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Matrix assisted laser desorption/ionization (MALDI) imaging
mass spectrometry (IMS) is a powerful technology used to
investigate the spatial distributions of thousands of molecules
throughout a tissue section from a single experiment. As
proteins represent an important group of functional molecules
in tissue and cells, the imaging of proteins has been an
important point of focus in the development of IMS
technologies and methods. Protein identification is crucial for
the biological contextualization of molecular imaging data.
However, gas-phase fragmentation efficiency of MALDI
generated proteins presents significant challenges, making
protein identification directly from tissue difficult. This review
highlights methods and technologies specifically related to
protein identification that have been developed to overcome
these challenges in MALDI IMS experiments.
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Introduction

Since the introduction of matrix-assisted laser desorption/
ionization imaging mass spectrometry (MALDI IMS) in
the late 1990s, the technology has seen tremendous growth
in utility, being employed to analyze biological substrates
ranging from plants and insects, to mammalian tissues
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specimens [1,2°°,3,4]. MALDI IMS allows for the label-
free, multiplex analysis of thousands of analytes across a
samples surface yielding 2-dimensional molecular maps
that elucidate both the localization and relative abundance
of endogenous species. The technology has been used to
study a wide range of analyte classes, including metabolites,
drugs, lipids, peptides, and proteins [5,6°,7°,8]. The imag-
ing of proteins has garnered particular attention due to the
role the proteins play in cellular processes [9], and because
MALDI IMS allows for the visualization of a protein and its
various proteoforms (i.e. varying post-translational modifi-
cations) in a single imaging experiment [10,11°%,12]. As
highlighted in Figure 1, MALDI IMS is performed by first
coating a tissue section with a MAL DI matrix, which assists
in desorption and ionization of endogenous biomolecules
during laser irradiation. Individual mass spectra are then
collected at discrete x,y coordinates allowing for signal
intensity maps to be plotted across the sample area creating
ion images. A single MALDI IMS experiment can produce
thousands of ion images, providing molecular context to
classical histological analysis. Fragmentation data is often
collected in separate experiments either directly from
tissue [13] or by LC-MS/MS following extraction [14°].

Protein identification in MAL DI IMS is crucial in helping
to understand the physiological role of biomolecular and
cellular systems. However, identifying proteins observed
in many imaging experiments can be challenging because
MALDI generated ions typically have low charge states
(L3), greatly reducing their gas-phase fragmentation effi-
ciency resulting in limited sequence coverage [15,16]. In
general, protein identification in mass spectrometry is
performed using either bottom-up or top-down sequenc-
ing [17]. Bottom-up protein identification methods rely
on enzymatic digestion to hydrolyze larger proteins into
smaller peptides that are easier to fragment, resulting in
higher sequence coverage [18]. In top-down methods,
intact proteins are injected into the mass spectrometer
and subjected to fragmentation without prior digestion
[19]. Aside from better tracking of protein modifications,
an advantage of top-down protein sequencing is that it
complements imaging experiments by enabling mass
measurement of the intact protein that relates more
directly to the MALDI IMS generated signals.

For both bottom-up and top-down proteomics experi-
ments, proteins and peptides are commonly fragmented
using collision induced dissociation (CID) or electron
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Figure 1
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An overview of the MALDI IMS workflow for protein imaging. (a) A tissue sample is sectioned, washed to remove interfering salts and lipids, and
coated homogenously with a MALDI matrix. After sample preparation, the sample is loaded into the instrument and the section is irradiated by a
laser, moving a defined lateral distance which dictates the spatial resolution of the image. (b) A mass spectrum is generated at each pixel location.
(c) lon intensities for a selected mass range are then plotted in a coordinate system within the sampled tissue area, creating an ion image. (d)
Following, or in parallel to IMS experiments, orthogonal experiments are completed in order to generate protein identifications that can be

correlated to the imaging data.

transfer dissociation (E'T'D). In CID, ions are accelerated
and collide with a neutral gas leading to increased internal
energy of the ion. Should the deposited energy exceed the
critical energy of a bond, fragmentation will occur [20]. The
‘mobile proton model’ is used to describe the dissociation of
proteins and peptides in CID studies [21]. This model
postulates that sequence fragments of highly charged pro-
teins result from charge directed fragmentation after the
mobilization of a proton to a carbonyl on the peptide
backbone. However, MALDI primarily produces low
charge state ions with few protons which tend to be seques-
tered on highly basic amino acid side chains (e.g. Lys and
Arg). Thus, MALDI generated protein ions produce

fragments with poor sequence coverage. In E'TD, ions
are bombarded with radical anions in an ion trap resulting
in electron transfer and formation of radical cations. Once
the radical cation is formed, rapid dissociation along the
peptide backbone occurs resulting in informative sequence
fragments [22]. E'TD requires that multiple protons are
present, and the fragmentation efficiency for a given pro-
tein or peptide is highly correlated to an increased charge
state. For these reasons, the applicability of ETD to
MALDI generated proteins is also limited.

