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Abstract Mass spectrometry imaging (MSI) has evolved into
a valuable tool across many fields of chemistry, biology, and
medicine. However, arguably its greatest disadvantage is the
difficulty in acquiring quantitative data regarding the surface
concentration of the analyte(s) of interest. These difficulties
largely arise from the high dependence of the ion signal on
the localized chemical and morphological environment and the
difficulties associated with calibrating such signals. The devel-
opment of quantitative MSI approaches would correspond to a
giant leap forward for the field, particularly for the biomedical
and pharmaceutical fields, and is thus a highly active area of
current research. In this review, we outline the current progress
being made in the development and application of quantitative
MSI workflows with a focus on biomedical applications. Par-
ticular emphasis is placed on the various strategies used for both
signal calibration and correcting for various ion suppression
effects that are invariably present in any MSI study. In addition,
the difficulties in validating quantitative-MSI data on a pixel-
by-pixel basis are highlighted.

Keywords Imaging mass spectrometry - Quantification -
MALDI - SIMS - LA-ICP-MS - Ambient ionization
Introduction

Mass spectrometry imaging (MSI) has evolved into a multi-
disciplinary and indispensible tool for studying the spatial
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distributions of molecules within a diverse range of samples
[1-4]. The most widespread uptake of MSI methodologies has
been in the field of biomedical applications, where MSI can
routinely reveal the identity and location of a diverse range of
biomolecules, including drugs and metabolites, lipids, pep-
tides, and proteins, within biological tissue sections with
cellular (and in some cases subcellular) resolution. For exam-
ple, arguably one of the largest beneficiaries of MSI is the
pharmaceutical industry where it allows the uptake and distri-
bution of drugs and metabolites to be analyzed [5]. However,
while the field of MSI has seen significant growth in recent
years, acquiring quantitative information from MSI data has
proven to be difficult and presents arguably its greatest
limitation.

Traditional quantitative techniques for biomedical analysis
include whole-body autoradiography (WBA) [6, 7] and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
[8]. WBA is widely used in the pharmaceutical industry and
requires the drug of interest to be labeled with a radioactive
isotope. This allows both the distribution and the quantity of
the drug to be measured; however, it is not capable of resolv-
ing signals from a drug and its metabolites and requires
expensive radiolabels. By contrast, LC-MS/MS allows quan-
titation and identification of multiple components within com-
plex biological mixtures, but analysis is performed on extracts
that requires laborious extraction protocols and the loss of
spatial information.

Extracting quantitative information from MSI data has
proven to be difficult. This is largely due to the high depen-
dency of the MS signal on both the type of analyte and the
local composition of the surface. The latter effects are com-
monly known as “matrix” or “ion suppression” effects and
refer to the fact that ion intensities are not simply dependent on
the surface concentration of the analyte(s) but also the sur-
rounding chemical environment. Although such effects are
invariably present in other quantitative methodologies such
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as chromatographic approaches [9], the relative simple sample
preparation and lack of fractionation in MSI imparts greater
influence of these effects on the analysis. Nonetheless,
quantitative-MSI (Q-MSI) methodologies are highly sought
after and their development is an active area of research. The
development of such techniques will allow the simultaneous
acquisition of spatial and quantitative data that would be of
great benefit, not only to the pharmaceutical industry and drug
discovery applications, but for the better understanding of
complex biological pathways that are highly dependent on
localized molecular composition. However, one must be
aware that the requirement of calibration standards for Q-
MSI requires a targeted analysis that is only applicable to a
small fraction of ions observed in the spectrum.

In this review, we describe the current progress being made to
date in the development of Q-MSI methodologies that allow the
determination of absolute local concentrations of an analyte per
area within a sample. Although outside the scope of this review,
it must be emphasized that appropriate sample preparation is
critical for any successful MSI/Q-MSI study. The reader is
referred to several recent reviews covering this topic [1, 2, 10,
11]. This review aims to bring the reader up to date with the
current state-of-the-art in Q-MSI, including its current applica-
tions and challenges with a focus on biomedical analysis.

The origin of matrix effects and the requirement
of an internal standard

In any quantitative technique, analysis is typically achieved by
relating the intensity observed for a particular spectral feature
(mass spectrometric or otherwise) to the concentration of the
particular analyte(s) giving rise to the spectral feature. In the
ideal scenario, the intensity arising from a given analyte would
be solely dependent and proportional to its concentration and
could, thus, be directly used to provide quantitative informa-
tion. In practice, however, mass spectrometric signal intensity
is not only dependent on analyte concentration but also on
ionization efficiency that is strongly influenced both by mo-
lecular structure and the surrounding chemical and morpho-
logical environments that are sampled simultaneously with the
analyte(s). In addition, these relationships are complex and
typically do not follow a linear trend. The latter two effects
give rise to what are known as “matrix” or “ion suppression
effects” that cause ion intensities to become dependent on the
environment from which ions are generated. These effects are
particularly pertinent for MSI where the high degree of het-
erogeneity in tissues and cells leads to dramatic changes in the
localized environment across the sample. These effects occur
coincidently with analyte-specific ionization efficiencies and
can lead to dramatic changes in ion yields obtained across a
sample, even for analytes present at identical concentrations
[12—16]. It is these region-specific effects that invariably make
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Q-MSI such an analytical challenge. Thus, any quantitative
technique must accurately correct for these effects on a
pixel-by-pixel basis and allow raw ion intensities to be
appropriately calibrated to provide absolute surface con-
centrations. For these reasons, Q-MSI, like traditional
quantitative techniques, requires the use of internal standards
(ISs) against which the analyte signal can be calibrated and
also to correct for matrix effects. The incorporation and use of
ISs represents the most challenging, yet essential, component
of a successful Q-MSI study

Desorption/ionization approaches

Although detailed descriptions of the desorption/ionization pro-
cesses employed for Q-MSI are outside the scope of the review,
we have provided brief discussions of each approach described
in this review below in order highlight specific issues relating to
quantitation that must be considered for each.

