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Abstract

Mass spectrometry imaging (MSI) is a powerful, label-free technique that
provides detailed maps of hundreds of molecules in complex samples with
high sensitivity and subcellular spatial resolution. Accurate quantification
in MSI relies on a detailed understanding of matrix effects associated with
the ionization process along with evaluation of the extraction efficiency and
mass-dependent ion losses occurring in the analysis step. We present a crit-
ical summary of approaches developed for quantitative MSI of metabolites,
lipids, and proteins in biological tissues and discuss their current and future
applications.
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Matrix-assisted laser
desorption/
ionization (MALDI):
an ionization
technique in which a
light-absorbing matrix
is deposited onto a
sample to assist the
desorption and
ionization of
molecules with
minimal fragmentation
from interaction with a
laser

Mass spectrometry
imaging (MSI): an
analytical technique
that enables direct
label-free spatial
analysis of hundreds of
molecules in biological
samples by measuring
their abundances at
different locations in
the sample

Absolute
quantification:
determination of the
exact amount or
concentration of an
analyte of interest in a
sample

Matrix effects: signal
suppression or
enhancement during
ionization of complex
mixtures due to
competition for charge
or differences in the
efficiency of charged
adduct formation

Relative
quantification:
determination of the
relative change in an
analyte concentration
within or between the
samples

1. INTRODUCTION

Mass spectrometry (MS) is a powerful analytical technique that enables the sensitive detection and
identification of molecules in complex mixtures. With the advent of softionization techniques such
as electrospray ionization (ESI) (1) and matrix-assisted laser desorption/ionization (MALDI) (2),
MS became an indispensable tool for the label-free detection of intact biomolecules in biological
samples. Dramatic improvements in the sensitivity, quantification, and identification capabilities
of MS instrumentation have uniquely positioned it at the forefront of biological research, clinical
studies, drug discovery, forensics, and environmental sciences. Meanwhile, the development of
approaches for the spatial localization of molecules using MS imaging (MSI) has extended these
strengths of analytical MS to the cellular and subcellular scales and enabled detailed molecular
mapping of hundreds of molecules in biological tissues (3-9).

Absolute quantification is one of the key challenges in the MS analysis of complex mixtures (10,
11). Aside from instrumental parameters and sample preparation protocols, quantitative MS must
address the complexity associated with dramatic variations in the ionization efficiency of different
classes of compounds; signal suppression during the ionization of complex mixtures, also referred
to as matrix effects; and the lack of appropriate standards (11). Relative quantification relies on an
internal standard or a selected endogenous molecule in the sample to obtain the relative change in
concentrations of other molecules in different samples. This approach is commonly used in untar-
geted profiling of the variations in the chemotype of a system at different conditions. Meanwhile,
absolute quantification provides the absolute values of concentrations of analytes in the sample,
making it much more challenging, particularly in the context of the complex mixture analysis that
is of interest to this review.

A majority of quantitative MS studies of small molecules involve separation such as liquid
or gas chromatography, which reduces the complexity of the analyte mixture. These studies
typically rely on targeted techniques in which isotopically labeled standards are used to convert
peak abundances observed in mass spectra into concentrations. In quantitative metabolomics (12,
13), the scarcity of standards may be addressed by employing microbial metabolism to generate
libraries of isotopically labeled biomolecules. However, this approach still requires a substantial
investment in the calibration and validation of the newly designed libraries of standards. In
lipidomics (14), quantification typically uses two standards per lipid class that are selected from
lipid species expected to be absent in the specific system under investigation. Correction factors
are established to account for the differences in the ionization efficiency of lipids with different
lengths and degrees of unsaturation of the fatty acyl chains (15). Several experimental approaches
have been developed for absolute quantification in proteomics experiments. These techniques
are not discussed here, and readers are referred to several excellent reviews on this topic
16, 17).

Since the initial demonstration of MSI by the Caprioli group (18), MALDI has become the
most widely used soft ionization technique in MSI experiments, with several commercial plat-
forms available to the scientific community (8, 9, 19, 20). The recent development of ambient
ionization techniques, in which samples are analyzed without special pretreatment, has expanded
the range of MSI applications (21-23). These ionization techniques can be classified into laser-
based and liquid-extraction-based approaches (24). Laser ablation (LA) and LA coupled with ESI
(LAESI) (25), along with matrix-assisted laser desorption ESI (MALDESI) (26), are among the
most widely used laser-based ionization techniques in MSI. Meanwhile, most MSI experiments
involving liquid-extraction-based techniques have relied on desorption ESI (DESI) (27, 28) and
its variants along with nanospray DESI (nanoDESI) (29), liquid microjunction surface sampling
probe (LMJ-SSP) (30), and liquid-extraction surface analysis (LESA) (31).
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Regardless of the ionization technique employed, MSI experiments always involve the simul-
taneous analysis of hundreds of molecules extracted from each location in the sample without
chromatographic separation or sample cleanup. Furthermore, the addition of standards in MSI
experiments is not straightforward. As a result, many quantification strategies developed for bulk
sample analysis using MS cannot be directly applied to MSI. Despite these challenges, several ap-
proaches have been developed to facilitate quantitative MSI (QMSI). In this review, we focus on
the most recent developments in QMSI, as earlier studies in this field have been previously re-
viewed (32-35). We present approaches for QMSI of metabolites, lipids, and proteins in biological
tissues and discuss their current and future applications.

2. MATRIX EFFECTS IN MASS SPECTROMETRY IMAGING

Matrix effects are common in MSI experiments (36, 37); however, the extent of signal suppression
varies with the composition of the analyzed mixture. In tissue imaging, changes in the chemical
composition of species extracted from different anatomical regions of heterogeneous tissue sec-
tions are the key factor determining the severity of matrix effects. Two types of matrix effects have
been observed in MSI experiments: (#) ionization suppression due to the competition of molecules
for charge and (/) signal enhancement or suppression due to variations in the alkali metal con-
centrations in different regions of the tissue sample (36, 38, 39). Regardless of their origin, matrix
effects may affect the observed spatial localization of molecules and thereby the quantification of
their concentrations in different parts of the tissue sample. As a result, compensation for matrix
effects is necessary for accurate quantification in QMSI experiments.

2.1. Normalization Strategies

Different normalization strategies have been developed to compensate for matrix effects. The
normalization of ion signals to the total ion current (TIC) is the most widely used approach in
MSI experiments. Signal variations due to matrix effects are retained in ion images with TIC
normalization. For example, Lanekoff et al. (36) used a middle cerebral artery occlusion (MCAO)
stroke model in mice to illustrate the different types of matrix effects observed in the MSI of
complex biological samples. In this experiment, the researchers performed nanoDESI MSI using
a solvent containing two phosphatidylcholine (PC) standards, PC 25:0 and PC 43:6, supplied at
a constant rate throughout the experiment. An optical image of the MCAO brain tissue section
and ion images of both endogenous PC species and PC 43:6 standard normalized to the TIC
and to the signal of an appropriate adduct of PC 25:0 are shown in Figure 1. The distribution
of the signals of the sodium and potassium adducts of the standard shown in Figure 1 is clearly
not uniform, indicating the presence of matrix effects. First, the suppression of potassium adducts
and the enhanced signals of sodium adducts of the same analyte molecules are observed in the
ischemic region of the brain. This is attributed to differences in alkali metal concentrations caused
by ischemia. Second, the high content of glycolipids in the white matter and the low ionization
efficiency of these molecules result in an enhanced signal intensity of the PC standards in this
region of the brain. These results demonstrate that normalization to the TIC cannot be used to
compensate for these types of matrix effects.

