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Mass spectrometry imaging is an imaging technology that allows the localization and identification of
molecules on (biological) sample surfaces. Obtaining the localization of a compound in tissue is of great
value in biological research. Yet, the identification of compounds remains a challenge. Mass spectrometry
alone, even with high-mass resolution, cannot always distinguish between the subtle structural differences
of isomeric compounds. This review discusses recent advances in mass spectrometry imaging of lipids,
steroid hormones, amino acids and proteins that allow imaging with isomeric resolution. These improve-
ments in detailed identification can give new insights into the local biological activity of isomers.
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INTRODUCTION

Mass spectrometry imaging (MSI) is a label-free analyti-
cal technique that allows detection, mapping and identifi-
cation of many molecules in complex, (biological) sample
surfaces in one single experiment."? The possibility to
obtain the location of compounds in tissue is of enormous
value, as the distribution of compounds is an important
piece of information in many areas of biological research.”
With MSI, single mass spectra are recorded at specific x and
y coordinates across the sample. Using dedicated software,
images can be generated by selecting peaks of interest in the
overall spectrum. Depending on the intensity of these peaks
throughout the sample, intensity maps of the selected ions
can be visualized.

Tandem mass spectrometry (MS/MS) can support the
identification of these compounds. However, when struc-
tural isomers have identical fragmentation pathways, then,
even with high-mass resolution, mass spectrometry alone
cannot distinguish these isomers under conventional ion
activation conditions. Nevertheless, resolving these struc-
tural isomers is essential for a better understanding of
the nature of disease. For example, there is evidence that

the dysregulation of pathways involving phospholipase
A2 enzymes, which are responsible for the hydrolysis of
acyl chains connected to the sn-2 position on the glycerol
backbone of lipids, are involved in cancer.” Also for un-
derstanding biological processes, it is important to be able
to distinguish between these compounds. For instance,
testosterone and dehydroepiandrosterone, an intermediate
of testosterone, are structural isomers.” In order to under-
stand the process of spermatogenesis, these isomers require
discrimination. Furthermore, chirality is a key characteris-
tic of the function of a compound. Enzymes often display
differences in substrate selectivity, and therefore particular
enantiomers are utilized in biochemical processes. This is
also the case with amino acids, where for example L-amino
acids are used as a building block for proteins, but p-amino
acids cannot be incorporated.® Aside from the sequence of
the amino acids, also protein identification remains a chal-
lenge in MSI due to the various proteoforms and possible
post-translational modifications (PTMs).

While these structural differences are subtle, recent
developments have made it possible to perform MSI with
isomeric resolution for certain molecular classes. This al-
lows us to get new insight into the local biological activ-
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ity of these isomers. In this review, first, different surface
sampling technologies and mass spectrometry (MS) systems
within MSI for biological applications will be discussed.
Then, the recent advances in isomeric MSI are described
with a focus on isomeric imaging of lipids, steroid hor-
mones, amino acids and proteins in tissue sections, as these
molecular classes have demonstrated to have relevant diag-
nostic information but are prone to isomer formation.

SURFACE SAMPLING AND IONIZATION

MSI can be conducted with various surface sampling
technologies based on different ionization methods. The
most commonly used are matrix-assisted laser desorption/
ionization (MALDI), secondary ion mass spectrometry
(SIMS), desorption electrospray ionization (DESI) and lig-
uid microjunction techniques such as liquid extraction
surface analysis (LESA) with nano-electrospray ionization
(nano-ESI).”

MALDI

MALDI is one of the main ionization techniques used
in MSL In MALDI, the matrix is of crucial importance.®
The ionization efficiency of different classes of molecules is
greatly influenced by the type of matrix used.” The matrix
application on tissues determines the extraction of the sur-
face biomolecules. Subsequently, the solvent from the ma-
trix solution evaporates, causing the crystallization of the
matrix mixed with the extracted analyte molecules. When
the crystals are irradiated with the pulsed laser light of the
MALDI source, the laser energy is absorbed by the ma-
trix molecules and facilitate the explosive desorption and
ionization.” Commercial MALDI MSI instruments allow
acquisition rates up to 50 pixels/second and spatial resolu-
tions down to 10 um,'” while experimental instruments are
approaching 147 pixels/seconds,'” or a spatial resolution of
1.4 ym."?

SIMS

SIMS is one of the oldest desorption/ionization tech-
niques used for MSI, which uses a primary ion beam to
ablate material and produce secondary ions.” The energy
of the primary ion beam is higher than the energy by the
laser beam during MALDI experiments. Hence, SIMS often
yields extensive fragmentation of molecules, limiting the
mass range to small molecules. Because of the impact of the
primary ions, the kinetic energy causes the release of ana-
lyte molecules and ions from the surface.'” Different prima-
ry ion beams can be used to change the impact area, known
as the damage cross-section, or to decrease fragmentation.
The extensive fragmentation has been partly addressed by
the development of polyatomic primary beams.” By the im-
plementation of soft sputtering beams such as (H,0)},,, Or
Ar},,, thin layers of the samples can be removed, allowing
depth profiling and the generation of 3D imaging maps.'*'
Ion beams can be focused with much higher precision than
a laser beam, making SIMS a unique tool for high spatial
resolution MSI providing a spatial resolution as low as
50 nm with multiplexed ion beam imaging.'®

DESI

DESI is an ambient ionization method that allows direct
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analysis of samples such as tissue sections, often without
any sample preparation.”'” The soft ionization is based on
ESI-like processes.” By using a charged electrospray solvent
mist, molecules are desorbed from the sample surface.'®
Similar to ESI, ions are formed by either ion emission or
evaporation of neutral solvent molecules.” To increase the
ionization efficiency of the analytes of interest, different
solvents can be used in DESI imaging.” In addition, with
DESI it is possible to perform in situ derivatization, known
as reactive DESI, during the desorption/ionization step by
adding a reactant in the spray solvent.'” This can enable
the detection of molecules that are difficult to ionize. DESI
is limited to relatively low spatial resolutions (50-150 um).
With the application of nano-DESI, higher spatial resolu-
tion is permitted. This modification allows a lateral resolu-
tion as low as ~10 um.2”

Post-ionization

The ionization efficiency of MALDI is estimated to be
<10™* relative to generated neutrals,*? or even significant-
ly lower depending on the compound class, which limits
the sensitivity of this technique as many molecules are not
detected. A method to boost the MALDI ion yield is a post-
ionization strategy. Various post-ionization strategies have
been applied such as plasma ionization, laser-induced post-
ionization, or photoionization.

Steven et al. used an atmospheric pressure MALDI MS
ion source in transmission mode and incorporated a plasma
device into the ion source for post-ionization. By using
plasma in addition to the laser irradiation, there was a sig-
nificant increase in the intensity of the drugs amiodarone,
paclitaxel, and probucol. Furthermore, a murine brain was
imaged as a proof-of-concept, which did not only show a
significant enhancement of ion intensities, but also a shift
in the dominant species ionized and detected with plasma
post-ionization.

Alternatively, Soltwisch et al. used laser-induced post-
ionization, also known as MALDI-2, for signal enhance-
ment of lipids.”) In MALDI-2, a second ultraviolet (UV)
laser beam intercepts the plume of the matrix and analytes
generated by the standard MALDI laser."*® They showed
an increase in signal intensities of lipids in mouse cerebel-
lum, which are otherwise difficult to image by conventional
MALDI MSI. Barré et al. also used MALDI-2 to enhance
sensitivity and signal intensity of various pharmaceutical
compounds.’? In addition, it was shown that ibuprofen,
which is not detectable with regular MALDI, was detectable
as a radical cation using MALDI-2. It is hypothesized that
the ionization mechanism in MALDI-2 involves resonant
two-photon ionization of the matrix.? Nevertheless, a full
understanding of the MALDI-2 ijonization, just like the
regular MALDI ionization process, remains elusive.?"*%?%

Aside from MALDI, also other ionization techniques
can benefit from post-ionization. Liu et al. combined DESI
with post-photoionization by using a portable krypton lamp
for secondary ionization of the desorbed neutrals.” They
noticed an increase in the intensity of nonpolar lipids and
neutrals, including cholesterol and p-aminobutyric acid
(GABA), showing post-ionization could be a great alterna-
tive for chemical derivatization.
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LESA

LESA is not an ionization technology, but an ambient
surface sampling technique that involves liquid extrac-
tion from the surface of a tissue section.”® A small droplet
of solvent is used to extract soluble analytes with a liquid
microjunction. This is coupled with a nano-ESI source
for ionization. Traditional LESA experiments have a pixel
size limited by the diameter of the solvent droplet, which
is usually 1mm.*** However, high-resolution LESA has
been published reaching a spatial resolution of 400 um.*®
Until recently, LESA was used for sensitive tissue profiling.
Nevertheless, recent developments made it possible to also
generate (low-resolution) images by sampling at multiple
points across a tissue.’”” An enormous advantage of LESA is
that it allows manipulation of the extracted material prior
to ionization. Therefore, liquid-based separation such as
micro-liquid chromatography (u4LC) can be incorporated,
allowing, for example, isomeric separation.?®

MS SYSTEMS

Concerning MSI, the two most commonly used cat-
egories of mass spectrometers are time-of-flight (TOF)
and Fourier transform MS (FTMS). The latter one includes
both Orbitrap-MS and Fourier Transform Ion Cyclotron
Resonance (FTICR) MS. TOF analyzers are widely used
for imaging experiments, due to the good sensitivity, rela-
tively low cost, and high-throughput.’” High-throughput
capabilities are opening new frontiers for MSI, as with
these speeds, it is possible to image larger areas or a greater
number of samples, which is critical for clinical studies or
3D-MSL"

In the ion source of the TOF-MS, the ion packet is
generated and, after some delay, accelerated into the ion
extraction region. The pulsed character of ion generation
with MALDI perfectly combines with TOF analyzers."?
There are two geometries of TOF analyzers commonly
used, namely axial and orthogonal. The axial geometry in-
cludes both linear and reflectron TOF-MS configurations,
however, orthogonal TOF (0-TOF) can also use reflectrons.
Linear TOF-MS is often used for high mass range mea-
surements. Reflectron TOF-MS uses an electrostatic ion
mirror to compensate for the differences in kinetic energy
obtained during desorption/ionization processes. This only
works in combination with delayed extraction. Because of
this kinetic energy compensation, the ion packet is more
compact when it reaches the detector, resulting in a signifi-
cant improvement of the mass resolution. However, using a
reflectron is not convenient for high-mass analysis due to
metastable decay.” The o-TOF geometry led to the introduc-
tion of a hybrid quadrupole mass analyzer with a TOF-MS
(QTOF), which has a higher mass accuracy compared to
the axial-TOF geometry because of the decoupling of mass
analysis from the initial energy distributions created in the
source. Additionally, orthogonal acceleration can converge
spatial and energy dispersion in the accelerated direction.
An additional advantage of the 0-TOF geometry is the pos-
sibility of the utilization of continuous beams. In an imag-
ing context that enables the use of DESI or other continu-
ous beam based ionization technologies. However, the duty
cycle is lower, which comes at the cost of sensitivity. When
high sensitivity is needed in a targeted approach, mul-
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tiple reaction monitoring (MRM) can be utilized by using
a triple-quadrupole (QqQ) or ion trap mass spectrometer.
Here, multiple compounds can be targeted simultaneously,
and since MRM is specific for the precursor and product
ions, it can be used to separate isobaric compounds with
improved sensitivity.’” Aside from ESI-based ionization
methods, also MALDI-MRM-MS has shown to be a feasible
alternative method for sensitive and selective analysis.*"*?
It is also possible to use TOF-MS systems for tandem-MS,
namely with an axial TOF-TOF configuration. Here, the
first TOF is used to select a precursor ion and the second
TOF is used for fragment analysis. Nevertheless, the wide
isolation window is a disadvantage of this configuration.

High mass resolution

Although TOF analyzers are sensitive and fast, they have
limited mass accuracy and resolving power. FTICR and
Orbitrap are high-performance mass analyzers that are able
to resolve isobaric species, which is typically beyond the ca-
pabilities of TOF analyzers. With an FTICR, the m/z of an
ion is determined by its ion cyclotron resonance frequency
in a uniform static magnetic field. Similarly, in an Orbitrap,
the m/z of an ion is determined from its oscillation frequen-
cy in a radial logarithmic potential between the electrodes.
As frequencies can be measured with higher precision,
these instruments have a higher mass accuracy compared to
TOF analyzers.*>**

Both mass accuracy and mass resolution are necessary
to be able to make confident peak assignments. Mass ac-
curacy, the ratio of the m/z measurement error to the true
m/z in parts per million (ppm), is a measure of the preci-
sion of mass measurements. A mass accuracy of less than
3ppm can, together with fragmentation spectra, assist in
providing elemental composition or even provide informa-
tion on its structure.”” Without any fragmentation data, the
accurate mass can function as a powerful filter for the iden-
tification of a compound. The mass resolution, the measure
of the ability to separate two peaks with a slightly different
mlz, defined as the full width at half maximum, defines the
degree of chemical specificity. Especially with complex bio-
logical samples in mixture with matrix components, other
compounds can overlap with the compounds of interest
based on their mass. An example of this is shown in Fig. 1,
where MALDI-FTICR MSI was able to separate peaks that
are not resolved with MALDI-TOF MSL

An efficient method to get structural information and
the high-mass resolution data without increasing acquisi-
tion time is a multiplex MSI data acquisition method.*>*®
Here, data-dependent acquisition is used on a hybrid ion
trap-Orbitrap instrument, where either the full MS is mea-
sured in the Orbitrap and the MS/MS in the adjacent pixel
in the ion trap, or each raster step is split into spiral steps.
This is done in parallel and independent from the Orbitrap.
Precursors are automatically selected based on the previous
FTMS scan. In the end, the full MS pixels can be extrapo-
lated to visualize the molecular distributions. This makes it
possible to gain structural information together with high-
resolution MSI allowing making structural assignments
more confident in the same amount of time while preserv-
ing the spatial data.

