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Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI) is one of the most widely used methods for imaging the spatial distribution of
unlabeled small molecules such as metabolites, lipids and drugs in tissues. Recent
progress has enabled many improvements including the ability to achieve single
cell spatial resolution, 3D-tissue image reconstruction, and the precise
identification of different isomeric and isobaric molecules. However, MALDI-
MSI of high molecular weight intact proteins in biospecimens has thus far been
difficult to achieve. Conventional methods normally require in situ proteolysis and
peptide mass fingerprinting, have low spatial resolution, and typically detect only
the most highly abundant proteins in an untargeted manner. In addition, MSI-
based multiomic and multimodal workflows are needed which can image both
small molecules and intact proteins from the same tissue. Such a capability can
provide amore comprehensive understanding of the vast complexity of biological
systems at the organ, tissue, and cellular levels of both normal and pathological
function. A recently introduced top-down spatial imaging approach known as
MALDI HiPLEX-IHC (MALDI-IHC for short) provides a basis for achieving this high-
information content imaging of tissues and even individual cells. Based on novel
photocleavable mass-tags conjugated to antibody probes, high-plex, multimodal
andmultiomicMALDI-based workflows have been developed to image both small
molecules and intact proteins on the same tissue sample. Dual-labeled antibody
probes enable multimodal mass spectrometry and fluorescent imaging of
targeted intact proteins. A similar approach using the same photocleavable
mass-tags can be applied to lectin and other probes. We detail here several
examples of MALDI-IHC workflows designed to enable high-plex, multiomic and
multimodal imaging of tissues at a spatial resolution as low as 5 µm. This approach
is compared to other existing high-plexmethods such as imagingmass cytometry,
MIBI-TOF, GeoMx and CODEX. Finally, future applications of MALDI-IHC are
discussed.
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Introduction

Mass spectrometry imaging (MSI) (also termed imaging mass
spectrometry, IMS), pioneered by the Caprioli group (Stoeckli et al.,
1999; Stoeckli et al., 2001) has become the gold standard for imaging
the spatial distribution of low molecular weight biomolecules in
tissues such as metabolites, lipids and xenobiotics (e.g., drugs)
(McDonnell and Heeren, 2007; Arentz et al., 2017; Unsihuay
et al., 2021). One of the most common MSI techniques is
matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI). MALDI-MSI can be used to image fresh-
frozen (FF) or even formalin-fixed paraffin embedded (FFPE) tissue
samples to determine the spatial distribution of low molecular
weight species (Rompp and Spengler, 2013). The basic method
involves depositing a matrix onto a tissue and then scanning a
laser beam across the 2D surface which ejects molecular ions from
the tissue on a point-by-point basis. These ions are subsequently
detected by a mass spectrometer such as a time-of-flight (TOF) or
Fourier-transform ion cyclotron resonance (FT-ICR) instrument,
thereby producing a 2D image. Since MSI can simultaneously detect
hundreds of ions at a time at each point on a sample, it provides a
much higher throughput method than many other 2D sampling
approaches.

In the case of small molecules, both high spatial and mass
resolution have been obtained using MALDI-MSI making it a useful
tool for imaging tissues at the cellular and even subcellular level
(Duenas and Lee, 2021). For example, the Spengler group using
atmospheric pressure (AP) MALDI-MSI, imaged the spatial
distribution of phospholipids, neuropeptides and drug
compounds in various mammalian tissues with a spatial
resolution of 5–10 µm (Rompp and Spengler, 2013). More
recently, this group demonstrated a spatial resolution of close to
1 µm with a mass accuracy below 2 ppm using improved laser
focusing optics (Kompauer et al., 2017; Spengler et al., 2017).
MALDI-MSI in transmission-mode geometry combined with
laser-induced post-ionization (MALDI-2) has achieved a pixel
size of 600 nm for imaging cells at subcellular resolution
(Niehaus et al., 2019). The introduction of commercial
instruments which can achieve true 5 µm spatial resolution such
as the Bruker timsTOF fleX equipped with microGRID technology
(Bruker Daltonics GmbH & Co. KG, Bremen, Germany) opens the
door to routine single-cell MSI in tissues (see section below). This
combined with other innovations such as trapped ion mobility
spectrometry (TIMS) (Jeanne Dit Fouque et al., 2021) and laser-
induced post-ionization (MALDI-2) (Soltwisch et al., 2020), both
available commercially, can dramatically increase the separation and
identification of previously difficult to detect isomeric and isobaric
species. Additional methods such as matrix coating assisted by an
electric field (MCAEF) have also been effective when used with
MALDI-MSI in increasing signal for lipids and proteins in the mass
range 3,500–37,000 Da (Wang et al., 2015).

However, despite the growing importance of MSI for mapping
the spatial distributions of biomolecules in tissues both in 2D and 3D
(Thiele et al., 2014; Oetjen et al., 2015; Lotz et al., 2017), the imaging
of macromolecules such as intact proteins or nucleic acids has
proven more difficult, especially above 20 kDa. The challenge is
to develop an effective, routine, and comprehensive multiomic,
wide-field imaging approach for use in basic research and clinical

applications (Ucal et al., 2017; Ryan et al., 2019; Basu, 2021; Basu and
Agar, 2021). This is especially true for large tissue specimens such as
tumors or whole organs (e.g., mouse brains or kidneys) which are
typically greater than 0.5 cm2.

In the case of proteins, researchers have relied mainly on in situ
enzymatic digestion of the total protein content of the tissue using
proteases such as trypsin followed by MSI fingerprinting and
sometimes sequencing of the peptide fragments (Groseclose et al.,
2007; Hoiem et al., 2022). However, this approach often involves
complex workflows. In addition, it has limited lateral spatial
resolution (~50 µm) (Ly et al., 2019) due to the challenge of
applying a liquid protease solution (e.g., trypsin) along with the
diffusion of the solution (Piehowski et al., 2020). Furthermore, the
large number of proteins digested in the tissue spot (several
thousands), along with the multitude of peptides produced by
tissue digestion, coupled with low signal-to-noise, limits
sensitivity to only the most abundant proteins (top 5%).
Moreover, in order to perform definitive protein identification,
these approaches often require expensive instruments such as
liquid chromatography coupled to tandem MS (Piehowski et al.,
2020). In contrast, in many cases researchers need a top-down
approach analogous to the widely used IHC approach which
targets specific proteins, but without the limitations of multiplexing.