Matrix-assisted laser desorption/ionization (MALDI)

MALDI is widely used for MSI of a wide variety of analytes
including proteins and peptides [17-21], lipids, pharmaceuti-
cals and metabolites [22-26], direct from a wide range of
surfaces and in particular tissue sections [27-29]. MALDI
analysis requires the sample surface be coated with matrix,
typically a small organic compound, which facilitates analyte
extraction and, ultimately, the “soft” ionization of desorbed
molecules. A detailed review of the mechanisms of MALDI
can be found in references [30, 31]. While appropriate sample
preparation is central to any MSI study, the use of a matrix
introduces an additional preparation step for MALDI that is
not required for other MSI approaches and has important
implications for quantitative analysis. [11]. In order for the
generated ion images to be representative of the localized
concentrations, the matrix must be applied in a homogenous
manner that minimizes analyte delocalization. Homogenous
matrix application can now be routinely performed with a
variety of approaches [32—39]. Crucially, the method of matrix
application and the matrix itself have also been shown to
influence the types of analytes observed [40] and even the
LOD and linear dynamic range of the analysis [41] and, thus,
matrix type and application technique requires careful optimi-
zation prior to quantitative analysis.

A key consideration for quantitative-MALDI (Q-MALDI-
MS]). is that tissue heterogeneity can lead to local changes in
analyte extraction efficiency from the tissue into the matrix
and crystallization behavior across the surface [ 10, 42]. There-
fore, IS incorporation presents a unique challenge as it must be
done in a way such that it mimics as close as possible the
extraction, crystallization, and ionization behavior of the
targeted analyte(s). Moreover, the matrix can produce a series
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of low mass ions that may overlap with the signal from the
analyte(s) of interest. Here MS/MS based analyses may pres-
ent a significant advantage.

Secondary ion mass spectrometry (SIMS)

SIMS analysis involves the bombardment of the sample with a
highly focused, accelerated (typically 540 keV) ion beam
(e.g., Bi", Au’, Cs", O,", and Cg,"). As the energetic ions
impact the surface, they initiate collisional cascades that ulti-
mately lead to the ejection of both neutrals and charged
species (so-called secondary ions) from the top few layers
(1050 nm) of the surface [43—45]. As the ion beam can be
focused down to ~50 nm, MSI with SIMS can be routinely
achieved with sub-micron spatial resolution. The primary
disadvantage of SIMS is that the energetic desorption process
results in significant fragmentation of desorbed molecules and
makes the detection of large intact molecules (such as biomol-
ecules) difficult. This means that SIMS analyses are generally
limited to ions with a mass lower than 1000 Da and, as a
result, many studies monitor the intensity of characteristic
fragments (if present) or simply acquire elemental informa-
tion. Ton yields in SIMS are dependent on a variety of factors,
including concentration and sputtering/ionization yields. Of
course, all of these are highly dependent on the local chemical
environment. In regards to quantitative data with SIMS, one
must be aware that analyte-specific ions may not always be
observed and that the generated spectra are only representative
of the top few monolayers of the exposed surface and these
distributions may not necessarily reflect bulk compositions.

Laser-ablation-inductively coupled plasma-MS (LA-ICP-MS)

In terms of quantitative properties, LA-ICP-MSI typically
provides the lowest RSD and highest reproducibility of any
MSI approach and routinely provides %RSD values between
5 %-10 % [46], high degrees of linearity, and high sensitivities
in the ng/g—pg/g range. The basic operating principle of LA-
ICP-MS involves the laser ablation of the sample by a UV
laser pulse (typically 213 nm with ablation diameters of ~10—
100 pm). The ablated material is then transported by an argon
carrier gas into the plasma region where the material is disso-
ciated into its elemental components and ionized to the corre-
sponding cations of which ionization efficiencies are well
known. Ions are then transported into the mass spectrometer
for analysis. Although elemental imaging is also possible with
SIMS, it is likely that the plasma-induced atomization that
occurs during LA-ICP-MS affords it a greater elemental ion-
ization yield that is less susceptible to matrix effects. This has
been attributed to the separation of the atomization and ioni-
zation events in LA-ICP-MS that allows both to be optimized
independently [47]. Localized matrix effects may arise from a
number of factors, including heterogeneity in the sample,

concentration, and the ionization potential of different atoms.
These factors can induce selective volatilization, vaporization,
ionization, and transport effects [48]. Quantitation strategies
for LA-ICP-MSI have been extensively covered in several
recent publications [48—52] and will, thus, only be covered
briefly here.

Desorption electrospray ionization (DESI)

The recent emergence of ambient ionization techniques, such
as DESI [53-55], have provided new approaches to the mass
spectrometric analysis of surfaces [54—57]. These techniques
allow direct surface analysis outside the confines of the vac-
uum region of the mass spectrometer with minimal-to-no
sample preparation. These capabilities minimize the possibil-
ity of sample deformation (e.g., due to rapid dehydration)
upon introduction to the vacuum region while allowing anal-
ysis of biological samples in (or at least close to) their native
state (e.g., whilst still containing native water content). To
date, of the ambient imaging techniques, Q-MSI has only
been reported with DESI (Q-DESI). DESI analysis is initiated
by the bombardment of the sample with a series of highly
charged droplets produced by a pneumatically assisted
electrospray. As the charged droplets strike the surface, they
extract surface-bound analytes that are then released from the
surface within scattered secondary droplets. Upon solvent
evaporation, these droplets ultimately lead to the forma-
tion of intact analyte ions (analogous to ESI) that then
enter the mass spectrometer for analysis. Difficulties
concerning the acquisition of quantitative data may arise
from poor or non-uniform local extraction efficiencies
across the tissue and the possible dependence of ion
signal on the degree of tissue damage that is dependent
on the choice of solvent [58, 59].