Although the strengths of high mass resolution systems,
there are also some downsides. The first drawback of such
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Fig. 1. (A) Hematoxylin and Eosin (H&E) stain of a colon tissue microarray with annotated normal epithelium regions (green) and tu-

mor regions (red). Mass spectra and ion distribution maps show differences in significance levels and localization of the ions (B) m/z
241.003£0.005 (green) and (C) m/z 241.012+0.005 (red) with MALDI-FTICR and MALDI-TOF MSI. (D) In high-mass resolution im-
aging, the two analytes are clearly defined as different molecular components discriminating normal colon epithelium and tumor in
MALDI-FTICR MSI. Imaging with lower resolution combined signals making it appear as a single peak. In the TOF image, a superim-

position of green and red results in yellow demonstrating ion co-localization. (E) Simulation of the TOF image by the selection of a wider
bin width combining both peaks (m/z 241.007+0.010) in FTICR spectrum. Reprinted with permission from A. Buck, B. Balluf, A. Voss, R.
Langer, H. Zitzelberger, M. Aichler, A. Walch, How Suitable is Matrix-Assisted Laser Desorption/Ionization-Time-of-Flight for Metabolite
Imaging from Clinical Formalin-Fixed and Paraffin-Embedded Tissue Samples in Comparison to Matrix-Assisted Laser Desorption/
Ionization-Fourier Transform Ion Cyclotron Resonance Mass Spectrometry?, Anal. Chem. (2016) 88, 10, 5281-5289. Copyright © 2016

American Chemical Society.

a system is the data acquisition speed. MSI acquisitions on
trapping-type instruments are fundamentally restricted by
the scanning speed of the mass analyzer.'” Therefore, the
extended measurement times are making these analyz-
ers less practical for analyzing large cohorts. The second
drawback is the data size. High-mass resolution systems
are producing files containing millions of data points. This
presents a challenge in data handling and analyzing.”

Ion mobility spectrometry

A post-ionization separation technology that is often
used in combination with MS is ion mobility spectrometry
(IMS). IMS has proven to be an efficient method for the gas-
phase separation of structural and stereoisomers, by sepa-
rating ions based on their mass, charge, and collision cross-
section. There are various variations of IMS, such as travel-
ing wave ion mobility spectrometry (TWIMS) and Drift
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tube ion mobility spectrometry (DTIMS), that have been
used for isomer separation and structure elucidation.*” **

APPLICATIONS OF ISOMER IMAGING

As high-mass resolution only is not enough to separate
isomeric compounds, various methods have been developed
to improve isomer identification in imaging experiments.
Here, different approaches on how to deal with these com-
plexities in an imaging setting are discussed, with a focus
on lipids, steroids, amino acids, and proteins.

Lipids

Lipids are a diverse group of biomolecules that are in-
volved in a wide range of biological processes, including
being a key component of cellular membranes, cell signal-
ing,* energy storage’” and involvement in the regulation
of metabolic pathways.* The functionality of a lipid is
highly dependent on its molecular structure. Therefore, it
is of importance to identify the complete lipid structure in
order to understand their biological function.

There are five levels of identification of lipids: 1) lipid
class, 2) the total number of carbons and double bonds
in the acyl chains, 3) the number of carbons and double
bonds per acyl chain, 4) the location on the lipid backbone
where acyl chains are attached (i.e., sn-position), and 5)
the location and the stereochemistry of double bonds.*?
Standard low-energy collision-induced dissociation (CID)
mass spectrometry tools can provide information at the first
three levels. However, CID often does not reveal the more
subtle structural characteristics such as sn-position and
double bond position,***¥ although it has been shown that
information on the sn-position can also be achieved with
CID for some lipid classes under the right conditions.*”
Recently, new approaches have been developed to tackle
these limitations and allow more complete lipid struc-
ture determination, including ultraviolet photodissociation
(UVPD), Paterno-Biichi (PB) reactions, ozone-induced
dissociation (OzID), charge-remote fragmentation (CREF),
high-field asymmetric waveform ion mobility spectrometry
(FAIMS) and meta-chloroperoxybenzoic acid (mCPBA) ep-
oxidation.

Ultraviolet photodissociation

Post-ionization with 193nm UVPD is an ion activation
method used for detailed structural characterization of
lipid species.*® This technique is capable of differentiating
double bond positional isomers,*” or, with a hybrid MS?

a) UVPD of PC 16:0_18:1

b) Paterno-Bulichi/MS/MS of PC 16:0_18:1
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strategy, reveal the sn-position based on their relative abun-
dance.” With UVPD, the carbon-carbon bonds adjacent
to the double bond are cleaved, providing diagnostic pairs
of fragments with a difference of 24 Dalton (Da)*® (Fig.
2a). Absorption of a 193 nm photon results in higher energy
excitation, which gives access to fragmentation pathways
not observable with CID.*” Due to the short activation pe-
riod, UVPD enables fast acquisition making it suitable to
connect on-line with MSI or LC-MS/MS.*”* The on-line
coupling of UVPD with MSI was demonstrated by Klein
et al.*” Here, the coupling of DESI with UVPD was used
for the characterization of phospholipid isomers in tissue
sections. The presence of both phosphatidylcholine (PC)
16:0_18:1(A9) and PC 16:0_18:1(A11) isomers in human
lymph node tissue containing thyroid cancer metastasis was
confirmed by UVPD-MS. The ratio images unveiled spatial
changes in the relative abundances of phospholipid double
bond isomers between normal and diseased tissue.
Paterno-Biichi reaction

The PB reaction is a classical [2+2] photochemical cy-
cloaddition reaction. Lipids are ionized from a solution
containing acetone with ESI where UV irradiation of the
plume at 254 nm is used to excite the carbonyl group within
aldehydes and ketones.’® This produces bi-radical inter-
mediates, which subsequently react with the double bond
yielding diagnostic fragments 26 Da apart specific for the
double bond position®>*? (Fig. 2b). Advantages of this reac-
tion include the simple setup and no need for MS instru-
ment modification.*”

Zhang et al. applied PB-MS/MS post-LC separation with
hydrophilic interaction chromatography for the localization
of double bond isomers in polar lipid extracts from human
breast cancer tissue samples.”” Here, acetone was directly
employed in the mobile phase. The PB reaction was imple-
mented immediately before ESI to preserve the retention
time of lipid subclasses. A flow microreactor was developed
to allow even exposure to UV irradiation for the reaction
to take place. Twelve isomer pairs with significant changes
in A9/A11 between normal and cancerous tissue samples
were found for both PCs and phosphatidylethanolamines
(PEs). Ma et al. also showed the application of PB-MS/MS
after nano-ESI to pinpoint double bond locations in breast
cancer tissues.”” They found that the relative percent of A1l
isomer for PC 16:1_18:1 showed no significant change be-
tween normal and cancerous breast tissues. However, they
did find the A1l isomers of 18:1 to be significantly elevated
in the breast cancer tissue.

¢) OzID of PC 16:0_18:1

bovine liver extract rat brain extract egg yolk extract 7826 .
1 ——x100 —— 760.58 19 818.7 ’ $30 [M+Na]
[M+H]* M+PB_ +H]*
% 'vn_g [ xn ]
g 672.4
£ 6224 6464 ]
$ 05 N7 05 n-9 % ?-9
= 5 af 5
£ Ae | /
S 005 | 650-8676.6 678.6-.._ 6884 1
= /&4 A
i 108,15 7165
0 - - 0 - | . 0 - 4 ;
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m/z m/z m/z
Fig. 2. Differentiation of PC 16:0_18:1 double bond isomers using various ion-activation strategies. (a) UVPD of a bovine liver extract, (b)

PB-MS/MS from a rat brain extract and (c) OzID from an egg yolk extract. Reprinted from T. Porta Siegel, K. Ekroos, S.R. Ellis, Reshaping
Lipid Biochemistry by Pushing Barriers in Structural Lipidomics, Angew. Chem. Int. Ed. Engl. (2019) 58, 20, 6492-6501 with permission.
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Bednarik et al. found that acetone is not optimal for sub-
sequent MALDI MSI analysis due to the large droplet size
upon condensation of the vapor.”” An on-tissue PB reaction
using benzaldehyde vapor was performed to create a film of
the reagent, after which the PB reaction was initiated using
a UV lamp emitting at 254nm. This off-line derivatiza-
tion makes the technique compatible with commercial
MALDI-MS/MS systems. Another off-line derivatization
strategy has been published by Wildchen et al., who used
benzophenone as PB reactive MALDI matrix.”¥ Here, UV
irradiation at 343nm during the regular laser desorption/
ionization process activates the reaction with unsaturated
phospholipids. An alternative approach has been published
by Tang et al., who constructed a liquid microjunction sur-
faced sampling probe to extract lipids from tissue surface
and couple the online PB reaction with ambient mass spec-
trometry.”” This makes it possible to analyze directly from
tissue and allows identification and relative quantitation of
lipid double bond locations.

Ozone-induced dissociation

OzID is an ion activation technology using a gas-phase
reaction between mass-selected ions and ozone vapor inside
a mass spectrometer.”*® During this ozonolysis reaction,
the ozone molecule reacts with the double bond and forms
a primary ozonide. This primary ozonide is very unstable
and therefore dissociates further into aldehyde and Criegee
product ions. Each double bond produces an aldehyde and
a Criegee ion, separated by 16 Da***® (Fig. 2c). Another ap-
proach possible which features OzID is the sequential com-
bination of CID and OzID. In these experiments, the CID
product ions are isolated and subsequently, following the
reaction with ozone, result in selective cleavage of the sn-2
acyl chain.****¢ This makes OzID suitable for both assign-
ing double bond positions and sn-positions.

Notable is the presence of sodium adducts in previously
published papers. Driving the lipids to the sodiated adduct
with e.g. sodium acetate has been found to be beneficial
for the OzID, as the sodiated lipids have a higher yield of
ozonolysis products compared to the protonated or potassi-
ated lipids.*>*”Y This is consistent among various publica-
tions, indicating that sodium has a faster reaction rate and
suggesting the participation of the charge carrier, perhaps
via chelation of the double bond, in the mechanism of the
reaction.”®* Tt has also been found that the trans isomer
reacts faster than the cis isomer.”**® Branching ratios in
ozonolysis reactions are sensitive to the structure of the
primary ozonide, which in turn is influenced by the double
bond geometry.*>*® However, since the product ions are the
same, this distinction is based on the intensity. Also conju-
gated double bonds have shown to have a higher OzID ef-
ficiency than monounsaturated double bonds, which can be
explained due to the influence of double bond conformation
and metal-ion adduction.*"*¥

Recently, M. Paine et al. published the combination
of OzID with MSI, showing differential distributions of
both double bond and sn-positional lipid isomers in brain
tissue®” (Fig. 3). Here, a MALDI source was coupled to a
modified LTQ-Orbitrap Elite mass spectrometer to per-
form ozonolysis in the linear ion trap. An example was
given of [PC(36:1)+Na]*, which showed the presence of
four distinct sn-positional isomers (Fig. 3a). The summed
distributions show an enrichment in the white matter (Fig.
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3b). However, the fractional distribution images (Fig. 3¢, d)
and the isomer ratios graphs (Fig. 3e, f) show only a slight
alteration in isomer ratios between white and gray matter
of [PC(18:0/18:1)+Na]* relative to [PC(18:1/18:0)+Na]",
but [PC(16:0/20:1)+Na]* to be enriched in the white matter
relative to isomeric [PC(20:1/16:0)+Na]".

Charge-remote fragmentation

CREF is a type of gas-phase decomposition similar to gas-
phase thermolysis, which occurs remotely from the charged
site of a molecule.®” The fixed charge is important to assure
that CRF is the predominant reaction. With an unfixed
charge, there can be competition between CRF and charge-
driven reactions, resulting in spectra that are difficult to in-
terpret. Under high-energy CID (HE-CID), CRF takes place
and product ions are generated that allow elucidation of the
double bond position and the sn-position of lipids.®” The
energy supplied by HE-CID is important for the reaction.
Fast atom bombardment has mostly been used as ioniza-
tion method for CRFs.*” This concept of ionization is also
exploited with SIMS. Additionally, since a long alkyl chain
with a fixed charge always undergoes CRF, also ESI and
MALDI can be used for ionization.

G. Fisher et al. showed that HE-CID in TOF-SIMS can
be used to identify the double bond position.® They noted
the effect of unsaturation in the spectra generated from
fatty acid 18:0 and 18:1, stearic acid and oleic acid re-
spectively, and confirmed this using erucamie, a polymer
additive with a double bond at A13. Shimma et al. used
CRF under HE-CID to locate the double bond location
from PC 16:0_18:1 in mouse brain tissue using a MALDI-
Spiral TOF-ReflectronTOF MS.®Y Based on the CRF peak
pattern, it was confirmed the double bond was positioned at
A9. Furthermore, they showed it was possible to distinguish
between sn-positions based on the relative peak intensities,
where sn-2, eliminated as a ketene, was more abundant
compared to sn-1.