An additional consideration is the need to achieve MSI-based
workflows which are both multiomic and multimodal. For example,
to develop a comprehensive picture of the complex interplay
between metabolites and protein expression, it is important to
correlate spatial distribution of these different classes of
molecules. In the case of drug treatment, imaging the spatial
distribution of the drugs throughout the tissue and how they
affect protein/metabolite concentrations is an additional
important goal. Ideally, this is best performed by imaging all
these molecules on the same tissue specimen. Merging spatial
images obtained using other imaging modalities such as MRI,
PET, immunofluorescence, multiphoton imaging, second
harmonic generation (SHG), FTIR and Raman is also a very
attractive approach to provide complementary information which
can enhance the picture provided by MSI alone. Many outstanding
examples of such multimodal approaches show much promise such
as the combination of CODEX, infrared or Raman with MSI
(Neumann et al., 2018; Neumann et al., 2020; Neumann et al.,
2021) (see other papers in this volume). Combining more classical
proteomic techniques such as LC-MS with MSI by using the MSI to
guide where to perform laser capture microdissection (LCM) is also
a very promising approach (Dewez et al., 2020). Programs which can
integrate such higher-dimensional layers from multimodal and
multiomic imaging have also been developed to accomplish this
goal (Hess et al., 2021).

In this paper, we utilize a recent approach known as matrix-
assisted laser desorption/ionization high-plex immunohistochemistry
(MALDI HiPLEX-IHC or MALDI-IHC for short) based on
the development of novel photocleavable mass-tags (PC-MTs)
by AmberGen, Inc. (Billerica, MA) (Yagnik et al., 2021).
This technology and associated workflows provide a basis for
achieving high-plex, multiomic and multimodal imaging of both
macromolecules such as intact proteins and small metabolites
from the same tissues or cells deposited on a slide. The intrinsic
“plexity” to image specific protein targets of the approach is only
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limited by the ability to resolve the signals generated by the different
photocleaved mass-tags and can in principle well exceed 100-plex.
As demonstrated here, dual-labeled probes that are conjugated with
PC-MTs and fluorophores enable multimodal mass spectrometry
and fluorescent imaging on the same specimen. In addition, these
PC-MTs can be conjugated to lectins and used to detect post-
translational protein glycosylation. We detail here several examples
of MALDI-IHC workflows designed to enable high-plex, multiomic
and multimodal imaging of tissues at a spatial resolution as low
as 5 µm.

Materials and methods

The methods used here closely follow work previously reported
(Yagnik et al., 2021; Claes et al., 2023) (for additional details of the
materials and methods see Supplementary Material). The basic
MALDI-IHC approach is illustrated in Figure 1A.

In step 1, tissue specimens such as obtained for clinical
pathology are used to produce fresh-frozen (FF) or formalin-
fixed paraffin embedded (FFPE) thin sections. Alternatively,

MALDI-IHC can be used with tissue microarrays (TMAs)
containing multiple core FFPE samples arrayed on the slide.
Typically, tissue sections compatible with MALDI-IHC range
from 1–50 µm thickness and are deposited on conductive slides.
In general, we have achieved good results using Bruker MALDI
IntelliSlides (Bruker Daltonics GmbH & Co. KG, Bremen,
Germany) which have etched barcodes and fiducial marks. In
some cases a poly-l-lysine coating which promotes adherence to
the slide, especially for FFPE tissue sections, was utilized (Enthaler
et al., 2012).

In step 2, antibodies with the novel photocleavable mass-tags
(PC-MTs) were used to “stain” the tissue. These PC-MTs are
chemically conjugated to antibodies (or other proteins such as
lectins) through a photocleavable linker (PC-Linker) to produce
Miralys™ probes (Yagnik et al., 2021) (commercially available from
AmberGen, Billerica, MA) (Figure 1B). Custom probes can be also
produced to meet specific customer needs. The probes are analogous
to those used in immunohistochemistry (IHC), except the
chromogenic or fluorescent moiety is replaced with a unique PC-
MT. Antibodies chosen are normally recombinant and qualified for
IHC. The PC-MTs consist primarily of short peptide sequences

FIGURE 1
(A). Key steps in MALDI-IHC. Photocleavable Mass-Tag (PC-MT) labeled probes, including antibodies and lectins, are used for high-plex tissue
imaging. An additional initial step (not shown) can be performed prior to MALDI-IHC to image endogenous small molecules such as metabolites and
drugs (See main text for details). (B). Schematic of a dual-labeled Miralys™ antibody probe with a photocleavable peptide mass-tag and fluorophore
conjugated to the antibody. Note the diagram does not reflect the actual attachment sites of the peptide mass-tag or fluorophores, or the actual
number of tags conjugated to the antibody. (C). Example MALDI-IHC workflow. Both FFPE and FF tissue samples can be imaged using MALDI-IHC.
Staining utilizes Miralys™ probes which are photocleaved prior tomatrix deposition, MALDI-MSI and analysis. Up to 10 slides can be automatically stained
in 10 h using the AmberGen automated stainer. At 40 µm resolution a 1 cm2 tissue specimen can be imaged on a Bruker rapifleX or timsTOF fleX
instrument in less than 1 h.
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(7–15 amino acids) which are selected to produce a unique mass
reporter after photocleavage. Detection of the monoisotopic
molecular ion of this mass reporter results in a unique identified
m/z peak in the mass spectrum.

