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Mass spectrometry imaging (MSI) has become increasingly utilized in the analysis of biological
molecules. MSI grants the ability to spatially map thousands of molecules within one experimental run in
a label-free manner. While MSI is considered by most to be a qualitative method, recent advancements
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in instrumentation, sample preparation, and development of standards has made quantitative MSI (gMSI)
more common. In this feature article, we present a tailored review of recent advancements in gMSI of
therapeutics and biomolecules such as lipids and peptides/proteins. We also provide detailed
experimental considerations for conducting gMSI studies on biological samples, aiming to advance the
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Introduction

Mass spectrometry imaging (MSI) is a widely used analytical
technique that provides information on the spatial distribution
of analytes in a sample. Mass spectrometry (MS) analysis
generates detailed chemical information for a sample, whereas
MSI can provide similar information but in a spatially defined
manner as depicted in a “chemical heatmap”. In general, MSI
works by accumulating a range of mass-to-charge (m/z) values
that correlate to a specific location, or pixel, on a sample. After
an imaging analysis is complete, all spectra are combined to
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create a “chemical heatmap”, where each pixel of the map is
associated with a corresponding mass spectrum. This map
provides spatial information for analytes of interest, within
the given m/z range."”

MSI is complementary to other methods commonly used for
spatial analysis of biological samples, including hematoxylin
and eosin (H&E) staining and immunohistochemistry (IHC)
staining. Both methods are utilized in detecting and locating
various biomolecules within tissues and even to the single cell
level. Despite the widespread use of both techniques, neither
method can provide ample molecular/chemical information on
biomolecules of interest.> MSI can provide simultaneous quan-
tification of many different analyte compounds, unlike H&E
and IHC staining.” MSI also has an added advantage over these
traditional techniques in that it is a label-free technique and
can study a broad range of analyte compounds simultaneously
within one imaging run.’

Gabrielle E. Kemper is currently an
undergraduate student at The Ohio
State University and will receive her
BS in Chemistry in 2024. She
currently works in collaboration
with Joseph H. Holbrook on drug
efficacy studies. Her future plans
include applying to medical school
following completion of her degree.

DR\
S i

Gabrielle E. Kemper

Chem. Commun., 2024, 60, 2137-2151 | 2137


https://orcid.org/0000-0002-1969-9013
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cc05988j&domain=pdf&date_stamp=2024-01-29
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc05988j
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC060016

Open Access Article. Published on 22 enero 2024. Downloaded on 23/02/2026 16:43:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

There are several different techniques used for MSI studies
that can be classified into hard and soft ionization techniques.
Hard ionization refers to adding an excess amount of internal
energy into a molecule and leading to extensive fragmentation
of the molecule. This type of ionization is extremely useful for
structural characterization of molecules.® Soft ionization tech-
niques use less energy and result in less fragmentation of
molecules; thus, the target molecule remains intact for analy-
sis. Matrix-assisted laser desorption/ionization (MALDI) is one
of the most popular approaches for conducting soft ionization.
MALDI-MS has been applied to a variety of applications such as
mass spectral fingerprinting of bacteria’ and the characteriza-
tion of polymers,® proteins,® and peptides,'® to name a few. The
process for MALDI-MS is like MALDI-MSI where a laser strikes a
sample containing matrix, which then generates ions for sub-
sequent detection to provide molecular information about the
sample. However, a crucial distinction between MALDI-MS and
MALDI-MSI lies in the spatial information. While MALDI-MS
provides molecular information about the sample it does not
provide this information in a spatially defined manner like
MALDI-MSI grants, as shown in Fig. 1. MALDI-MSI, combines
all the spectra collected over the sample region to create an ion
image, which is information that is not achieved by MALDI-MS
alone. MALDI has bolstered in popularity for imaging and
the technique has been applied on a variety of sample types
including tissues,"'> 3D cell cultures, such as spheroids
and organoids,"*™™ and even single-cell imaging.'®'” Another
extensively used soft ionization technique for imaging is
desorption electrospray ionization (DESI). DESI has the added
benefit of using a liquid-spray extraction which allows for
samples to be analyzed in ambient conditions.'® Other, less
extensively used MSI techniques include secondary ion mass
spectrometry (SIMS) and laser ablation inductively coupled
plasma (LA-ICP). SIMS is a hard ionization technique used for
imaging that displays high spatial resolution; albeit, at the cost
of analyte fragmentation."® LA-ICP based imaging also displays
higher spatial resolution but provides mainly topological ele-
mental information.>® Interestingly, nanoparticle-enhanced
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LDI-MS, an ionization technique similar to MALDI, has recently
been applied for increasing metabolite sensitivity in both breast
cancer and neuromyelitis optica spectrum disorder.>?* This
ionization technique is efficient for studies involving lower
molecular weight metabolites as MALDI matrices can result in
ion suppression and matrix peaks.”® All of these techniques have
many variants which allow researchers to tailor their ionization
source for specific applications.?*

Despite their differences, these techniques have the same
general experimental flow of using a laser or liquid-spray to
raster over a sample causing the formation of ions which then
proceed to the mass spectrometer for subsequent detection.
While the flow of ions to the detector is generally the same for
these techniques, the mechanisms for ion formation are
different.”® This feature represents a key advantage in mass
spectrometry, where different imaging modalities can be used
in a complementary fashion since molecules display different
propensities for ionization.>*?”

The vast majority of MSI studies involve mapping the
distribution of therapeutics and biomolecules, including
lipids,”®° proteins,>'3* peptides,** carbohydrates,*>*® and
other metabolites.’”

Biomolecules display heterogeneity; both across different
classes of molecules and within subclasses.*®? It is this inher-
ent heterogeneity that has made biomolecules increasingly
popular to study by MSI, as differential expression of potential
biomarkers is often correlated to disease states.*>*' Therapeu-
tics are often employed for prevention and treatment of diseases,
in hopes of altering the expression of biomolecules back to a
normal healthy state.*> In short, endogenous species can be
altered in response to an exogenous drug treatment.*>** This
property has made MSI of exogenous therapeutics increasingly
popular to study, as investigators can map therapeutics spatially
and monitor how endogenous species are altered.””** Since
biomolecules are involved in many key biological processes
and therapeutic intervention can influence their expression,
they have become popular targets for biomarker discovery.*®
Numerous MSI studies have focused on increasing both the
sensitivity and specificity of measurements for biomolecules.***°
Distinguishing how a disease state or therapeutic intervention
impacts biomolecule expression and localization can give us further
insight into both the pharmacokinetics®® and pharmacodynamics.>

Quantitative mass spectrometry studies often rely on some
form of separations such as gas or liquid chromatography
(GC or LC) coupled to a mass spectrometer. There are
many protocols and techniques that describe how to perform
quantification of therapeutics,®*** lipids,>*° proteins,>® and
carbohydrates,”” using separations. Quantification using
LC-MS is considered the gold standard in quantification of
biomolecules, as the technique is robust and routinely utilized.
MSI offers a complementary alternative to traditional LC-MS,
where spatial information can be gained.”® When working with
separations, the user must routinely check column stability and
perform quality control checks for both peak integrity and
retention time shifting. With improvements in mass spectro-
metry instrumentation, sensitivity, specificity, and data analysis,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Classic workflow for (a) MALDI-MS and MALDI-MSI and (b) DESI-MSI on tissue. Depicted is one of the possibilities for the addition of internal
standards into the matrix for MALDI application or mixed in with the solvent for DESI application.

