coupling of
histological staining and MALDI MS imaging.

Agar et al. have developed a method that fixes the tissue during the matrix deposition
process, termed matrix solution fixation [21,31]. Using this method, they observed that their
method perturbed subcellular structures such as mitochondria, but preserved the overall
tissue integrity. Their sample preparation technique offers decreased sample preparation
time (no fixation required previous to matrix application) and is histology compatible.

Methods of matrix deposition

Care must be taken to avoid the lateral diffusion of analytes, which decreases the MALDI
MS image resolution, during matrix deposition. Matrix deposition methods with the
potential for single-cell analysis are described here.

Nebulized spray coating allows for matrix coverage of the entire tissue section, as opposed
to acoustic/induction-based spotting procedures. Nebulized spray coating can also coat the
tissue with a homogenous layer of a protease, such as trypsin or pepsin, allowing for on-
tissue digestion. In this method, multiple cycles of matrix coating and drying steps are used
in order to deposit thin layers of matrix across the entire tissue section while minimizing
analyte diffusion [23]. This method can either be carried out manually with a thin-layer
chromatography sprayer or with the aid of a manufactured system. If performed manually,
the approach is both rapid and cost effective, but results tend to vary from person to person
and experiment to experiment. If using a manufactured system such as the ImagePrep™
(Bruker Daltonics Inc., MA, USA) [31,32] or the TM-Sprayer™ (Leap Technologies, Inc.,
Carrboro, NC, USA), cost may become a limiting factor in the decision-making process for
some researchers.

Matrix sublimation is a process by which solid matrix is sublimed upon application of heat
in a flat-bottom condenser at reduced pressure. This method was compared with that of
electrospray deposition and it was found that sublimation yields a more homogenous crystal
layer upon the tissue, leading to the detection of compounds with a higher S/N ratio, and
reduces salt adducts [24]. Matrix sublimation is easily one of the most cost-effective
techniques other than manual deposition or the use of a thin-layer chromatography sprayer,
as there is no need for any type of robotics or instrumentation to perform matrix deposition.
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The downside of this method is that owing to the lack of solvent, analyte cannot be readily
incorporated into the matrix; therefore, this approach is most suited for small molecule/drug
studies. In order to adapt this approach to peptide and protein detection, a recrystallization
step is suggested when using sublimation as a deposition method [29,33].

Electrospray deposition uses a capillary spray set-up to coat an entire tissue section with
matrix. This technique utilizes the potential difference between the charged electrospray
emitter and that of the grounded steel MALDI MS target to apply matrix. The tissue section
is then coated with multiple layers of matrix prior to drying under vacuum and MALDI MS
imaging analysis. This approach has been used to image and identify peptides in invertebrate
tissues [25]. Select groups have had trouble obtaining reproducible samples with this
approach [23].

Acoustic deposition utilizes picoliter-sized volumes of matrix and matrix seeding in order to
achieve high-resolution MALDI MS images in which the resolution is limited by the larger
of the spot size and laser diameter, since analyte diffusion is limited to the deposited matrix
spot. Picoliter volumes of matrix are spotted on the tissue in a predetermined array using a
robotic spotter, yielding matrix spot diameters of approximately 130150 um. The resulting
matrix crystals are similar to those observed in electrospray deposition [23]. The array of
matrix spots is then imaged by selectively analyzing the spotted array using an in-house
developed software. Using this method, each matrix spot is uniform in size and can be
representative of a single pixel in the final MALDI MS image [26], depending upon the
diameter of the matrix spot and lateral resolution in the MALDI MS image. Acoustic
deposition also boasts the ability to deposit proteases such as trypsin and pepsin within a
defined region on the tissue, allowing for targeted digestion and peptide analysis. Robotics
available include the Portrait® (Labcyte Inc., Sunnyvale, CA, USA) and the TM iD™ (Leap
Technologies, Inc., Carrboro, NC, USA). These fully automated systems make matrix
deposition a facile process, but they are expensive and cost becomes an issue when deciding
which method to use. The CHIP-1000™ (Shimadzu Corp., Kyoto, Japan) is an example of a
piezoelectric chemical inkjet printer [17,27], a technology that is similar in function to
acoustic deposition. The current spot size of approximately 150 um does not afford single-
mammalian cell resolution.