Normalization to the standard has been used to generate ion images free of matrix effects,
as shown in Figure 1. In this approach, the signals of endogenous PCs are normalized to the
corresponding adduct of the PC standard. Normalization to the standard signal is a promising
strategy for obtaining accurate concentration gradients of tissue sections using MSI. Multiple
standards may be used to assess matrix effects for the different classes of lipids and metabolites
observed in MSI experiments.
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Internal standard:

a molecule added to
the sample for
quantification
experiments that
accurately represents
signal variations
during ionization and
transfer of analytes to
a mass spectrometer

Laser ablation (LA):
a technique in which
molecules are ablated
from a sample with the
use of a laser

Desorption
electrospray
ionization (DESI):
an ambient ionization
technique in which
molecules are removed
from a sample by a
stream of charged
solvent droplets and
ionized with minimal
fragmentation

Nanospray
desorption
electrospray
ionization
(nanoDESI): an
ambient ionization
technique in which
molecules are
extracted from a
sample into a dynamic
liquid bridge formed
between two
capillaries positioned
at an angle and ionized

by ESI
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Figure 1

(2) An optical image of a middle cerebral artery occlusion brain tissue section with the ischemic region marked in pink and white matter
marked in cyan. (5) Ion images of [M + Na]* and [M + K] of the phosphatidylcholine (PC) 43:6 standard and endogenous PC 34:1
and PC 38:4. Jon images normalized to (top) the total ion current and (botrorz) PC 25:0 standard are shown; the intensity scale bar
ranges from 0% (black) to 100% (light yellow) signal intensity of an individual peak. Figure adapted from Reference 36; copyright 2014
The Royal Society of Chemistry.

Liquid microjunction
surface sampling
probe (LMJ-SSP):
sampling probe
composed of coaxial
capillaries; solvent is
delivered through the
outer capillary and
aspirated through the
inner capillary,
forming a liquid
microjunction with the
sample for direct
analyte extraction

Liquid-extraction
surface analysis
(LESA): an ambient
ionization technique in
which molecules
extracted from a
sample into a static
solvent droplet are
subsequently
transferred to a mass
spectrometer inlet and
ionized by nanospray
ionization

Total ion current
(TIC) normalization:
a normalization
method in which each
peak abundance in the
mass spectrum is
divided by the sum of
abundances of all the
peaks
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Several studies have used normalization over a region of interest instead of pixel-by-pixel nor-
malization to compensate for regional matrix effects. In this approach, a tissue extinction coef-
ficient (TEC) is used as a normalization factor to obtain normalized abundances of endogenous
molecules extracted from the tissue. TEC is generally used to evaluate the analyte ion suppression
either across different regions within the tissue or across different types of tissue. In one study,
region-specific matrix effects were examined for a drug, olanzapine, that was evenly deposited
onto mouse brain tissue (40). The authors used the graph-cuts algorithm to automatically cluster
pixels from areas corresponding to different anatomical regions of the brain and calculated the
region-specific TEC values shown in Figure 24. Direct comparison of the results obtained in
DESI and MALDI experiments showed a fourfold decrease in TEC values in MALDI in com-
parison with those in DESI, indicating that olanzapine experienced higher ion suppression in
MALDI experiments. Normalization of olanzapine signals to region-specific TEC values, shown
in Figure 2b, largely eliminates regional ionization suppression effects and enables the alignment
of normalized intensities across clusters corresponding to different anatomical regions. Ion im-
ages of olanzapine are shown in Figure 2¢. With TIC normalization, olanzapine shows higher
signals in white matter, indicating the presence of matrix effects. However, ion images normal-
ized to TEC show a more uniform distribution of olanzapine across the tissue, which is consistent
with the expected distribution of the deposited drug. The performance of this approach is highly
dependent on the number of clusters used for the normalization; the characteristic anatomical
features are still visible with 15 clusters (Figure 2¢) and are less prominent with 50 clusters (not
shown).

2.2. Experimental Approaches

Other strategies that help to reduce matrix effects in MSI typically rely on sample prepara-
tion to obtain better control of the ionization process. Spraggins and coworkers (41) examined
the effects of the matrix application approach and the properties of the matrix on the sensi-
tivity of MALDI MSI toward different lipids using mouse liver tissue. Matrix selection affects
the observed molecular profiles, types of adducts, and lipid coverage obtained using MALDI.
For example, protonated species are more abundant when 1,5-diaminonaohtalene (DAN) and
9-aminoacridine (9AA) are used as matrices. Meanwhile, 2,5-dihydroxybenzoic acid (DHB), 5-
chloro-2-mercaptobenzothiazole (CMBT), and 2,5-dihydroxyacetophenone (DHA) facilitate the
formation of alkali metal adducts of analytes, with potassium adducts preferably formed when
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(#) Tissue extinction coefficient (TEC) and (b) normalized TEC values calculated in (Jeft) desorption electrospray ionization (DESI)
and (right) matrix-assisted laser desorption/ionization (MALDI) for olanzapine as an [M + H]* adduct (#/z 313.14) deposited on
10-pm mouse brain sections. Anatomical regions corresponding to the molecular (Mo) and granular (Gr) layers of the cerebellum,
hippocampus (Hipp), and white matter (WM), which were successfully segmented using graph-cuts clustering, are indicated with
different-colored bars. (¢, top) Normalized total ion current (TIC) images of protonated olanzapine obtained with DEST and MALDI
are shown, and (bottorz) normalized ion images of protonated olanzapine by cluster-specific TECs are shown for 15 clusters. Figure

adapted with permission from Reference 40; copyright 2018 American Chemical Society.

DHA is used as a matrix. The matrix application method mainly affects the types of adducts
generated in the ionization process. Alkali metal adducts are preferentially formed when the
matrix is applied using spray coating, whereas matrix sublimation onto the tissue favors the
formation of protonated molecules. This study demonstrated that better understanding of
the physicochemical processes occurring at the tissue—matrix interface is important for controlling
the molecular profiles observed in MALDI MSI. We note that matrix effects should not be con-
fused with the effect of the matrix in MALDI experiments. However, understanding the effect of
the matrix provides important insights into the origin and extent of matrix effects in MALDI MSL.