T'o overcome the challenges associated with the identifi-
cation of MALDI generated proteins, technologies and
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methods have been developed to enable separate, com-
plimentary proteomics experiments to be performed as
part of IMS workflows. These orthogonal experiments are
typically performed on the sample following MALDI
image analysis or using a serial tissue section. In general,
these experiments involve the extraction of proteins from
the tissue with subsequent analysis of the sample by
electrospray ionization (ESI). ESI typically produces
highly charged ions that are more amenable to CID
and ETD fragmentation [23]. By completing these
experiments offline, protein identifications can be made
using more traditional proteomics workflows and the
resulting identifications can be correlated to the imaging
data  through  accurate  mass  matching  [6°
,10,11°°,13,24,25].

Protein identification strategies in MALDI
imaging mass spectrometry workflows
Analytical methods for generating protein identifications
in MALDI IMS workflows must balance trade-offs
between the effective spatial resolution and sensitivity
with respect to the number of proteins identified. The
goal is to provide complimentary data by mapping protein
identifications to distinct tissue substructures or cell types
in the sample. Each approach has its own unique perfor-
mance characteristics including spatial resolution,
throughput, intact protein/peptide compatibility, and
fragmentation method compatibility. Figure 2 provides
a visual description of the complimentary proteomic
experiments discussed below.

Tissue homogenization

Many common approaches for extracting and identifying
proteins from tissue utilize bulk tissue homogenization
[23,26]. A number of protocols have been developed to
enhance the detection of specific types of proteins (e.g.
membrane and phosphorylated proteins) [27-29], as well
as quantitative workflows [30,31]. In general, the sample
to be homogenized can be an unsectioned area of tissue,
serial tissue section, or a punch biopsy if attempting to
isolate analytes from discrete areas of tissue (>250 wm).
First, the sample is pulverized and undergoes a cell lysis
step. Cell lysis is typically performed mechanically
[32,33] and is followed by various solvent washes to
solubilize and extract the endogenous proteins. Once
extracted, proteins are either analyzed directly (top-down
analysis) or undergo enzymatic digestion before MS anal-
ysis (bottom-up). Purification procedures are typically
employed to increase sensitivity (i.e. removing salts,
detergents, etc.). In both bottom-up and top-down work-
flows the complex protein mixture is fractionated by gel
electrophoresis or liquid chromatography. There are
many examples of researchers employing this strategy
in protein IMS workflows. For example, investigators
have extracted and combined proteins from serial sections
of rat brain tissue that were subsequently analyzed using
top-down MS in order to link identifications to a MALDI

Fourier transform ion cyclotron IMS data set using mass
accuracy [10]. Recently, a tissue homogenization protocol
was used in order to identify extracellular matrix proteins
using collagenase type III and elastase enzymes enabling
previously inaccessible collagens and elastin’s to be iden-
tified in IMS experiments [34°]. Although tissue homog-
enization is the most utilized strategy for tissue proteo-
mics workflows, spatial fidelity is lost in most cases,
limiting its application for the analysis of discrete foci
in tissue.

In-situ enzymatic digestions

Ideally, proteins would be identified in an imaging exper-
iment workflow from their host environment; that is,
directly from tissue. This allows both mass accuracy
and spatial information to be used to relate imaging data
to protein identification experiments. As described above,
MALDI generated proteins suffer from inefficient frag-
mentation in the gas phase. To overcome this challenge,
on-tissue enzymatic digestions can be performed to gen-
erate peptides of larger proteins that are more amenable
to MS/MS experiments directly from tissue. Modern
approaches utilizing iz-situ enzymatic digestions are often
performed using robotic sprayers to apply a homogenous
coating of enzyme across the tissue section or by roboti-
cally depositing small (>~200 wum), discrete droplets of
enzyme on the surface [35,36]. An incubation step is
performed before MALDI MS analysis. Trypsin is the
most commonly employed enzyme, however, other endo-
proteinases such as Glu-C and Asp-N have been utilized
for IMS studies [37,38]. Once digested, proteins can be
identified by spatially targeting and sequencing peptides
using traditional MS/MS approaches directly from tissue.
In an early example where trypsin was applied to lung
tumor tissue micro-arrays using an automated spotter,
researchers were able to differentiate specific cancer
types (e.g. adenocarcinoma from squamous cell carcinoma
biopsies) by peptide imaging [39]. In another approach,
investigators combined MALDI IMS with ion mobility
mass spectrometry and /z-situ digestions from both fresh
frozen and formalin fixed paraffin embedded tissue sam-
ples [13]. The use of ion mobility provided separation of
isobaric species that would not normally be observed
using conventional MALDI IMS, enabling higher peak
capacity in the tissue-based bottom-up proteomics analy-
sis. Enzymes other than trypsin are also being utilized for
on-tissue digestion studies. Investigators profiled the
distribution of multiple N-linked glycans using MALDI
IMS by completing an /z-situ digestion with the enzyme
peptide-N-glycosidase F (PNGaseF). They went on to
demonstrate the usefulness of N-glycan profiling in order
to help distinguish tumor from non-tumor regions in
human liver tissue in a micro-array format [40]. Although
effective for identifying proteins, there is currently no
software available to allow for automated peptide frag-
mentation from tissue, severely limiting throughput and
data interpretation.
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Figure 2
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A visual representation of common orthogonal proteomics experiments used to generate protein identifications in MALDI IMS workflows. The
achievable spatial resolution, experimental duration, and CID/ETD compatibility is also presented.