MSI has emerged as a potential alternative for quantitative
studies, termed quantitative MSI (qMSI).>®> qMSI has emerged
within the field of mass spectrometry as it allows for relative and
absolute values of concentration of specific analytes within a
spatial context. MSI has been used extensively in pharmacokinetic
and toxicology studies to determine drug and associated metabo-
lite localization within tissues. Conducting qMSI allows for the
determination of drug or metabolites concentration in the tissue
along with the spatial localization in one workflow without the
need of extended validation with other analytical techniques.®
Reduced usage of other analytical techniques allows for higher
throughput of novel therapeutics within the therapeutic develop-
ment pipeline and could contribute to the discovery of biomole-
cular targets in a timelier manner. Compared to LC-MS, MSI
typically has more user-friendly protocols and allows for direct
analysis of a sample, without the need for any digestion or
fractionation, and provides spatial localization information. It is
important to note, spatial omics, where LC-MS and MSI studies
are conducted in tandem, has been increasing in popularity.®**>
Spatial omics aids in validating the identification of analytes,
provides quantitative information, and grants spatial information
for a given sample.

Many gMSI experiments describe relative quantification,
which is dependent on the use of internal standards or endo-
genous molecules to assess the concentration of other molecules
within a sample.®*** Relative quantification studies aid in providing
relative concentration changes in addition to the spatial localization
of subclasses of biomolecules within samples.®® These types of
studies have even been used in pharmacokinetic and pharma-
codynamic studies of therapeutics and associated metabolites.*®
The capabilities of MSI have improved to the point of obtaining
absolute quantification. Absolute quantification involves an
intense sample preparation, as it must address differences
in both ionization and extraction efficiency of molecules and
consider signal suppression caused by “matrix effects”.®*
Additionally, absolute quantification is comparable to relative

This journal is © The Royal Society of Chemistry 2024

quantification in that both must contend with a lack of available
standards.

In this feature article, we describe the most recent advance-
ments made in gMSI studies of therapeutics and biomolecules
with a focus on MALDI & DESI systems. The following sections
will contain considerations for both method development
and data analysis. Additionally, we present detailed sections
focused on qMSI of therapeutics, lipids, and peptides/proteins.
Within, we provide prime examples of qMSI employed by our
and other research groups. Finally, the scope and limitations
of qMSI will be discussed in further detail. We would also like
to highlight other excellent reviews on the topic of qMSI of
biomolecules.®*°%°°

Experimental considerations
MALDI matrices

Matrix selection is an integral part of the initial setup of a
MALDI experiment. There are multiple factors that must be
considered when selecting an adequate matrix including, but
not limited to: analyte of interest, m/z range, instrument
polarity, and crystal size.”””" Some common MALDI matrices
include 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxyci-
nnamic acid (CHCA), 9-aminoacridine (9-AA), 1,5-diaminona-
phthalene (DAN), N-(1-naphthyl)ethylenediamine dihydrochloride
(NEDC), norharmane (NRM), and 2-{(2E)-3-(4-tert-butylphenyl)-2-
methylprop-2-enylideneJmalononitrile (DCTB). A list of matrices
can be found in Table 1, along with examples of biological
molecules that readily ionize with the matrices in MALDI-MSI
analysis.

MALDI-MSI of lipids benefits from measurements con-
ducted in both positive and negative polarity, by increasing
lipid class coverage in biological samples. Positive polarity
measurements readily display phosphatidylcholine (PC) and
sphingomyelin (SM) lipid species due to their inherent positive
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Table1 Common MALDI matrices used for biomolecule detection
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Matrix (Abbreviation)

Common biological targets Polarity (Ref.)

1,5-Diaminonaphthalene (DAN)
2/,5'-Dihydroxyacetophenone (DHA)
2',5'-Dihydroxybenzoic acid (DHB)

9-Aminoacridine (9-AA)

a-Cyano-4-hydroxycinnamic acid (CHCA)
N-(1-naphthyl)ethylenediamine dihydrochloride (NEDC)
Norharmane (NOR)

Sinapinic acid (SA)

Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)

charge and have been described using numerous matrices.”
For example, Jalaludin and colleagues, examined exosomal
lipid content using a variety of matrices including DHB, CHCA,
and SA in positive mode.”” They found PC and SM lipids to be
some of the most abundant lipids present in positive mode
measurements, but noted that this detection can be influenced
by both matrix selection and sample preparation. Negative
polarity measurements display mainly phosphatidylethanola-
mine (PE), phosphatidylinositol (PI), phosphatidylserine (PS),
and phosphatidylglycerol (PG) using matrices such as DAN,
9-AA, DHA, and others.”>® Recently, Angerer and colleagues,
empirically determined that DAN matrix is best suited for high
spatial resolution MALDI-MSI and tandem-MS of lipids in
negative polarity.”> DAN matrix predominantly displayed PE
lipids, but also exhibited broad lipid coverage in negative
polarity over other traditional matrices.