Incorporation of internal standards for signal calibration
Ideal internal standard to account for matrix effects

Any quantitative approach requires an internal standard (IS)
against which the signal from the analyte(s) is calibrated. In Q-
MSI, the IS should both help correct for region-specific matrix
effects and allow analyte signal to be converted into absolute
surface concentrations upon generation of an appropriate cal-
ibration curve. Although there are a variety of approaches for
signal normalization in Q-MSI, normalization to the IS signal
is by far the most superior technique for both acquisition of
quantitative data and ensuring the resulting image provides the
most representative reproduction of analyte distribution. This
is highlighted in Fig. 1, which provides MALDI-MSI images
of imipramine in rat lung tissue with deuterated imipramine
doped into the matrix as an IS and applied homogenously
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Fig. 1 MALDI-MSI images of imipramine in rat lung tissue acquired
following homogenous coverage of tissue with matrix and deuterated
imipramine as an internal standard with various normalization strategies.
(a) Optical image of tissue section. The arrow points to an area where
tissue is missing. lon images are generated with: (b) no normalization, (¢)
simple moving median normalization, (d) total-ion current (TIC)

across the tissue surface [60]. Only pixel-by-pixel normaliza-
tion of imipramine to the IS signal was able to reproduce the
lack of imipramine signal in the region where tissue is miss-
ing. All other normalization approaches provided a “false”
detection of imipramine in this region. Although there are a
variety of means by which ISs are employed in Q-MSI (see
below and Table 1), there are several features that define an
ideal (and thus suitable) IS. First, the molecular structure of
the IS should be as close as possible to that of the analytes
targeted for quantitation. This ensures that it is extracted and
ionized in a similar manner to the analyte and, thus, corrects
for analyte-specific ionization efficiencies. For this reason,
stable isotope analogues of the analyte(s) are often chosen if
they are available. Second, the IS should be analyzed in an
environment identical to or as close as possible to that in
which the analytes are present. This helps to ensure that both

normalization, (e) root-mean-squared normalization, and (f) normaliza-
tion to internal standard signal. All normalization is performed on a pixel-
by-pixel basis. Only normalization to internal standard signal is able to
account for the lack of analyte signal expected in the region where tissue
is missing, and thus provides the most representative image of actual
analyte distribution. Image adapted with permission from reference [60]

analyte and IS are exposed to a similar chemical matrix during
analysis and, thus, allows correction for region/sample-
specific desorption and ionization efficiencies. For this reason,
biomedical applications often use cell or tissue homogenates,
or even the tissue surface itself, as the matrix into which the IS
is incorporated. However, this requirement can be particularly
challenging for techniques that require analyte extraction
(MALDI and DESI) as the externally applied IS must be
applied in a manner that ensures it is also extracted in an
analogous manner to the analyte present within the tissue.
For example, IS applied on top of the tissue may
provide elevated response for the IS relative to the analyte.
Alternatively if the IS is present within a cell/tissue homoge-
nate, this may not allow changes in D/I efficiencies that occur
across the surface of a single tissue section or cell to be
accounted for.

Table 1 Reported calibration approaches for quantitative-MSI of biological material®

Technique  Signal calibration method Analyte/surface References
SIMS Relative sensitivity factor (RSF) determined with doped matrix of similar Elements in cells and tissue [61-67]
properties (i.e., frozen homogenates)
Relative sensitivity factor (RSF) determined with ion implantation of standards. Elements in tissue [68]
DESI Dilution series on top tissue Clozapine in rat brain section [69]
MALDI Dilution series deposited under control tissue; matrix applied after Cocaine and acetyl-l-carnitine in brain  [70-72]
tissue sections
Dilution series on top of control tissue; matrix applied after Tiotropium in rat lung sections, digested [73, 74]
proteins in coronal rat brain sections
Calculation of tissue-specific extinction coefficient to account for on-tissue Propranolol and olanzapine in whole  [75]
suppression effects body sections of mice.
Dilution series on top of control tissue with labeled IS pre-mixed with matrix. Imipramine, tiotropium, and Substance [60]
P in tissue sections
Normalization of ion counts per pixel by quantitation with LC-MS/MS of Olanzapine in rat liver sections [76]
tissue homogenate
Dilution series of analyte prepared within a tissue homogenate of rat liver Lapatinib and nevirapine in rat liver,  [77]
dog liver and xenograft mouse tumor
LA-ICP- Calibration with suitable certified reference materials (CRM) Elements in tissues [78-80]
MS Calibration in matrix matched standard or a matrix with similar properties. Elements and nanoparticles in cells [46,51,81-93]

Online addition of standards with simultaneous sample ablation

Isotope dilution

and tissues.

Elements in tissues [81,90,94-97]

Elements in tissues [98, 99]

 This table is not intended as a complete summary of all approaches employed for Q-MSI of biological samples, but rather serves to highlight a variety of

different methods that may be used
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Matrix-matched standards with homogenates

Matrix-matched standards, commonly used for quantitative
LA-ICP-MSI (Q-LA-ICP-MSI) and SIMS (Q-SIMS-MSI)
studies, are approaches that incorporate IS within a homoge-
nized matrix that has similar properties to that of the sample.
This ensures that matrix effects within the sample are closely
mimicked and tissue/cell-specific matrix effects are corrected
for. In terms of biomedical studies, this is widely (but not
always) achieved using cell or tissue homogenates of the same
origin as the sample. However, for whole body samples, this
can necessitate time-consuming sample preparation steps
as homogenates must be prepared from each tissue type
of interest. In addition, it must be noted that by their
nature, tissue homogenates may not accurately account
for changes in ion suppression effects that arise from
heterogeneity across a tissue or cell surface that is commonly
encountered in MSI.

The use of matrix-matched standards has been widely
applied to Q-SIMS-MSI through the use of relative sensitivity
factors (RSFs) [65]. RSFs relate the ion intensity ratio of the
analyte(s) of interest to a homogenously distributed compo-
nent present in the sample (commonly '*C is used for organic
material). Thus, if the RSF is known, by measuring the ratio of
the ion of interest to the matrix component the absolute
localized concentration of the analyte within the analyzed area
may be calculated. The RSF is typically determined using
doped cell or tissue homogenates, although controlled ion
implantation has also been employed [14, 68] (Table 1). In
an early study, Ausserer et al. performed Q-SIMS-MSI to
quantify the amounts of boron, calcium, magnesium, potassi-
um, and sodium in cultured cells [65]. To calculate RSFs,
frozen cell homogenates spiked with Na,B,H;;SH were
analyzed by both SIMS and inductively coupled plasma-
atomic absorption spectroscopy. The latter technique was used
to relate the measured SIMS intensities to absolute concentra-
tion. Determined RSFs were then used to quantify a range of
elements (mmol/kgary weight) Within the nuclear, perinuclear,
and cytoplasmic regions of single fibroblast cells. RSFs have
been applied for the Q-SIMS analysis of a range of biological
samples, including frozen-hydrated samples [62], aluminium
deposits in brain tissue [64], and a variety of elements within
single cells [61, 63, 66, 100, 101]. For example, the quantity
of boron uptake in tumor cells was analyzed in the context of
boron neutron capture therapy using the RSF approach [63,
67]. In the study by Smith et al. rats were dosed with p-
boronphenylalanine (BPA) and analyzed by Q-SIMS [63].
The distribution and uptake of BPA was determined by mon-
itoring the ratio of '°B to '2C signals and this was related to
absolute boron content (calculated in pg/gssue) through the
known RSF. This Q-SIMS-MSI analysis revealed elevated
level of boron uptake in the main tumor mass relative to
contiguous normal brain tissue and, importantly, levels above

15-30 pg/gssue that are essential for the therapeutic process
were observed.