As shown in Figure 1B, the peptides are linked to the probe
through a proprietary photocleavable linker (Yagnik et al., 2021)
based on a 1-(2-nitrophenyl)-ethyl nucleus which exhibits a
highly efficient and fast photoreaction (Olejnik et al., 1995;
Olejnik et al., 1996; Olejnik et al., 1998). The overall chemical
structure of the probe is designed so that after photocleavage the
peptide mass reporter has a positively charged amino group on
the C-terminus which increases the ionization of the reporter
molecule and hence sensitivity in the positive ion mode. In
addition, the photo-released mass reporter lacks the bulk of
the photocleavable linker which remains bound to the
antibody probe (Yagnik et al., 2021), in contrast to earlier
versions of photocleavable mass-tag approaches such as Tag-
Mass introduced by the Salzet and Fournier groups in 2007
(Lemaire et al., 2007). This avoids the production of multiple
photocleavage byproducts which can complicate identification of
the mass-tag reporter ions in the mass spectrum. In addition to
the PC-MT, the antibody can be labeled with an optional
fluorophore (Figure 1B) for multimodal measurements as
discussed below.

The general MALDI-IHC workflow is illustrated in Figure 1C.
Procedures for “staining” tissue sections are very similar to
standard IHC (e.g., antigen retrieval, blocking, antibody
treatment, washing) and can be performed manually or with
automation. Washing is normally performed 7 times briefly for
a total of ~20 min. Since MSI can detect a wide range of label-free
molecules, during the staining procedure, it is important to avoid
introducing contaminants into the tissue and to properly perform
the final washes to remove incompatible agents from the IHC
buffers. These precautions also include the use of mass
spectrometry grade reagents. If this is not done, prohibitive
mass spectral contamination can occur including overlap with
or suppression of the target PC-MTs. After the final washing and
vacuum drying, prior to matrix deposition, the stained tissue
sample is irradiated under dry conditions using near-UV light
(~365 nm) for 10 min in an LED-based light-box (Figure 1C). This
pre-photocleavage step is critical in order to obtain optimal results
since: i) it allows efficient co-crystallization of the photocleaved
PC-MTs with the matrix (whereas if matrix is applied before
photocleavage the PC-MTs are still tethered to the antibody
and indirectly to the tissue), ii) pre-photocleavage in the
absence of matrix is highly effective since otherwise, the excess
matrix will absorb the incident light, and iii) pre-photocleavage
allows independent control of the MALDI laser setting (such as
power and number of laser shots) to be optimal only for the MSI
analysis (rather than setting the laser optimally for photocleavage
which may not be optimal for MSI).

In step 3, the prepared tissue samples are imaged using MALDI-
MSI. Imaging of the spatial distribution of the individual PC-MTs
detected at predeterminedm/z, at each position in the tissue, reflects
the spatial distribution of all the targeted biomolecules.
Furthermore, similar to semi-quantitative fluorescence IHC, the
specific PC-MT peak heights at each point in the tissue reflect
semi-quantitatively the relative concentration of the particular

target, although for absolute quantification the use of additional
standards is required. In a step not shown in Figure 1A, which
involves starting with FF tissue instead of FFPE, the generation of a
multiomic composite image of both small biomolecules and
macromolecules such as proteins is possible as described later.
Additional details of materials and methods used in these
workflows are reported in Supplementary Material.

Results

Multimodal MALDI-IHC workflows using
dual-labeled Miralys™ probes

As shown in Figure 1B, an important feature of Miralys™
probes is the ability to incorporate an optional fluorophore in
addition to the coding peptide mass-tag to produce a dual-labeled
probe. This optional fluorophore provides the capability to
perform conventional immunofluorescence IHC on a subset of
targeted biomarkers while still performing higher-plex MSI for a
larger set of targets which includes this immunofluorescence
subset of probes.

The workflow for obtaining fluorescence and MALDI-IHC
images from the same tissue section follows the same workflow
as standard MALDI-IHC (Figure 1C), except prior to photocleavage
and matrix deposition, the tissue specimen is imaged with a
fluorescence microscope or whole slide scanner. This avoids
possible interference from the matrix due to light scattering,
absorption and autofluorescence effects. The immunostaining
step remains the same as normal MALDI-IHC except that a
subset of dual-labeled probes is included to enable multimodal
fluorescence and MALDI-IHC measurements on the same
sample. Conventional fluorescent microscopes and scanners can
normally image between 4-5 different fluorophores (channels)
enabling 4-5 different dual-labeled probes to be used along with
a much larger number of standard PC-MT probes. Advanced
instrumentation and techniques such as hyperspectral and
multispectral methods (Stack et al., 2014; Parra et al., 2017;
Gorris et al., 2018) can enable even higher-plex fluorescence
detection (e.g., 10–12). A wide-range of fluorophores to be
chosen, many of which excite above 600 nm and emit in the
near-IR (Zhang et al., 2011). Dual-labeled probes can also be
potentially used with other advanced imaging modalities such
electronic resonance stimulated Raman spectroscopy (Lee et al.,
2019), which could increase the sensitivity and multiplexity of the
dual-labeled PC-MT probes.

One example of the application of dual-labeled Miralys™
antibody probes for multimodal fluorescence and MALDI-IHC
imaging is shown in Figure 2. A panel of 19 Miralys™ antibody
probes was used to stain an FFPE breast cancer tumor tissue section
which was obtained commercially, and pathologist assessed as
adenocarcinoma of breast (ductal), TNM staging pT2pN0pMX,
hormone receptor negative and HER positive (OriGene,
Rockville, MD). Two of the 19 probes were dual-labeled with the
fluorophores DyLight 594 (vimentin probe) and DyLight 650 (alpha
smooth muscle action [αSMA] probe) using methods reported
previously (Yagnik et al., 2021). Supplementary Table SI shows
the complete list of antibodies used in the panel along with the
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corresponding PC-MT reporterm/z values, as well as antibody clone
number and vendor for the unlabeled raw antibody. A comparison
of the whole specimen fluorescence (left) and MALDI-IHC (right)
images is shown for the vimentin and αSMA probes in Figure 2A.
These were recorded on a GenePix fluorescence scanner (Model
4200A, Molecular Devices, San Jose, CA) at 5 µm resolution and a
Bruker rapifleX Tissuetyper instrument at 20 µm resolution (Bruker
Daltonics GmbH & Co. KG, Bremen, Germany), respectively. A 6-
color overlay of six example probes obtained for the 19 different
Miralys™ probes is shown in Supplementary Figure S1A. Selected
individual MALDI-IHC images using the heat map style pseudo-
color scheme is shown in Supplementary Figure S1C. An image is
also shown in Supplementary Figure S1B of the isotype control,
which consisted of a combination of species and isotype-matched
immunoglobulins (no target specificity) conjugated to each of the
different PC-MTs used for the 19-plex probe panel, mixed at the
same concentration, and applied to an adjacent (serial) tissue section
for background control.