MALDI analysis of peptides and proteins has primarily
involved the use of sinapinic acid (SA) for large proteins and
CHCA matrix for peptide mapping.”>** Recently, Gu and col-
leagues compared SA and CHCA matrices to a more novel
4-hydroxy-3-nitrobenzonitrile matrix in the analysis of organic
molecules, peptides, and proteins.’* They found that 4-hydroxy-
3-nitrobenzonitrile, in comparison to the more traditional
matrices, displayed lower background signal and was compar-
able to other matrices in the analysis of biological tissues.
Similarly, Park et al, used both CHCA and DHB for relative
quantification of proteins and peptides by constructing calibra-
tion curves for the proportion of analyte-to-matrix ion abun-
dance and the analyte-to-matrix ratio.”” This observation for
temperature-selected MALDI is amendable for the use of no
internal standard and provides a rapid and inexpensive relative
quantification of analytes in MALDI analysis. Most recently, the
use of MALDI high-plex immunohistochemistry (MALDI-IHC)
was employed for the analysis of intact proteins using CHCA
matrix.’® In this study, photo-cleavable mass tags are attached
to antibodies for increased specificity of protein targets relative
to traditional in situ tryptic digestion. Using these tags and
CHCA as a matrix, this team was able to obtain 5 um spatial
resolution imaging of proteins in a semi-quantitative manner.

While not the focus of this feature article, carbohydrates are
another significantly important biomolecule for conducting
gMSI. Carbohydrate analysis has often involved the use of soft
ionization techniques such as MALDL.®” The most conventional
matrices used for carbohydrate analysis include DHB and
CHCA.”””® For example, Angel and colleagues published a
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Lipids,*>*® metabolites® 446 _46,83,84
Lipids 435,86
Proteins, peptides 487,88

Lipids 470,89

robust protocol on the imaging of N-glycans and peptides using
the same formalin-fixed paraffin embedded (FFPE) tissue sec-
tion using CHCA as a matrix.”® In this study, they were able to
co-localize N-glycans and peptides for region specific informa-
tion on the same tissue section. Similarly, the Heeren research
group was able to perform N-glycan imaging with CHCA
matrix in fresh frozen (FF) tissue sections.®’ In their study,
they optimized a protocol for FF samples that was comparable
to the signal obtained to the more traditional FFPE samples
imaged for N-glycans.

MALDI matrix application

In general, it is recommended to nebulize or sublimate the matrix
onto tissues that are mounted on indium-tin-oxide (ITO) coated
slides rather than airbrush or dry drop methodologies.”""'*
Nebulization and sublimation are two of the most consistent
methods for matrix application as they both apply a homogenous
coating of matrix over the slide; nebulization of a matrix is shown
in Fig. 1.”"'°" Homogenous application of the matrix is essential
in mitigating matrix “hotspots” caused by uneven matrix spray
and analyte delocalization.>**°* These hotspots can create arti-
facts in analyte distribution and concentration throughout a
sample, which is why it is crucial to use a matrix application that
is both homogenous and reproducible.'® Similarly, when con-
ducting MALDI-gMSI, the standard must be homogenously pre-
sent on/in the sample for reliable construction of calibration
curves. Any delocalization of internal standard on a tissue will
result in unreliable comparisons between analytes of interest and
the standard.

Additionally, crystal sizing is another important aspect to
consider when choosing a matrix application device. Different
matrix application devices can result in diverse matrix crystal
sizes which influences the spatial resolution of an image and
analyte delocalization."®*'** Single cell spatial resolution is
now obtainable with the use of nebulization or sublimation
where matrix crystal sizes are as small as 1-to-30 pm in size,
depending on the matrix and application device.'** In compar-
ison, most mammalian cells typically have a diameter of 10 to
100 pm."% Therefore, it is advisable to use a robotic sprayer for
nebulization of matrix or a sublimation device for uniform
distribution of small matrix crystals across a sample. Using
these devices mitigates irregularities between users and allows
for uniform application of internal standards for both relative
and absolute quantification studies.

This journal is © The Royal Society of Chemistry 2024
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Solvent selection: MALDI-MSI

Solvent selection is another key aspect of MALDI-MSI and DESI-
MSI. Common organic solvents used in MSI include acetoni-
trile (ACN) and methanol (MeOH), where the ratios of each
solvent are dependent upon the target biomolecule.'*'°” For
MALDI, the matrix must be readily soluble in the solvent and
minimize the delocalization of analytes within the sample upon
matrix application.'®® Sun et al., thoroughly examined the effect
of solvent selection in a MALDI based system and how it can
impact the sensitivity of lipid detection.'® In their study, they
examined several different combinations of matrix and solvent
types and found MALDI-MS spectra of lipids was extremely
dependent on the properties of solvent used for dispersing the
matrix and dissolving the lipids. Interestingly, they also
described that 9-AA matrix displays only a single, [M + H]',
peak for certain lipid classes, while other matrices display
multiple adducts, adding to the complexity of the spectra. They
determined this was due to the interaction of analytes with the
matrix being a solvent dependent process which directly con-
tributes to the enhancement of the ionization/desorption effi-
ciency. This effect on sensitivity likely reflects solvent-mediated
alterations to dipole-dipole interactions and hydrogen bonding
of analytes with the matrix and provides further evidence for
empirically determining the best matrix and solvent for your
analyte of interest. Additionally, Leopold and colleagues
detailed the importance of understanding solvent volatility in
relation to “dried droplet” experiments for creating homoge-
nous matrix/analyte mixtures.”® If different solvents and sol-
vent ratios are used, these factors can influence the co-
crystallization for the matrix and analyte, rendering these types
of experiments unsuitable for quantitative analysis. Several
groups have found much success in MALDI-MSI of bio-
molecules using different solvent types. For example, Shimma
and Sugiura, demonstrated the influence that solvent selection
has on analyte sensitivity in MALDI-based analysis." " Compar-
ing ethanol (EtOH), ACN, and MeOH solvents, they found the
sensitivity of the signal for the therapeutic olaparib to be five
times greater in an ACN-based solvent than a MeOH-based
solvent in mouse liver. Therefore, we suggest it is best to
empirically determine the most suitable solvent for the combi-
nation of matrix and target analyte to ensure homogenous
crystal deposition, high sensitivity, and reproducibility.