Conventional calibration curves generated from standards
in a suitable environment have also been used for Q-SIMS-
MSI [102—-104]. Using this technique, Strick et al. [102]
quantified a variety of elements within individual fibroblast
cellular compartments and single chromosomes. First, a cali-
bration curve was generated using doped agarose and revealed
a 10 nM sensitivity for Ca>* and a 100 nM sensitivity for
Mg?". The average concentration in a diploid set of chromo-
somes was determined to be in the range of 20-32 mM for Ca*
and 12-22 mM for Mg”". Furthermore, the SIMS-MSI anal-
ysis revealed a Ca>":Mg”" ratio of 3:1 on the chromatoid axis,
providing evidence that that Ca®" is enriched in AT-rich axes.

Although a variety of quantitative approaches for Q-LA-
ICP-MSI have been demonstrated (Table 1), including online
addition employing a nebulizing sprayer, isotope dilution,
doped polymer films, and inkjet printing of standards [48,
49, 84, 91, 98, 99, 105, 106], the use of matrix-matched
standards for calibration has been the most popular approach.
The use of matrix-matched IS for Q-LA-ICP-MSI was first
demonstrated by Becker et al. [90] for the imaging of a variety
of elements in human brain tissue. In this approach, a tissue
homogenate doped with suitable standards is used to closely
mimic the ablation and ionization of endogenous analyte from
the sample. The doped homogenate is frozen, sliced, and
analyzed to generate a calibration curve that is then applied
to the sample of interest. This approach allowed Q-MSI of
elements including zinc, copper, thorium, and uranium at sub-
ppm levels in the human brain. Representative data acquired
for zinc and copper are provided in Fig. 2. The highest zinc
concentration was found in the hilus and lucidum regions of
the hippocampus, whereas copper was observed to be
enriched overall in the hippocampus. By contrast, thorium
and uranium were present at lower levels and were
homogenously distributed. Nanoparticle doped nitrocellulose
membranes have also been employed as a cell-mimicking
calibration approach to allow for quantitation of gold and
silver nanoparticle uptake in single fibroblast cells [89]. Cul-
tured cells were incubated with gold and silver nanoparticles
and analyzed by LA-ICP-MSI (laser spot size of 4-8 pm)
using an oversampling approach to provide sufficient spatial
resolution. LOD and LOQs for silver nanoparticles with a
50 nm average diameter were 20 and 60 particles, respective-
ly. In agreement with the smaller particle size, detection of
gold nanoparticles with an average diameter of 25 nm could
be achieved with an LOD of 190 particles and LOQ of 550
particles. Cells incubated with silver nanoparticles at a con-
centration of 0.2 and 2 pM for 24 h were found to contain on
average 380 and 2500 particles per cell, respectively. Howev-
er, incubation at 20 pM revealed toxic levels of 15,000-57,
000 particles present in the cell. The ability to quantify nano-
particles in single cells highlights the potential for Q-LA-ICP-
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MSI in areas such as nanotoxicity and even the characteriza-
tion of nanoparticle-based drug delivery systems [107].

The usefulness of matrix-matched standards in Q-LA-ICP-
MSI has led to a variety of certified reference materials
(CRMs) becoming commercially available for use as stan-
dards to aid in LA-ICP-MSI calibration [48, 52]. For example,
CRM based on bone meal has been used for Q-LA-ICP-MSI
of trace elements in human teeth, and distinct distributions
between enamel, prenatal dentine, postnatal dentine, and sec-
ondary dentine could be observed [92] (Fig. 2c). In another
study, bovine liver matrix was employed for the analysis of
trace metals in liver disorder [93]. To ensure equivalent plume
conditions, it is essential that the calibration sample composi-
tion (such as water content) matches as close as possible the
sample to be analyzed. To ensure close matching, for many
applications home-made standard samples must be prepared
from for example tissue homogenates, if appropriate CRMs
are not available.

An alternative approach for signal calibration in Q-LA-
ICP-MS related to matrix-matched standards is the use of
online addition. In this approach, a series of solutions doped
with known concentrations of elements is nebulized concur-
rently with laser ablation of an unspiked tissue homogenate
section to produce the calibration curve to which signal ac-
quired from the sample is calibrated against. The simultaneous
ablation of the tissue homogenate ensures the chemical envi-
ronment of the sample introduced into the plasma closely
resembles that of the tissue samples to be analyzed and, thus,
any matrix effects are taken into account. This approach has
been used by Pozebon et al. for the Q-MSI of 29 elements in
brain sections [94]. A similar approach has also been used for
the spatially resolved quantitative analysis of elements in hair

Fig. 2 Q-LA-ICP-MS images of zinc (a) and copper (b) in human
hippocampus tissue section. Calibration was performed using
doped tissue homogenates. Calibration spots are shown on the
left of the corresponding images for homogenate doped with 1,
5, and 10 ppm of the corresponding element. Image taken with
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[97], steel, and glass [108]. One possible disadvantage of this
approach is the dilution of the endogenous analytes that can
affect the LOD [95].