The spray-droplet deposition method introduced by Sugiura ef al. combines a sprayed seed
coating and acoustic deposition in one method [28]. They found that by combining both
methods they were able to achieve, on average, a 9.9-fold increase in S/N ratio compared
with conventional acoustic deposition. By first introducing a seed layer, they observed faster
crystal formation (60 vs 90 s) compared with tissue that was not treated with a seed layer.

Bouschen et al. have combined matrix sublimation with matrix recrystallization to create a
new matrix deposition method termed vapor deposition/recrystallization [29]. In this
deposition method, a matrix is first applied to the surface of the tissue by sublimation and
then the tissue is placed in a humid, saturated water atmosphere over a 24—72 h period in
order to recrystallize the matrix. The researchers found this method to be more reproducible
than using either electrospray deposition or pneumatic spray. The downside of this method
is the time required to completely coat the tissue section with matrix. In work recently
published by Yang and Caprioli, a spatial resolution of 10 um was achieved using a matrix
sublimation/recrystallization for imaging of proteins up to 30 kDa in size. This method
requires approximately 10 min to coat and recrystallize matrix on the target of interest [33].

Methods of single-cell analysis

Various methods of single-cell analysis are currently under investigation by groups such as
Agar, Agar, Caprioli, Li, Predel and Sweedler. Methods that allow for single-cell analysis
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include the microinjection of matrix onto the cell of interest in situ [31], micro- and
induction-based fluidics (IBF) [34,35], laser capture micro-dissection (LCM) of individual
cells [18,36,37], ordered stretching of tissue [38,39], and laser oversampling [40].

Most recently introduced is the in situ labeling of single cells by microinjection of matrix by
Agar et al. [31]. This method allows for targeted proteomics of the cell of interest in its
native environment. Cells of interest (in this case, motor neurons) are visualized using
fluorescence in order to determine the intended location of matrix deposition. Matrix is
deposited on the cell of interest with micropipettes through which the matrix is injected with
a picoinjector or capillary action. Rhodamine can be added to the matrix solution in order to
facilitate the visual detection of the matrix spot within the graphical user interface. The cell
of interest can then be analyzed by MALDI-TOF MS. This method restricts analyte
diffusion to the matrix spot, but does not require robotics and allows for targeted proteomics
and peptidomics of a single cell.

Micro- and IBF allow for nanoliter (nl)-volume matrix spots. Both methods are based upon
the same concept of minimizing analyte diffusion to the spot itself rather than across the
tissue section. The main distinction between the two is that IBF utilizes a charged capillary
tip to charge the matrix solution and ‘launch’ the droplet onto the tissue specimen, which is
located on a grounded steel MALDI target. The resulting signal intensity using IBF was
found to be approximately tenfold greater than that observed by manually depositing 0.5 ul
of matrix solution by pipette [34].

Laser capture microdissection of individual cells is a method that allows the cell of interest
to be excised from the tissue and analyzed separately, and is often used in proteomic
analysis [41]. This is accomplished by using an infrared laser to accumulate the cells of
interest. Xu et al. have used this technique and determined that a single excision with the
LCM system (30 pm diameter tissue spot acquisition) yielded ten mouse crypt cellls. The
excised cells were placed onto a MALDI target using conductive double-sided tape and a
limited amount of matrix was then applied (100 pl-10 nl). Cells were then subjected to
MALDI-TOF analysis. These ten mouse colon crypt cells were sufficient to generate a
MALDI mass spectrum [18].

In the stretched sample approach (ordered stretching of tissue), glass beads are embedded on
a Parafilm membrane that the tissue is then mounted upon. The Parafilm is then stretched,
allowing for separation of the tissue section based upon the size of the glass bead. This
method reduces analyte migration by physically tearing the tissue into cell-sized pieces for
imaging analysis. The image can then be reconstructed through computational means
[38,39]. This method was used to analyze the abdominal ganglion of Aplysia californica and
the resulting spectra were found to be quite similar to those obtained from isolated single
cells [39].