Solvent selection: DESI-MSI

Solvent selection for DESI-based experiments is also an essen-
tial step in the experimental planning process. Similarly to
MALDI, typical solvents used in DESI-MSI experiments include
ACN and MeOH mixed with varying amounts of H,O both with
and without an acid."™* As DESI is a liquid extraction technique,
the solvent can directly influence the extraction efficiency of
certain classes of biomolecules, like lipids for example.'*?
Comparison of solvent compositions’ effect on extraction effi-
ciency for proteins/peptides was carried out by Towers and
colleagues.™ In this study, they examined organic solvent
solution concentrations in the range of 50 to 90% for both

This journal is © The Royal Society of Chemistry 2024
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ACN and MeOH and how solvent composition affects the
ionization efficiency of hemoglobin subunits for DESI-MSI.
They found 80% organic solvent to be the optimal concen-
tration and that ACN outperformed MeOH in detection sensi-
tivity for hemoglobin subunits. Additionally, for quantitative
studies, internal standards can be incorporated into the extrac-
tion solvent for direct online comparison of analytes of interest
in real time as shown in Fig. 1."""'"* For example, Lanekoff
et al., used four lipid standards added simultaneously to the
DESI-solvent, in doing so, direct comparisons between ion
abundancies and extent of matrix effects could be determined
in mouse brain tissue.'" In comparison to MALDI studies,
DESI solvent composition should be empirically determined
based on the biological target of interest and, if available, prior
research studies. Lastly, for both MALDI and DESI studies, the
field of fluidics has emerged for MS analysis of biomolecules at
the subcellular level and displays great promise for increasing
the sensitivity of molecular targets."'®'"” Incorporation of
fluidics to MS is very compelling for applications dealing with
small sample sizes, increasing analyte sensitivity, and the
potential addition to MSI workflows.""®

Normalization methodologies

Data normalization is a key step in the experimental pipeline
for MSI studies. Normalization involves incorporating a scaling
factor across the entirety of the acquired MS data set to either
reduce or expand the range of the intensity scale to be
compared.""® Data normalization is important because it can
account for and remove artifacts within the imaging data set.
These artifacts include but are not limited to heterogeneous
crystal sizing and application, differential abundance of bio-
molecules within a sample, salt content of the sample, and ion
source contamination.>”™*'?® The most widely used normal-
ization strategies included total ion count (TIC) or root mean
square (RMS) global normalization, which are calculated across
the full compiled spectrum. Global normalization strategies
have been used for relative quantification studies, but fail to
take into account matrix effects, such as differential distribu-
tions of salt adducts and heterogeneous sample types having
diverse molecules that display altered propensities for
ionization.®® Therefore, for targeted quantitative studies, it is
advisable to use labeled internal standards as reference mj/z
peaks for normalization of the data set. This type of normal-
ization is easily accomplished by a variety of techniques such as
direct on-tissue spraying of the standard before matrix applica-
tion, having the standard mixed in with the matrix, or having
the internal standard spiked into a reference sample as
shown.®® Porta and colleagues detailed the benefits of using
labeled internal standards; they compensate for differences in
ionization efficiencies, co-crystallization, and analyte extraction
efficiencies in a given sample.'*® The drawbacks from using
internal standards as a means for data normalization is the
analytes of interest must be known and the experiment con-
ducted in a targeted manner such that the standards are within
the same mass range and of similar chemical makeup of the
molecule of interest. This downside is becoming less of a
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problem with further development of isotopically labeled
standards for a variety of biomolecules becoming increasingly
available.

gMSI of therapeutics

Most therapeutics within the clinical pipeline fail to make it to
market.'*” Analysis from clinical datasets describe four main
reasons for why most drugs are clinical failures including lapses
in clinical efficacy, wide deviations in toxicity, modest drug-like
properties as detailed by Lipinski’s rules,"* and poor execution
of experimental planning.'*” Therefore, techniques aimed at
addressing these issues are sought after, due to the longevity
and expenses related to drug discovery and development. MSI is
a heavily utilized technique for visualizing therapeutics in a
label-free manner within a wide range of biological samples.
Not only can MSI provide spatial information for therapeutics
and their metabolites, but the technique can also help to identify
any differentially expressed biomolecules, which may be caused
by drug treatment.

Both MALDI-MSI and DESI-MSI have been used effectively
for therapeutic penetration analyses in tissues and 3D cell
cultures.**"**'*> Most studies focus on direct comparisons
between a treated and an untreated sample, providing relative
quantification of therapeutics and metabolites. Our research
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group has focused on therapeutic and metabolite detection using
MALDI-MSI since 2011,"*® using 3D cell culture models as a
means of recapitulating the tumor microenvironment and exam-
ining the penetration capabilities of chemotherapeutics.*”**®
In 2022, President Biden signed the FDA Modernization Act 2.0
into law, which advocates for the use of alternatives to animal
models in drug testing, including the use of 3D cell cultures for
drug efficacy studies."® The combination of 3D cell culture
models and MSI can facilitate drug development as the spatial
localization of the therapeutic and metabolites can be visualized
in addition to potential differential abundances of biological
molecules related to the drug treatment."*%*3*

We have examined the penetration and metabolism of
irinotecan (IR), a topoisomerase I inhibitor, in 3D cell culture
models, such as a colorectal cancer spheroid model and
organoids using MALDI-MSL.'*'3? This study mapped the ther-
apeutic, irinotecan, and the active metabolite, 7-ethyl-10-
hydroxycamptothecin (SN-38), in a colorectal cancer spheroid
model,"® thus describing relative quantitation of the analytes
within the spheroid and providing pharmacokinetic insights
for the drug distribution. More recently, we have expanded the
development of the spheroid model system and drug delivery
systems to further recapitulate in vivo conditions by incorpora-
tion of 3D printed fluidic devices,"*® introduction of dietary
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Fig. 2 gMSI of irinotecan (IR) distribution in HCT 116 spheroids. (A) MSI of IR and the internal standard (IS), d10-irinotecan, detected at 587.286 m/z and
597.349 m/z respectively. Data is normalized against peak area of the IS. (B) Calibration curve of IR quantification. The error bars shown represent the
quantification of three biological replicates of spheroids. (C) Penetration curve displaying IR concentration changing as a function of treatment time in
whole spheroids. Adapted with permission from ref. 136. Copyright {2023} American Chemical Society.
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* and drug delivery with liposomes.'*® Each of
these studies relied on MALDI-MSI for relative quantitation of
IR and associated metabolites, as a clinically relevant chemo-
therapeutic for spheroid model development. In a more recent
publication, we describe absolute quantification of IR in a time-
dependent penetration study using a spheroid model system
and MALDI-gMSL">® To create the calibration curves, control
spheroids were homogeneously sprayed with different concen-
trations of IR solutions to establish the limit-of-detection (LOD)
of IR on the sample as shown in Fig. 2. After spraying with IR
solutions, deuterated IR was then applied as an internal
standard. Using the generated calibration curve with an R* =
0.9643, we then applied spatial segmentation to distinguish the
concentration of IR throughout the dosage interval in a spher-
oid region specific manner. We concluded from this study, after
a 48-hour incubation period with 20.6 uM, the concentration of
irinotecan throughout the spheroid was 16.9 uM. This experi-
ment is the first of its kind to show MALDI-qMSI of a ther-
apeutic in a single spheroid.