Different matrices have been examined to enhance the sensitivity of low-abundance analytes for
accurate quantification. For example, Yang et al. (42) found that an a-cyano-4-hydroxycinnamic
acid (CHCA) matrix was best suited for the detection of the environmental organic pollutant per-
fluorooctanesulfonic acid (PFOS) in mouse kidney. PFOS was preferentially detected in negative
mode, likely due to its acidity (pK, < 1), and with the highest intensity in the CHCA matrix among
all other surveyed matrices. Likewise, Rzagalinski et al. (43) used a 2-[(2E)-3-(4-tert-butylphenyl)-
2-methylprop-2-enylidene] malononitrile (DCTB) matrix to improve the sensitivity of MALDI
to five central nervous system drugs: xylazine, imipramine, clozapine, ketamine, and clonidine.
Although standards of all five drugs by themselves exhibited the highest signal intensities when
CHCA was used as a matrix, DCTB was the preferred matrix for the analysis of the standards
mixed with brain tissue homogenate. The increased signal suppression by CHCA was evaluated
by calculating the TEC values, which showed an eightfold increase in suppression factor with the
CHCA matrix than with the DCTB matrix. For the quantification of xylazine in mouse brain,
this difference represented a nearly 100-fold increase in signal intensity in single pixels and an
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Tissue extinction
coefficient (TEC):
ratio of the mean
signal intensity of the
analyte in a selected
region of the tissue to
its signal obtained off
the tissue (e.g., on a
glass slide)
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upward of 400-fold increase in ion abundances observed using DCTB in comparison with us-
ing the CHCA matrix. Despite DCTB being traditionally considered an electron-transfer ma-
trix, the calculated gas-phase proton affinity of DCTB (866 kJ/mol) is similar to that of CHCA
(863 kJ/mol) and significantly lower than those of the studied drugs xylazine (1,018 kJ/mol) and
ketamine (964 kJ/mol). Therefore, proton transfer from protonated matrix molecules to the des-
orbed analytes may be responsible for the efficient detection of this series of drugs using DCTB.

Ionization suppression of small metabolites can be reduced using matrix additives. Ammonium
sulfate (AS) has been used as a matrix additive to improve the signal from hydrophilic quaternary
ammonium compounds such as carnitine, acetylcarnitine, and phosphocholine (44). These com-
pounds are generally suppressed in MALDI experiments due to the presence of more readily
ionizable molecules. A properly selected matrix additive helps to increase the signal of these com-
pounds by suppressing the signals of more abundant species, including PCs and clusters derived
from the DHB matrix. In the presence of 63-mM AS in the matrix, MALDI favors the formation
of protonated species and suppresses the formation of alkali adducts. Such high concentrations of
AS are believed to cause the so-called salting out of several classes of molecules, reducing their
solubility. In contrast, quaternary ammonium compounds are efficiently extracted and cocrystal-
ized with the DHB matrix in the presence of AS. Although the molecular coverage obtained using
this approach is substantially reduced, five quaternary ammonium compounds that have not been
observed using other matrices could be spatially localized by adding AS to the matrix.

On-tissue derivatization strategies have been explored for the QMSI of low ionization effi-
ciency compounds using MALDI. For example, Barré et al. (45) used Girard’s reagent T (GT) to
derivatize triamcinolone acetonide (TAA), an osteoarthritis drug, which is otherwise nearly un-
detectable with ESI or MALDIL. In this study, the tissue coated with GT was incubated for 2.5 h
at 40°C prior to analysis. This strategy was used to quantify and visualize the spatial distribution
of TAA. Derivatization resulted in a 78-fold increase in the TAA signal and allowed the quantifi-
cation of TAA penetration into cartilage. A homogenous distribution of TAA in the cartilage was
observed after a 48-h incubation with the drug.

Similarly, ambient liquid-extraction-based techniques have exploited different strategies to im-
prove both the extraction and ionization efficiencies of targeted molecules. Solvent composition
may be optimized to improve analyte extraction based on its polarity. For example, methanol/water
mixtures are commonly used for the extraction of polar molecules, whereas solvents containing
nonpolar components are used to improve the solubility of less polar molecules (46). In DESI
experiments, dimethylformamide has been used to preserve the morphological structure of tissue
sections (47). The ionization efficiency of poorly ionizable molecules may be improved using ion-
ization enhancers that facilitate the cationization of analytes generally detected in negative mode.
This approach has been used for the imaging of prostaglandins using complexation with Ag™
(48) and phosphoethanolamines by forming a complex with a synthetic dication (DC9) (49). On-
line derivatization also has been used to improve the sensitivity of ambient ionization techniques
toward neutral molecules. For example, betaine aldehyde selectively reacts with alcohol groups,
which enables the imaging of neutral sterols (50).

3. QUANTITATIVE MASS SPECTROMETRY IMAGING OF SMALL
BIOMOLECULES IN TISSUES

Differences in sample preparation for imaging experiments necessitate different QMSI ap-
proaches for the imaging of small biomolecules (e.g., lipids, metabolites, and drugs) in tissue
sections. In the following section, we discuss these approaches for several classes of ionization
techniques.
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Illustrations of the four methods of applying standards for mass spectrometry imaging. Depositing the standards on the tissue section
requires thaw-mounting the section followed by application of the standards and matrix. Deposition under the tissue section requires
spotting the standards first, thaw-mounting the section on top of them, and then applying the matrix. A sandwich method combines
depositing the standards under and on the tissue section followed by application of the matrix. Premixing the standard involves
thaw-mounting the tissue section followed by depositing the standards and the matrix in a single solution. Figure reproduced with
permission from Reference 52; copyright 2016 American Chemical Society.

3.1. Matrix-Assisted Laser Desorption/Ionization and Related Techniques

Quantitative strategies for MALDI and other related laser-based techniques are dominated by
two main approaches: on-tissue spotting of standards and mimetic models (51). A third so-called
in-solution approach, in which standards are applied to an off-tissue region and correlated using
the TEC factors, exists but has largely fallen out of fashion in recent years as it is thought to be less
reliable. In each approach, several concentrations of a standard (often an isotopically labeled analog
of the target analyte) are used to generate a standard curve that can then be utilized to correlate ion
signals observed in imaging experiments to known concentration values. However, both the on-
tissue spotting and the mimetic model approaches require significant sample preparation, which
we discuss here.

3.1.1. On-tissue spotting of standards. On-tissue spotting is performed using one of the four
methods illustrated in Figure 3:

1. spotting of the standard directly on top of the tissue followed by matrix application,

2. spotting of the standard directly on the glass slide followed by mounting of the tissue and
subsequent matrix application,

3. spotting using a sandwich method in which half of the standard is applied directly on the
glass followed by tissue mounting and spotting of the other half of the standard on top of
this tissue prior to matrix application, and

4. incorporation of the standard into the matrix itself.