Recently, the matrix-matched standards approach has been
extended to the analysis of drug distributions by Q-MALDI-
MSI [77]. In this study, a mimetic tissue model based on dosed
tissue homogenates was developed to allow for signal calibra-
tion and absolute quantification with MALDI-MSI. Tissue
homogenates were prepared from rat liver tissue and dosed
with known concentrations of the drugs lapatinib and nevira-
pine and then frozen in a polymer support mould. Importantly,
to ensure similar analyte extraction and matrix crystallization
between the homogenates and tissue, homogenates were
shown to be prepared with a similar density and distribution
of cell nuclei as the original tissue. Thin sections of the
homogenates and tissues were then prepared at the same
thickness and mounted next to each other on a glass slide.
Calibration curves allowing for endogenous analyte signal
calibration were generated by analyzing homogenate sections
containing a known range of dosed analyte and averaging the
signal intensity acquired across the homogenate surface. Cal-
ibration curves generated for lapatinib revealed R* values
>0.99 and linearity over 3 orders of magnitude range in
concentration (62—-61,600 ng/g). In addition, high reproduc-
ibility of the ion signal acquired from the homogenates was
observed with RSDs between 1.94 % and 11.88 % reported
across the concentration range. Finally, by calibrating analyte
signal from dosed tissues against the generated calibration
curves, determination of the absolute concentration (averaged
across the tissue surface) of dosed nevirapine (in rat liver) and
lapatinib (in dog liver and a mouse xenograft tumor tissue)
was possible. In all cases, absolute Q-MALDI-MSI quantities

Concentration (ng/g)
100 200 300

permission from reference [90]. (¢) Q-LA-ICP-MS of four trace
elements within a human tooth. Calibration was achieved by
analysis of a standard reference material (NIST SRM 1486 bone
meal). Image taken with permission from reference [92]
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were within 10 % of the concentrations acquired by LC-MS/
MS analysis of serial section from the tissue. These results
demonstrate the ability of the rat liver homogenate to provide
a suitable matrix for quantitation in dog liver and mouse
xenograft tumor tissue, thus suggesting that it is not always
essential for homogenates to be prepared from the same tissue
to be analyzed. For example, the concentration of lapatinib in
dog liver was determined to be 110,000 ng/g;ssue by Q-
MALDI-MSI compared with a value of 120,000 ng/gssue
obtained by LC-MS/MS. This close agreement verifies the
accuracy of the approach, at least for the determination of
average concentrations across a tissue surface and the ability
of the tissue homogenates to closely mimic the extraction,
crystallization, and ionization conditions encountered during
tissue analysis by MALDL

Dilution series of IS on or below tissue section

The use of dilution series spotted on top of or below tissue
sections for signal calibration has been widely explored in
quantitative MALDI-MSI (Q-MALDI-MSI) studies where
intact biomolecules are routinely observed from tissue. In
these approaches, the idea of preparing and analyzing the IS
dilutions series in contact with the tissue is thought to replicate
tissue-specific matrix effects. However, while this may partly
be the case, it is very difficult to exactly replicate the extrac-
tion, desorption, and ionization conditions encountered for an
analyte initially present within the tissue using an externally
applied IS. Nonetheless, the studies highlighted below show
that good agreement with established quantitative approaches
such as LC-MS/MS can be achieved and suggest that these
effects can be closely (although not exactly) replicated.

One of the most common approaches for this methodology
has been to prepare the dilution series on top of the tissue
section. The ion signal from the dilution series is used to
produce a calibration curve against which the analyte signal
is calibrated. In one successful study, Q-MALDI-MSI was
employed to investigate the in vivo uptake and retention of
inhaled triotropium, a drug used in the management of chronic
obstructive pulmonary disease, in rat lung tissue [73]. To
allow quantitation, serial dilutions of triotropium were spotted
onto an undosed tissue and calibration curves were generated
using the intensity of the characteristic tiotropium ions (or
fragments) in both MS and MS/MS mode. Both calibration
curves provided good linearity with R* values of 0.995 for
deposited amounts of 80 fmol-5 pmol of tiotropium standard
in MS/MS mode and R? value of 0.983 for 80 fmol-2.6 pmol
in MS mode. Regions of interest (20-25 pixels with pixel size
of 175-200 um) for areas observed by MSI to contain low,
medium, and high counts for triotropium in dosed tissue were
analyzed and the abundances present on the surface inferred
from the calibration curve. This analysis provided surface
concentrations of ~0.2—1.30 pmol per 20-25 pixel region

across the tissue area and correlated well with absolute values
determined by LC-MS/MS of tissue homogenates. In a more
recent study, an on-tissue deuterated peptide was used for the
quantitative MSI of myelin basic protein (MBP) in rat brain
[74]. In this study, an on-tissue trypsin digestion was per-
formed to convert intact proteins into a range of peptides
characteristic of the intact proteins. Crucially, the on-tissue
digestion ensured that the spatial distribution of tryptic
peptides was indicative of the spatial distribution of their
protein precursor. Quantitative analysis was carried out by
homogenously spraying a deuterated analogue of a MBP-
specific peptide over the tissue section using a commercial
automatic spray deposition device. The surface concentration
of sprayed IS was calculated by depositing a dilution series of
the analogous unlabeled peptide standard over the deuterated
IS layer sprayed onto a blank slide. Using the known concen-
trations of unlabeled peptide on the surface and the nominal
ablation spot diameter of 50 um per pixel, the surface con-
centration of the deuterated IS was calculated to be 93+
0.1 amol/ablation area. MSI was then performed using multi-
ple reaction monitoring (MRM) transitions specific for the
endogenous and labeled peptides. Calibration of the on-
tissue signal for the endogenous MBP-specific peptide to the
labeled peptide allowed quantitation of the endogenous peptide
and, hence, MBP. Concentrations of MBP in rat brain were
calculated to be 0.001-0.071 amol.um >, although no verifica-
tion of these values by an alternative approach was provided.
Additionally, it is likely that the extraction efficiency for en-
dogenous compounds likely differs from that of an IS applied
on top of the tissue, and this could lead to errors in the concen-
tration of endogenous compounds within the tissue volume.
As an alternative to preparing IS on top of tissue the Yost
group has explored the deposition of IS beneath the tissue
surface. As the IS must be extracted through the tissue volume
into the matrix layer on top of the tissue, it has been proposed
that this method of IS preparation is able to more accurately
reproduce the extraction and crystallization of endogenous
analytes within the matrix layer. Pirman et al. demonstrated
the use of this technique to correct for tissue and region-
specific ion suppression effects [71]. For example, ion sup-
pression effects occurring when analyzing different regions of
a piglet brain tissue could be compensated for by normalizing
to the IS signal. In this analysis, calibration spots of acetyl- -
carnitine (AC) were deposited on a glass slide and were then
covered homogenously with the deuterated IS prior to mount-
ing of the tissue section and matrix application. Figure 3a
shows the MS-image of protonated AC. Both the calibration
spots and endogenous AC are observed. At first glance, it
appears that there is significantly less AC in the white matter
compared with grey matter. However, analysis of the proton-
ated AC-d; also reveals this trend (Fig. 3b), suggesting that
lower extraction/ionization efficiencies in white matter may be
the cause of this observation. Figure 3¢ shows the ratio image
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Fig. 3 MALDI-MSI of endogenous acetyl-I-carnitine (AC) in a piglet
brain tissue section. (a) Ion distribution image of the [M + H]" ion of AC
at m/z 204, which reveals a clear differentiation between white and grey
matter. (b) Ion distribution image of homogeneously applied AC-d;
internal standard ((M + H]" ion at m/z 207). This image also reveals
differentiation of white and grey matter that arises from tissue-specific ion
suppression effects. (¢) Ratio images of m/z 204/207 on a tissue section
on which a dilution series of AC was initially deposited below the tissue