There has been a plethora of exciting publications recently
for using MSI to visualize therapeutic penetration in model
systems. For example, Islam and colleagues successfully mapped
the therapeutics Imipramine and Chloroquine, along with their
metabolites in C57BL/6 male wildtype mice using DESI-MSI,
MALDI-MS]I, and atmospheric pressure (AP)-MALDI-MSL"*” Their
work emphasized the newly developed AP-MALDI-MSI, but also
serves as an excellent example of several different ionization
techniques being used complementary to one another to elucidate
drug and metabolite penetration. Another publication by Traberg
and colleagues, describes an innovative mimetic tissue model for
skin and incorporates the use of spiked standard homogenates
into the mimetic tissue for MALDI-qMSL"® In their study, they
monitored the penetration and concentration of bleomycin, a
medication used in the treatment of cancers, using a skin biopsy
from a pig. They establish the LOD of bleomycin using the tissue
memetic model homogenates for MALDI-MSI and obtained com-
parable values for the concentration of the drug as determined by
LC-MS.

Work by Holm et al., combined the use of DESI- and MALDI-
MSI to map the distribution of the immunosuppressant cyclos-
porine (CsA) in whole body mouse sections and larger
organs.™® Their work focused primarily on the use of DESI-
MSI, where DESI-MSI was optimized using rat liver homogenate
spiked with different concentrations of CsA. Using the homo-
genates, they determined the LOD of CsA was around 5 pg g~ " and
CsA was mainly detected as a Na' or K adduct. Interestingly, they
found CsA to be primarily localized to the liver and pancreas,
whereas the hydroxy and dihydroxy metabolites were predomi-
nantly in the intestines. Additionally, recent work by the Laskin
group demonstrated near proportionate concentrations of diclo-
fenac and metabolites between LC-MS and nano-DESI-MSL'*
Quantitative nano-DESI-MSI was achieved by comparison to a
deuterated standard incorporated into the solvent spray. Using
selected ion monitoring (SIM) during nano-DESI-MSI acquisition
allowed for distinguishing the spatial localization of diclofenac
metabolites in specific regions within mouse kidney and liver.

restrictions,
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We have also examined the efficacy and penetration of
other therapeutics using a 3D spheroid model. For example,
platinum-based therapeutics, like oxaliplatin, cisplatin, carbo-
platin were visualized along with metabolites after derivatiza-
tion with diethyldithiocarbamate using MALDI-MSL.'*! In this
study, we quantified the concentration of oxaliplatin in different
regions of the spheroid model by constructing calibration curves
using ultra performance liquid chromatography (UPLC) and
coupled this information with the spatial distribution of the
drug. We demonstrated the ability to visualize these platinum-
based therapeutics, such as oxaliplatin, within 90 minutes of
incubation in distinct regions of the spheroid model including
the necrotic core. Coupling the information gained from MALDI-
MSI with UPLC-MS we were able to monitor drug clearance as
oxaliplatin-related species decreased rapidly in 2 hours, where
even after 90 minutes, only 7.0% of the initial drug was present
in the spheroids providing some pharmacokinetic insight
for these drugs in this model. Concurrently, we have focused
on MALDI-MSI of protein and peptide therapeutics, ranging
from FDA-approved drugs to novel therapeutics. We visualized
Cetuximab, a monoclonal antibody that is used for immuno-
therapy treatment of colorectal cancer, by MALDI-MSI after on-
tissue-reduction and -alkylation."** Cetuximab is a epidermal-
growth-factor receptor (EGFR) inhibitor, so by using two differ-
ent spheroid models that express different levels of EGFR, we
examined disparate changes in the pharmacokinetics between
the two spheroids using MSI. Similarly, in collaboration with
Professor Dehua Pei and his research group, we used MALDI-
MSI to examine both the pharmacokinetics and pharmacody-
namics of cyclic peptidyl inhibitors within a colorectal spheroid
model."** We found for the cyclic peptidyl inhibitor, PGD97, that
once it effectively enters the cytosol, it is rapidly reduced to its
active form and subsequently undergoes degradation, with some
of the intact peptide still present after 24 hours. This finding was
important in determining the efficacy of PGD97 as an inhibitor
of the cystic fibrosis transmembrane conductance regulator and
associated ligand in the treatment of cystic fibrosis.

qMSI of Lipids

Lipids are essential biomolecules as they are involved in a
plethora of biological functions such as providing structural
integrity for cells and organelles, transportation of molecules,
serving as both an energy source and storage, cell signaling,
and a variety of other functions.'**™* This vast functional
diversity can be attributed to the broad heterogeneity found
within lipid structures.*®'*® There are numerous lipid classes
such as glycerophospholipids, sphingolipids, sterols, and fatty
acyls, to name a few. Within each lipid class are subclasses
of lipid molecules. For example, glycerophospholipids can be
further disassembled into phosphatidylcholine (PC), phospha-
tidylethanolamine (PE), phosphatidylinositol (PI), and sphin-
gomyelin (SM) to name a few of the different types.'*”
Additionally, each of these lipids display structural heterogeneity,
varying in fatty acid chain length and degree of unsaturation
which can directly affect lipid function.?® In the context of disease,
cancers can regulate the amount of saturated and unsaturated
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fatty acids within phospholipids located in the plasma
membrane of cells to increase resiliency to oxidative stress and
chemotherapeutics.’*® Additionally, a recent study described
the influence of glycerophospholipid expression in the context
of chronic obstructive pulmonary disease, where they found
differential expression of PC and PE lipids between the disease
tissue and control."*® Since lipids play an important part in
biological functions and can be indicative of disease onset and
progression,'*® several imaging modalities have been employed
to distinguish the spatial distribution and abundance of lipids,
such as MSL. >33