Comparison of the immunofluorescence and MALDI-IHC
images, obtained for the dual-labeled vimentin and αSMA
probes, reveals almost identical morphology (Figure 2A), despite
the difference in resolution (5 µm vs. 20 µm, respectively). Note that
although not extensively observed here, autofluorescence effects are
common in fluorescence microscopy of tissues due to endogenous
fluorophores/chromophores (Monici, 2005), an effect not present
using MSI. Figure 2B shows a magnified image of a small region of

the specimen for the αSMA probe as an example (see cross-hatched
yellow rectangles in panel A) for both the florescence (left) and
MALDI-IHC (right). The almost identical morphology enables an
interactive merge to form a bi-modal image as shown in Figure 2B
(middle).

Multiomic workflow for MALDI-
IHC—Combining spatial proteomics and
metabolomics

MSI has rapidly become the premier tool to explore the spatial
distribution of low molecular weight molecules in tissues. This
label-free approach can be used directly on FF or in some cases
even FFPE tissue samples (Dannhorn et al., 2022) as well as
individual cells dispersed or grown in culture to image a range
of biomolecules including lipids, hormones, neurotransmitters and
other metabolites such as low molecular weight products of key
cellular and subcellular reactions (Xie et al., 2015; Duncan et al.,
2019; Neumann et al., 2019; Li et al., 2021; Rappez et al., 2021;
Taylor et al., 2021). With the advent of high-resolution MSI
methods such as FT-ICR and electric field-chromatographic
approaches such as trapped ion mobility (Charkow and Rost,
2021; Jeanne Dit Fouque et al., 2021), even isobaric or isomeric
molecules can be easily distinguished and imaged. This approach
has also been used extensively to map exogenously added drugs

FIGURE 2
Multimodal imaging of an FFPE breast cancer tissue using dual-labeled Miralys™ probes. (A) Comparison of fluorescence (left) and MALDI-IHC
(right) images for the dual-labeled vimentin and alpha smooth muscle actin (αSMA) probes. (B) Magnified region shown from the area within the yellow
cross-hatched rectangles in A, for both fluorescence and MALDI-IHC images (left and right, respectively) of the αSMA probe. The center image is a bi-
modal interactive merge of both the fluorescence and MALDI-IHC.
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(Spruill et al., 2022). However, the ability to merge this information
with the spatial distribution of an array of intact targeted proteins
has been difficult to achieve, even though proteins constitute the
working machinery of the cell that drives metabolism and are often

the target of drug therapy. Such a capability would provide a much
more comprehensive picture of basic biological processes and an
understanding of the molecular basis of many diseases and their
potential treatment.

FIGURE 3
Multiomic imaging of both lipids and targeted proteins in a triple negative breast cancer tissue specimen. (A) The initial MSI run in negative ion mode
showing tentatively assigned lipid molecules detected from one region of the overall tissue specimen (see color key for five tentatively assigned lipids at
m/z of 687.5, 700.5, 788.5, 885.5, and 942.8). (B) After matrix removal the entire tissue specimen was stained and imaged using the MALDI-IHC protocol
with 27 Miralys™ probes (Supplementary Table SII). Colors correspond to four example mass-reporters for the CD20, PTEN, panCK and collagen
antibody probes (see color key in image) (see Supplementary Material, for example, images from a larger number of probes). The region corresponding to
panel A, where an initial lipid MSI wasmeasured, is indicated by the blue arrow. (C) An interactively merged image is shown of one example lipid and three
of the four antibody probes for the same region of the tissue as in panel A (see color key in image for analytes shown). (D)Overall average spectrum from
panel B, with arrows showing the m/z value of the 15 detected PC-MTs. Note that a peak not labeled with a red arrow appears at m/z 1251.7 is not
uniquely assigned to an antibody since this mas-tag was used to label two different antibodies (α-SMA and CD45RO).
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MALDI-IHC provides such a highly multiplexed and
multiomic capability by using a “double-MALDI” workflow
performed on a single tissue specimen using the same
instrument platform (Yagnik et al., 2021). As an example of
such a workflow, a commercially obtained fresh-frozen triple
negative breast cancer tissue specimen, pathologist assessed for
PR, ER, and Her2 by US BioLab (Rockville, MD) (see
Supplementary Material for additional information), was first
imaged at 20 µm on a Bruker rapifleX by MSI (negative ion
mode with DAN matrix for lipid detection). Figure 3A shows
the spatial distribution from one region of the tumor of some of the
many of lipids detected, represented by different colors (see color
key in figure and further details of the lipids in the legend).

After the lipid measurement, the matrix was removed from
the sample and the tissue simultaneously fixed using −80°C
acetone (see Supplementary Material for full protocol). The
whole tissue sample was then stained with a 27-plex panel
of Miralys™ antibody probes with unique mass-tags
(Supplementary Table SII) (note two additional antibodies (α-
SMA and CD45RO) were also included but had identical mass-
tags) followed by a second round of matrix deposition (DHB) by
sublimation. The subsequent MSI resulted in a composite
proteomic image of the full specimen recorded at 20 µm. A
composite image of 4 selected targeted proteins is shown in
Figure 3B (see Supplementary Figure S2 for a selected set of
individual target protein images). Moreover, an overlaid image
showing an interactive merge of one example lipid from
Figure 3A (m/z 700.5) and the same region from Figure 3B of
3 of the 4 example proteins, based on alignment using the optical
image morphology is shown in Figure 3C. This illustrates the

ability to merge the lipodomic and proteomic images measured
on the same sample using this double-MALDI workflow.