Laser oversampling involves moving the laser by spatial increments that are smaller than the
diameter of the laser beam. If the matrix is ablated at a given location, the effect is that a 100
um laser, when moved in 25 pm increments, yields 25 um spatial resolution. In laser
oversampling, resolution is not limited by the dimensions of the laser beam. Spatial
resolution of approximately 25 um was achieved using a laser with dimensions of
approximately 100 um x 200 um. Sweedler and coworkers have used this method to
investigate the distribution of acidic peptide and egg-laying hormone in isolated peptidergic
neurons from the Aplysia californica CNS [40].

Micromanipulation techniques, such as the dissection of individual neurons, have been
performed on various systems. Sweedler and coworkers have extensively researched the
neuropeptidome of Aplysia californica (sea slug) through the use of microdissection and on-
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plate microextraction [40,42—49]. Other organisms studied using this method include
Drosophila melanogaster (fruit fly) [50,51], Periplaneta americana (cockroach) [52,53],
Helicoverpa zea and Manduca sexta (moth) [54,55], Lymnaea stagnalis (freshwater snail)
[56-60], Xenopus laevis (frog) [61], Ixodes ricinus and Boophilus microplus (ticks) [62],
Homarus americanus (crustacean) [63], neurons from the supraoptic nucleus of rats [64,65],
individual cells from the rat pituitary [66] and mouse bone marrow-derived mast cells [67].
Most recently, research has also been carried out on single neurons of the parasitic
nematode, Ascaris suum [68].

Analysis directed by cell-specific fluorescence

The coupling of MALDI MS imaging with fluorescence is especially pertinent for studies of
neurodegenerative disorders such as Parkinson’s disease, Alzheimer’s disease, amyotrophic
lateral sclerosis (ALS), motor neuron disease and multiple sclerosis. In these disorders the
death of a relatively small population of neurons begins the disease process. MALDI MS
imaging studies have been conducted on a mouse model of Parkinson’s disease [12,69,70]
and Alzheimer’s disease [71,72]. Transgenic mice exhibiting expression of fluorescent
proteins, such as cyan fluorescent protein, yellow fluorescent protein (YFP), green
fluorescent protein and so on, have been crossed with neurodegenerative disease-associated
mice [73] in order to further visualize the cells that are affected by the disease. Obtaining
MALDI MS images of these transgenic animals that exhibit fluorescence in a specific cell
type would make a more targeted study possible, which could contribute to further
elucidating neurodegenerative diseases at the cellular level.

Amyotrophic lateral sclerosis is a disease that is characterized by the death of both upper
(motor cortex) and lower (spinal cord) neurons. Through the combination of microinjection
of matrix [31] with a transgenic mouse model that exhibits cell-specific fluorescence, it is
possible to perform targeted proteomics studies on specific cells of interest, achieving
cellular resolution of approxmiately 20 um. In unpublished results, we have bred mice
overexpressing YFP in motor neurons (B6.Cg-Tg(Thyl-YFP)16Jrs/J [74]) with hSOD1
(B6SJL-Tg(SOD1)2Gur/J [75]) [31], hSOD1G93A (B6.Cg-Tg(SODI1-G93A)1Gur/J [75])
[73], and hSOD1G85R (B6.Cg-Tg(SOD1-G85R)148Dwc/J [76]) ALS transgenic mice,
allowing for the investigation of the molecular signature of the diseased motor neurons. All
work was carried out in accordance with state and federal regulations and under the
direction of the Foster Biomedical Research Laboratory (Brandeis University, MA, USA). It
is estimated that the cell-specific fluorescence of the transgenic mice used offers fiduciary
markers that can be used to identify a given region (e.g., the motor cortex) to within 1 mm.
To identify regions of interest, we compare fluorescence-delineated anatomical boundaries
with the anatomical boundaries delineated in the Mouse Brain Atlas (Figure 5) [77]. An
example of a single-neuron spectrum from a layer V motor neuron in a YFP transgenic
mouse is shown in Figure 6.

We performed a microinjection of matrix on 97 neurons from layer V of the motor cortex of
YFP transgenic mice for this study, with matrix spot size diameters in the range of 25-500
um. Profile spectra were acquired on an UltrafleXtreme™ (Bruker Daltonics, Inc.) MALDI-
TOF/TOF system equipped with a 1kHz Smartbeam™ Laser. All spectra were processed
with FlexAnalysis and ClinProTools™ (Bruker Daltonics, Inc.).