Limited works have been published detailing MALDI-qMSI
of lipids."* Most works have focused on direct comparisons
of lipid abundance between a disease state and healthy control
tissue.”>>**® A recent study by Martin-Siaz and colleagues
elegantly demonstrated the blending of MALDI-MSI and
HPLC-MS to distinguish how well the two techniques correlate
with one another in lipid biomarker discovery in clear cell renal
cell carcinoma.’®® This study found that both MALDI-MSI and
HPLC-MS experiments could spatially classify the lipid signa-
ture to distinct regions in the kidney, such as the cortex and
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medulla. A direct comparison of healthy vs. renal cell carci-
noma was made using MALDI-MSI and quantification was
conducted using internal standards with HPLC-MS analysis.
Their findings highlight the potential of using MALDI-MSI
for distinguishing different cell populations in a sample based
on the samples lipid profile and how quantification can be
conducted complementary to imaging modalities. Jadoul and
colleagues demonstrated an innovative method for MALDI-
gMSI of lipids within a brain section by using brain homo-
genates spiked with an internal standard.'®® They quantified
different PC lipid species spatial distributions in a region
specific manner within a mouse brain section as shown in
Fig. 3. This study highlights the ability to conduct MALDI-qMSI
of lipids and other small endogenous compounds while con-
sidering matrix effects caused by imaging a heterogenous
tissue. A more recent study by Angelini and coworkers utilized
on-tissue derivatization of cholesterol by adapting an enzyme-
assisted derivatization for sterol analysis (EADSA) for absolute
quantification of cholesterol in a mouse brain tissue.'®’ In
general, the group applied [*H,]cholesterol as an internal
standard to mouse brain sections using an automated sprayer,

[PC(16:0/18:1)+Na]* [PC(16:0/18:1)+K]*

0 100 250 500 1000 2500 5000 8000

Fig. 3 Analysis by MALDI-MSI of sections from an intact brain and brain homogenates spiked with a range of PC(16: 0 d31/18:1) concentrations. (A) A
serial section after HGE staining. (B) Definition of ROIs on the section (ROI1: red corpus callosum; ROI2: green cerebral cortex; ROI3: blue lateral septal
nucleus; ROI4: grey caudoputamen; ROI5: yellow hypothalamus). (C) Molecular images showing the distribution of different PC ionic species ([M + H]™,
[M + Nal* and [M + K]*) across the intact brain section surface. (D) Molecular image showing the intensity scale corresponding to the [PC(16 : 0 d31/18 :1)
+ HI™ on the spiked (between 100 and 8000 pg g~%) homogenate sections analysed simultaneously to the intact brain. Reproduced with permission from
ref. 160, under Creative Commons License Attribution 4.0 International (CC-BY 4.0), Springer Nature (https://creativecommons.org/licenses/by/4.0/
legalcode).
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followed by cholesterol oxidase enzyme and Girard-P hydrazine
to apply a charge-tagged sterol hydrazone. After incubation,
CHCA matrix was applied using an HTX TM-sprayer and
endogenous cholesterol was detected using MALDI-MSI and
normalized to the applied internal standard. Using this
method, they were able to assess, both qualitatively and quan-
titatively, region specific changes in cholesterol levels between
wild-type (WT) and Niemann-Pick C1 disease (Npc1) mice brain
sections as a function of age. Similarly, a recent publication by
Vandenbosch et al.,, demonstrates the use of a multi-class
internal standard lipid mixture, sprayed homogenously over a
mouse brain section for quantification of several different lipid
classes in one imaging run using MALDI-MSL."®*> They found
subtle differences in image quality between normalization to an
internal standard and normalizing to the conventionally
applied TIC.

While ongoing work is being conducted on qMSI of lipid
species, simultaneously, there has been a push in the imaging
community for increased depth in identification and quantifica-
tion of double bond and stereospecific numbering (s#-) position in
lipids.">* Both the degree of saturation and sn-positioning have
important biological functions and can even be used for prediction
of disease and for diagnostics, making these molecular features
essential for further examination."®™* Born & Prentice described
the use of electron induced dissociation (EID) performed with the
use of a MALDI source to generate fragments of PC lipids for
identification of sn-1 and sn-2 positions, as well as the location of
double bonds within the fatty acyl chains.'®® Interestingly, the
authors demonstrated the ability to characterize and identify PC
lipids directly from a rat brain tissue section due to the addition of
EID. They later extrapolated this technique further by describing
how relative quantification could be performed using this techni-
que on both sodium and potassium adducts in PC lipids.'®” This
methodology can be used complementary to traditional imaging
workflows to provide greater details in lipid characterization in
tissue sections. Traditionally, collision induced dissociation (CID)
is performed complementary to imaging experiments to provide
lipid structural information such as the degree of unsaturation or
fatty acyl chain length but lacks the ability to elucidate sn-position
and double bond location."*®*"”° Claes and colleagues combined
ozone-induced dissociation (OzID) with CID to demonstrate
isomer-resolved MALDI-MSI of lipids in rat brain."®® In this study,
ozone was supplied directly into a SYNAPT HDMS G2-Si system
where a lipid precursor is trapped and when in the presence of
ozone fragmentation occurs at the double bond position. When
CID is conducted in tandem with OzID, sn-position can be
determined for further characterization of lipid structure. Addi-
tionally, sensitivity testing was conducted to establish the LOD of
1.1 fg um~? and limit of quantification (LOQ) of 2.2 fg um™> of a
PC 34:1 standard to establish characteristic OzID fragments that
could be used in the remainder of the study. These studies
describe innovative methodologies for identification of lipid bio-
molecules and serve as platforms for increased quantitative stu-
dies to be performed using MALDI-qMSI.

Similarly to MALDI-MSI, DESI-MSI of lipids has focused
primarily on relative changes in lipid abundance in tissues
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and more quantitative imaging is forthcoming.'”’ Research
conducted by Mondal et al., detailed the ability to use DESI-
MSI to differentiate cancerous versus adjacent normal in samples
obtained from 73 breast cancer patients.'”> They identified
several lipid species that were upregulated in the cancerous
tissue, including four diacylglycerol (DG) molecules which were
the most unique and intense change in lipid abundance for the
entire patient set. They concluded that utilizing DESI-MSI was
useful in validation for intraoperative surgical pathology and DG
would serve as a unique diagnostic biomarker for predicting
breast cancer in patients, as validated by their machine learning
experiments. To advance from a more qualitative understanding
of lipid distribution to a more quantitative assessment, research
groups using DESI-MSI have employed spiking internal stan-
dards into their solvent spray. For example, Julia Laskin’s
research group has published several works detailing the intro-
duction of internal standards to solvent spray to achieve DESI-
gMSI with lipid biomolecules. Specifically, the Laskin group
developed a high spatial resolution and high throughput proto-
col for DESI-MSI of lipids that elegantly details all the para-
meters and considerations needed for obtaining high quality
lipid images.'”® Within this work, the group detailed how the
incorporation of lipid internal standards into the working sol-
vent reflects the actual distribution and concentration of lipid
species within uterine tissue, as shown in Fig. 4. This study also
focused on matrix effects as a key issue for achieving qMSI and
they showed how the incorporated internal standards undergo
the same ionization suppression as endogenous lipid species
making normalization to the standard more appropriate than
traditional normalization to TIC. In a similar study from the
Laskin group, the same integration of internal standards to the
solvent system was applied to imaging of mouse lung tissues
in a comparative fashion with nano-DESI MSI and LC-MS/MS
lipidomics."™ The multi-class internal standard lipid mixture
spiked in the solvent contained different classes of both lipids
and fatty acids for normalization. This study concluded that the
direct sampling method of nano-DESI MSI provides close to 50%
lipid coverage in comparison to the LC-MS/MS analysis, demon-
strating the breadth of lipid coverage obtainable in a high-
throughput, spatially defined manner. Recently, Mavroudakis
and colleagues modified the extraction solvent in a nano-DESI
system with crown ether molecules to better understand alkali
metal ion distributions in mouse brain tissue sections with the
addition of internal standards for relative quantification.'”*
Where alkali metal ions play important roles in biological
processes, the group examined the interplay between Na'
and K" concentrations at the elemental level to see how these
concentration influence adduct formation in lipid species. In
summary, they successfully quantified alkali metals, lipids, and
other metabolites and distinguished how they are located spa-
tially in ischemic regions of a mouse stroke model.