Fifteen of the 27 probes with unique mass-tags produced peaks
corresponding to the expected mass-tag m/z as shown in an average
spectrum of the entire sample (Figure 3D, red arrows). Note that an
additional prominent peak (not labeled with a red arrow) also
appears at m/z 1251.7 is not assigned to a single antibody since
this mass-tag was used to label two different antibodies also included
in staining mix (α-SMA and CD45RO). The m/z of the identified
peaks closely match the predicted m/z of these assigned mass-tags
within the accuracy of the mass resolution of the instrument (see
Supplementary Table SIII). It is not known whether the 12 probes
for which no signal was detected above the noise are due to low
abundance of the targets and/or low affinity of the probe to its target.
However, many of the targets for the 27 probes shown in
Supplementary Table SII are likely not present in the breast
cancer tissue sample. For example, since the sample is judged to
be triple negative on the basis of conventional IHC (from
annotations provided with the commercially obtained samples),
the Her2, PR and ER probes are not expected to produce signals
[see (Yagnik et al., 2021) for an example of these probes on Her2 and
hormone receptor positive breast cancer samples]. In other cases,
such as with various CD markers for tumor infiltrating lymphocytes
(TILs), these cells may simply not be present in this specimen.

MALDI-IHC at cellular resolution

In order to obtain top-down MALDI-IHC imaging at the
cellular level, it is possible to combine this approach with

FIGURE 4
4-Plex MALDI-IHC image of FF normal rat kidney tissue section. (Upper Left) 18 mm2 (5.08 × 3.52 mm) area of the kidney tissue which consists of
715,264 individual pixels which took a total of approximately 11 h of data acquisition (~18 pixels/s) on a timsTOF fleX equipped with microGRID and
recorded at 5 µm pixel size. (Lower Right) 5x magnification of the area shown in the hatched green box which is a portion of the renal cortex. The yellow
bracket indicates the general vicinity of the kidneymedulla. Base colors for both images are Na+/K+ ATPase (purple), vimentin (red), collagen (green),
and panCK (blue).
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advances in MSI technology to improve spatial resolution. Here, we
show two examples of MALDI-IHC images with 5 µm pixel size
measured on a Bruker timsTOF fleX equipped with the microGRID
technology. This enables more precise positioning of the laser focus
on the specimen, thus enabling separated ablation craters in the sub-
micron range and eliminating artifacts in the MSI, including for
more accurate co-registration with optical microscopy.

Fresh frozen rat kidney tissue was obtained commercially from
Envigo (Indianapolis, IN). The kidney tissue was cryosectioned
at −20°C and mounted on a poly-l-lysine coated Bruker
IntelliSlide (Bruker Daltonics GmbH & Co. KG, Bremen,
Germany). The tissue was then fixed and stained using a 5-plex
Miralys™ probe mixture consisting of antibodies for vimentin (m/z
1,230.84), collagen-1A1 (m/z 1,234.87), panCK (m/z 1,288.72), Na+/
K+ ATPase (m/z 1,222.79) and histone H2A.X (m/z 1,226.82). After
photocleavage, DHB matrix was sublimated using an HTX
Sublimator™ (Chapel Hill, NC) and recrystallized for 1 min with
5% IPA in water at 55°C. MSI images were obtained on a timsTOF
fleX equipped with a microGRID accessory.

Figure 4 (upper left panel) shows the full MALDI-IHC image for
four of the five targeted probes (histone H2A.X was not detected).
Several distinct structures appear to be dominated by one of the four
targeted proteins. Renal Cortex: A portion of the cortex is indicated
by the cross-hatched green box in Figure 4 along with a 5x
magnification of this region (lower right panel). The cortex is
known to contain the glomeruli together with the proximal and
distal convoluted tubules. Correspondingly, the round red structures
which are 100–200 µm in diameter (see scale bar) reflect
predominantly the presence of vimentin (red) and are consistent
with glomeruli, which have this size range and morphology.
According to the ProteinAtlas, the glomeruli are known to
express high levels of vimentin but not the tubules (Uhlen et al.,
2015) (https://www.proteinatlas.org/ENSG00000026025-VIM/
tissue/kidney) which is consistent, for example, with vimentin
expression in the endothelial cells of the glomerular capillaries
(Stamenkovic et al., 1986). Conversely, the purple string-like
structures are most likely the convoluted tubules which are
expected to have a high concentration of Na+/K+ ATPase in their
walls to facilitate Na+/K+ transport. The selective expression of Na+/
K+ ATPase in the distal and proximal convoluted tubules is
corroborated by the ProteinAtlas (Uhlen et al., 2015) (https://
www.proteinatlas.org/ENSG00000163399-ATP1A1/tissue/kidney).
Interestingly, the major renal cytokeratins (KRT7, 8, 18 and 19) are
known to be expressed in the distal tubules but not the proximal
tubules (Uhlen et al., 2015; Djudjaj et al., 2016) (https://www.
proteinatlas.org/ENSG00000111057-KRT18/tissue/kidney).
Therefore, the predominantly blue string-like structures in the
cortex (panCK) are likely the distal convoluted tubules and the
predominantly purple string-like structures the proximal
convoluted tubules.

Renal Medulla: This general region is indicated by the yellow
bracket in Figure 4 and is known to contain the medullary collecting
ducts, loops of Henle, vasa recta (straight blood vessels) and the
interstitium (Kriz, 1981). In support of this, the vimentin rich (red)
and generally straight and parallel lines in this region are likely blood
vessels (with vimentin expressed in the endothelial lining). Similarly,
the panCK rich straight and parallel blue lines in the medulla are
likely the collecting ducts, which are also known to express the major

renal cytokeratins (Uhlen et al., 2015). Finally, the green structures
in Figure 4 reflect the collagen (type 1A1) which is expected to be
present in the connective tissue and interstitial matrix in both the
cortex and medulla. Supplementary Figure S3 shows selected
individual images for the Miralys™ probes listed in
Supplementary Table SIV.