FAIMS

FAIMS is a variation on ion mobility spectrometry and
is, compared to conventional IMS, a more orthogonal
separation technique to MS. Because of this orthogonality,
FAIMS tends to resolve isomers much better compared to
linear IMS.°**”) With FAIMS, gas-phase ions are separated
based on differences in their mobilities in an electric field.
By alternating high and low electric fields perpendicular to
the ion travel path, a high-frequency asymmetric waveform,
called the dispersion field, is employed. A compensation
field counteracts the ion drift caused by the dispersion field
to avoid ions colliding with the electrode walls.®® This al-
lows ions with specific mobilities to be transmitted into
the mass spectrometer. Feider et al. successfully integrated
DESI and a liquid microjunction surface sampling probe
with a chip-based FAIMS device for imaging of biological
tissue samples.®® In addition, Bowman et al. demonstrated
the power of FAIMS to separate lipid isomers and found a
75% success rate in resolving lipid isomer standards con-
taining differences in sn-position, chain length, double
bond position, and cis/trans isomerism, showing FAIMS is a
powerful tool for rapid lipid isomer elucidation.®”
mCPBA epoxidation

Another approach exploited for lipid double bond isomer
identification on tissues has been an epoxidation reaction
with mCPBA. mCPBA is an oxidant that can be used to
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PC(18:0/18:1), PC(18:1/18:0), PC(16:0/20:1) and PC(20:1/16:0). (b) Full-scan FTMS image of [PC(36:1)+Na]". (c, d) The corresponding
fractional distribution images of (c) PC(18:0/18:1) as a fraction of PC(18:0_18:1); and (d) PC(16:0/20:1) as a fraction of PC(16:0_20:1)-
related ions. (e, f) Graphs with relative isomer percentages for (e) 18:0/18:1 and 18:1/18:0 isomers for PC(36:1) and (f) 16:0/20:1 and
20:1/16:0 isomers for PC(36:1) within the white and gray matter. Adapted from M. R. L. Paine, B. L. ]. Poad, G. B. Eijkel, D. L. Marshall,
S. J. Blanksby, R. M. A Heeren, S. R. Ellis, Mass Spectrometry Imaging with Isomeric Resolution Enabled by Ozone-Induced Dissociation,
Angew. Chem. Int. Ed. Engl. (2018) 57, 33, 10530-10534 with permission.

derivatize a double bond into an epoxide.®” Subsequently,
CID can be used for fragmentation, which will generate a
diagnostic pair of fragments of 16 Da apart.®*’” Feng et al.
performed this reaction by mixing mCPBA in dichloro-
methane with yeast extract for direct infusion ESI-MS/MS
analysis.®” Kuo et al. performed in situ epoxidation by
spraying tiny droplets of an mCPBA solution onto tissue
sections before DESI-MSI analysis.”” Intensity ratios of di-
agnostic ions were used to create a fractional distribution
image of epoxy-fatty acid 18:1, showing an enriched level of
the A1l isomer in the tumor region. The summed distribu-
tion of the lipid phosphatidylglycerol (PG) 18:1_16:0 was
unable to distinguish this region.

Steroid hormones

Steroid hormones play a major role in bodily functions
such as maintenance of homeostasis during many biological
events. Since steroid hormones are synthesized and released
in the adrenal cortex, the gonads, and the placenta, the
direct visualization of steroid hormones with MSI is one

of the important analytical techniques without using im-
munohistochemistry to understand steroid-related diseases.
However, visualization of steroid hormones is generally
considered difficult due to the low polarity characteristic in
MALDI or other ionization techniques.
Enhancing ionization

Cholesterol, a substrate of all steroid hormones, is diffi-
cult to ionize with EST and MALDI due to its low proton af-
finity and low acidity.”” Derivatization is a strategy that can
be used to enhance its ionization. Patti et al. achieved imag-
ing in mouse brain tissue using a nanostructure-initiator
MS technique with the addition of NaCl or AgNO, as a
cation reagent.”” Here, intact cholesterol was detected as
silver adducts instead of molecular fragments from mouse
brain tissue. Wu et al. also demonstrated an approach us-
ing reactive DESI by adding betaine aldehyde in the spray
solvent to react with the alcohol group of the cholesterol.””
This in situ derivatization enhanced the ionization of cho-
lesterol and allowed to rapidly screen cholesterol in human
serum and rat brain tissue. As an alternative to chemical
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Fig. 4. (A, B) Distribution of GirT-steroids in healthy human adrenal glands. Whole (A, B, C, E) and enlarged (D, F) views of CYP11B2 immuno-
reactivity and detection of GirT-Cortisol (GirT-F, m/z 387.2), GirT-Cortisone (GirI-E, m/z 385.2), GirT-Aldosterone (GirT-Aldo, m/z 397.2),
and GirT-18-hydroxycortisol (GirT-18-OHF, m/z 413.2) by MALDI MSI. Reprinted with permission from E. Takeo, Y. Sugiura, T. Uemura,
K. Nishimoto, M. Yasuda, et al., Tandem Mass Spectrometry Imaging Reveals Distinct Accumulation Patterns of Steroid Structural Isomers
in Human Adrenal Glands, Anal. Chem. (2019) 91, 14, 8918-8925. Copyright © 2019 American Chemical Society.

derivatization, also post-ionization strategies can be used
to enhance the ionization of nonpolar compounds such as
cholesterol.?>%*

In addition to cholesterol, also imaging of other steroid
hormones have been reported by enhancing the sensitivity.
Recently, Cobice et al. have introduced Girard reagent T
(GirT) as on-tissue derivatization and enabled the detec-
tion of steroids with MALDL™ GirT is known to be the
most reactive with the ketone group at the C3 position of
the A-ring of steroid hormones which is conjugated with a
C4-5 double bond.” GirT hydrazine enhanced the ioniza-
tion efficiency of steroids through cation charged trimeth-
ylamine and made it possible to detect cortisol in mouse
brain tissue. Subsequently, testosterone in mouse testis and
also triamcinolone acetonide in cartilage have been visual-
ized.>”>7>) Barré et al. showed the utility of GirT on-tissue
derivatization also in the carbonyl group in the side chain
at position 17 in comparison with 2,4-dinitrophenylhydra-
zine reagent.”” Although many kinds of derivatization re-
agents have been developed in liquid chromatography based
ESI-MS, the current study showed the best performance
with GirT in MALDI MSL
Tandem MS to separate structural isomers

Steroid synthesis is simple in rodent adrenals. However,
the human steroidogenesis pathway in the adrenal gland is
more complex and some steroids provide the same chemi-
cal formula as its structural isomers. The existence of these
structural isomers would interfere with the MSI results
because the isomers detect as the same signal even using
high-mass FTICR-MS imaging. Shimma et al. showed the
potential of tandem MS using an ion-trap to discriminate

testosterone from dehydroepiandrosterone in mouse testis.”
Furthermore, Sugiura and Takeo et al. reported isomer
selective imaging results of steroids by the combination of
GirT derivatization and ion-trap tandem MS.”*”” The au-
thors currently propose MS® imaging for GirT-derivatized
steroid hormones and clearly visualized aldosterone, cor-
tisol, cortisone, and other hybrid steroids in the adrenal
gland (Fig. 4).
Ion mobility spectrometry

IMS could be considered as another potential technique
to separate steroidal isomers combined with MSI. Even
though there are still no reports about steroid imaging us-
ing IMS, the utility in the separation of steroids has been
reported.”*%? In 2013, Ahonen et al. achieved separation of
of B-steroid isomers using TWIMS with p-toluenesulfonyl
isocyanate derivatization. Derivatization was found to be
effective for an increase in the collision cross-section and/or
the strength of ion/molecule interactions with the drift
gas.”® Rister et al. also utilized TWIMS for underivatized
structural isomers of steroid through the formation of
metal adducted dimers or multimers with alkali metals.*"*?
Chouinard et al. used classical DTIMS to separate under-
ivatized stereoisomers and structural isomers of steroids
as metal adducted steroid dimers.””*” Only Rister et al.
discussed the separation in mixture condition and mimetic
sample as the real biological condition®” (Fig. 5). Separation
of stereoisomers, not only structural isomers, is an advan-
tage of using IMS. We expect that these methods will be ap-
plied to biological tissue IMS-MSI in the near future.
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estradiol dimers and lithiated testosterone isomer dimers at m/z 583 (D); androsterone and epiandrosterone as lithiated dimers at m/z 587
(E); and 11-deoxycortisol and corticosterone as lithiated dimers at m/z 699 (F). Reprinted from A. L. Rister, T. L. Martin, and E. D. Dodds,
Formation of multimeric steroid metal adducts and implications for isomer mixture separation by traveling wave ion mobility spectrometry,

J. Mass Spectrom. (2019) 54, 5, 429-436 with permission..

Amino acids

Amino acids are an important class of organic substances
containing both amino and acid groups.* Although there
are more than 300 amino acids in nature, only 20 of them
are known as proteinogenic amino acids (a-amino acids).
Both non-protein a-amino acids and non-o-amino acids
play important roles in metabolism, therefore understand-
ing of the distribution of amino acids can aid in the eluci-
dation of their mechanism and the location of biological
and metabolic processes.
Enhancing ionization

Visualization of amino acids in tissues by MSI has been
difficult technically due to their low ionization efficiency
and interference of the matrix peaks in low m/z range. To
overcome the problems to visualize amino acids, many ap-
proaches using chemical derivatization were reported.*-5¢
All reagents targeted the amino group of amino acids to
introduce cationic charged ions to improve the ionization
efficiency. Toue et al. reported the chemical derivatiza-
tion into MALDI MSI of amino acids.*’ Here, they used
p-N,N,N-trimethylammonioanilyl N'-hydroxysuccinimidyl
carbamate iodide (TAHS) reagent was used at 5mg/mL in
acetonitrile and visualized 7 amino acid derivatives in colon
cancer xenografts. Manier et al. precoated the tissue slide
with 4-hydroxy-3-methoxycinnamaldehyde (CA) as a de-
rivatization reagent,’ and Shariatgorji et al. used pyrylium
salts such as 2,4-diphenyl-pyranylium tetrafluoroborate
(DPP-TFB).?

Esteve et al. reported the comparison among these three

different derivatization reagents to improve the detection of
amino metabolites and neurotransmitters.’” They revealed
that DPP-TFB dissolved in 100% methanol was found to
be the best condition to obtain good spatial distribution
with high ion intensity originated from charged N-alkyl
pyridinium ions. However, in some specific cases like in the
analysis of negatively charged ions, CA or TAHS reagent
showed better results (Fig. 6). Esteve et al. concluded that
the three derivatization reagents make up each other and
the use of a combination of different reagents can be a valu-
able strategy for the detection of a wider range of amino
metabolites. Alternatively, Liu et al. showed an increase in
ion intensities of glutamine and glutamic acid, which could
only be imaged by DESI with post-photoionization, show-
ing post-ionization has the potential for targeting amino
acids without chemical derivatization.?
Tandem MS to separate structural isomers

These derivatization strategies can be applied to enhance
the ionization of neurotransmitters such as GABA as well,
which can also be classified as a y-amino acid.*® Manier
et al. discussed the presence of structurally similar iso-
baric species for GABA and other neurotransmitters.®®
They showed the potential of combining CA derivatization
and MS/MS (or MS®) measurement in the specification
of analytes and visualized some neurotransmitters in the
adrenal gland. However, they did not show the MSI image
for GABA. On the other hand, Enomoto et al. did provide
the visualization result of GABA with discrimination from
structural isomers in Drosophila melanogaster.*® Among

Page 9 of 19



A Review of IMAGING ISOMERS

Glycine Alanine GABA

¢

DPP-TFB

CA

Leucine/

Taurine s
Isoleucine

Dopamine 3-MT

b

S

Vol. 8 (2019), AOO78

Proline Valine

Aspartate Glutamine Lysine

Serotonin Tryptophan
et 8
A

Fig. 6. MSI visualizations of derivatives of amino metabolites with TAHS, CA, and DPP-TFB in mouse brain sagittal sections with
MALDI-FTICR in positive ion mode. Reprinted from C. Esteve, E. A. Tolner, R. Shyti, A. M. van den Maagdenberg, and L. A. McDonnell,
Mass spectrometry imaging of amino neurotransmitters: a comparison of derivatization methods and application in mouse brain tissue,
Metabolomics (2016) 12, 30 with permission under CC BY 4.0. (https://creativecommons.org/licenses/by/4.0/)

Table 1. Application of IMS in separation of amino acid enantiomers.

The No. of sepa-
Authors Year e noe ,O sep-a Separated amino acids Type of IMS

rated amino acids
Dwivedi et al.®? 2006 5 Met, Phe, Ser, Trp, Thr, DTIMS
Mie et al.”® 2007 6 Arg, Lys, Val, Phe, Trp, Pro FAIMS
Domalain et al.*® 2014 7 Arg, His, Glu, Tyr, Trp, Thr, Pro TWIMS
Yu and Yao”” 2017 8 Arg, His, Met, Gln, Tyr, Phe, Trp, Thr TWIMS
Zhang et al.”>* 2018 4 Phe, Trp, Cys, Pro FAIMS
Perez-Miguez et al.'*” 2019 17 Arg, Lys, His, Met, Val, Gln, Tyr, Phe, Ser, Trp, Asn, Ile, Leu, TIMS

2-Aminoadipic acid, pipecolic acid, selenomethionine, Orn

the derivatization approach for amino acid analysis in MSI,
only the CA reagent has the possibility to separate structur-
al isomers. In MS/MS measurements, TAHS and DPP-TFB
derivatives fragmented at the derivatized site and yielded
derivatization-reagent derived peaks at m/z 177 for TAHS
and m/z 232 for DPP-TFB for all amino acids.*® Only CA
derivatives provided analyte derived peaks.*®
Ion mobility spectrometry for enantiomers (L or D)

Most a-amino acids (except glycine) have chirality with
one or two chiral center(s) where the central carbon has
four different groups attached. These enantiomers often
show completely different biological activities and therefore
the chiral recognition of amino acids is important.”*%?
However, enantioselective MSI of amino acids has not been
discussed nor achieved yet.