Chemical derivatization

Chemical derivatization entails modification of analytes
present on the surface of the tissue to enhance analytical
characteristics such as sensitivity and fragmentation effi-
ciency [41]. The majority of this work has been applied to
the study of small molecule analytes to enhance sensitivity
of species with low ionization efficiency. However, there
are a number of studies that have used chemical derivati-
zation of proteins to simplify the resulting fragmentation
data generated from bottom-up MALDI data sets [42,43].
Protein IMS workflows have been developed that include
N-terminal derivatization strategies that yields only y-type
sequence ions during MALDI TOF/TOF experiments
[44]. In this work a negative charge was added to the N-
terminus of tryptic peptides using 3-sulfobenzoic acid
succinimidyl ester (3-SBASE). This sulfonation agent
was used to generate complete peptide y-fragment series
from MALDI generated ions. Also, a sialic acid derivatiza-
tion approach was developed for N-Glycan MALDI IMS
from formalin fixed, paraffin-embedded tissues. In order to
preserve the sialic acid group, which is often lost by in-

source decay during ionization and ion transfer, they uti-
lized a linkage-specific demethylation and amidation for
stabilization [45°]. Similar to /n-situ enzymatic digestion,
these methods allow for the identification of proteins
directly from tissue, but are throughput-limited and are
better suited for targeted studies.

Laser capture microdissection

Laser capture microdissection (LCM) facilitates the
interrogation of tissue foci and is well suited for cellular
analysis, having the capability to sample single cells from
heterogeneous environments using microscopy combined
with a laser targeting system. In LCM, a laser is used to
perforate the tissue and effectively cut out the target
region, separating it from adjacent tissue. The separated
tissue is then collected using a non-contact approach such
as laser induced forward transfer (LIFT). A complete
overview of LCM and its applications is outside the scope
of this review and can be found elsewhere [46]. LCM
instrumentation commonly rely on ultraviolet (UV) and/
or infrared (IR) lasers for tissue perforation and collection.
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Once collected, the tissue sample can be subjected to
homogenization protocols and bottom-up or top-down
workflows. In recent studies, high resolving power FT-
ICR MS combined with spatially targeted LCM was used
to aid in identifying proteins from an IMS data set [6°].
These two platforms were employed to study and identify
proteins in a mouse model of glioblastoma and enabled
proteins to be identified specifically from tumor and non-
tumor regions of tissue [6°]. In other work, a combined
workflow for integrating LCM and MALDI IMS was
reported using a parafilm-assisted microdissection
(PAM) [47]. This approach enabled rapid and inexpen-
sive LCM-based proteomic analyses in IMS workflows
[47]. LCM allows for spatially targeted proteomic infor-
mation to be gathered for specific cell types in tissue, but
can suffer from poor sensitivity due to tissue loss, and
requires long collection times.