An average spectrum of 32 single-neuron spectra and the related pseudo-gel view depicting
all 32 spectra are shown in Figure 7. In total, 91% of microinjected matrix spots yielded
spectra having at least one peak with a S/N ratio greater than 2, and 36% yielded spectra had
at least one peak with a S/N ratio greater than 10 (Figure 8). We found that neurons that
were analyzed within 2 h of matrix deposition yielded spectra with a higher S/N than from
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preparations stored at —80°C overnight (data not shown). We find that although this method
is valuable for performing targeted proteomics/peptidomics, the approach is limited by the
distribution of surrounding cells and the reproducibility of the method, as demonstrated in
Figure 8. The approach is viable for studying cells such as pyramidal cells that are
approxmately 50 um in diameter, but would not be suited to smaller organelles or
subcellular imaging without further method development.

Current advances in single-cell imaging

As stated previously, obtaining single-cell resolution in MALDI MS imaging is influenced
by various factors such as matrix crystal size/homogeneity, analyte diffusion and current
instrumentation. McDonnell et al. extensively review sensitivity in relation to MALDI MS
imaging in their recent review. Of note is their determination of the amount of protein
present in an image as a function of pixel size, tissue thickness and protein concentration
[78]. Increasing spatial resolution implies sampling from smaller areas. In fact, the area and
amount of analyte decreases as the square of the spatial resolution, requiring extremely
sensitive instrumentation. In our own studies of single cells, instrument sensitivity is now
the limiting factor.

High-resolution mass spectrometers, such as the Fourier transform ion cyclotron resonance
mass spectrometer, are often coupled to a MALDI MS source and can produce images with
a lateral resolution of 0.6 x 0.5 um (when coupled to a scanning microprobe MALDI
source) [79]. Various in-house mass spectrometers have also been fabricated that are able to
attain single-cell resolution. One example of such an instrument is that presented by
Spengler and Hubert. They introduce scanning microbe MALDI MS instrumentation that
has a lateral resolution of 0.6—1.5 pm [80]. Luxembourg et al. have used ion microscopy
coupled to a MALDI mass spectrometer to attain lateral resolution of 4 um [81]. Chaurand
et al. have modified a commercially available MALDI-TOF mass spectrometer with a two-
stage ion source and obtained images at a scanning resolution less than 10 pm [82].

Much work has recently been carried out by Bruker Daltonics Inc. in the introduction of
their new MALDI-TOF/TOF system, the UltrafleXtreme™ and the Smartbeam™ laser. The
Smartbeam is a solid state laser with an adjustable repetition rate of up to 1 kHz. Using the
UltrafleXtreme, Lagarrigue et al. have achieved 20 um lateral resolution [83]. They are able
to visualize various stages of germ cell development in testicular seminiferous tubules. To
our knowledge, this is the highest resolution achieved on commercially available (as
compared with in-house built as previously described) instrumentation.

Clinical impact of single-cell MALDI imaging

Since its inception, MALDI MS imaging has been used for biological, pathological and drug
discovery applications. Examples of biological applications include one of the first MALDI
MS imaging experiments performed by Caprioli et al. Researchers mapped the location of
insulin in an islet of the rat pancreas, hormone peptides contained within the rat pituitary,
and identified multiple proteins and peptides from human buccal mucosa cells [84].
Chaurand et al. have obtained MALDI MS images of a rat brain, along with profile spectra
of various sections of mouse prostate tissue and human brain tissue [85]. Research has also
been carried out on mapping proteins and peptides within the mouse brain and human
glioblastomas [86]. Caldwell ef al. have also identified an isoform of histone H4 in a
MALDI MS image of a mouse brain with a tumor [87]. Molecular signatures produced by
MS imaging of tissues have been shown to discriminate tumor grade [13,88], and could
potentially be used for diagnostic and prognostic applications. A potential advantage of
using MS imaging platforms for tissue evaluation is the ability to identify molecular changes
associated with the tissue that are not yet detectable from histopathological evaluation.
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Numerous studies have been performed on cancerous tissues including lung [13,89,90],
breast/mammary [91-94], oral [95], pancreatic [96], gastric [97], renal [98], colon [99],
prostate [16,100,101], ovarian [102-104], Hodgkin’s lymphoma [105] and brain
[88,106,107]. Resolving molecular information from cancerous tissue to the single-cell level
will allow building of reference systems with more specific signatures of disease and healthy
states. Single-cell imaging should consequently improve sensitivity and specificity in the
classification of clinical specimens through the refinement of reference systems.