gMSI of peptides & proteins

Proteins are considered a fundamental building block of life.
Proteins are involved in countless biological roles including
regulating gene expression, providing structural integrity in
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Fig. 4 Compensation for matrix effects in nano-DESI MSI by adding
internal standards to the solvent in uterine tissues. (a) The use of the internal
standard (Std; LPC 19:0) indicates the matrix effects originating from
competitive ionization of analytes, as well as variations in the abundance
of alkali metal salts. Raw images describe the ion images without any
normalization (Norm.). (b) lon images of [M + Nal® and [M + KI* of
endogenous GPC, PC 36:1, PC 36:4, PC 38:4, and standard LPC 19:0
(Standard). lon images are normalized to the TIC in the left two columns and
to the standard LPC 19: 0 (Std) in the right two columns. By normalizing to
the corresponding LPC 19: 0 adducts, the same ion images are obtained for
[M + Nal* and [M + K]* ions of endogenous lipids, which are free of matrix
effects and present their actual distribution in uterine tissue. Reproduced
with permission from ref. 173, under Creative Commons License Attribution
4.0 International (CC-BY 4.0), Springer Nature (https://creativecommon-
s.org/licenses/by/4.0/legalcode).

cells, serving as enzymes for catalyzing reactions, immune
function, and countless others.’”>'”® Similarly to lipids, pro-
teins incredibly diverse functional roles can be attributed to the
wide structural heterogeneity they display.'”” Protein structural
diversity can stem from amino acid sequence variability, influ-
ence of side chain interactions along the peptide backbone,
and post-translational modifications (PTMs)."”® Where the
structural characteristics translate to biological function, it is
clear how any perturbation in protein structure could lead to
detrimental outcomes in protein function, leading to disease
onset and progression."”® Since dysregulation or modification
of proteins can lead to disease; protein structure, involvement in
cell signaling, gene regulation, enzyme function, and even their
use as potential therapeutics has been studied extensively.'®’ >
In MS, the gold standard for protein analysis, or proteomics,
is LC-MS/MS. While this method is great for both targeted
and untargeted studies in identifying and quantifying proteins,
it does not provide insight to the localization of proteins
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in situ."®>"'®* MSI, specifically gMSI, is continually advancing
to provide not only the spatial localization of proteins or related
peptides, but also quantitative information as the availability of
internal standards, quality controls, and instrumentation
improves.

Common within the methodology of MALDI-MSI of proteins
is an in situ tryptic digestion step prior to matrix application
and imaging. On-tissue tryptic digestion is critical because it
allows for simplification of the MS analysis. Due to their large
size, native proteins display limited compatibility and sensitivity
for general MSI runs. However, creating small peptide fragments
that correspond to specific proteins is more amendable to MSI
analysis and can improve the sensitivity of detection. For exam-
ple, in a recent study Fiorentino and colleagues describe a
comprehensive pipeline for in situ detection of follicle protein
content within a mouse ovary by employing trypsin digestion
prior to MALDI-MSI analysis."®® Utilizing the same digested
tissue, they complemented the MALDI-MSI data with nano-LC-
MS/MS and correlate the peptide fragments to specific proteins
by the Mascot software and the Swissprot protein database.
They successfully employed a spatial proteomics workflow to
map proteins of both known and unknown function during the
process of folliculogenesis.

One of the benefits of conducting on-tissue tryptic digestion
of proteins is that it can lead to more qMSI studies as the
peptide abundance can be attributed to the abundance of a
specific protein."®® Additionally, in a targeted analysis, isotope-
labeled peptide internal standards can be synthesized for
improved quantification.’®”'®® Clemis et al, demonstrated
the addition of an isotopically labeled myelin protein tryptic
peptide on a rat brain section post on-tissue trypsin digestion
which allowed for the normalization of digested myelin protein
across the entire brain section.'® The imaging was conducted
on a QTrap mass spectrometer with a MALDI source which has
the capability for multiple reaction monitoring (MRM) analysis
for greater specificity and sensitivity of myelin protein fragments
and the internal standard. Using a blank ITO slide, the authors
conducted a serial dilution of the standard by aerosol deposition
to construct a calibration curve of the ratio of endogenous to
labeled peptide prior to qMSI. The authors found that their
method supports the accurate quantification of a protein target
within a tissue and has the capability to retain the spatial
localization of the protein. As previously described, Porta and
colleagues stringently monitored their imaging parameters to
determine how many pixels are needed for accurate quantifica-
tion of drugs and peptides using a dried droplet methodology
with a MALDI system.'?! Within their study, a trypsin digested
monoclonal antibody and the associated isotopically labeled
peptide standard are spotted together on a MALDI plate to
distinguish the appropriate number of pixels for analysis and
normalization as shown in Fig. 5. They found at least ten pixels
need to be considered to obtain sufficient quantification with
standard deviations below 10% for this system. Their analysis
was based on similar quantitative proteomic studies where the
ratio of an endogenous molecule is often compared to that of
an internal standard; in their study the same area or pixels was
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Fig. 5 Normalization method for peptide quantification. (a) Size of the region of interest (ROI), (b) MALDI-SRM/MS images for the peptide

AEDTAVVYCAR obtained after digestion and derivatization of a monoclonal
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signal ratio (theoretical ratio of 2). Variation of the ratio peptide/IS after (c) pixel-by-pixel normalization and (d) area-by-area normalization as a function
of the number of pixels considered per ROI. (e) Inter-spot variability (RSD%) in function of the number of pixels selected per ROI. Reproduced with

permission from ref. 121, under Creative Commons License Attribution 4.0
licenses/by/4.0/legalcode).