Chumbley et al. (52) compared these methods using the drug rifampicin in liver tissue. Although
quantification values for all of the techniques were comparable, the first method, in which the
standard is spotted directly on top of the tissue, produces quantitative values most consistent with
high-performance liquid chromatography (HPLC)-tandem mass spectrometry (MS/MS) results
from a dosed-tissue homogenate. Meanwhile, premixing the standard with the matrix produced
somewhat lower concentrations. Although the origin of this effect has not been thoroughly in-
vestigated, the partitioning of the analyte into the crystals may be affected by the presence of a
similar molecule already uniformly premixed with the matrix. Alternatively, cocrystallization of
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Mimetic tissue
model: a simplified
model of a real tissue
prepared from a tissue
homogenate spiked
with known
concentrations of
internal standards; the
model helps to account
for matrix effects and
enables quantification
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Spike a series of tissue
homogenates with a
small volume (<2% w/w)
of the standard of known
concentration.
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Figure 4

the standard and matrix on the tissue may enhance its ionization efficiency. Subsequently, the
standard is preferentially ionized, whereas the analyte is only partially extracted. This results in
lower calculated concentrations of the analyte upon normalization. Conversely, application of the
standard under the tissue or partly under the tissue in the sandwich method results in concentra-
tions higher than the ones obtained using HPLC-MS/MS and, furthermore, introduces greater
experimental variability. This is attributed to the inconsistent or poor penetration of the standard
through the tissue for subsequent extraction into the matrix crystals, which thereby leads to a
lower than expected abundance of the standard.

3.1.2. Mimetic tissue model. Similar to the on-tissue QMSI strategy, the mimetic tissue model
approach requires prior sample preparation. Several mimetic tissue preparation protocols have
been developed to ensure accurate quantification in QMSI experiments. Generally, these proto-
cols use homogenate mixtures of the target tissue spiked with one or more standards at different
concentrations. This approach requires the assumption that the signal of the standard observed
in the analysis of such tissue homogenate adequately represents the matrix effects experienced by
the appropriate analytes examined in QMSI experiments (53). Although tissue homogenate can-
not be used to evaluate differences in matrix effects in different anatomical regions of the analyzed
tissue, it facilitates accurate quantification for systems in which such effects are not particularly
pronounced.

A mimetic tissue preparation protocol shown in Figure 4 uses serially frozen spiked-tissue
homogenate layers in a cylinder to create a single cross section with a concentration gradient
that can be mounted with the experimental tissue for easier analysis (54). Special care is taken to

Layer Section Mount Acquire and analyze

Thaw-mount the
mimetic model tissue
section onto the
same slide as the
sample tissue(s).

Mount the tissue plug
and cryosection at
the same thickness as

Serially freeze each
spiked homogenate into
a cylindrical mold to
produce a plug of tissue
homogenate with a
stepped gradient of the
standard.

Construct and apply a
calibration curve by relating
the average ion intensity for

each layer with its
corresponding concentration.

the sample tissue(s).

12x108 — —
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Schematic illustrations outlining the workflow for the generation and application of a mimetic tissue model for quantitative mass
spectrometry imaging. The process involves spiking tissue homogenates with low volumes of standard and serially freezing these
solutions into a mold. The resulting tissue plug is then sectioned alongside the target tissue and mounted to the same sample target.
Weighted linear regression can then be applied to correlate the average ion intensity of each layer of the model to its corresponding
final tissue concentration. Figure adapted from Reference 54 (CC BY 4.0).
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minimize the spiked standard solution volume (in this case, clozapine below 3% w/w) to maintain
native tissue density. Mimetic models for liver, kidney, and brain tissue have been prepared, but
only liver and brain models were validated using liquid chromatography (LC)-MS, resulting in
1.5% and 2.1% errors, respectively. Another recent methodology for mimetic model construction
incorporates native cells and a hydrogel scaffold component in addition to tissue homogenate
to generate a 3D biomimetic tissue (55). To do this, tissue is homogenized in the presence of a
2.5% agarose saline solution, spiked with the appropriate standard, combined with a concentrated
organ-derived cell suspension, and left to set for 10-15 min. The reincorporation of native cells
that do not survive the homogenization process may better replicate the native tissue structural
integrity. The relative deviation between ionization efficiencies of a spiked drug for this model
tissue and the real tissue was less than 15%, though no comparison was made to other spiked-
homogenate protocols.

3.1.3. Examples of quantitative mass spectrometry imaging applications. Both the on-
tissue spotting and mimetic model strategies have been used in many applications, some of which
are described here. Giordano et al. (56) used an on-tissue approach to better understand the roles
of structural heterogeneity and tumor microenvironment by quantifying the drug penetration of
paclitaxel in a malignant pleural mesothelioma tumor model via a 3D imaging experiment. This
imaging experiment analyzed multiple sequential sections from the same tumor, which were then
computationally reconstructed into a 3D model to visualize the paclitaxel penetration. Predictably
for malignant pleural mesothelioma, a highly heterogeneous neoplasm with high resistance to
drugs, paclitaxel was primarily concentrated on the tumor edges in only about 0.21% of the tu-
mor volume. The remaining paclitaxel was found at low concentrations (<0.2 pg/g, below the
limit of detection) in 37.7% of the tissue volume. Notably, this experiment showed paclitaxel in
higher concentrations in and around non-necrotic areas and in low concentrations around fibrotic
and necrotic regions of the tumor. This finding corroborates the hypothesis that hypoxic tumor
areas are especially difficult for chemotherapeutics to reach and thus may be the sites of tumor
resistance and reemergence.

Nazari et al. (57) used the on-tissue approach to quantify an endogenous metabolite, glu-
tathione (GSH), in hen ovarian tissue using a related laser-based technique, infrared (IR)-
MALDESTI. In this experiment, age-matched healthy and cancerous tissues were compared, and
a dilution series of stable isotope-labeled GSH pipetted on top of tissue was used to generate a
calibration curve. An acute increase in GSH concentration was observed in cancerous tissue, and a
heterogeneous distribution was seen in both tissue types. Although the absolute GSH concentra-
tions calculated from the IR-MALDESI experiment were twice as high as those with LC-MS/MS,
the approximately twofold change between healthy and cancerous tissue was consistent between
both techniques.