of m/z 204/207 (AC/AC-d;) where pixel-to-pixel normaliza-
tion has been performed. Although this image also suggests
there is more AC in the white matter, the difference between
white and grey matter is noticeably less following normaliza-
tion. This image, by accounting for spot-to-spot signal varia-
tion, likely provides a more accurate representation of the AC
distribution (although no external verification of the AC dis-
tribution was provided) and, thus, highlights the need for an IS
in quantitative MSI. Normalization of the dilution series to an
internal standard also results in a more linear calibration curve.

This approach has also been extended to allow the absolute
Q-MSI of acetyl-| -carnitine [70] and cocaine [72] from piglet
and human brain tissue, respectively. In the latter study, co-
caine in brain tissue was quantified utilizing an analogous
calibration procedure using cocaine-d; as the IS with MS/
MS image acquisition. Signal calibration was performed using
standard addition by application of a cocaine dilution series
and a homogenous layer of IS beneath the section. Q-MSI
performed with quadrupole-time-of-flight (Q-ToF) instrumen-
tation provided cocaine concentrations of 240+100 ng/gssue
and 400£50 ng/gsue Surprisingly, a similar analysis per-
formed with an ion trap instrument reported a much higher
cocaine concentration with larger uncertainty within each
measurement (880+£300 ng/gssue)- This was attributed to the
less powerful nitrogen laser used for the ion trap measure-
ments and the fact that only several laser shots were accumu-
lated in the ion trap for each raster spot to avoid space charge
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(50460 pg/giissue) and covered homogenously with AC-d;. The dilution
series was used to generate the calibration curves shown in (d) and (e). d
Shows the calibration curve generated using only the [M +H]" ion of AC.
¢ Calibration curve generated by using the ion intensity ratio of m/z 204/
207 (AC/AC-d;). The latter normalization procedure reveals a signifi-
cantly greater linearity (greater R? value) in the calibration curve. Image
taken with permission from reference [71]

effects. As a result only a small percentage of the tissue
surface was ablated, leaving behind much analyte and IS.
The Q-ToF system used a more powerful solid-state laser
and acquired 200 laser shots per raster position. This resulted
in near complete ablation of each raster spot and, thus, sam-
pling of all material present at each raster spot. This not only
improves signal and, thus, provides better statistics but also
helps compensate for uneven extraction of IS through the
tissue to the surface that may arise when the IS is placed
beneath the tissue. It would be expected that the IS concen-
tration would be lowest at the tissue surface, and this can result
in elevated analyte:IS ratios. An additional source of error in
these measurements may lie in the determination of the con-
centration of cocaine and IS initially present beneath the tissue
[72]. Lateral diffusion through the tissue during extraction
may spread out standards across a larger surface (lower con-
centration per area) then the area of the initial droplet, and this
would be expected to vary with tissue thickness and mobility
of deposited standards through the tissue. Nonetheless, co-
caine quantities measured by Q-MSI were compared with
those obtained following LC-MS/MS analysis of extracts.
As expected, the more established LC-MS/MS approach pro-
vided much higher precision and linearity (RSD 5.5 %—6 %
and R? values >0.99). However, within the error of the exper-
iment, Q-ToF values compared favorably with LC-MS/MS
analyses, providing evidence that IS applied under the tissue,
in addition to MS/MS acquisitions and complete ablation of
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each raster position, allows for absolute quantitative analysis
using MSIL.

The doping of IS into the MALDI matrix has also been
reported by Kaéllback et al. for the Q-MALDI-MSI of several
drugs (imipramine and triotropium) and the peptide Substance
P [60]. Deuterated ISs were doped into the matrix solution and
then applied to the tissue section using an automated spray
deposition device. Drug calibration curves were generated by
spotting serial dilutions of analyte standard onto control tissue
sections followed by simultaneous matrix and IS application.
Peptide quantitation was achieved by deposition of dilution
series of Substance P onto the cerebral cortex (a region known
to contain minimal endogenous Substance P) for calibration
followed by matrix and IS application. Signal for the analytes
of interest within regions of interest (ROI) were then com-
pared with the appropriate calibration curve and allowed the
analyte concentration per area or weight of tissue within the
ROI to be calculated. Applying this technique to endogenous
Substance P within different mouse brain structures revealed
the highest concentrations in the substantia innominata
(22 fmol/mg) and substantia nigra (42 fmol/mg). The quanti-
tative MSI results were compared with previous results ob-
tained by radioimmunoassay [109]. For example, the quanti-
tative MSI approach provided Substance P concentrations in
the caudoputamen of 13 fmol/mg compared with 21 fmol/mg
measured with the radioimmunoassay. Although the results
are in reasonable agreement, possible sources of the lower
values obtained with MSI are incomplete extraction and in-
corporation of Substance P into the matrix crystals and the IS
that is pre-mixed with matrix prior to deposition. The latter
effect will likely lead to different incorporation of IS and
endogenous molecules into the matrix crystals. Furthermore,
this approach may not effectively account for changes in ion
suppression effects across the tissue surface as the calibration
curve was acquired from standards deposited onto different
tissue regions to where the endogenous peptide is located.