Hydrogel protein extraction

Hydrogels are a superabsorbent polymer that are character-
ized by the ability to retain a large amountof liquid relative to
volume and are inexpensive to fabricate. Hydrogels have
found use in a diverse range of applications including micro-
fluidics [48], wound care and drug delivery [49,50], and
protein extractions [51,52]. An extensive review of hydrogel
preparation has been previously described [53], buta concise
overview of their utility is worthwhile discussing. Briefly, a
hydrogel is cast into sheets through polymerization of water
soluble monomeric units such as acrylamide. After casting, a
punch biopsy is used to retrieve a gel of a specific diameter.
The hydrogel can then be dehydrated and subsequently
rehydrated with an enzyme solution, most commonly tryp-
sin. The gel is then placed onto the surface of the tissue,
leading to spatially targeted protein digestion and peptide
extraction into the gel. Peptides are then washed from the gel
and analyzed by LC-MS/MS. Hydrogels were initially
investigated with applications to IMS as a cost-effective
approach to generate spatially targeted protein identifica-
tions from tissue [51]. This approach utilized laser printed
molds creating an ionotropic hydrogel that were employed to
extractand digest proteins from the cerebellum of a rat brain.
Hydrogel fabrication was further optimized for tissue analy-
sis using a polyacrylamide hydrogel [52]. With this strategy,
investigators were able to fabricate hydrogels with diameters
down to 260 wm while still identifying hundreds of protein
species from rat liver and various substructures in rat brain
(Figure 3) [54°]. Although efficient at generating spatially
targeted protein identifications, hydrogels are limited in
throughput due to the lengthy preparation and incubation
time required for peptide extraction, as well as difficulties
when attempting to manipulate a small gel on a tissue
surface.

Liquid extraction surface analysis

Liquid micro-extractions, commonly referred to as a
liquid extraction surface analysis (LESA), utilize a small
volume (~0.5-3 nL) of extraction solvent that can be

placed on a samples surface. Analytes present in the
tissue diffuse into the solvent that is subsequently
aspirated off the tissue and analyzed by traditional
proteomic workflows. Analyte classes ranging from small
molecule metabolites to intact proteins have been stud-
ied using LESA technology [55°,56,57]. Initial develop-
ment of the technology focused on using robotics to
complete the extraction [58-60]. Modeled after work
utilizing continuous-flow liquid microjunctions [61], new
instrumentation allows for liquid extractions to be
directly coupled with online LC-MS/MS. Several inves-
tigators have reported the utility of integrating a LESA
LC-MS system into MALDI IMS workflows for the
analysis of intact proteins [14°,62]. Spatially targeted
extractions followed by top-down LLC-MS/MS enables
protein identifications to be directly correlated with the
species observed in the IMS data (Figure 4). A challenge
to the LESA experiment is the size of the droplet
diameter on tissue. Typically, LESA is limited to a
spatial resolution of ~500 wm for routine use. Although
robotic LESA platforms allow for robust, reproducible
analysis, performing liquid micro-extractions using a
hand pipette can also produce quality proteomics data.
Using this approach, researchers detected upwards of
100 intact protein species from thin tissue sections by
simply dispensing 1-2 ul. of extraction solvent onto a
tissue using a gel loading pipette tip, aspirating the
solvent, and taking it offline for top-down LLC-MS/MS
[63]. Although limited in resolution, LESA provides a
high-throughput approach to gather spatially targeted
protein identifications from tissue.

Perspective

Advancements in MALDI IMS instrumentation and sam-
ple preparation methods have enabled routine imaging of
peptides and proteins from tissue. To fully elucidate the
underlying biology that these images represent, it is
important to employ methods for the identification of
protein signals afforded from IMS experiments. Recent
developments in orthogonal, spatially targeted proteo-
mics technologies and methods have allowed for more
robust identification of peptides and proteins, driving the
continued use of protein IMS towards next-generation
biological applications. There is a focus in the field
towards combining technologies to maximize sensitivity
and fragmentation efficiency at higher spatial resolutions.
For example, instrument source modifications to allow for
finer control over source pressure are improving sensitiv-
ity of intact protein analysis on high-performance imaging
platforms [12]. Additionally, the implementation of
charge state independent ion activation techniques, such
as ultraviolet photodissociation, may hold the key to
allowing spatially targeted fragmentation of intact pro-
teins directly from tissue using MALDI [64,65] It is this
synergistic combination of analytical technologies and
methods that will enable a visualization of a greater
fraction of the protecome and ultimately a deeper
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Spatial resolution and sensitivity of hydrogel-based proteomic workflows: (a) Using dermal punch biopsy tools, hydrogels can be fabricated down
to ~260 um in diameter. (b) Extracting peptides using a hydrogel with a diameter of 777 um, the white matter and molecular layers of rat brain
cerebellum were profiled and the proteomic profiles were compared. Figure 3 was adapted from Ref. [54°].
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LESA sensitivity and applications: (a) Extracting from enzymatically digested rat brain, the number of unique protein identifications was evaluated
as a function of solvent extraction volume. (b) Intact protein extracts were gathered from select regions of whole sections of mouse pup. Top-
down MS was utilized to generate protein identifications which could then be correlated to the IMS data through accurate mass matching. The
ETD spectrum of thymosin B10 is presented along with its corresponding ion overlay. Figure 4 was adapted from citation [14°].
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