In addition, GSH in human ocular lens was quantified using a mimetic model to better under-
stand the aging-related development of lens cataract formation (58). Tissues from four donors,
ranging in age from 29 to 82, were analyzed. GSH was found to decrease with increasing age,
primarily in the nuclei of the cells. However, some biological variability was noted, with the low-
est GSH concentrations present in the sample from the second-oldest donor (74 years of age;
2.7 wmol/g tissue in the cortex and 0.8 pmol/g in the nucleus). These values agree with the av-
erage literature values generated using alternative quantitative techniques. To further validate the
use of a homogenous mimetic model for the quantification of GSH in different regions of the lens,
ion suppression between cortex and nucleus was tested and found to be minimal (approximately
3%). This study also examined other small metabolites including ceramides, which localized in
areas of the lowest GSH concentration and showed a signal increase with a decrease in nuclear
GSH.
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The repeatability and reproducibility of QMSI based on mimetic models were examined for
the quantification of the drug clozapine and its major metabolite norclozapine in perfused rat liver
(59). Despite some differences in the sampling regions used for QMSI and LC-MS/MS analyses,
this study found 84% and 82% accuracy in the quantification of clozapine and norclozapine, re-
spectively, in comparison to LC-MS/MS. Accuracy was determined from the mean of pooled
MSI data acquired by three different analysts with six replicates (serial tissue sections) each at
three separate locations, while LC-MS/MS analysis was done at the same site. The repeatability
of the technique was determined by the intra-analyst precision [percent relative standard devia-
tion (RSD)] and was found to be 12% for both clozapine and norclozapine upon normalization
to an isotopically labeled standard, clozapine-d8. However, nonnormalized values were 8% and
7% for clozapine and norclozapine, respectively, which more closely matched the 8% RSD from
LC-MS/MS analysis. Reproducibility was described by pooling of all the replicates examined by
the three analysts. For clozapine, reproducibility was 13% and 14% for normalized and nonnor-
malized values, respectively. However, reproducibility for norclozapine significantly worsened to
27% when normalized to the standard compared to the raw value of 13%. The slight worsening in
accuracy and substantial worsening in reproducibility upon normalization could be attributed to
differences in the extraction efficiency of analytes from the heterogeneous tissue matrix in com-
parison to the homogeneously surface-coated standard. This results in an exaggerated correction
by normalization and thereby largely mismatched variances, a phenomenon that has been previ-
ously investigated. Therefore, normalization to a standard is generally best used when the ratio of
the analyte and standard signal is close to unity. In general, the low RSD values reported in this
study are an encouraging result toward the validation of MALDI QMSI.

3.1.4. New experimental approaches. Several studies have highlighted important experimen-
tal considerations in MALDI QMSI beyond the sample preparation strategies. For example, Porta
etal. (34) optimized laser energy and sample stage velocity to avoid analyte carryover and minimize
intraspot variability, respectively. Moreover, the authors examined the effects of the frequency and
number of laser shots per pixel on the intraspot variability and, therefore, the accuracy of quan-
tification. This study demonstrated that an average of four to five pixels is best suited for accu-
rate quantification, such that instrumental variability and matrix heterogeneity are confidently
accounted for.

Abundant matrix peaks in the low mass-to-charge ratio (7/z) range present a challenge for the
MALDI QMSTI of small biomolecules, which is typically addressed using MS/MS. A high-speed
tandem time-of-flight (TOF/TOF) system has been used to acquire multiple TOF/TOF events in
a single laser shot (60, 61). This technique enables the acquisition of MS/MS spectra of both the
analyte and standard in the same laser shot, which enables the normalization of the analyte signal
to the standard signal in each pixel and thereby reduces signal variability in QMSI. As illustrated in
Figure 5, an ion gate is pulsed multiple times (Figure 55,d) to isolate multiple precursor ions gen-
erated in the same laser shot. Following fragmentation, the ions are reaccelerated (Figure 5d,f)
into the TOF-2 region of the instrument. The resulting spectrum contains both fragments and
precursors for both the analyte and standard (Figure 5g), allowing for the normalization of sig-
nals from the same laser shot. Quantification is performed by on-tissue spotting of a dilution series
of the standard to generate a calibration curve. This multiplexed approach has been validated by
quantifying rifampicin (72/z 821) with a rifapentine standard (/2 876) in human plasma and a
rabbit liver model. The RSD of rifampicin was 5.1% in a spotted human plasma experiment,
a fourfold improvement in comparison with conventional MALDI MS/MS. A more conserva-
tive decrease, from 24.9% RSD without normalization to 15.2% with normalization to the stan-
dard, was observed in a rabbit liver QMSI experiment. The accuracy was also improved, with an
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Schematic illustration of a high-speed tandem time-of-flight (TOF/TOF) system for the acquisition of
multiple TOF/TOF events in a single laser shot. (#) Ions enter the instrument and are separated by mass-to-
charge ratio in TOF-1. (b) The ion gate is opened to allow the passage of the first ion (b/ue) into the collision
cell. (¢) The ion gate closes to prevent the second ion (ye/low) from entering into the collision cell, while the
first ion and its fragments enter the reacceleration zone. (d) The ion gate opens once again to allow the third
ion (red) passage into the collision cell as the first ion and its fragments are reaccelerated into TOF-2. (e) The
third ion and its fragments enter the reacceleration zone while the first ion and its fragments are separated
by mass-to-charge ratio in TOF-2. () The third ion and its fragments are reaccelerated into the TOF-2
region. (g) Combined spectra of both the first and the third ions and their respective fragments are obtained.
The combined tandem mass spectrometry (MS/MS) spectra from a single laser shot allows the
normalization of the analyte signal to the standard signal with lower shot-to-shot variability. Figure adapted
with permission from Reference 60; copyright 2016 American Chemical Society.

increased linear-squares correlation coefficient and an average error (calculated by 1/x* weighted
linear regression) decrease from 14.4% to 8.2% for spotted human plasma after normalization to
the standard, and a marked decrease from 48.3% to 6.3% average relative error (1/4°) in the MSI
experiment. MSI quantification of the rabbit liver model agreed, with only a 10.6% difference
from LC-MS/MS results.

3.1.5. Advanced data processing. Deepaisarn et al. (62) have also explored improved data
analysis approaches to reduce signal variability in MSI. Poisson statistics more accurately describes
the signal and noise variability in MALDI than the commonly assumed Gaussian statistics. The
researchers compared quantification results obtained using ratios of individual peaks in MALDI
spectra to the results obtained using linear Poisson independent component analysis. In this
analysis, each component represents a correlated set of peaks with peak intensities described by
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Poisson statistics. Using this approach, a twofold increase in RSD was found for multiple samples,
including milk and extracts of lamb brain and liver tissues, in comparison with a traditional peak
ratio analysis. However, single peak ratios may not be appropriate for quantification in MALDI
experiments.

3.2. Ambient Liquid-Extraction-Based Techniques

In liquid-extraction-based techniques, including LMJ-SSP, nanoDESI, LESA, and single probe,
molecules are extracted from a specific location on a tissue into a solvent and subsequently ionized
by ESI or nanoESIL.