To accomplish the enantioselective MSI of amino acids,
IMS, as previously described, would be one of the promis-

ing approaches since ion mobility is a post-ionization sepa-
ration technique in the gas phase. Many studies have been
performed to discriminate amino acid enantiomers using
ion mobility mass spectrometry (Table 1),Y and herein we
will introduce four approaches that are using (i) chiral gas
modifier in the buffer gas,”” (ii) chiral selector with metal
ions,” 7 (iii) chiral selector without metal ions®**® or (iv)
chemical derivatization.'"”

Dwivedi et al.”® achieved IMS based separation of amino
acid enantiomers using DTIMS in 2006. (S)-(+)-2-Butanol
was injected into the nitrogen carrier gas as a chiral modi-
fier, which provided an asymmetric chiral environment by
forming diastereomeric cluster ions based on the Pirkle rule
(Fig. 7A). Although the drift time of enantiomers is identi-
cal in pure nitrogen, five pairs of amino acid enantiomers
were separated by doping chiral modifiers (Fig. 7B).

In 2007, Mie et al. reported separation of six amino
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Copyright © 2019 American Chemical Society.

acid enantiomers by forming diastereomeric complex ions
[M! (L-Ref)*(D/L-A)-H]", where MY is a metal ion, L-Ref
is a chiral selector in its L-form and A is the analyte, and
analyzing them with a home-built FAIMS system.”® In
the same manner, Domalain et al. achieved chiral amino
acid analysis with an unmodified commercial TWIMS
instrument.” Yu and Yao found that the formation of
diastereomeric binuclear copper-bound tetrameric ions can
improve chiral discrimination with TWIMS.?” To avoid the
formation and analysis of metal-bound trimers and higher-

order multimers, in 2017, Zhang et al. directly analyzed
diastereomeric proton bound complexes, that use modi-
fied amino acids with a butoxycarbonyl group (e.g. N-tert-
butoxycarbonyl-O-benzyl-L-serine) as the chiral selector,
with trapped ion mobility spectrometry (TIMS).”*%?)
However, these approaches require specific reference
compounds for each amino acid and the application was
limited. In 2019, Perez-Miguez et al. newly proposed an
alternative and generic approach for chiral separation of
amino acids by employing TIMS and forming diastereo-
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mers through chemical derivatization with a chiral reagent
(()-1-(9-fluorenyl)ethyl chloroformate (FLEC)).'®® With the
addition of an alkali metal ion of sodium, separation of the
FLEC diastereomers of 17 amino acids was achieved (Fig. 8).

Protein structural analysis, isomers, and imaging

The study of the spatial distribution of proteins at tissue
surfaces is crucial in the understanding, diagnosis, and
treatment of many diseases. Targeted protein imaging strat-
egies using antibodies, such as immunohistochemistry, are
widely used in the pathology community and provide a very
specific, sensitive and high-resolution image of their distri-
bution. Multiplexed targeted protein imaging studies have
become available in recent years that allow researchers to
study several tens of different protein distributions simul-
taneously using a labeled antibody approach.'” Label-free
imaging of intact proteins can be achieved with imaging
MS when a non-targeted strategy is required. It is often
used as a discovery tool to investigate tissue-specific local
proteome differences. This approach, often performed with
high throughput MALDI-TOF MSI systems in linear mode,
is complementary to the antibody-based targeted methods.
Most of the intact protein MSI studies use the protein pat-
terns to distinguish different cell types on tissue,'® to trace
the progression of a disease or to determine an effect of a
drug treatment. Several research groups have investigated
the use of MALDI MSI for the direct analysis of proteins
from plant materials.'"”” While it has become evident that
intact protein imaging and screening has added value in tis-
sue typing and surface imaging several challenges remain.
In particular protein identification, the examination of lo-
cal PTMs and the related proteoform identification, protein
conformational studies and protein complex investigation
directly from a biological surface are key to true spatial
proteomics. All these require an investigation of protein
structure at different levels, from primary structure to the
local quaternary structure of a protein complex. Therefore,
the true challenge in protein imaging MS is a structural
challenge. Researchers have been pushing the boundaries
to obtain improved levels of protein structural information
over the last decades. Here, we will concisely discuss some
of the solutions that offer the potential to provide more de-
tailed insight in protein structure.
Protein structure determination

The amino acid sequence or primary structure of a pro-
tein can be readily determined by fragmenting the protein,
either via digestion (bottom-up) or MS/MS (top-down).
It is common practice in proteomics and results in thou-
sands of protein identities from tissue extracts or other
homogenized biological samples. The combined use of LC
separations and high-performance MS has been an en-
abling technology in this field. MALDI-TOF MSI has three
significant disadvantages when compared to proteomics.
Firstly, it lacks the separation technologies, which results
in significant ion suppression. Secondly, the mass resolv-
ing power of a linear TOF-MS system does not provide
enough information to identify a protein. Lastly, the m/z
range is limited as MALDI creates predominantly singly
charged ions. This poses a challenge for researchers with an
interest beyond protein-based tissue classification and that
require protein identities. More analytical information is
needed and a number of strategies have been developed to
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provide detailed local primary structural information. The
added analytical information on protein structure is cur-
rently generated in three different manners: 1) the addition
molecular resolving power, 2) the addition of ion mobility
based structural separation and 3) the addition of LC to the
MSI workflow.

Local primary protein structural elucidation in an imag-
ing MS experiment is performed in a bottom-up or a top-
down approach. Bottom-up protein imaging requires the
sample surface to be proteolytically digested, typically using
trypsin. This results in a distribution of tryptic peptides on
the surface that are identified through peptide mass finger-
printing or local tandem mass spectrometry with MALDI
MSI. The added advantage of this approach the ability to
image formalin-fixed paraffin-embedded tissue as the diges-
tion breaks protein cross-links that were generated in the
fixation process.'” Additional analytical information in
this approach, as generated by any of the three approaches
indicated above, improves the number of peptide sequences
that can be identified."®®'%” Tryptic peptide-based protein
identification has demonstrated its usefulness but is still
limited in structural identification capabilities. The identifi-
cation of post-translational modifications remains challeng-
ing, mainly due to the lack of suitable targeted on-tissue en-
richment protocols for specific PTMs such as phosphopep-
tides. Multimodal strategies using in different combinations
of enzymatic digestion strategies offer promise to address
this particular challenge.'”® The lack of chromatographic
separation in most applications of bottom-up proteomics
causes substantial ion suppression and results in only a lim-
ited number of high abundant proteins identified.

Multimodal bottom-up strategies that take advantage
of imaging mass spectrometry are gaining popularity to
increase the molecular information content obtained from
a single tissue. This field is often referred to as tissue micro-
proteomics. The combination of MALDI-based tissue imag-
ing with laser capture microdissection, followed by protein
extraction and bottom-up LC-MS enabled proteomics of
the selected regional tissue extracts provides extended
structural identification possibilities. It allows the use of all
liquid enrichment and separation technologies commonly
employed in proteomics.'” "V The molecular images ob-
tained with MALDI MSI are deployed to guide the selection
of interesting region for further analysis. This enables the
identification of 1000 or more proteins from a selected tis-
sue region. The proteins identified can be further validated
through the use of combined and anatomically co-regis-
tered MALDI MSI and immunohistochemical staining on
adjacent tissue sections.

One area of strong development in imaging mass spec-
trometry is the application of top-down MSI. Top-down
imaging refers to the absence of a proteolytic digestion
protocol. Intact protein analysis is performed directly on
tissue and a primary structural analysis is conducted us-
ing fragmentation technologies available inside the mass
spectrometer. A substantial amount of work has been
devoted to high-resolution intact protein imaging us-
ing a MALDI-FTICR-MS approach. This approached is
challenged by the lack of fragmentation possibilities that
provide the required sequence ions. This is directly re-
lated to the fact that MALDI predominantly produces
singly charged ions and the large degrees of ro-vibrational
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Fig. 9. Protein DESI-MS spectra of normal and high-grade serous ovarian cancer ovarian tumor with optimized FAIMS parameters. Mass spec-
tra are averages of 10 scans. Different charge states of the same protein species are denoted by same-colored labels. (b) Zoomed in mass
spectra of normal and high-grade serous ovarian cancer samples, highlighting the observance of m/z 1442.339, identified as SI00A6, with-
in the cancer tissue. (c) DESI-MS ion images obtained from normal, pure cancer, and mixed normal/cancer ovarian tissue sections. Ion
images are on the same scale. H&E stained images are of a serial ovarian tissue sections as protein conditions are not histologically com-
patible. Reprinted from K. Y. Garza, C. L. Feider, D. R. Klein, ]. A. Rosenberg, J. S. Brodbelt, L. S. Eberlin, Desorption Electrospray Ionization
Mass Spectrometry Imaging of Proteins Directly from Biological Tissue Sections, Anal. Chem. (2018), 90, 13, 7785-7789 with permission.
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freedom in these high molecular weight ions reduces the
chance of a single bond breaking. An alternative approach
is the use of different desorption and ionization methods
that offer the possibility to locally generate multiply charged
molecules from a tissue surface such as laser ablation elec-
trospray ionization (LAESI) and DESI. LAESI has dem-
onstrated to be able to generate multiply charged protein
ions of high abundant proteins from tissue surface that can
be identified with infrared multiphoton dissociation and
electron capture dissociation.'”? The technique lacks the
sensitivity to obtain high spatial resolution images of low
abundant proteins and predominantly shows high abundant
species. Developments in mass spectrometric sensitivity,
improvements in the ionization cross-section and ion cap-
ture are the potential road towards a useful application of
this technology in tissue imaging. An alternative approach
to the study of multiply charged proteins from tissue sur-
faces is the use of DESI. Initially, researchers focused on

the application of DESI to liquid surfaces which allowed
the analysis of proteins and even non-covalently bound
protein complexes."? Recently, the application of DESI
combined with FAIMS for intact protein imaging from tis-
sue was demonstrated to be able to distinguish healthy from
cancerous tissue (Fig. 9).""¥ UVPD and CID were employed
for the top-down identification of the multiply charged
protein ions desorbed from the tissue surface. Interestingly,
abundant proteins, similar to those observed with intact
protein MALDI-TOF MSI, were found when this approach
was employed for the analysis of a coronal mouse brain
section. Some of the recently published best practices and
benchmarks for intact protein analysis for top-down mass
spectrometry and the decision tree presented need to be
translated to selected top-down MSI workflows.!®
Higher-order protein structure determination

The majority of MS-based tissue imaging focusses on the
visualization and identification of primary protein struc-
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tures. Few approaches exist that take on the challenge of
visualizing higher order protein structures. Secondary pro-
tein structural elements such as alpha helices, beta sheets,
beta turns and omega loops are difficult to elucidate with a
mass spectrometric approach. Commonly circular dichro-
ism, infrared spectroscopy or nuclear magnetic resonance
are employed to determine the secondary structure, but
all lack the molecular specificity mass spectrometry offers.
Mass spectrometry offers structural investigation pos-
sibilities such as hydrogen-deuterium exchange, electron
capture/transfer dissociation and chemical cross-linking
that can provide limited secondary structural information.
These technologies have not or only limitedly been deployed
for imaging purposes. DESI and LAES], as described in the
previous section, are two technologies that, in combina-
tion with the structural identification technologies have the
potential to distinguish protein isomers that differ only in
their secondary structure in the future.

Tertiary structure or protein folding is the next level of
structural detail that, in MS, results in ions with identical
molecular weight but different folding structures. Several
ion mobility methods exist that can distinguish isomeric
molecules based on their collision cross-section. MALDI
MST has extensively been coupled to ion mobility separation
using TWIMS'® as well as many other ion mobility tech-
nologies (TIMS, FAIMS and a number of others) that have
been discussed in an extensive review by McLean et al.''®
MALDI-IMS-MSI has demonstrated its usefulness for tryp-
tic peptides and N-glycans up to a typical mass range of
approximately 5,000 m/z. Intact proteins have rarely been
investigated with this approach. This is a direct result of
the fact that MALDI exclusively produces singly charged
species and most common ion mobility instruments have
a limited m/z range that precluded the analysis of species
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over 5,000 m/z. The use of ambient desorption and ioniza-
tion techniques can, to some extent, overcome this because
of collisional cooling or the capability to form multiply
charged ions. Ambient ionization mass spectrometry of-
fers a variety of sampling and ionization techniques. Only a
small subset of these have proven suitable for intact protein
analysis from thin tissue sections as discussed in the previ-
ous section. These ambient technologies have the added
advantage that they allow ion mobility separation in the
imaging workflow"” and hence offer local tertiary protein
structural information.