In a second example, a breast cancer FFPE tissue sample was
imaged by fluorescence microscopy and MALDI-IHC using a
panel of 5 Miralys™ probes consisting of vimentin, collagen,
HER2, histone H2A.X (dual-labeled) and Na+/K+ ATPase (dual-
labeled) antibodies. The FFPE tissue specimen was obtained from
OriGene Technologies (Rockville, MD) along with a pathology
report for a patient diagnosed with adenocarcinoma ductal and
lobular breast cancer. The specimen consisted of 10% normal, 85%
tumor and 5% acellular stroma tissue. The utilization of dual-
labeled probes enabled comparison of the fluorescence microscopy
andMALDI-IHC images from the same sample (this workflow was
discussed earlier). Figures 5A, B compare the same region of the
tissue using fluorescence microscopy recorded on an Olympus
VS200 slide scanner at approximately 0.4 µm spatial resolution
and MALDI-IHC recorded on a Bruker timsTOF fleX equipped
with the microGRID accessory at 5 µm spatial resolution. Only two
of the probes which were dual-labeled for Na+/K+-ATPase and
histone H2A.X are displayed for simplicity. On a histological level,
the cell clusters and cell “islands” observed likely reflect
cancerization of the breast lobules and/or invasive tumor cell
nests. At the subcellular level, the cell nuclei (red) and plasma
membrane (yellow) can be distinguished by the high-resolution
immunofluorescence microscopy (Figure 5A, C) using the
different fluorophores of the dual-labeled histone H2A.X and
Na+/K+ ATPase antibodies, respectively. In contrast, this
subcellular morphology is not fully discernable using MSI. This
is expected since, based on the scale bars in the fluorescence
images, the cells are roughly 10 µm in diameter (~80 µm2) and
therefore only a few of the 5 × 5 µm MALDI-IHC pixels (25 µm2)
would comprise a cell. However, it is notable that the MALDI-IHC
signals for histone H2A.X and Na+/K+ ATPase in Figure 5B are
largely mutually exclusive as would be expected; Figure 5C shows a
roughly 10x magnification of the fluorescence microscopy and
MALDI-IHC images overlaid. At this magnification, a strong co-
localization between the fluorescence and MALDI-IHC signals for
individual nuclei (histone H2A.X) can be observed, indicating a
near cellular level resolution. Since the MALDI-IHC and
fluorescence signals co-localize, this data indicates that the
MALDI-IHC workflow produces accurate spatial imaging of the
target proteins at 5 µm pixel size.

Tissue glycomics using PC-MT conjugated
lectins

MALDI-IHC is not restricted to antibody probes. For example,
carbohydrate-binding lectins can be used for glycomic imaging of
tissues. A panel of top-down targeted PC-MT conjugated lectin
probes could provide “fingerprints” of normal and abnormal
glycosylation patterns for a variety of disease states. In analogy to
bottom-up proteomic MSI based on the detection of proteolytic
protein fragments, current glycomic imaging relies on the cleavage
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of glycans using a variety of glycosidases such as PNGaseF (Powers
et al., 2013; Drake et al., 2018). In contrast, PC-MT conjugated lectin
probes can image the spatial distribution of glycans residing on
intact proteins and lipids that are unaltered.

Changes in N- and O-glycosylation are associated with a variety
of disease phenotypes. For example, the Alzheimer Disease (AD)-
associated proteins APP, BACE1, Nicastrin, Tau, APOE and
TREM2 all have several N- and O-glycosylations (Haukedal and
Freude, 2020). In one example, increased levels of bisecting
N-glycans may promote AD by delaying BACE1 degradation
(Haukedal and Freude, 2020). Aberrant glycosylation also plays a
major role in cancer. For example, truncated O-glycans such as the T
and Tn antigens are a hallmark of carcinomas, O-GlcNAc
modification of the cell cycle related transcription factors FoxM1,
cyclin D1 and c-MYC supports oncogenesis, and key tumor
suppressors such as p53 are also regulated by O-GlcNAcylation
(Peixoto et al., 2019). PC-MT conjugated lectins could be
particularly useful for imaging the spatial distribution of
O-glycans, whereby, unlike N-glycans, no suitable glycosidase

exists for in situ tissue digestion followed by direct label-free MSI
(Poiroux et al., 2017; Wilkinson and Saldova, 2020). PC-MT lectins
avoid this problem and thus facilitate targeted, highly multiplex,
MSI of both N- and O-glycans in tissues.

Here we demonstrate the feasibility of using PC-MT conjugated
lectin probes on an FFPE breast cancer specimen. The same patient
sample as discussed earlier and shown previously in Figure 2 and
Supplementary Figure S1 was subjected in this case to a simple 4-
plex panel of PC-MT lectins. The lectins used and their carbohydrate
affinities are shown in Figure 6A. Of note, the included peanut
agglutinin (PNA) lectin binds to an O-glycan core moiety, the Tn
antigen, whereas the included wheat germ agglutinin (WGA) lectin
to the core of N-glycans [core = GlcNAc dimers; see (Peixoto et al.,
2019)], demonstrating the versatility of this approach. Figure 6B
shows the results of tissue staining with these lectin probes followed
by MALDI-MSI. However, to demonstrate specificity of PC-MT
lectin binding, competitive inhibition of WGA binding was
performed using the soluble sugar N,N′,N′′-Triacetylchitotriose
(TCT). Since TCT specifically binds WGA (Damm et al., 2004),

FIGURE 5
Multimodal high-resolution MALDI-IHC imaging of FFPE breast cancer tissue. (A) Two-color immunofluorescence microscopy image using dual-
labeled Miralys™ probes (Na+/K+ ATPase and histone H2A.X, yellow and red, respectively). (B)MALDI-IHC image at 5 µm pixel size using Bruker timsTOF
fleX equipped with the microGRID accessory to image the mass-tags from the same dual-labeled probes (Na+/K+ ATPase and histone H2A.X, blue and
red, respectively). (C) Merge of the fluorescent and MALDI-IHC images shown in (A) and (B) for a selected region (see cross-hatched yellow
rectangle in (A). TheMALDI-IHC image comprised of 5 × 5 µmpixels for histone H2A.X (in this case the square yellow pixels) was interactively aligned with
the fluorescent image comprised of individual cell nuclei colorized as red, also histone H2A.X.
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the signal from the WGA probe (cyan) is absent in Figure 6B, while
the other three lectins provide differential staining of the breast
cancer tissue. Interestingly, the phytohemagglutinin-E4 (PHA-E4)
lectin preferentially stains the stromal regions (blue), while the PNA
and dolichos biflorus agglutinin (DBA) lectins (red and green,
respectively) differentially stain the tumor regions. These regions
are defined based on PC-MT antibody staining (see Supplementary