3.2.1. Online addition of standards. For quantification, standards are added to the extraction
solvent and are analyzed with the extracted analyte mixture. Relative quantification is performed
by normalizing the signal of the extracted analyte of interest to the standard signal. Meanwhile,
absolute quantification requires an additional step in which the extraction efficiency from different
parts of the tissue is determined. A complete extraction may not be achieved on the timescale of
the sampling process. For example, Lanekoff et al. (38) reported ~9% extraction efficiency of
nicotine in nanoDESI MSI of dosed rat brain tissue, indicating that nicotine was extracted from
the top 1-pm layer of the tissue section. Meanwhile, Kertesz et al. (63) demonstrated that the
extraction efficiency of propanolol using LMJ-SSP in brain, kidney, and liver tissues of 10-pm
thickness was in the range of 45-63%. The extraction efficiency likely depends on the type and
thickness of the tissue section, the properties of the analyte and extraction solvent, and the scan
rate and spatial resolution of the MSI experiment. If the extraction efficiency is known, absolute
quantification is straightforward. This approach has been used both for targeted quantification
of drugs and metabolites (38) using deuterated standards and for a shotgun-like quantification of
lipids (64) using only one or two standards per lipid class. QMSI of small neurotransmitters in
rat brain tissue using nanoDESI showed good reproducibility but fairly large standard deviations,
which were attributed to both technical and biological variations between different tissue sections
(39).

A modified approach has been developed for quantitative nanoDESI imaging of prostaglandins
(PGs), important signaling molecules present at low concentrations in tissue samples that are
difficult to ionize using traditional approaches (48). In this approach, acetonitrile containing
10 ppm of Ag* was used as the extraction solvent. Ag" ions interact with double bonds, thereby
improving the ionization of unsaturated molecules such as PGs. Complexation with Ag* resulted
in a 30-fold increase of PG signals. QMSI experiments with mouse uterine tissue sections were
performed by adding a deuterated PG standard to the extraction solvent and normalizing the sig-
nals of endogenous PGs to the standard signals. Quantitative nanoDESI ion images revealed the
preferred localization of PG species to both the luminal and glandular epithelia in the uterine tis-
sue and provided for the first time the distribution of PG concentrations across the sample. PGE,
was the most abundant species among the five PGs detected, reaching concentrations of ~320 nM
in the luminal epithelium.

Absolute quantification using direct liquid-extraction-based techniques is mainly hindered by
difficulties in quantifying the extraction efficiency across different regions of the tissue. An almost
complete extraction may be achieved either by placing a probe onto a sample for an extended pe-
riod of time (65) or by excising tissue punches (63, 66) for subsequent off-line solvent extraction.
Such spatially resolved sampling of tissues is assisted by either LC-MS or LC-MS/MS analy-
sis. Wu et al. (67) used this approach for the quantitative spatial profiling of sphingolipids in rat
brain tissue by coupling LMJ-SSP to LC-MS. The extraction efficiency of ~80% was achieved
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by adding 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to methanol. An exhaustive surface sampling
was carried out by placing the LMJ-SSP probe on the tissue for 2 min followed by 14 min of LC-
MS analysis. Spot-by-spot quantification was achieved by adding the appropriate lipid standards
to the extraction solvent. Quantitative ion images of sphingolipids in rat brain were validated us-
ing bulk-extraction LC-MS. The calculated concentrations of different cerebroside species were
in the range of 3-45 pg/mm? in the fiber tracts region and 1-30 pg/mm?® in the midbrain region.
Despite the accuracy and molecular coverage obtained using this approach, improvements to the
spatial resolution and throughput are still needed to make it more compatible with the demands
of MSI experiments.

3.2.2. Standards deposited on tissue or prepared with a tissue homogenate. The mimetic
tissue model has been used to quantify concentrations of drugs in LESA and DESI MSI (68).
LESA was used to create an external calibration curve from liver mimetics spiked with varying
concentrations of olanzapine, moxifloxacin, erlotinib, and terfenadine. Quantification of these
drugs in dosed rat liver tissue sections using LESA MSI and DESI MSI produced comparable
results. Specifically, concentrations of olanzapine, moxifloxacin, erlotinib, and terfenadine at 2 h
post-dose with LESA MST were 9.3,15.6,38.4, and 11.9 nmol/g, respectively, and 14.4, 10.8, 26.9,
and 12.0 nmol/g, respectively, with DEST MSL.

Quantification of analytes deposited onto a sample has been used to examine the validity of
QMSI experiments performed using spray-based techniques including DEST and its analogs. Ho-
mogenous deposition of the analyte is key to accurate quantification and may be achieved using
micropipetting, spraying, and inkjet printing (69).

Chemical reagents also have been deposited onto the tissue for selective derivatization of
targeted molecules. This on-tissue derivatization approach was used by Shariatgorji et al. (70)
to improve the sensitivity of detection of neurotransmitters and neuroactive drugs containing
primary amino groups via their reaction with pyrylium salts. Quantitative DESI MSI was per-
formed for the drug fluvoxamine in brain tissue sections. In this experiment, deuterated fluvox-
amine (fluvoxamine-d4) was deposited onto the tissue along with the pyrylium salt 2,4-diphenyl-
pyranylium tetrafluoroborate (DPP-TFB) reagent. Due to the presence of the derivatizing agent,
both the drug and the standard undergo conversion to their corresponding pyridinium cations.
Aliquots of 0.2 pL of fluvoxamine at concentrations ranging from 0.02 mg/mL to 0.032 pg/mL
using a dilution factor of five were spotted on control tissue sections as shown in Figure 6a. A
calibration curve was constructed by plotting the derivatized fluvoxamine/fluvoxamine-d4 ratio
against the amount of fluvoxamine spotted onto the tissue section (Figure 6b). Fluvoxamine-
dosed tissue sections in Figure 6¢ show preferred localization in the ventral striatum, thalamic,
and cerebellar regions of the brain. Figure 6d shows the quantification of dosed fluvoxamine in
different parts of the brain using the average spectrum in every specific structure. The highest
concentration of fluvoxamine of ~100 pmol/mg of tissue was found in the ventral striatum.

An interesting strategy recently reported in the literature (71) introduces the concept of virtual
calibration to account for regional matrix effects without the use of synthetic standards. In this
approach, region-specific endogenous metabolites strongly correlated to the ion intensity changes
of the analyte are selected as the so-called native internal standards and are used to assess matrix
effects. A machine-learning regression model is used to fit the relationship between the signal in-
tensities of the standards and that of the analyte in different types of tissue. This training model is
applied to predict a relative calibration factor (f;) that is used to correct the signal of the analyte
(Ipix) in every pixel. For quantification, an external calibration curve is constructed using a mimetic
tissue that correlates the calibrated signal of the analyte (i/f;) to its concentration. Using this
approach and liver mimetic sections for calibration, the concentration of a drug candidate coded

www.annualreviews.org o Quantitative Mass Spectrometry Imaging

319



. . N T T T T
a Fluvoxamine spotted onto control tissue N : b ]
@ Cf ]
lon :
intensities m 6 b
n | i
2
54 ]
> 3T 1
2510 y =0.0401x +0.0021
£ 2
S 1 R=1 |
=
E O 1 1 1 1
0 50 100 150 200 250
Concentration (pmol/mg)
lon Whole brain F b
intensities “ :l
c Cerebellum [ b
o
B Cortex | k
€ Caudate putamen [ E
'g Ventral striatum f R
o Thalamus f E
Hippocampus J
0 40 80 120