Quaternary structure, the number, and arrangement of
multiple folded protein subunits in a multi-subunit complex
is the ultimate level of structural isomeric analysis to be
derived directly from tissue. The number of structural iso-
mer possibilities at the quaternary (and tertiary) level is as-
tounding and poses an enormous analytical challenge. The
challenge is to keep the multi-subunit complex intact and
unaltered during desorption and ionization. This is a com-
mon practice in the field of native mass spectrometry where
purified protein complexes are dissolved in MS-compatible
volatile buffer solution and routinely analyzed by electro-
spray MS. A complex tissue matrix is a completely different
challenge and local desorption, needed to obtain an image,
and requires local energy input that might disrupt the pro-
tein complex under study. One solution is the application of
liquid microjunction extraction that has proven suitable for
intact protein complex analysis from thin tissue sections.'
In their work, Cooper et al. demonstrated the ability to use
LESA to visualize the distribution of a native hemoglobin
tetramer complex from a mouse liver (Fig. 10). While the
image resolution is limited compared to other MSI tech-
nologies, the potential for native protein complex analysis
from tissue surfaces is large.

Tetramer

Tetramer
l (qBZH)z 15+

1000 1200 1400

1600 1800 2000 2200 2400 2600

Fig. 10. Native LESA MS imaging of mouse liver. A) Ion image shown of m/z 3970 (16+, 64414 Da, (a*"), and the mass spectrum acquired at lo-
cation (2,3) showing detection of the hemoglobin tetramer in the 15+, 16+ and 17+ charge states. B) Ion image of m/z 2039 (7+, 14264 Da,
liver fatty acid binding protein (LFABP) and the mass spectrum acquired at location (2,4) showing detection of LFABP in 7+, 8+ and 9+
charge states. Reprinted from R. L. Griffiths, E. K. Sisley, A. F. Lopez-Clavijo, A. L. Simmonds, I. B. Styles, H. . Cooper, Native mass spec-
trometry imaging of intact proteins and protein complexes in thin tissue sections, International Journal of Mass Spectrometry (2019), 437,
23-29 with permission under CC BY 4.0. (https://creativecommons.org/licenses/by/4.0/) (https://doi.org/10.1016/j.ijms.2017.10.009)
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Alternative approaches for protein structural
analysis

The new gold standard in protein structural elucidation
is the use of 3D cryo transmission electron microscopy
(Cryo-TEM) in structural biology. It has become possible
to identify even individual amino acids with resolutions
in the low Angstrom range. The use of single-particle
analysis enables the elucidation of the structure of large,
native protein complexes. The contrast in Cryo-TEM offers
morphological identification (and visualization) but lacks
(bio-) chemical insights. The combination of TEM with
MS-based approaches is evident and many researchers in
structural biology pursue that approach. Sample purifica-
tion, isolation, and cryo-preparation are still challenges for
many proteins studies. Moreover, the single-particle stud-
ies lack the biological environment of the protein. Imaging
mass spectrometry is highly complementary as it offers
detailed insight in protein structure as discussed above. It
is evident that one single technology alone will not provide
all the pieces of information needed to understand the
structure—function relationship. A significant effort will
be placed on alternative hybrid or complementary tissue
imaging strategies. A good example is the emergence of the
use of combined MSI and top-down proteomics.'”® In these
studies, MSI images are complemented with a tissue extrac-
tion and top-down analysis for protein identification. Other
studies use images to guide or direct either laser capture
microdissection'” or liquid microjunction based sampling
for follow-up analysis.'”” Structural imaging of protein
isomers in tissue is still in its nascent state. It is clear that
a substantial amount of work still is needed before it is
possible to sensitively visualize the distribution of many
proteoforms directly from a complex tissue surface. Image-
guided tissue selection followed by high-end liquid-based
proteomics currently offers the best opportunities, but with
many novel and innovative technologies developed in in-
tact protein mass spectrometry, a breakthrough might lurk
around the corner.

CONCLUSION AND PERSPECTIVES

In this review, we have discussed several technological
innovations to improve the detailed identification of vari-
ous compounds classes. Although many advances are still
mainly a proof-of-concept, MSI with isomeric resolution
demonstrated to have great potential for a better under-
standing of biological processes that otherwise would have
remained unknown. These novel strategies are a great
drive towards more complete structural characterization.
Nevertheless, there are still limitations to overcome and
further development is needed to enable total structural
identification. Many methods are MS/MS based, meaning
that only a select number of isomers can be analyzed in a
given MSI experiment. In order to push structure elucida-
tion to a greater extent, hybrid or complementary technolo-
gies could come to use such as a combination of the previ-
ously discussed approaches or by the use of complementary
technologies. This could aid in unraveling the biological
function or involvement in the biological processes of each
isomer.

Vol. 8 (2019), AOO78

REFERENCES

1) K. Chughtai, R. M. A. Heeren. Mass spectrometric imaging for
biomedical tissue analysis. Chem. Rev. 110: 3237-3277, 2010.

2) R. M. Caprioli, T. B. Farmer, J. Gile. Molecular imaging of
biological samples: Localization of peptides and proteins using
MALDI-TOF MS. Anal. Chem. 69: 4751-4760, 1997.

3) P.J. Todd, T. G. Schaaff, P. Chaurand, R. M. Caprioli. Organic
ion imaging of biological tissue with secondary ion mass spec-
trometry and matrix-assisted laser desorption/ionization. J.
Mass Spectrom. 36: 355-369, 2001.

4) K. FE Scott, M. Sajinovic, J. Hein, S. Nixdorf, P. Galettis, W.
Liauw, P. de Souza, Q. Dong, G. G. Graham, P. J. Russell.
Emerging roles for phospholipase A2 enzymes in cancer.
Biochimie 92: 601-610, 2010.

5) S. Shimma, H. O. Kumada, H. Taniguchi, A. Konno, I. Yao, K.
Furuta, T. Matsuda, S. Ito. Microscopic visualization of testos-
terone in mouse testis by use of imaging mass spectrometry.
Anal. Bioanal. Chem. 408: 7607-7615, 2016.

6) F. Cava, H. Lam, M. A. de Pedro, M. K. Waldor. Emerging
knowledge of regulatory roles of p-amino acids in bacteria. Cell.
Mol. Life Sci. 68: 817-831, 2011.

7) J. G. Swales, N. Strittmatter, J. W. Tucker, M. R. Clench, P. J. H.
Webborn, R. J. A. Goodwin. Spatial quantitation of drugs in tis-
sues using liquid extraction surface analysis mass spectrometry
Imaging. Sci. Rep. 6: 37648, 2016.

8) S. Shimma, Y. Takashima, J. Hashimoto, K. Yonemori, K.
Tamura, A. Hamada. Alternative two-step matrix application
method for imaging mass spectrometry to avoid tissue shrink-
age and improve ionization efficiency. J. Mass Spectrom. 48:
1285-1290, 2013.

9) L. S. Eberlin, X. Liu, C. R. Ferreira, S. Santagata, N. Y. Agar,
R. G. Cooks. Desorption electrospray ionization then MALDI
mass spectrometry imaging of lipid and protein distributions in
single tissue sections. Anal. Chem. 83: 8366-8371, 2011.

10) N. Ogrinc Poto¢nik, T. Porta, M. Becker, R. M. Heeren, S. R.
Ellis. Use of advantageous, volatile matrices enabled by next-
generation high-speed matrix-assisted laser desorption/ioniza-
tion time-of-flight imaging employing a scanning laser beam.
Rapid Commun. Mass Spectrom. 29: 2195-2203, 2015.

11) A. Bednaftik, M. Machdlkovd, E. Moskovets, K. Coufalikovd, P.
Krasensky, P. Houska, J. Kroupa, J. Navratilova, J. Smarda, J.
Preisler. MALDI MS imaging at acquisition rates exceeding 100
pixels per second. J. Am. Soc. Mass Spectrom. 30: 289-298, 2019.

12) M. Kompauer, S. Heiles, B. Spengler. Atmospheric pressure
MALDI mass spectrometry imaging of tissues and cells at
1.4-mum lateral resolution. Nat. Methods 14: 90-96, 2017.

13) L. A. McDonnell, R. M. Heeren. Imaging mass spectrometry.
Mass Spectrom. Rev. 26: 606-643, 2007.

14) Q. P. Vanbellingen, A. Castellanos, M. Rodriguez-Silva, I
Paudel, J. W. Chambers, F. A. Fernandez-Lima. Analysis of
chemotherapeutic drug delivery at the single cell level using
3D-MSI-TOE-SIMS. J. Am. Soc. Mass Spectrom. 27: 2033-2040,
2016.

15) S. Sheraz née Rabbani, A. Barber, J. S. Fletcher, N. P. Lockyer,
J. C. Vickerman. Enhancing secondary ion yields in time of
flight-secondary ion mass spectrometry using water cluster pri-
mary beams. Anal. Chem. 85: 5654-5658, 2013.

16) M. Angelo, S. C. Bendall, R. Finck, M. B. Hale, C. Hitzman, A.
D. Borowsky, R. M. Levenson, J. B. Lowe, S. D. Liu, S. Zhao, Y.
Natkunam, G. P. Nolan. Multiplexed ion beam imaging of hu-
man breast tumors. Nat. Med. 20: 436-442, 2014.

17) A. L. Dill, D. R. Ifa, N. E. Manicke, Z. Ouyang, R. G. Cooks.
Mass spectrometric imaging of lipids using desorption electro-
spray ionization. J. Chromatogr. B Analyt. Technol. Biomed. Life
Sci. 877: 2883-2889, 2009.

18) Z. Takats, J. M. Wiseman, R. G. Cooks. Ambient mass spec-

Page 15 of 19


http://dx.doi.org/10.1021/cr100012c
http://dx.doi.org/10.1021/cr100012c
http://dx.doi.org/10.1021/ac970888i
http://dx.doi.org/10.1021/ac970888i
http://dx.doi.org/10.1021/ac970888i
http://dx.doi.org/10.1002/jms.153
http://dx.doi.org/10.1002/jms.153
http://dx.doi.org/10.1002/jms.153
http://dx.doi.org/10.1002/jms.153
http://dx.doi.org/10.1016/j.biochi.2010.03.019
http://dx.doi.org/10.1016/j.biochi.2010.03.019
http://dx.doi.org/10.1016/j.biochi.2010.03.019
http://dx.doi.org/10.1016/j.biochi.2010.03.019
http://dx.doi.org/10.1007/s00216-016-9594-9
http://dx.doi.org/10.1007/s00216-016-9594-9
http://dx.doi.org/10.1007/s00216-016-9594-9
http://dx.doi.org/10.1007/s00216-016-9594-9
http://dx.doi.org/10.1007/s00018-010-0571-8
http://dx.doi.org/10.1007/s00018-010-0571-8
http://dx.doi.org/10.1007/s00018-010-0571-8
http://dx.doi.org/10.1038/srep37648
http://dx.doi.org/10.1038/srep37648
http://dx.doi.org/10.1038/srep37648
http://dx.doi.org/10.1038/srep37648
http://dx.doi.org/10.1002/jms.3288
http://dx.doi.org/10.1002/jms.3288
http://dx.doi.org/10.1002/jms.3288
http://dx.doi.org/10.1002/jms.3288
http://dx.doi.org/10.1002/jms.3288
http://dx.doi.org/10.1021/ac202016x
http://dx.doi.org/10.1021/ac202016x
http://dx.doi.org/10.1021/ac202016x
http://dx.doi.org/10.1021/ac202016x
http://dx.doi.org/10.1002/rcm.7379
http://dx.doi.org/10.1002/rcm.7379
http://dx.doi.org/10.1002/rcm.7379
http://dx.doi.org/10.1002/rcm.7379
http://dx.doi.org/10.1002/rcm.7379
http://dx.doi.org/10.1007/s13361-018-2078-8
http://dx.doi.org/10.1007/s13361-018-2078-8
http://dx.doi.org/10.1007/s13361-018-2078-8
http://dx.doi.org/10.1007/s13361-018-2078-8
http://dx.doi.org/10.1038/nmeth.4071
http://dx.doi.org/10.1038/nmeth.4071
http://dx.doi.org/10.1038/nmeth.4071
http://dx.doi.org/10.1002/mas.20124
http://dx.doi.org/10.1002/mas.20124
http://dx.doi.org/10.1007/s13361-016-1485-y
http://dx.doi.org/10.1007/s13361-016-1485-y
http://dx.doi.org/10.1007/s13361-016-1485-y
http://dx.doi.org/10.1007/s13361-016-1485-y
http://dx.doi.org/10.1007/s13361-016-1485-y
http://dx.doi.org/10.1021/ac4013732
http://dx.doi.org/10.1021/ac4013732
http://dx.doi.org/10.1021/ac4013732
http://dx.doi.org/10.1021/ac4013732
http://dx.doi.org/10.1038/nm.3488
http://dx.doi.org/10.1038/nm.3488
http://dx.doi.org/10.1038/nm.3488
http://dx.doi.org/10.1038/nm.3488
http://dx.doi.org/10.1016/j.jchromb.2008.12.058
http://dx.doi.org/10.1016/j.jchromb.2008.12.058
http://dx.doi.org/10.1016/j.jchromb.2008.12.058
http://dx.doi.org/10.1016/j.jchromb.2008.12.058
http://dx.doi.org/10.1002/jms.922

A Review of IMAGING ISOMERS

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

trometry using desorption electrospray ionization (DESI):
Instrumentation, mechanisms and applications in forensics,
chemistry, and biology. J. Mass Spectrom. 40: 1261-1275, 2005.
D. Lostun, C. J. Perez, P. Licence, D. A. Barrett, D. R. Ifa.
Reactive DESI-MS imaging of biological tissues with dicationic
ion-pairing compounds. Anal. Chem. 87: 3286-3293, 2015.

R. Yin, J. Kyle, K. Burnum-Johnson, K. J. Bloodsworth, L.
Sussel, C. Ansong, J. Laskin. High spatial resolution imag-
ing of mouse pancreatic islets using nanospray desorption
electrospray ionization mass spectrometry. Anal. Chem. 90:
6548-6555, 2018.