considered for the peak area of both the digested monoclonal
antibody and the internal standard. This study elegantly pre-
sents factors that need to be considered for qMSI analysis
including but not limited to frequency of the laser, laser power,
matrix effects, number of pixels for accurate quantification, and
matrix application methods. Recently, Dewez and colleagues
used a multilabel peptide approach to correct for any dispropor-
tional ionization effects caused by different local environments
within a tissue section, which is not entirely taken into account
with the use of an external calibration using one standard."*° In
their study, they performed a comparison between multilabel
and single-label quantification for histone H4 peptides in a pig
colon tissue section by MALDI analysis. Utilizing a dynamic
concentration for the isotopically labeled internal standards,
post on-tissue trypsinization, they calculated the absolute
concentration of endogenous H4 peptide in a per-pixel manner.
The multilabel analysis proved superior to the single-label as it
displayed reduced variance to the predicted concentration of
endogenous peptide relative to the single-label. This study high-
lights the importance of considering tissue heterogeneity for
molecules of interest, as concentrations of these molecules can
be dynamic and are not often fixed in concentration across an
entire tissue section.

While MALDI-MSI of peptides is considered the gold stan-
dard in qMSI analysis of proteins, MALDI-MSI of intact high
molecular weight proteins is becoming more feasible. There are
currently several techniques being employed for MALDI-MSI of

This journal is © The Royal Society of Chemistry 2024
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intact proteins, which often involve some sort of functionaliza-
tion or tagging of the target protein. Recently, MALDI-IHC, or
the combination of MALDI-MSI and immunohistochemistry,
has been demonstrated for the analysis of a wide variety of
protein targets.”®**'%> This approach utilizes the specificity
granted by traditional immunohistochemistry analysis by the
use of targeted antibodies. These antibodies are functionalized
by a photocleavable mass-tag which contain a modified poly-
peptide motif of a known molecular weight and can be
observed by MALDI post ultraviolet radiation to distinguish
protein location."®* While this technique allows for the visua-
lization of particular protein targets, the peak heights from the
spectral output only detail semi-quantitative data. However,
incorporation of internal standards similar in chemical proper-
ties to the polypeptide mass-tags could allow for absolute
quantification of the protein targets and is currently being
explored. Another fascinating technique recently demonstrated
by Wang, et al., for MALDI-MSI of protein biomarkers, employs
the use of gold nanoparticles functionalized with organic
oligomers that serve as mass-tags which are visualized after
specific binding of exosome containing proteins to an
antibody.'®* The authors took advantage of exosome secretion
from different cancer cell lines by selectively capturing the
exosomes, which all contain different surface protein biomar-
kers dependent on the cell of origin. Utilizing their antibody-
coated gold chip in tandem with mass-tag containing gold
nanoparticles they effectively created a quantitative platform
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to both visualize and classify protein biomarkers on the surface
of the exosomes. Both innovative techniques detail the feasi-
bility of whole protein MALDI-MSI analysis and the potential of
incorporating more quantitative measurements utilizing these
techniques.

Outside of MALDI-MSI, qMSI of peptides and proteins is
being conducted by other ionization techniques. Predomi-
nantly, liquid extraction surface analysis (LESA) has shown
great success for quantification of proteins in tissue.'®* Havli-
kova and colleagues demonstrated how LESA-MS could be used
for quantitative imaging of ubiquitin within a rat brain mimetic
tissue model by utilizing a dynamic concentration of a spiked
isotopically labeled ubiquitin protein.’®* Prior to analysis,
the authors performed method validation by determining the
lower and upper limits of quantification, 68.6 nmol g~ " and
163 nmol g~ ! respectively, utilizing the mimetic tissue model.
After determining the limits of quantification, a dynamic range
of concentrations were applied to the mimetic model and used
for construction of a calibration curve for the 9+ charge state of
ubiquitin. They then performed the same experimental setup
on sagittal sections of rat and mouse brain to determine the
concentration of endogenous ubiquitin as 139.641 =+
95.403 nmol g~ and 90.233 + 51.512 nmol g~ ' respectively.
While many additional works from Dr Helen Cooper’s research
group has focused on LESA-MS usage for imaging of proteins
and protein complexes, they have more recently described
incorporating nano-DESI as an alternate ambient ionization
source."”>'°® nano-DESI allows for a nondenaturing solvent to
be used for intact protein analysis along with the added
advantage of higher resolution imaging relative to LESA-
MSL'° In the first report of native nano-DESI-MSI, Hale &
Cooper employed protein standards for LOD determination,
which yielded a value of ~0.4 pmol.'®® While relative concen-
tration of protein complexes were reported for the untargeted
study, the incorporation of specific internal standards could be
used in a more targeted analysis. Thus, not only has this study
demonstrated the feasibility of conducting native MSI using
nano-DESI, but it also opens the door to future studies invol-
ving targeted qMSI.

Conclusions & outlook

Within the past decade, research groups have placed emphasis
on advancing the quantitative output of MSI. In this feature
article, we have summarized some of the most recent innovative
ideas while paying homage to previous foundational works in
conducting qMSI for a variety of therapeutics and biomolecules.

We emphasize the need to empirically derive the most
suitable matrix and solvent for conducting qMSI, which is
tailored to the analyte of interest. Additionally, we discuss the
homogenous application of matrix for MALDI analysis, which
must be applied across the tissue to prevent matrix ‘“hot spot”
formation, as well as mitigate analyte delocalization. We
focused our discussion of qMSI in the context of the two most
utilized ionization sources for imaging, MALDI and DESI. For
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both ionization sources, we discuss recent advancements in
imaging capabilities such as improvements in instrumentation,
alternative methods for increasing sensitivity of detection, devel-
opment of standards, and increased understanding of sample
preparation. Such advancements have led to the bolstered usage
of MSI for analysis of therapeutics and biomolecules. The
enhancement in qMSI capabilities grants future studies to be
more accurate and detail the molecular distribution of analytes
in a quantitative fashion. The examples we highlighted are
foundational for increasing broad-spectrum usage of qMSL
While other important molecules such as carbohydrates were
not discussed, they are equally as significant as what was
discussed in this feature article. As the usage of MSI expands,
we foresee a shift in the MSI community from the more
commonly applied direct comparison analysis of analytes to a
more quantitative analysis for more accurate conclusions.
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