Figure 6
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Quantification of fluvoxamine via on-tissue derivatization with DPP-TFB. (#) Different concentrations of fluvoxamine ranging from
0.02 mg/mL to 0.032 pg/mL using a dilution factor of five spotted onto control tissue sections previously sprayed with fluvoxamine-d4.
The lateral scale bar represents 2 mm; the intensity scale bar range (0-5%) is indicated on the right side of the panel. () Graph
showing the calibration curve using different intensity ratios of fluvoxamine/fluvoxamine-d4 at different concentrations of fluvoxamine
from panel 4. () DPP-TFB-derivatized fluvoxamine in dosed tissue. The intensity scale bar range (0-40%) is again indicated on the
right. (d) Graph showing the quantification of fluvoxamine in different regions of the brain. Abbreviations: Cb, cerebellum; Cx, cortex;
CP, caudate putamen; DPP-TFB, 2,4-diphenyl-pyranylium tetrafluoroborate; Hipp, hippocampus; TH, thalamus; VS, ventral striatum.
Figure adapted with permission from Reference 70; copyright 2016 Elsevier.
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as LXY6006 was quantified over a whole body section. Ten endogenous metabolites were selected
as standards. A comparison of the calibration factors obtained from different organs revealed that
matrix effects are more dominant in heart and lung tissues. Matrix effects were effectively ac-
counted for using virtual calibration, and the concentration of the drug was quantified in every
organ. The researchers found that the drug preferentially accumulated in the heart, reaching a
concentration of 3 pmol/mm?, which agrees well with the concentration of 4 pmol/mm? calcu-
lated using the TEC approach. Although this study was carried out using a spray-based technique,
it can be readily extended to laser- or plasma-based techniques.

4. PROTEIN IMAGING
4.1. Quantitative Imaging of Intact Proteins

Soft ionization techniques have traditionally been used for imaging intact proteins (72-74). Most
of the studies in this field employed MALDI MSI and were focused on the spatial localization
of the proteins rather than on quantification. The quantification of intact proteins observed in
MST experiments is challenging due to the uncertainty in the ionization efficiency and signal sup-
pression in different parts of the tissue. Recently, the mimetic tissue model has been used for the
quantification of ubiquitin in MSI experiments performed using LESA (75). Specifically, a ho-
mogenized rat brain tissue spiked with *C, 1’N-labeled ubiquitin was used as a mimetic model.
The mimetic tissue model material was sectioned and analyzed alongside rat brain tissue sections.
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A calibration plot obtained at different concentrations of the isotopically labeled ubiquitin in the
mimetic tissue sample provided the upper limit of quantification of 163 nmol/g tissue. The average
concentration of ubiquitin across the rat brain tissue was around 130 nmol/g, which is consistent
with the LC/MS data. This study established an approach for the targeted quantification of pro-
teins in tissue sections in LESA-MSI experiments that can be readily extended to other sampling
and ionization techniques.

Protein identification is one of the biggest challenges in MSI experiments. One experimen-
tal strategy designed to address this challenge involves on-tissue enzymatic digestion followed by
imaging of the resulting peptides (73). The development of nanoPOTS (nanodroplet processing
in one pot for trace samples) (76), a highly sensitive platform that enables a complete proteomics
workflow to be performed in an ~200 nL volume of solvent, has opened up unique opportunities
for both the imaging and identification of thousands of proteins in tissue sections with a spatial
resolution of better than 100 pm (77). In this experiment, tissue voxels are generated using laser
capture microdissection and capture of the excised tissue into individual nanowells on a specially
designed chip. An automated proteomics workflow performed in the nanowells includes protein
extraction and denaturation, then alkylation, digestion, and transfer to a 96-well plate for subse-
quent analysis by LC-MS/MS. A log transformation of the relative peptide abundances followed
by normalization and roll up from scaled peptide abundances to the protein level yields the nor-
malized relative protein abundances. This approach enables relative quantification by comparison
of the abundance of the same protein in different voxels. NanoPOTS was employed to obtain
>2,000 protein images in mouse uterine tissues on day 4 of pregnancy. The results were validated
against bulk analysis of the different cell types present in the tissue. This study provided a detailed
proteomics map of the distinct cell types in the tissue. It also demonstrated how protein localiza-
tion is linked to important biochemical processes in this system. For example, proteins related to
the remodeling of the extracellular matrix in preparation for embryo implantation were found to
be enhanced in stroma. Meanwhile, proteins related to epithelial cell crypt formation were found
to be localized to the luminal epithelium.

4.2. Quantitative Elemental Imaging of Metals and Proteins
in Biological Samples

Inductively coupled plasma mass spectrometry (ICP-MS) is an established technique for the
quantitative elemental analysis of complex samples (78). Under typical ICP conditions, analyte
molecules are completely dissociated into their atomic constituents and small polyatomic ions,
which are subsequently analyzed using mass spectrometry. Accurate quantification is possible be-
cause the ionization efficiency is compound independent and, therefore, ion abundances are di-
rectly correlated to the elemental composition and concentration of each compound (79). The
coupling of LA with ICP-MS (LA-ICP-MS) (80, 81) enables the spatial elemental profiling of
biological samples (82, 83). The technique offers lower than parts-per-million detection limits, up
to nine orders of magnitude dynamic range, and down to 1-pm spatial resolution.

By combining LA-ICP-MS with immunohistochemical staining using lanthanide-labeled an-
tibodies, Giesen et al. (84) have extended the capabilities of this technique to the targeted imaging
of proteins in tissues. In this study, three tumor markers (MUCI, Her2, and CK?7) were detected
in formalin-fixed, paraffin-embedded tissues of human breast cancer. Although signal intensities
in LA-ICP-MS experiments increased with tissue thickness, the authors reported that best-quality
results were obtained using 5-pm-thick sections, which are less likely to crack during LA. Other
important conditions included laser energy, spot size, and scan rate along with antibody concen-
tration and incubation time.
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In both elemental and protein imaging by LA-ICP-MS, quantification typically relies on
matrix-matched standards, which are not always available (79). In an ideal LA experiment, all
the elements are removed from the sample and transported to the ICP-MS with the same effi-
ciency. One of the key issues is elemental fractionation, which is affected by the physical properties
and chemical composition of the sample along with laser wavelength, pulse duration, energy, and
repetition rate. Fractionation is less pronounced in experiments using femtosecond lasers, which
generate high-quality craters and more monodispersed particles in the ablation process.

The experimental factors affecting quantification in LA-ICP-MS include fluctuations in laser
power output, variations in transport efficiency and amount of ablated material, and signal insta-
bility. The selection of appropriate standards for LA-ICP-MS experiments is challenging and is
usually limited to elements present in the sample matrix; standard should be present in the sam-
ple at a known concentration. For tissue samples, 1*C is typically used for quantification. Typical
percent RSD obtained in these experiments is below 10%. However, the assumption that carbon
concentration is constant across a tissue section is difficult to justify, and there is experimental evi-
dence that variations in the chemical composition of carbon-rich matrices may affect the accuracy
of both 1?C- and ¥ C-based normalization strategies. Furthermore, differences in the partitioning
of carbon and other elements within the particle phase and into the vapor phase in the ablation
plume demonstrated for polymer samples must be quantified for biological samples to verify the
robustness of carbon isotopes as standards (85).