J. Soltwisch, H. Kettling, S. Vens-Cappell, M. Wiegelmann,
J. Mithing, K. Dreisewerd. Mass spectrometry imaging with
laser-induced postionization. Science 348: 211-215, 2015.

F. P. Y. Barré, M. R. L. Paine, B. Flinders, A. J. Trevitt, P. D.
Kelly, R. Ait-Belkacem, J. P. Garcia, L. B. Creemers, J. Stauber,
R. J. Vreeken, B. Cillero-Pastor, S. R. Ellis, R. M. A. Heeren.
Enhanced sensitivity using MALDI imaging coupled with laser
postionization (MALDI-2) for pharmaceutical research. Anal.
Chem. 91: 10840-10848, 2019.

S. R. Ellis, J. Soltwisch, M. R. L. Paine, K. Dreisewerd, R. M. A.
Heeren. Laser post-ionisation combined with a high resolving
power orbitrap mass spectrometer for enhanced MALDI-MS
imaging of lipids. Chem. Commun. (Camb.) 53: 7246-7249,
2017.

M. Niehaus, J. Soltwisch. New insights into mechanisms of ma-
terial ejection in MALDI mass spectrometry for a wide range of
spot sizes. Sci. Rep. 8: 7755, 2018.

C. Liu, K. Qi, L. Yao, Y. Xiong, X. Zhang, J. Zang, C. Tian,
M. Xu, J. Yang, Z. Lin, Y. Lv, W. Xiong, Y. Pan. Imaging of
polar and nonpolar species using compact desorption electro-
spray ionization/postphotoionization mass spectrometry. Anal.
Chem. 91: 6616-6623, 2019.

J. G. Swales, J. W. Tucker, M. J. Spreadborough, S. L. Iverson, M.
R. Clench, P. J. Webborn, R. J. Goodwin. Mapping drug distri-
bution in brain tissue using liquid extraction surface analysis
mass spectrometry imaging. Anal. Chem. 87: 10146-10152,
2015.

E. C. Randall, A. M. Race, H. J. Cooper, J. Bunch. MALDI im-
aging of liquid extraction surface analysis sampled tissue. Anal.
Chem. 88: 8433-8440, 2016.

L. Lamont, M. Baumert, N. Ogrinc Poto¢nik, M. Allen, R.
Vreeken, R. M. A. Heeren, T. Porta. Integration of ion mobil-
ity MS(E) after fully automated, online, high-resolution liquid
extraction surface analysis micro-liquid chromatography. Anal.
Chem. 89: 11143-11150, 2017.

A. Buck, B. Balluff, A. Voss, R. Langer, H. Zitzelsberger, M.
Aichler, A. Walch. How suitable is matrix-assisted laser desorp-
tion/ionization-time-of-flight for metabolite imaging from
clinical formalin-fixed and paraffin-embedded tissue samples
in comparison to matrix-assisted laser desorption/ionization-
Fourier transform ion cyclotron resonance mass spectrometry?
Anal. Chem. 88: 5281-5289, 2016.

L. Lamont, G. B. Eijkel, E. A. Jones, B. Flinders, S. R. Ellis, T.
Porta Siegel, R. M. A. Heeren, R. J. Vreeken. Targeted drug and
metabolite imaging: Desorption electrospray ionization com-
bined with triple quadrupole mass spectrometry. Anal. Chem.
90: 13229-13235, 2018.

P. Kovarik, C. Grivet, E. Bourgogne, G. Hopfgartner. Method
development aspects for the quantitation of pharmaceutical
compounds in human plasma with a matrix-assisted laser de-
sorption/ionization source in the multiple reaction monitoring
mode. Rapid Commun. Mass Spectrom. 21: 911-919, 2007.

B. Prideaux, V. Dartois, D. Staab, D. M. Weiner, A. Goh,
L. E. Via, C. E. Barry 3rd, M. Stoeckli. High-sensitivity
MALDI-MRM-MS imaging of moxifloxacin distribution in
tuberculosis-infected rabbit lungs and granulomatous lesions.
Anal. Chem. 83: 2112-2118, 2011.

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

Vol. 8 (2019), AOO78

J. H. Jungmann, R. M. A. Heeren. Emerging technologies in
mass spectrometry imaging. J. Proteomics 75: 5077-5092, 2012.
M. Scigelova, M. Hornshaw, A. Giannakopulos, A. Makarov.
Fourier transform mass spectrometry. Mol. Cell. Proteomics:
MCP 10: M111.009431, 2011.

S. R. Ellis, M. R. L. Paine, G. B. Eijkel, J. K. Pauling, P. Husen,
M. W. Jervelund, M. Hermansson, C. S. Ejsing, R. M. A.
Heeren. Automated, parallel mass spectrometry imaging and
structural identification of lipids. Nat. Methods 15: 515-518,
2018.

R. L. Hansen, Y. J. Lee. Overlapping MALDI-mass spectrom-
etry imaging for in-parallel MS and MS/MS data acquisi-
tion without sacrificing spatial resolution. J. Am. Soc. Mass
Spectrom. 28: 1910-1918, 2017.

X. Zheng, R. D. Smith, E. S. Baker. Recent advances in lipid
separations and structural elucidation using mass spectrometry
combined with ion mobility spectrometry, ion-molecule reac-
tions and fragmentation approaches. Curr. Opin. Chem. Biol.
42:111-118, 2018.

L. S. Fenn, J. A. McLean. in Mass Spectrometry of
Glycoproteins: Methods and Protocols, (Ed.: J. J. Kohler and
S. M. Patrie), Editors. Humana Press: Totowa, NJ, 2013, pp.
171-194.

B. L. Poad, H. T. Pham, M. C. Thomas, J. R. Nealon, J. L.
Campbell, T. W. Mitchell, S. J. Blanksby. Ozone-induced dis-
sociation on a modified tandem linear ion-trap: Observations
of different reactivity for isomeric lipids. J. Am. Soc. Mass
Spectrom. 21: 1989-1999, 2010.

T. C. Walther, R. V. Farese Jr. Lipid droplets and cellular lipid
metabolism. Annu. Rev. Biochem. 81: 687-714, 2012.

N. Vu, J. Brown, K. Giles, Q. Zhang. Ozone-induced disso-
ciation on a traveling wave high-resolution mass spectrom-
eter for determination of double-bond position in lipids. Rapid
Commun. Mass Spectrom. 31: 1415-1423, 2017.

S. H. Brown, T. W. Mitchell, S. J. Blanksby. Analysis of unsatu-
rated lipids by ozone-induced dissociation. Biochim. Biophys.
Acta 1811: 807-817, 2011.

D. R. Klein, J. S. Brodbelt. Structural Characterization
of Phosphatidylcholines Using 193nm Ultraviolet Photo-
dissociation Mass Spectrometry. Anal. Chem. 89: 1516-1522,
2017.

T. Porta Siegel, K. Ekroos, S. R. Ellis. Reshaping lipid bio-
chemistry by pushing barriers in structural lipidomics. Angew.
Chem. Int. Ed. Engl. 58: 6492-6501, 2019.

K. Ekroos, C. S. Ejsing, U. Bahr, M. Karas, K. Simons, A.
Shevchenko. Charting molecular composition of phosphatidyl-
cholines by fatty acid scanning and ion trap MS? fragmentation.
J. Lipid Res. 44: 2181-2192, 2003.

E. Ryan, C. Q. N. Nguyen, C. Shiea, G. E. Reid. Detailed struc-
tural characterization of sphingolipids via 193nm ultraviolet
photodissociation and ultra high resolution tandem mass spec-
trometry. J. Am. Soc. Mass Spectrom. 28: 1406-1419, 2017.

D. R. Klein, C. L. Feider, K. Y. Garza, J. Q. Lin, L. S. Eberlin, J.
S. Brodbelt. Desorption electrospray ionization coupled with ul-
traviolet photodissociation for characterization of phospholipid
isomers in tissue sections. Anal. Chem. 90: 10100-10104, 2018.
P. E. Williams, D. R. Klein, S. M. Greer, J. S. Brodbelt.
Pinpointing double bond and sn-positions in glycerophospho-
lipids via hybrid 193 nm ultraviolet photodissociation (UVPD)
mass spectrometry. J. Am. Chem. Soc. 139: 15681-15690, 2017.

J. P. O’Brien, B. D. Needham, J. C. Henderson, E. M. Nowicki,
M. S. Trent, J. S. Brodbelt. 193nm ultraviolet photodissocia-
tion mass spectrometry for the structural elucidation of lipid A
compounds in complex mixtures. Anal. Chem. 86: 2138-2145,
2014.

A. Bednaiik, S. Bolsker, J. Soltwisch, K. Dreisewerd. An
on-tissue Paterno-Buchi reaction for localization of carbon-
carbon double bonds in phospholipids and glycolipids by

Page 16 of 19


http://dx.doi.org/10.1002/jms.922
http://dx.doi.org/10.1002/jms.922
http://dx.doi.org/10.1002/jms.922
http://dx.doi.org/10.1021/ac5042445
http://dx.doi.org/10.1021/ac5042445
http://dx.doi.org/10.1021/ac5042445
http://dx.doi.org/10.1021/acs.analchem.8b00161
http://dx.doi.org/10.1021/acs.analchem.8b00161
http://dx.doi.org/10.1021/acs.analchem.8b00161
http://dx.doi.org/10.1021/acs.analchem.8b00161
http://dx.doi.org/10.1021/acs.analchem.8b00161
http://dx.doi.org/10.1126/science.aaa1051
http://dx.doi.org/10.1126/science.aaa1051
http://dx.doi.org/10.1126/science.aaa1051
http://dx.doi.org/10.1021/acs.analchem.9b02495
http://dx.doi.org/10.1021/acs.analchem.9b02495
http://dx.doi.org/10.1021/acs.analchem.9b02495
http://dx.doi.org/10.1021/acs.analchem.9b02495
http://dx.doi.org/10.1021/acs.analchem.9b02495
http://dx.doi.org/10.1021/acs.analchem.9b02495
http://dx.doi.org/10.1039/C7CC02325A
http://dx.doi.org/10.1039/C7CC02325A
http://dx.doi.org/10.1039/C7CC02325A
http://dx.doi.org/10.1039/C7CC02325A
http://dx.doi.org/10.1039/C7CC02325A
http://dx.doi.org/10.1038/s41598-018-25946-z
http://dx.doi.org/10.1038/s41598-018-25946-z
http://dx.doi.org/10.1038/s41598-018-25946-z
http://dx.doi.org/10.1021/acs.analchem.5b02998
http://dx.doi.org/10.1021/acs.analchem.5b02998
http://dx.doi.org/10.1021/acs.analchem.5b02998
http://dx.doi.org/10.1021/acs.analchem.5b02998
http://dx.doi.org/10.1021/acs.analchem.5b02998
http://dx.doi.org/10.1021/acs.analchem.5b04281
http://dx.doi.org/10.1021/acs.analchem.5b04281
http://dx.doi.org/10.1021/acs.analchem.5b04281
http://dx.doi.org/10.1021/acs.analchem.7b03512
http://dx.doi.org/10.1021/acs.analchem.7b03512
http://dx.doi.org/10.1021/acs.analchem.7b03512
http://dx.doi.org/10.1021/acs.analchem.7b03512
http://dx.doi.org/10.1021/acs.analchem.7b03512
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.6b00460
http://dx.doi.org/10.1021/acs.analchem.8b03857
http://dx.doi.org/10.1021/acs.analchem.8b03857
http://dx.doi.org/10.1021/acs.analchem.8b03857
http://dx.doi.org/10.1021/acs.analchem.8b03857
http://dx.doi.org/10.1021/acs.analchem.8b03857
http://dx.doi.org/10.1002/rcm.2912
http://dx.doi.org/10.1002/rcm.2912
http://dx.doi.org/10.1002/rcm.2912
http://dx.doi.org/10.1002/rcm.2912
http://dx.doi.org/10.1002/rcm.2912
http://dx.doi.org/10.1021/ac1029049
http://dx.doi.org/10.1021/ac1029049
http://dx.doi.org/10.1021/ac1029049
http://dx.doi.org/10.1021/ac1029049
http://dx.doi.org/10.1021/ac1029049
http://dx.doi.org/10.1016/j.jprot.2012.03.022
http://dx.doi.org/10.1016/j.jprot.2012.03.022
http://dx.doi.org/10.1074/mcp.M111.009431
http://dx.doi.org/10.1074/mcp.M111.009431
http://dx.doi.org/10.1074/mcp.M111.009431
http://dx.doi.org/10.1038/s41592-018-0010-6
http://dx.doi.org/10.1038/s41592-018-0010-6
http://dx.doi.org/10.1038/s41592-018-0010-6
http://dx.doi.org/10.1038/s41592-018-0010-6
http://dx.doi.org/10.1038/s41592-018-0010-6
http://dx.doi.org/10.1007/s13361-017-1699-7
http://dx.doi.org/10.1007/s13361-017-1699-7
http://dx.doi.org/10.1007/s13361-017-1699-7
http://dx.doi.org/10.1007/s13361-017-1699-7
http://dx.doi.org/10.1016/j.cbpa.2017.11.009
http://dx.doi.org/10.1016/j.cbpa.2017.11.009
http://dx.doi.org/10.1016/j.cbpa.2017.11.009
http://dx.doi.org/10.1016/j.cbpa.2017.11.009
http://dx.doi.org/10.1016/j.cbpa.2017.11.009
http://dx.doi.org/10.1016/j.jasms.2010.08.011
http://dx.doi.org/10.1016/j.jasms.2010.08.011
http://dx.doi.org/10.1016/j.jasms.2010.08.011
http://dx.doi.org/10.1016/j.jasms.2010.08.011
http://dx.doi.org/10.1016/j.jasms.2010.08.011
http://dx.doi.org/10.1146/annurev-biochem-061009-102430
http://dx.doi.org/10.1146/annurev-biochem-061009-102430
http://dx.doi.org/10.1002/rcm.7920
http://dx.doi.org/10.1002/rcm.7920
http://dx.doi.org/10.1002/rcm.7920
http://dx.doi.org/10.1002/rcm.7920
http://dx.doi.org/10.1016/j.bbalip.2011.04.015
http://dx.doi.org/10.1016/j.bbalip.2011.04.015
http://dx.doi.org/10.1016/j.bbalip.2011.04.015
http://dx.doi.org/10.1021/acs.analchem.6b03353
http://dx.doi.org/10.1021/acs.analchem.6b03353
http://dx.doi.org/10.1021/acs.analchem.6b03353
http://dx.doi.org/10.1021/acs.analchem.6b03353
http://dx.doi.org/10.1002/anie.201812698
http://dx.doi.org/10.1002/anie.201812698
http://dx.doi.org/10.1002/anie.201812698
http://dx.doi.org/10.1194/jlr.D300020-JLR200
http://dx.doi.org/10.1194/jlr.D300020-JLR200
http://dx.doi.org/10.1194/jlr.D300020-JLR200
http://dx.doi.org/10.1194/jlr.D300020-JLR200
http://dx.doi.org/10.1007/s13361-017-1668-1
http://dx.doi.org/10.1007/s13361-017-1668-1
http://dx.doi.org/10.1007/s13361-017-1668-1
http://dx.doi.org/10.1007/s13361-017-1668-1
http://dx.doi.org/10.1021/acs.analchem.8b03026
http://dx.doi.org/10.1021/acs.analchem.8b03026
http://dx.doi.org/10.1021/acs.analchem.8b03026
http://dx.doi.org/10.1021/acs.analchem.8b03026
http://dx.doi.org/10.1021/jacs.7b06416
http://dx.doi.org/10.1021/jacs.7b06416
http://dx.doi.org/10.1021/jacs.7b06416
http://dx.doi.org/10.1021/jacs.7b06416
http://dx.doi.org/10.1021/ac403796n
http://dx.doi.org/10.1021/ac403796n
http://dx.doi.org/10.1021/ac403796n
http://dx.doi.org/10.1021/ac403796n
http://dx.doi.org/10.1021/ac403796n
http://dx.doi.org/10.1002/anie.201806635
http://dx.doi.org/10.1002/anie.201806635
http://dx.doi.org/10.1002/anie.201806635