Figure S1; for example, PanCK and Her2 antibody staining defines
the tumor epithelial cell regions and vimentin [mesenchymal cells]
provides strong staining in the stromal regions; vimentin staining
was also shown earlier in Figure 2 for this patient sample). Figure 6C
shows WGA staining alone, with the TCT competitive inhibition
(left panel) and without TCT inhibition on an adjacent (serial) tissue
section on the same slide. When the TCT blockade is lifted (right

FIGURE 6
Mass spectrometry imaging of glycans in an FFPE breast cancer specimen using PC-MT lectin probes. (A) 4-Plex PC-MT lectin panel used and their
carbohydrate selectivity. (B)MALDI-MS image of the four PC-MT lectins on the FFPE breast cancer specimen (see color key in image). To show specificity
of lectin binding (of WGA in this case), the mixture of PC-MT lectin probes was spiked and pre-incubated with the soluble sugar N,N′,N′′-Triacetyl-
chitotriose (TCT) which specifically binds WGA. (C) WGA image alone with the TCT blockade (left) and without the TCT blockade on an adjacent
(serial) tissue section on the same slide (right).
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image), generalized staining of most of the tissue section is observed
as would be expected since WGA binds the core of N-glycans.

Importantly, PC-MT lectin staining can be followed by
subsequent PC-MT antibody staining on the same tissue section
(not shown), using two sequential rounds of staining and MALDI-
MSI (with matrix removal by acetone in between), without
significant degradation of the antibody results compared to just
antibody staining alone. The two rounds of staining and imaging in
this case (lectins first) were performed in sequence to avoid binding
of the lectins to the glycans on the antibodies (the glycan containing
serum components of the IHC buffers were also omitted for the
lectin steps). However, the use of antibodies lacking glycosylation
[e.g., F (ab’) 2 fragment antibodies or nanobodies] could facilitate a
“one-pot” staining approach.

Discussion

The need for improved multiplexing, multiomic and
multimodal spatial imaging methods of tissues for basic research
and clinical pathology has been widely described (Stack et al., 2014;
Li et al., 2017; Porta Siegel et al., 2018; Chuah and Chew, 2020).
While considerable efforts have been focused on extending the
multiplex limitation using optical/microscopic techniques, such as
hyperspectral/multispectral and super-resolution approaches, these
methods have only achieved at most 12-plex imaging (Tsurui et al.,
2000; Stack et al., 2014; Parra et al., 2017; Gorris et al., 2018). Other
approaches aimed at exceeding this limit require extensive
immunofluorescence cycling (CyCIF) which involves iterative
staining, imaging, oligo-probe hybridization and/or dye removal/
inactivation (Wahlby et al., 2002; Schubert et al., 2006; Gerdes et al.,
2013; Blom et al., 2017). This includes Akoya’s OPAL multispectral
platform, t-CyCIF (Lin et al., 2018) and CODEX (Goltsev et al.,
2018) which has also been adopted by Akoya. While the speed and
efficiency of these CyCIF approaches have significantly improved
such as with Akoya’s PhenoCycler instrument, critical limitations
still exist such as the ability to detect both small metabolites and
intact proteins from the same sample on the same instrument. Other
techniques such as Nanostring’s GeoMx® profiling approach can
also reach high multiplexity by utilizing photocleavable
oligonucleotide tags, but this technique is slow, expensive on a
per slide basis, and requires specialized equipment. Furthermore, it
still does not bridge the gap to spatially image both intact proteins
and small metabolites.

Standard BioTools imaging mass cytometry (IMC) and
IonPath’s MIBI-TOF approaches partially address the multiplex
problem and still retain subcellular resolution by using antibodies
tagged with rare earth metals combined with imaging by inductively
coupled plasmamass spectrometry (ICP-MS) or secondary ion mass
spectrometry (SIMS), respectively (Angelo et al., 2014; Giesen et al.,
2014). These approaches can provide approximately 50-plex
targeted (top-down) tissue imaging at a single-cell level even for
three-dimensional imaging as recently shown for breast cancer
tissue (Kuett et al., 2022). However, they require highly
specialized, difficult to maintain and expensive instrumentation.
Furthermore, while this approach is extremely useful for proteomic
discovery and characterization of, for example, cancer tumors at
cellular and subcellular resolution (Jackson et al., 2020), it is difficult

to perform wide-field proteomic imaging of entire tissue specimens
which can take many hours to days (~1–2 h/mm2).

As described here and summarized in Table 1, MALDI-IHC
offers several features which not only complement existing spatial
biology imaging techniques such as IMC and MIBI but also provide
several advantages for multiplex, multiomic and multimodal
capabilities. These include:

Multimodal Capability: Since the development of
immunofluorescent staining methods by Coons et al., in 1942
(Coons et al., 1942), IHC using fluorescent or chromogenic labels
has been a mainstay for both researchers and clinical pathologists
(Nasr et al., 2018). MALDI-IHC dual-labeled probes provide a
link between this more classical low-plex immunostaining
approach and higher-plex MALDI-IHC by enabling both
fluorescent and MALDI imaging to be obtained from the same
tissue specimen using the same affinity probe. Such multimodal
capability has many advantages as described in a recent review
(Neumann et al., 2020). For example, since the
immunofluorescence optical image normally has a much
higher spatial resolution than the MALDI-IHC, this offers
opportunities to enhance the resolution of the higher-plex MSI
image using a variety of analytical methods (Van de Plas et al.,
2015; Patterson et al., 2018; Porta Siegel et al., 2018). For example,
it was shown that by fusing optical microscopy images and MSI
images enabled the prediction of molecular distributions at
higher spatial resolution and with higher chemical specificity
(Van de Plas et al., 2015). Similarly, targeting dual-labeled
fluorescent/mass-tagged probes to the plasma membrane such
as with Na+/K+-ATPase antibodies and to the cell nuclei such as
with histone antibodies, and performing cell segmentation based
on the optical image, it will be possible to identify specific and
highly heterogeneous cell types in a tissue such as a tumor using a
much larger panel of PC-MT probes. The fluorescent image
derived from dual-labeled probes can also serve as a type of
qualitative control for IHC staining protocol, tissue integrity and
even instrumental performance. A comparison between the two
image intensities on a pixel-by-pixel basis can be used for image
alignment and potentially provide quantitative information by
correlating fluorescence and MSI intensities.