Along with diagnostic research, drug metabolism and small-molecule studies have also been
conducted using MALDI MS imaging. This is arguably the fastest-growing MS application
used by the pharmaceutical industry. The developing applications are based on the ability of
MALDI MS imaging to differentiate drugs from their metabolites, and to determine to what
extent the drug has penetrated its intended target. Whole-body images of rodents have been
acquired, allowing the researcher to follow the drug and its metabolites throughout the entire
animal without the need to label drugs [108—111]. Numerous studies have also been
published regarding single-cell metabolomics [112—115]. In addition, to provide
simultaneous molecular and spatial resolution for pharmacokinetics studies, the MS imaging
experiment has the potential to render information regarding the drug effect at the molecular
level. While the drug target might not always be readily detectable, it is very likely that the
analysis could detect an overall change in cellular signatures indicative of drug effect.
Recent advances in single-cell metabolomics are covered by Svatos [116], emphasizing the
importance of the ability to analyze at the single-cell level. This information would be useful
in understanding how drug metabolites are processed at the cellular level.

Another utility of single-cell imaging exists in the analysis of tumor stem cells (TSCs).
TSCs have been isolated and characterized for a number of neoplasms [117] and one of their
defining characteristics is their tumor-initiating potential. The TSCs initiate and maintain
tumor growth by producing a more differentiated state of cancer cells and sustaining their
own niche, giving rise to a heterogeneous population of TSCs and cancer cells. With a
growing arsenal of therapies targeting such mechanisms, the task rests on the analytical
community to increase classification resolution. MS imaging has proven itself to be capable
of discriminating healthy from diseased in many systems, and single-cell resolution could
potentially enable the realization of personalized treatment by providing detailed
information on the molecular mechanisms driving a tumor at the cellular level.

Expert commentary & five-year view

A better MS microscope

The current limiting factor in ultrahigh-resolution MS is instrument sensitivity, and our
‘crystal ball’ is clouded by the secrecy that surrounds new instrument development. If new,
ultrasensitive mass spectrometers are developed, laser focal diameters approaching the
diffraction limit (~170 nm for Nj lasers) should become possible, enabling resolution of
organelles. Oversampling should improve resolution by approximately fivefold [40], which
would then require piezoelectric X—Y positioning, and would result in approximately 30 nm
resolution, approaching that of large molecules and membranes. As more groups perform
top-down MS studies, the molecular identities of what are currently only m/z values in the
mass spectrum will become known, adding biological relevance to analysis.

Widespread adoption by the drug-development industry

In addition, the growth in high m/z resolution mass spectrometer-based (Fourier transform
MS) MALDI MS imaging is enabling the detection of a drug and approximately ten
metabolites. Decoupling of a drug from its metabolites is not easily achieved by
autoradiography, the current industry standard for drug imaging, and we therefore expect the
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widespread adoption of high m/z resolution MALDI MS imaging for industry absorption,
distribution, metabolism, excretion and toxicity studies.

Key issues

e Single-cell MALDI mass spectrometry (MS) imaging resolution is currently
limited by the size of laser spot diameter, matrix crystal size/homogeneity,
displacement of analytes during matrix deposition, and by instrument sensitivity
at high spatial resolution.

e Matrix deposition and cell isolation methods available for single-cell MALDI
MS imaging include nebulized spray coating, matrix sublimation, electrospray
deposition, automated acoustic deposition, piezoelectric-based matrix inkjet
printers, spray-droplet deposition, vapor deposition coupled with matrix
recrystallization, microdeposition of matrix onto the cell of interest in sifu,
micro- and induction-based fluidics, laser capture microdissection of individual
cells, ordered stretching of tissue and laser oversampling.

e Single-cell MALDI MS images can be coupled with other imaging modalities,
such as immunohistochemistry and fluorescence microscopy, to further
elucidate molecular changes.
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Figure 1. MALDI mass spectrometry imaging process

The tissue/cell of interest is placed onto a MALDI target or an indium tin oxide-coated glass
slide. A matrix is applied to the tissue/cell and mass spectra are acquired in a raster pattern
across the tissue section. The spatial distribution of a single m/z can be represented as a 2D
ion density map.