A Review of IMAGING ISOMERS

51)

52)

53)

54)

55)

56)

57)

58)

59)

60)

61)

62)

63)

64)

65)

66)

matrix-assisted laser-desorption-ionization mass-spectrometry
imaging. Angew. Chem. Int. Ed. Engl. 57: 12092-12096, 2018.

X. Ma, Y. Xia. Pinpointing double bonds in lipids by Paterno-
Buchi reactions and mass spectrometry. Angew. Chem. Int. Ed.
Engl. 53: 2592-2596, 2014.

W. Zhang, D. Zhang, Q. Chen, J. Wu, Z. Ouyang, Y. Xia. Online
photochemical derivatization enables comprehensive mass
spectrometric analysis of unsaturated phospholipid isomers.
Nat. Commun. 10: 79, 2019.

X. Ma, L. Chong, R. Tian, R. Shi, T. Y. Hu, Z. Ouyang, Y. Xia.
Identification and quantitation of lipid C=C location isomers: A
shotgun lipidomics approach enabled by photochemical reac-
tion. Proc. Natl. Acad. Sci. U.S.A. 113: 2573-2578, 2016.

F. Wildchen, B. Spengler, S. Heiles. Reactive matrix-assisted
laser desorption/ionization mass spectrometry imaging using
an intrinsically photoreactive Paterno-Buchi matrix for double-
bond localization in isomeric phospholipids. J. Am. Chem. Soc.
141: 11816-11820, 2019.

F. Tang, C. Guo, X. Ma, J. Zhang, Y. Su, R. Tian, R. Shi, Y. Xia,
X. Wang, Z. Ouyang. Rapid in situ profiling of lipid C=C loca-
tion isomers in tissue using ambient mass spectrometry with
photochemical reactions. Anal. Chem. 90: 5612-5619, 2018.

M. C. Thomas, T. W. Mitchell, D. G. Harman, J. M. Deeley, J. R.
Nealon, S. J. Blanksby. Ozone-induced dissociation: Elucidation
of double bond position within mass-selected lipid ions. Anal.
Chem. 80: 303-311, 2008.

B. L. Poad, M. R. Green, J. M. Kirk, N. Tomczyk, T. W. Mitchell,
S. J. Blanksby. High-pressure ozone-induced dissociation for
lipid structure elucidation on fast chromatographic timescales.
Anal. Chem. 89: 4223-4229, 2017.

H. T. Pham, A. T. Maccarone, J. L. Campbell, T. W. Mitchell,
S. J. Blanksby. Ozone-induced dissociation of conjugated lipids
reveals significant reaction rate enhancements and character-
istic odd-electron product ions. J. Am. Soc. Mass Spectrom. 24:
286-296, 2013.

D. L. Marshall, H. T. Pham, M. Bhujel, J. S. Chin, J. Y. Yew, K.
Mori, T. W. Mitchell, S. J. Blanksby. Sequential collision- and
ozone-induced dissociation enables assignment of relative acyl
chain position in triacylglycerols. Anal. Chem. 88: 2685-2692,
2016.

H. T. Pham, A. T. Maccarone, M. C. Thomas, J. L. Campbell,
T. W. Mitchell, S. J. Blanksby. Structural characterization of
glycerophospholipids by combinations of ozone- and collision-
induced dissociation mass spectrometry: The next step towards
“top-down” lipidomics. Analyst 139: 204-214, 2014.

M. R. L. Paine, B. L. J. Poad, G. B. Eijkel, D. L. Marshall, S. J.
Blanksby, R. M. A. Heeren, S. R. Ellis. Mass spectrometry imag-
ing with isomeric resolution enabled by ozone-induced disso-
ciation. Angew. Chem. Int. Ed. Engl. 57: 10530-10534, 2018.

B. L. J. Poad, X. Zheng, T. W. Mitchell, R. D. Smith, E. S. Baker,
S. J. Blanksby. Online ozonolysis combined with ion mobility-
mass spectrometry provides a new platform for lipid isomer
analyses. Anal. Chem. 90: 1292-1300, 2018.

C. Cheng, M. L. Gross. Applications and mechanisms of
charge-remote fragmentation. Mass Spectrom. Rev. 19: 398-420,
2000.

S. Shimma, A. Kubo, T. Satoh, M. Toyoda. Detailed structural
analysis of lipids directly on tissue specimens using a MALDI-
spiralTOF-reflectron TOF mass spectrometer. PLOS ONE 7:
€37107, 2012.

G. L. Fisher, A. L. Bruinen, N. Ogrinc Poto¢nik, J. S.
Hammond, S. R. Bryan, P. E. Larson, R. M. Heeren. A new
method and mass spectrometer design for TOF-SIMS parallel
imaging MS/MS. Anal. Chem. 88: 6433-6440, 2016.

A. P. Bowman, R. R. Abzalimov, A. A. Shvartsburg. Broad
separation of isomeric lipids by high-resolution differential ion
mobility spectrometry with tandem mass spectrometry. J. Am.
Soc. Mass Spectrom. 28: 1552-1561, 2017.

67)

68)

69)

70)

71)

72)

73)

74)

75)

76)

77)

78)

79)

80)

81)

82)

Vol. 8 (2019), AOO78

A. A. Shvartsburg, G. Isaac, N. Leveque, R. D. Smith, T. O.
Metz. Separation and classification of lipids using differential
ion mobility spectrometry. J. Am. Soc. Mass Spectrom. 22:
1146-1155, 2011.

C. L. Feider, N. Elizondo, L. S. Eberlin. Ambient ionization and
FAIMS mass spectrometry for enhanced imaging of multiply
charged molecular ions in biological tissues. Anal. Chem. 88:
11533-11541, 2016.

Y. Feng, B. Chen, Q. Yu, L. Li. Identification of double bond
position isomers in unsaturated lipids by m-CPBA epoxida-
tion and mass spectrometry fragmentation. Anal. Chem. 91:
1791-1795, 2019.

T.-H. Kuo, H. H. Chung, H. Y. Chang, C. W. Lin, M. Y. Wang,
T. L. Shen, C. C. Hsu. Deep lipidomics and molecular imaging
of unsaturated lipid isomers: A universal strategy initiated by
m-CPBA epoxidation. Anal. Chem. 91: 11905-11915, 2019.

C. Wu, D. R. Ifa, N. E. Manicke, R. G. Cooks. Rapid, direct
analysis of cholesterol by charge labeling in reactive desorption
electrospray ionization. Anal. Chem. 81: 7618-7624, 2009.

G. J. Patti, H. K. Woo, O. Yanes, L. Shriver, D. Thomas, W.
Uritboonthai, J. V. Apon, R. Steenwyk, M. Manchester, G.
Siuzdak. Detection of carbohydrates and steroids by cation-
enhanced nanostructure-initiator mass spectrometry (NIMS)
for biofluid analysis and tissue imaging. Anal. Chem. 82: 121-
128, 2010.

D. F. Cobice, C. L. Mackay, R. J. Goodwin, A. McBride, P. R.
Langridge-Smith, S. P. Webster, B. R. Walker, R. Andrew. Mass
spectrometry imaging for dissecting steroid intracrinology
within target tissues. Anal. Chem. 85: 11576-11584, 2013.

F. P. Barré, B. Flinders, J. P. Garcia, I. Jansen, L. R. Huizing,
T. Porta, L. B. Creemers, R. M. Heeren, B. Cillero-Pastor.
Derivatization strategies for the detection of triamcinolone
acetonide in cartilage by using matrix-assisted laser desorp-
tion/ionization mass spectrometry imaging. Anal. Chem. 88:
12051-12059, 2016.

D. F. Cobice, D. E. Livingstone, C. L. Mackay, R. J. Goodwin,
L. B. Smith, B. R. Walker, R. Andrew. Spatial localization and
quantitation of androgens in mouse testis by mass spectrometry
imaging. Anal. Chem. 88: 10362-10367, 2016.

Y. Sugiura, E. Takeo, S. Shimma, M. Yokota, T. Higashi, T. Seki,
Y. Mizuno, M. Oya, T. Kosaka, M. Omura, T. Nishikawa, M.
Suematsu, K. Nishimoto. Aldosterone and 18-oxocortisol coac-
cumulation in aldosterone-producing lesions. Hypertension 72:
1345-1354, 2018.

E. Takeo, Y. Sugiura, T. Uemura, K. Nishimoto, M. Yasuda, E.
Sugiyama, S. Ohtsuki, T. Higashi, T. Nishikawa, M. Suematsu,
E. Fukusaki, S. Shimma. Tandem mass spectrometry imaging
reveals distinct accumulation patterns of steroid structural
isomers in human adrenal glands. Anal. Chem. 91: 8918-8925,
2019.

L. Ahonen, M. Fasciotti, G. B. Gennis, T. Kotiaho, R. J. Daroda,
M. Eberlin, R. Kostiainen. Separation of steroid isomers by ion
mobility mass spectrometry. J. Chromatogr. A 1310: 133-137,
2013.

C. D. Chouinard, C. R. Beekman, R. H. J. Kemperman, H. M.
King, R. A. Yost. Jon mobility-mass spectrometry separation
of steroid structural isomers and epimers. Int. J. Ion Mobil.
Spectrom. 20: 31-39, 2017.

C. D. Chouinard, V. W. D. Cruzeiro, A. E. Roitberg, R. A. Yost.
Experimental and theoretical investigation of sodiated multim-
ers of steroid epimers with ion mobility-mass spectrometry. J.
Am. Soc. Mass Spectrom. 28: 323-331, 2017.

A. L. Rister, T. L. Martin, E. D. Dodds. Formation of multimer-
ic steroid metal adducts and implications for isomer mixture
separation by traveling wave ion mobility spectrometry. J. Mass
Spectrom. 54: 429-436, 2019.