On-tissue dilutions series have also been employed to
provide the first report of Q-MSI using DESI (Q-DESI)
(Fig. 4) [69]. Here, a calibration curve was first generated by
pipetting a dilution series of clozapine in the presence of an
isotopically labeled clozapine onto undosed rat brain section.
The calibration curve revealed a dynamic range over 3-orders
of magnitude and returned an error of only 3 %5 % when
analyzing quality control samples of known concentration.
Using this calibration curve, Q-MSI was then performed by
pipetting known amounts of IS onto brain regions where
clozapine was known to be located to allow calibration of
the average ion signal acquired from the region of interest.
Representative ion images of clozapine obtained from two rats
are provided in Fig. 4. By comparing the ion intensity of
clozapine to the IS in pixels where both were detected, the
absolute amount of clozapine per area of tissue could be
calculated. The accuracy of the method was verified by

analysis of adjacent sections by LC-MS/MS, which revealed
only ~9 % difference compared with quantities determined by
Q-DESI-MSI (Fig. 4f). Additionally, the RSD of the quanti-
tative method across five sections each from two rats (11 %—
17 %) was comparable to that acquired by LC-MS/MS (11 %—
13 %). However, this approach relied on the assumption that
clozapine was homogeneously distributed within the region of
interest and, as noted by the authors, if a heterogeneous
distribution is present, the calibration procedure will need to
be performed separately on each region where analyte is
detected. Finally, use of a radiolabeled IS allowed the extrac-
tion efficiency of DESI to be evaluated, and it was revealed
that only 15 %20 % of the IS was extracted from the tissue
during a single DESI-MSI analysis. In terms of Q-MSI, this
effect introduces an error in knowing exactly how much
material is analyzed and is likely to vary with different
analytes and substrates. Moreover, it may likely result in
different extraction efficiencies for on-tissue IS and endoge-
nous compounds during DESI that may lead to errors in
calculated concentrations.

Q-MSI in the absence of internal standards

Although ISs are thought to be essential for any quantitative
analysis, several recent studies have reported Q-MALDI-MSI
without the use of an IS. Here, Q-MSI is performed either by
finding a correction factor for matrix effects or employing an
alternative quantitative technique against which MSI data can
be normalized. These approaches and their advantages/
disadvantages are discussed briefly below.

The approach reported by Hamm et al. [75] involves the
calculation of an analyte and tissue-specific normalization
factor termed the “tissue extinction coefficient” (TEC). To
calculate the TEC for a specific analyte/tissue combination,
both a glass slide and tissue section are homogenously
sprayed with an analyte/matrix mixture. The ratio of analyte
intensity from a specific control tissue region to that acquired
from the glass slide gives the TEC value. By analyzing a
whole-body rat section in a single analysis, the analyte-
specific TEC values for different tissue regions can be calcu-
lated and can be used to account for signal variation arising
from tissue-specific ionization suppression effects; thus, in
some ways, this approach is similar to the RSFs employed
from SIMS (see above). As the TEC effectively provides a
measure of the extent of tissue-specific ion suppression, TEC
values are calculated for each different tissue/analyte combi-
nation of interest. Although not always true, tissue regions
assigned a TEC value are assumed to be homogenous. As
shown in Fig. 5, determination of the TEC values for propran-
olol acquired from a variety of rat organs revealed TEC values
were highest from the stomach (indicating less ion suppres-
sion) and lowest from the brain and liver (more ion suppres-
sion). However, the TEC values of the kidney and brain had
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Fig.4 (a) Calibration curve for clozapine standards micropipetted onto a
coronal rat brain section and analysed with DESI-MS. Average response
factors were calculated for all scans in all rows of data that clozapine and
IS were both detected with four replicates for each concentration. (b) and
(c) Optical images of two coronal rat brain sections prepared following
clozapine dosage (2.5 mg/kg’l, 45 min postdose). (d) and (e) Corre-
sponding DESI-MSI images of the clozapine [M + H]" ion at m/z 327.1.

the highest variation that is likely due to the large degree of
tissue heterogeneity, which will influence the precision of the
analysis. Once the TEC values are known, a calibration curve
is produced by Q-MSI analysis of a dilution series of the
analyte of interest on the glass slide adjacent to the tissue.
Using the TEC value and calculated tissue density, endoge-
nous ion signal acquired from a particular tissue region or ROI
can then be calibrated to provide the analyte concentration per
unit area or weight of tissue section. Advantages of this
approach include the ability to generate Q-MSI data from
different tissue regions (such as that encountered in a whole
body imaging experiment) in a single acquisition (once the
TEC values are known) and that a deuterated internal standard
is not required, thus making it well suited for early drug

Fig. 5 Optical images of whole Brain
body rat section prior to g
homogenous coverage with a e

mixture of propranolol (m/z 260)
and MALDI matrix. Sections and
adjacent glass slide were covered
with (a) 0.5 pmol/uL, (b) 5 pmol/
pL, and (¢) 10 pmol/puL of
propranolol. (d )~f)
Corresponding MALDI-MSI
images of protonated propranolol
at m/z 260 acquired from glass
slide and tissue covered with (d)
0.5 pmol/uL, (e) 5 pmol/pL, and
(f) 10 pmol/uL of propranolol. (g)
Calculated tissue-extinction g
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Quantitation was achieved based on the calibration curve generated by
deposition of a dilution series of clozapine on an untreated tissue section.
(f) Comparison of Q-DESI-MSI and LC-MS/MS of adjacent tissue
sections obtained from five measurements of five different sections. Error
bars represent the corresponding standard deviation. Q-DESI-MSI quan-
tities are within 9 % to those acquired by LC-MS/MS. Image adapted
with permission from reference [69]

discovery studies. Furthermore, the approach may be applied
to any desorption/ionization technique. However, as the TEC
value is based on the signal acquired using analyte
spotted onto the tissue surface, it is important to note
incomplete (and tissue-specific) analyte extraction into
matrix crystals may not be completely taken into ac-
count for endogenous analyte(s) initially present within
the tissue volume. Nonetheless, very promising results
for the quantitative-MSI analysis of both propranolol in
whole body rat sections and olanzapine in rat kidney
were obtained with RSDs less than 7.8 % compared with
corresponding data acquired with an established Q-WBA
approach. For example, quantitation of propranolol could be
achieved with an LOD and LOQ of 6 and 18 fmol/mm?,

Standard
i ; TEC Values

;:.oefﬁmerfts .ﬁom various organs/ semcanteation MeanTEC  RSD (%)

issues within the above sections.

Image adapted with permission (pmol/pt) 0.5 > 10 Value

from reference [75] ) Brain 0.098 0.048 0.06 0.07 37.9%
g Stomach 0.392 0.354 0.39 0.38 5.8%
= Kidney 0.147 0.174 0.09 0.14 31.8%
E}-‘ Liver 0.067 0.049 0.06 0.06 15.9%
o Lung 0.104 0.082 0.07 0.08 23.0%

@ Springer



A critical evaluation of the current state-of-the-art

respectively. The drug was found to be localized
inhomogenously throughout the whole body section, with
elevated levels of 5.6, 17.7 and 10.8 1g/giissue calculated from
the kidney, lung, and brain, respectively.