Reprinted with permission from [118].
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Figure 2. Histological stains and mass spectrometry

(A) High-magnification (x400) photomicrographs of unstained (control) and stained 10-um
serial human glioma tissue sections. In the upper right corner of each image, the lower left
edge of the matrix sample can be seen. (B) MALDI MS protein profiles acquired from
unstained (Ct rinsed in 70 and 100% ethanol) and stained grade IV human glioma tissue
sections.

Ct: Control section; CV: Cresyl violet; MB: Methylene blue; NFR: Nuclear fast red; TB:
Toluidine blue; TP: Terry’s polychrome.

Reprinted with permission from [14]. © 2004 American Chemical Society.
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Figure 3. Spatial resolution of matrix deposition methods
Reprinted from [31] with permission from Springer Science and Business Media.
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Figure 4. Chemical treatment of tissue sections

(A) TIC variations recorded from the MALDI-TOF mass spectrometry protein profiles
acquired from serial mouse liver tissue sections either not washed or washed with different
solvent systems in the m/z range from 500 to 1100 (lipid component) and m/z range from
2000 to 25,000 (protein component). (B) Number of peak variations as a function of the
same washes for the protein component.

t-BME: Tertbutyl methyl ether; TIC: Total ion count.

Reprinted with permission from [20].
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Figure 5. Registration of a fluorescence microscopy image with anatomical atlas of a mouse
brain
Fluorescence microscopy images of a sagittal brain section of a B6. Cg-Tg(Thyl-YFP)16Jrs/

J mouse. Dashed white lines delineate different regions of the brain and are in the exact
proportions of the anatomical boundaries of the 1.66 mm lateral sagittal section of the
Mouse Brain Atlas. The degree of overlap between the experimentally determined,
fluorescence-based anatomical boundaries and those of the Mouse Brain Atlas gives an
estimate of location to within 1 mm. (A) M1: primary motor cortex; S1Tr: primary
somatosensory cortex, trunk region; SIHL: primary somatosensory cortex, hind limb region;
CPu: caudate putamen (striatum); LV: lateral ventricle; CA1-CA3: fields CA1-CA3 of the
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hippocampus, respectively. (B) Primary somatosensory cortex trunk region and hind limb
region.
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Figure 6. MALDI mass spectrometry of a single neuron

(A) Raw data from a positive-ion mode mass spectrum of a single motor neuron from layer
V of a B6. Cg-Tg(ThyI-YFP)16Jrs/J transgenic mouse motor cortex. Inset: 5730-8030 m/z.
Inset depicts complexity of sample. (B) Using a modified microinjection setup, a single
neuron was labeled with MALDI matrix (sinapinic acid). Fluorescence is used to visualize
the location of the matrix in conjunction with the location of the neuron. In this image,
fluorescence is not observed due to the matrix that is deposited on the neuron, as visualized
in (C). Scale bar is equal to 100 um. (C) Same microscopic field as in (B), visualized with
bright field microscopy. Scale bar is equal to 100 pm.

Expert Rev Proteomics. Author manuscript; available in PMC 2012 August 1.



Boggio et al. Page 24

Relative abundance (%) 8®
o
1

4000 8000 12,000 16,000 20,000

100

!'I !hl f"l'
i 1"!; 'ﬂﬁ!l]n

'

e .
J'il‘Lllrllrh L[
{11
i

Spectra number

Relative abundance (%)

4000 8000 12,000 16,000 20,000
m/z

Figure 7. MALDI mass spectrometry of single neurons
(A) Average spectrum of 32 cortical neurons from a B6.Cg-Tg(Thy-YFP)16Jrs/J transgenic

mouse. (B) Pseudo-gel view representation of the spectra of the 32 cortical neurons that
were averaged for the spectra above. All spectra were baseline subtracted using a top-hat
algorithm and were not smoothed.
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Figure 8. Sensitivity of microdeposition
(A) Maximum S/N versus microdeposition spot area. (B) Average S/N versus
microdeposition spot area. Data points include samples that were transferred on both dry ice
and at room temperature.
S/N: Signal-to-noise ratio.
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