Other normalization approaches rely on the measurement of the ablated mass using acous-
tic or optical techniques. It is assumed both that similar particle distributions are generated in
the ablation of different samples and that signal response in ICP-MS is dependent only on the
ablated mass. Both assumptions ignore processes occurring in the ablation plume, so such mass
normalization approaches have limited utility.

Sample preparation can introduce experimental artifacts and, therefore, has been extensively
investigated and validated to ensure accurate quantification. Metal concentrations are affected
by the extent to which metals are either added to or removed from the sample in the sample
preparation and storage steps. Leaching of the metals during tissue embedding, freezing, and long-
term storage has been reported. Snap freezing in liquid nitrogen reduces metal loss during sample
preparation but does not completely eliminate it. Sample contamination during sectioning can be
minimized by using metal-free blades and clean glass slides.

Although no common calibration method works for all types of biological samples, a majority of
quantification approaches in LA-ICP-MS use matrix-matched standards, which effectively com-
pensate for both fractionation and matrix effects. Matrix effects in ICP-MS are most pronounced
for heavy elements with low ionization potentials, and such effects increase with increases in the
concentration. Ideally, certified reference materials (CRMs) are used in these experiments. How-
ever, only a limited number of CRMs are available for biological tissue imaging experiments. As
a result, substantial effort has been dedicated to the development of custom laboratory-prepared
standards, including tissue homogenate spiked with standards containing appropriate elements.
Several procedures have been developed to ensure good control of the water content and ho-
mogeneity of the standard samples necessary for accurate quantification. However, assessing the
extent of the mismatch between the water content in the standard and sample is difficult, which
may affect the results of quantification.

Thin polymer films and films of spiked agarose gel have been examined as alternatives to
matrix-matched tissue standards. Such films could enable the implementation of isotope-dilution
mass spectrometry techniques in LA-ICP-MS imaging experiments. Gelatin thin films spiked
with metal standards have been used for imaging of cerium oxide nanoparticles in different tissues,
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Figure 7

The innovative strategy shown here involves labeling tissue with antibodies conjugated with gold
nanoclusters, which enables quantitative mass spectrometry imaging of the M'T protein with high sensitivity
and accuracy. Abbreviation: MT, metallothionein. Figure adapted with permission from Reference 88;
copyright 2018 American Chemical Society.

providing insights into the origin of nanoparticle toxicity (86). Matrix-matched gelatin standards
also have been used to support quantitative super-resolution imaging using LA-ICP-MS (87).

Another innovative strategy involving labeling with antibodies conjugated with gold nanoclus-
ters (AuNCs) has been introduced to enable highly sensitive protein detection and accurate quan-
tification (88). In this approach, an antibody was labeled with AuNCs using carbodiimide cross-
linking, and the resulting bioconjugate was used for tissue staining, as illustrated in Figure 7. The
stoichiometry of the bioconjugate was confirmed to be 1:1, and the size of an individual AuNC
was 2.7 £ 0.1 nm, corresponding to an average of 579 Au atoms per bioconjugate. This label-
ing approach resulted in a substantial increase in the Au™ signal in ICP-MS, which is referred
to as signal amplification. Gelatin matrix-matched internal standards were prepared using estab-
lished approaches and analyzed in parallel with the stained tissue sections. This approach was also
used for the quantitative imaging of metallothioneins in human retinal tissue sections. Calibra-
tion curves were obtained for two different standards (AuNCs and NaAuCl,-H; O), which showed
similar sensitivity, indicating that gelatin films spiked with NaAuCl, are appropriate standards for
quantification. The observed localization of metallothioneins in retinal tissues was consistent with
literature results, and the average concentrations were consistent with the results obtained for tis-
sue homogenates using enzyme-linked immunosorbent assay (ELISA).

A similar approach was used to measure iron and ferroportin in the hippocampus of Alzheimer’s
disease patients (89). The same tissues were analyzed using fluorescence microscopy and LA-
ICP-MS. Ferroportin expression was also evaluated using conventional immunohistochemistry.
Because the uncertainty in the diameter of AuNCs contributes to the uncertainty in protein quan-
tification, the researchers synthesized more homogeneous 2.20 £ 0.04-nm AuNCs containing an
average of 314 Au atoms. In contrast with traditional methods, the immunohistochemistry-based
LA-ICP-MS enables the imaging of both total and protein-bound iron. Other strategies for ab-
solute protein quantification using ICP-MS have been summarized in a recent review (90).

5. CONCLUSIONS AND OUTLOOK

QMSI experiments present challenges and opportunities. Accurate quantification achieved using
LA-ICP-MS techniques has been extensively validated. Meanwhile, QMSI using soft ionization
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techniques is still in the early stages of development, and detailed assessment of the accuracy
and reproducibility of the existing approaches must be performed. Matrix effects present a major
challenge for quantifying ionization efficiency in QMSI experiments and must be accounted for to
enable accurate quantification. Furthermore, the extraction efficiency of analytes must be further
improved and quantified. Despite these challenges, QMSI based on soft ionization techniques has
already provided important insights into the localization and abundance of small metabolites and
lipids in tissue sections. Several innovative approaches have been developed to enable either the
targeted or untargeted quantification of proteins in MSI experiments. Further improvements in
the spatial resolution and throughput of nanoPOTS and related techniques will open new direc-
tions in untargeted, spatially resolved proteomics.

New approaches for QMSI are emerging to expand the range of compounds amenable to quan-
tification and improve the accuracy of these experiments. For example, photocleavable probes have
been used for the quantification of glycans, which are difficult to detect in MSI experiments due to
their low ionization efficiency and signal suppression (91). The probes were designed to selectively
target amino groups and contained chromophores that were cleaved using a 355-nm laser. Using
four different probes, four types of glycans in single cells and tissues were observed. Matrix-free
laser desorption ionization techniques show promise for broadening the molecular coverage in
laser-based QMSI experiments (92, 93). Similarly, the parameter space of solvent dopants used in
liquid-extraction-based QMSI techniques has not been fully explored.

New online derivatization approaches, along with optimization of the extraction solvent com-
position for a specific system, will enable the imaging of species with low ionization efficiency in
tissue samples. The coupling of MSI with ion mobility separation has been used to both improve
molecular coverage and facilitate the identification of biomolecules in tissue samples (94-96). The
implementation of QMSI with ion mobility separation is a natural next step in the development
of this promising technique. Finally, validated approaches that facilitate the simultaneous quan-
tification of multiple classes of compounds will increase the experimental throughput.
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