In the second approach, integrated MALDI-MS/MS ana-
lyte ion counts acquired across tissue section are normalized
to quantitative data acquired following extraction and LC-MS/
MS analysis of adjacent tissue sections [76]. This allows the
average quantity of analyte that contributes to each MS/MS
ion count unit (as recorded by the instrument software) to be
determined, which can then be related to tissue surface con-
centration. This technique has been applied to rat liver tissue
obtained from rats dosed with varied amounts of clozapine.
Normalization of ion counts to LC-MS/MS data yielded a
conversion factor of 6.3+0.23 fg clozapine/ion count. The
primary advantage of this approach is that an IS is not re-
quired; however, time-consuming extraction and LC proce-
dures are required for each analyte/tissue combination to be
analyzed and, as this is an average value, the accuracy of this
per-pixel quantity may not reflect localized concentrations. In
addition, it may also be affected by factors such as the possi-
bility of different extraction/ionization efficiency across the
tissue and also changes in instrument performance during the
acquisition (e.g., source contamination) that arise as a result of
not being able to normalize to an IS.

Validation of Q-MSI data

Finally, despite the significant progress that has been made in
the field of Q-MSI (see above), the true accuracy and suitabil-
ity of any quantitative approach can only be determined once
data has been validated. However, validation of Q-MSI data
remains a significant technical challenge that must be ad-
dressed. This requires the Q-MSI data to be directly compared
with data acquired using an independent quantitative method-
ology such as LC-MS/MS and Q-WBA on the same sample.
In Q-MSI studies, where this has been performed, good agree-
ment with surface concentrations acquired by Q-MSI and
other quantitative approaches has been reported [60, 70, 72,
73, 75]. However, in most cases Q-MSI was performed by
averaging the analyte:IS signal ratio either across the whole
tissue section or particular tissue regions. Therefore, a bulk
measurement (i.e., LC-MS/MS performed following homog-
enization and extraction from tissue) is often used to validate
another “bulk” measurement acquired across the tissue surface
by averaging ion counts across multiple pixels during Q-MSI
analysis. While this can verify if the Q-MSI protocol
employed allows accurate determinations of average surface
concentration across a particular area, it negates the pixel-by-
pixel positional information that is argued to be one of the
primary advantages of Q-MSI over approaches relying on
homogenization and extraction. Therefore, the question must

be asked as to how much quantitative information (if any) can
confidently be drawn from the analyte signal acquired from
two adjacent pixels. This requires determinations to be made
for regions spaced by 200 um or less (i.e., the spatial resolu-
tion of the image), and validation on this size poses a signif-
icant technical challenge with current technology and, further-
more, as the spatial resolution of MSI is constantly being
improved, this question is becoming increasingly significant.
For example, validation of cellular Q-SIMS-MSI data is rarely
performed. Biologically, validation on this size scale becomes
essential if one wishes to make quantitative conclusions re-
garding the concentration of a particular substance in adjacent
cells. However, on these size scales (<200 pm), heterogeneity
on the sample surface, IS coverage and, in the case of MALDI,
matrix crystallization, will invariably be present and makes
validation extremely difficult at the present time. One possible
solution to validating Q-MSI data on the scales is the use of
laser microdissection to cut out regions of tissue composing
only a few cells and then performing an extraction-based
quantitative analysis on this region [110]. However, full val-
idation of an entire tissue surface using this approach will
require many laborious dissections and extractions and, thus,
may not be feasible in many cases. Alternatively, liquid
microextraction techniques, such as liquid extraction surface
analysis (LESA) [111] and the liquid microjunction surface
sampling probe (LMJ-SSP) [112], which allow greater control
over localized analyte extraction, may provide another method
by which localized tissue concentrations can be supported and
validated. However, currently the spatial resolution of these
techniques (typically ~0.6—-2 mm) is less than that achievable
with MSI, and this may limit their ability to validate localized
concentrations on the order of the pixel size of the MSI
experiment.

Summary and future outlook

Although absolute Q-MSI still remains a significant analytical
challenge, the studies discussed in this paper highlight the
significant progress that is being made in the field. These
advances are largely related to the development and optimi-
zation of IS-based signal calibration protocols that allow the
correlation of ion intensities to an absolute surface concentra-
tion (Table 1). It must be noted, however, that as Q-MSI
requires the use of internal standards for calibration of analyte
signal, an applied method is only suitable for a specific
analyte/sample combination and, thus, unlike conventional
MSI that allows the imaging of hundreds of molecules in a
single, untargeted analysis, Q-MSI necessitates a targeted
analysis where only one or several molecules can be analyzed.
Nonetheless, where direct comparisons are possible, Q-MSI
values are typically within 20 % of those obtained with more
established quantitative techniques, an acceptable value for a
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range of applications such as early drug discovery. However,
as mentioned above, Q-MSI studies typically report an aver-
age concentration over a particular tissue region, what is
effectively a bulk measurement. The validation and ability to
make accurate quantitative judgements on a pixel-by-pixel
basis currently represents a significant challenge for the field
that must be addressed.

Future advancements in Q-MSI may arise via its
coupling with ion mobility, which has the potential to
allow quantitation of isomeric species that otherwise
constitute unresolved MS signals [113, 114], and also
by developing Q-MSI strategies that may be implement-
ed with the wide range of ambient ionization techniques
that are becoming increasingly prevalent and offer sev-
eral key advantages over traditional, vacuum-based mass
spectrometric techniques [54, 55, 115]. In particular,
these approaches can be applied to the direct analysis
of biological samples closer to their native state and,
with appropriate sample preparation allowing for the
incorporation of ISs, could also potentially find success
for Q-MSI applications.

A limitation of Q-MSI approaches is the need for time-
consuming data analysis and calibration; however, recently
several software packages designed to accelerate these steps
have been reported [60, 116] and should increase the accessi-
bility of Q-MSI to many laboratories. Finally, despite the
highly promising recent advances in the field, Q-MSI methods
are still far from robust and the true applicability of these
methods will only become clear with time as they are validat-
ed and are applied to an increasing number of analyte/surface
combinations.
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