Multiomic untargeted small molecule and intact protein imaging
on the same sample: As demonstrated here and in earlier work
(Yagnik et al., 2021), MALDI-IHC workflows enable imaging of
both small metabolites and targeted intact proteins on the same
sample using the same MSI instrumentation. This multiomic
capability can provide a unique spatial correlation between the
small molecules and intact protein. This spatial correlation can
be essential since proteins serve as the major machinery of the cell
and function as enzymes, pumps, channels, motors, receptors, and
modulators of cell activity, often by interacting with small molecules.
This multiomic capability also adds a vital link allowing drug
researchers to correlate drug distribution in tissues with the
spatial distribution of intact proteins which in some cases are the
target of these drugs. The possibility also exists of mapping larger
exogenous biologic drugs such as monoclonal antibody-based drugs
(Strohl et al., 2012) which are conjugated to PC-MTs using
modifications of the workflows described here. The extension of
MALDI-IHC to mapping the 3D spatial distribution and correlation
of drugs and intact proteins can be especially valuable, for example,
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as has already been shown for drugs in multicellular tumor
spheroids and organoids (Wang and Hummon, 2021).
Combining metabolomic and proteomic imaing and the spatial
correlations it provides can also be useful in developing more
advanced diagnostic/prognostic pathology assays which guide
therapeutic decisions. For example, there have been numerous
clinical applications of MALDI-MSI technology for cancer and
neurodegenerative diseases (Ucal et al., 2017). The introduction
of MALDI-IHC will likely augment these clinical applications.

Wide-field imaging: Research and clinical applications often
require imaing of a large tissue specimen at non-cellular
resolution. In the context of high-plex proteomic imaging,
techniques such as IMC and MIBI-TOF, while providing much
higher resolution than MSI, are generally restricted to imaging
regions of interest (ROIs) that are only a few mm2 in area or
alternatively scanning entire specimen over many hours or days. In
contrast, MSI instruments, such as the Bruker rapifleX Tissuetyper,
can scan a 1 cm2 specimen in a less than 1 h at 40 µm spatial
resolution. While this is not at cellular resolution, such survey
scans can be of great value for identifying ROIs that display a
particular proteomic profile and can then be characterized in more
detail. In one recent example, MALDI-IHC was used to guide a
more classical untargeted proteomic analysis of specific regions of
breast cancer FFPE specimens (Claes et al., 2023). K-means cluster
analysis based on the MALDI-IHC imaging defined ROIs of the
tissue which were subsequently cut out and removed with laser-
capture microdissection. These small, excised ROIs were then

trypsinized and subjected to bottom-up LC-MS proteomic
analysis which provided insight into associated cellular
pathways that are active in these regions. Wide-field MALDI-
IHC analysis of whole specimens also can potentially be used in
conjunction with machine learning methods (Fremond et al.,
2023) to identify ROIs which can be further explored at higher
resolution. After a low-resolution wide-field MALDI-IHC survey
scan, identified ROIs can potentially be rescanned at higher
resolution by initially adjusting the laser settings and the matrix
deposition conditions (e.g., spraying parameters) so the matrix is
not fully ablated during the initial scan. Alternatively, a
multimodal approach using dual-labeled probes can be used to
identify ROIs that are selectively scanned at high resolution while
the rest of the specimen is scanned at lower resolution.

Wide-field MALDI-IHC capabilities can also be extended to
imaging of individual cells, subcellular components and even
extruded products of cells dispersed on a slide and derived from
cell cultures, liquid biopsies, or tissue homogenates. One example is
the characterization of extracellular vesicles (EVs) isolated from
body fluids such as blood which are considered a valuable biomarker
for potential cancer diagnostics (Nikoloff et al., 2023). The time
necessary to scan thousands of cells dispersed on a slide using
MALDI-IHC can be significantly shortened by using microscopy-
guided single cell profiling. For example, this approach was
demonstrated using MSI for 3,000 individual rat cerebellar cells
dispersed on a slide (Neumann et al., 2019). The utilization of
fluorescent imaging of dual-labeled PC-MT probes followed by

TABLE 1 Comparison of the major features of various multiplex tissue imaging methods with focus on top-down targeted imaging of intact proteins. “*” denotes
imaging methods which are intrinsically bottom-up and do not target specific intact proteins. For example, MALDI-MSI is normally used for untargeted detection
of small molecules including protein proteolytic fragments. Note that the last row with yellow check marks combines features of MALDI-MSI and MALDI-IHC.

Target plex
limit

Unlabeled small
molecules

Intact targeted
proteins

Cellular
resolution

Quickly scans
entire slide

H&E *

IF 10

MIBI 45

IMC 45

CyclicIF 100

MALDI-MSI *

MALDI-IHC >100

Combined MALDI-IHC Workflow (High-
plex, Multimodal, Multiomic)

>100
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optically-guided single-cell MALDI-IHC profiling could potentially
be utilized for this purpose.

In summary, MALDI HiPLEX-IHC and the workflows
described here provides a new approach for high-plex, multiomic
and multimodal spatial imaging of tissues and potentially single cells
using conventional MALDI instrumentation. Although lower spatial
resolution than optical imaging methods including CyCIF andmetal
tagged antibody-based MIBI-TOF and IMC, MALDI-IHC
complements these other techniques and provides a valuable tool
for basic research, drug discovery and ultimately clinical
applications.
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