A. L. Rister, T. L. Martin, E. D. Dodds. Application of group
I metal adduction to the separation of steroids by traveling

Page 17 of 19


http://dx.doi.org/10.1002/anie.201806635
http://dx.doi.org/10.1002/anie.201806635
http://dx.doi.org/10.1002/anie.201310699
http://dx.doi.org/10.1002/anie.201310699
http://dx.doi.org/10.1002/anie.201310699
http://dx.doi.org/10.1038/s41467-018-07963-8
http://dx.doi.org/10.1038/s41467-018-07963-8
http://dx.doi.org/10.1038/s41467-018-07963-8
http://dx.doi.org/10.1038/s41467-018-07963-8
http://dx.doi.org/10.1073/pnas.1523356113
http://dx.doi.org/10.1073/pnas.1523356113
http://dx.doi.org/10.1073/pnas.1523356113
http://dx.doi.org/10.1073/pnas.1523356113
http://dx.doi.org/10.1021/jacs.9b05868
http://dx.doi.org/10.1021/jacs.9b05868
http://dx.doi.org/10.1021/jacs.9b05868
http://dx.doi.org/10.1021/jacs.9b05868
http://dx.doi.org/10.1021/jacs.9b05868
http://dx.doi.org/10.1021/acs.analchem.7b04675
http://dx.doi.org/10.1021/acs.analchem.7b04675
http://dx.doi.org/10.1021/acs.analchem.7b04675
http://dx.doi.org/10.1021/acs.analchem.7b04675
http://dx.doi.org/10.1021/ac7017684
http://dx.doi.org/10.1021/ac7017684
http://dx.doi.org/10.1021/ac7017684
http://dx.doi.org/10.1021/ac7017684
http://dx.doi.org/10.1021/acs.analchem.7b00268
http://dx.doi.org/10.1021/acs.analchem.7b00268
http://dx.doi.org/10.1021/acs.analchem.7b00268
http://dx.doi.org/10.1021/acs.analchem.7b00268
http://dx.doi.org/10.1007/s13361-012-0521-9
http://dx.doi.org/10.1007/s13361-012-0521-9
http://dx.doi.org/10.1007/s13361-012-0521-9
http://dx.doi.org/10.1007/s13361-012-0521-9
http://dx.doi.org/10.1007/s13361-012-0521-9
http://dx.doi.org/10.1021/acs.analchem.5b04001
http://dx.doi.org/10.1021/acs.analchem.5b04001
http://dx.doi.org/10.1021/acs.analchem.5b04001
http://dx.doi.org/10.1021/acs.analchem.5b04001
http://dx.doi.org/10.1021/acs.analchem.5b04001
http://dx.doi.org/10.1039/C3AN01712E
http://dx.doi.org/10.1039/C3AN01712E
http://dx.doi.org/10.1039/C3AN01712E
http://dx.doi.org/10.1039/C3AN01712E
http://dx.doi.org/10.1039/C3AN01712E
http://dx.doi.org/10.1002/anie.201802937
http://dx.doi.org/10.1002/anie.201802937
http://dx.doi.org/10.1002/anie.201802937
http://dx.doi.org/10.1002/anie.201802937
http://dx.doi.org/10.1021/acs.analchem.7b04091
http://dx.doi.org/10.1021/acs.analchem.7b04091
http://dx.doi.org/10.1021/acs.analchem.7b04091
http://dx.doi.org/10.1021/acs.analchem.7b04091
http://dx.doi.org/10.1002/1098-2787(2000)19:6%3C398::AID-MAS3%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1098-2787(2000)19:6%3C398::AID-MAS3%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1098-2787(2000)19:6%3C398::AID-MAS3%3E3.0.CO;2-B
http://dx.doi.org/10.1371/journal.pone.0037107
http://dx.doi.org/10.1371/journal.pone.0037107
http://dx.doi.org/10.1371/journal.pone.0037107
http://dx.doi.org/10.1371/journal.pone.0037107
http://dx.doi.org/10.1021/acs.analchem.6b01022
http://dx.doi.org/10.1021/acs.analchem.6b01022
http://dx.doi.org/10.1021/acs.analchem.6b01022
http://dx.doi.org/10.1021/acs.analchem.6b01022
http://dx.doi.org/10.1007/s13361-017-1675-2
http://dx.doi.org/10.1007/s13361-017-1675-2
http://dx.doi.org/10.1007/s13361-017-1675-2
http://dx.doi.org/10.1007/s13361-017-1675-2
http://dx.doi.org/10.1007/s13361-011-0114-z
http://dx.doi.org/10.1007/s13361-011-0114-z
http://dx.doi.org/10.1007/s13361-011-0114-z
http://dx.doi.org/10.1007/s13361-011-0114-z
http://dx.doi.org/10.1021/acs.analchem.6b02798
http://dx.doi.org/10.1021/acs.analchem.6b02798
http://dx.doi.org/10.1021/acs.analchem.6b02798
http://dx.doi.org/10.1021/acs.analchem.6b02798
http://dx.doi.org/10.1021/acs.analchem.8b04905
http://dx.doi.org/10.1021/acs.analchem.8b04905
http://dx.doi.org/10.1021/acs.analchem.8b04905
http://dx.doi.org/10.1021/acs.analchem.8b04905
http://dx.doi.org/10.1021/acs.analchem.9b02667
http://dx.doi.org/10.1021/acs.analchem.9b02667
http://dx.doi.org/10.1021/acs.analchem.9b02667
http://dx.doi.org/10.1021/acs.analchem.9b02667
http://dx.doi.org/10.1021/ac901003u
http://dx.doi.org/10.1021/ac901003u
http://dx.doi.org/10.1021/ac901003u
http://dx.doi.org/10.1021/ac9014353
http://dx.doi.org/10.1021/ac9014353
http://dx.doi.org/10.1021/ac9014353
http://dx.doi.org/10.1021/ac9014353
http://dx.doi.org/10.1021/ac9014353
http://dx.doi.org/10.1021/ac9014353
http://dx.doi.org/10.1021/ac402777k
http://dx.doi.org/10.1021/ac402777k
http://dx.doi.org/10.1021/ac402777k
http://dx.doi.org/10.1021/ac402777k
http://dx.doi.org/10.1021/acs.analchem.6b02491
http://dx.doi.org/10.1021/acs.analchem.6b02491
http://dx.doi.org/10.1021/acs.analchem.6b02491
http://dx.doi.org/10.1021/acs.analchem.6b02491
http://dx.doi.org/10.1021/acs.analchem.6b02491
http://dx.doi.org/10.1021/acs.analchem.6b02491
http://dx.doi.org/10.1021/acs.analchem.6b02242
http://dx.doi.org/10.1021/acs.analchem.6b02242
http://dx.doi.org/10.1021/acs.analchem.6b02242
http://dx.doi.org/10.1021/acs.analchem.6b02242
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11243
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11243
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11243
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11243
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.11243
http://dx.doi.org/10.1021/acs.analchem.9b00619
http://dx.doi.org/10.1021/acs.analchem.9b00619
http://dx.doi.org/10.1021/acs.analchem.9b00619
http://dx.doi.org/10.1021/acs.analchem.9b00619
http://dx.doi.org/10.1021/acs.analchem.9b00619
http://dx.doi.org/10.1021/acs.analchem.9b00619
http://dx.doi.org/10.1016/j.chroma.2013.08.056
http://dx.doi.org/10.1016/j.chroma.2013.08.056
http://dx.doi.org/10.1016/j.chroma.2013.08.056
http://dx.doi.org/10.1016/j.chroma.2013.08.056
http://dx.doi.org/10.1007/s12127-016-0213-4
http://dx.doi.org/10.1007/s12127-016-0213-4
http://dx.doi.org/10.1007/s12127-016-0213-4
http://dx.doi.org/10.1007/s12127-016-0213-4
http://dx.doi.org/10.1007/s13361-016-1525-7
http://dx.doi.org/10.1007/s13361-016-1525-7
http://dx.doi.org/10.1007/s13361-016-1525-7
http://dx.doi.org/10.1007/s13361-016-1525-7
http://dx.doi.org/10.1002/jms.4350
http://dx.doi.org/10.1002/jms.4350
http://dx.doi.org/10.1002/jms.4350
http://dx.doi.org/10.1002/jms.4350
http://dx.doi.org/10.1007/s13361-018-2085-9
http://dx.doi.org/10.1007/s13361-018-2085-9

A Review of IMAGING ISOMERS

83)

84)

85)

36)

87)

88)

89)

90)

91)
92)

93)

94)

95)

96)

97)

98)

99)

100)

wave ion mobility spectrometry. . Am. Soc. Mass Spectrom. 30:
248-255, 2019.

G. Wu. Amino acids: Metabolism, functions, and nutrition.
Amino Acids 37: 1-17, 2009.

S. Toue, Y. Sugiura, A. Kubo, M. Ohmura, S. Karakawa, T.
Mizukoshi, J. Yoneda, H. Miyano, Y. Noguchi, T. Kobayashi,
Y. Kabe, M. Suematsu. Microscopic imaging mass spectrom-
etry assisted by on-tissue chemical derivatization for visual-
izing multiple amino acids in human colon cancer xenografts.
Proteomics 14: 810-819, 2014.

M. Shariatgorji, A. Nilsson, R. J. Goodwin, P. Killback, N.
Schintu, X. Zhang, A. R. Crossman, E. Bezard, P. Svenningsson,
P. E. Andren. Direct targeted quantitative molecular imaging of
neurotransmitters in brain tissue sections. Neuron 84: 697-707,
2014.

M. L. Manier, J. M. Spraggins, M. L. Reyzer, ]. L. Norris, R. M.
Caprioli. A derivatization and validation strategy for determin-
ing the spatial localization of endogenous amine metabolites
in tissues using MALDI imaging mass spectrometry. J. Mass
Spectrom. 49: 665-673, 2014.

C. Esteve, E. A. Tolner, R. Shyti, A. M. van den Maagdenberg,
L. A. McDonnell. Mass spectrometry imaging of amino neu-
rotransmitters: A comparison of derivatization methods and
application in mouse brain tissue. Metabolomics 12: 30, 2016.
M. Ordoénez, C. Cativiela. Stereoselective synthesis of y-amino
acids. Tetrahedron Asymmetry 18: 3-99, 2007.

Y. Enomoto, P. Nt An, M. Yamaguchi, E. Fukusaki, S. Shimma.
Mass spectrometric imaging of GABA in the Drosophila mela-
nogaster adult head. Anal. Sci. 34: 1055-1059, 2018.

S.  Martinez-Rodriguez, A. 1. Martinez-Gémez, F.
Rodriguez-Vico, J. M. Clemente-Jiménez, F. J. Las Heras-
Vézquez. Natural occurrence and industrial applications of
p-amino acids: An overview. Chem. Biodivers. 7: 1531-1548,
2010.

A. Rocco, Z. Aturki, S. Fanali. Chiral separations in food analy-
sis. Trends Analyt. Chem. 52: 206-225, 2013.

M. Friedman. Origin, microbiology, nutrition, and pharmacol-
ogy of p-amino acids. Chem. Biodivers. 7: 1491-1530, 2010.

W. A. Donald, J. Prell. Advances in Ion Mobility-
Mass Spectrometry: Fundamentals, Instrumentation
Applications. Vol. 83, Elsevier Science, 2019.

P. Dwivedi, C. Wu, L. M. Matz, B. H. Clowers, W. F. Siems, H.
H. Hill Jr. Gas-phase chiral separations by ion mobility spec-
trometry. Anal. Chem. 78: 8200-8206, 2006.

V. Domalain, M. Hubert-Roux, V. Tognetti, L. Joubert, C. M.
Lange, J. Rouden, C. Afonso. Enantiomeric differentiation of
aromatic amino acids using traveling wave ion mobility-mass
spectrometry. Chem. Sci. (Camb.) 5: 3234-3239, 2014.

A. Mie, M. Jorntén-Karlsson, B. O. Axelsson, A. Ray, C. T.
Reimann. Enantiomer separation of amino acids by complex-
ation with chiral reference compounds and high-field asymmet-
ric waveform ion mobility spectrometry: Preliminary results
and possible limitations. Anal. Chem. 79: 2850-2858, 2007.

X. Yu, Z. P. Yao. Chiral differentiation of amino acids through
binuclear copper bound tetramers by ion mobility mass spec-
trometry. Anal. Chim. Acta 981: 62-70, 2017.

J. D. Zhang, K. M. M. Kabir, W. A. Donald. Metal-ion free
chiral analysis of amino acids as small as proline using high-
definition differential ion mobility mass spectrometry. Anal.
Chim. Acta 1036: 172-178, 2018.

J. D. Zhang, K. M. Mohibul Kabir, H. E. Lee, W. A. Donald.
Chiral recognition of amino acid enantiomers using high-
definition differential ion mobility mass spectrometry. Int. J.
Mass Spectrom. 428: 1-7, 2018.

R. Pérez-Miguez, B. Bruyneel, M. Castro-Puyana, M. L.
Marina, G. W. Somsen, E. Dominguez-Vega. Chiral discrimina-
tion of pr-amino acids by trapped ion mobility spectrometry
after derivatization with (+)-1-(9-fluorenyl)ethyl chloroformate.

and

101)

102)

103)

104)

105)

106)

107)

108)

109)

110)

111)

112)

113)

114)

115)

Vol. 8 (2019), AOO78

Anal. Chem. 91: 3277-3285, 2019.

C. Giesen, H. A. Wang, D. Schapiro, N. Zivanovic, A. Jacobs,
B. Hattendorf, P. J. Schiiffler, D. Grolimund, J. M. Buhmann, S.
Brandt, Z. Varga, P. J. Wild, D. Giinther, B. Bodenmiller. Highly
multiplexed imaging of tumor tissues with subcellular resolu-
tion by mass cytometry. Nat. Methods 11: 417-422, 2014.

E. H. Seeley, R. M. Caprioli. Molecular imaging of proteins in
tissues by mass spectrometry. Proc. Natl. Acad. Sci. U.S.A. 105:
18126-18131, 2008.

J. Grassl, N. L. Taylor, A. H. Millar. Matrix-assisted laser de-
sorption/ionisation mass spectrometry imaging and its devel-
opment for plant protein imaging. Plant Methods 7: 21, 2011.

R. Lemaire, A. Desmons, J. C. Tabet, R. Day, M. Salzet, I
Fournier. Direct analysis and MALDI imaging of formalin-
fixed, paraffin-embedded tissue sections. J. Proteome Res. 6:
1295-1305, 2007.

J. Stauber, L. MacAleese, J. Franck, E. Claude, M. Snel, B. K.
Kaletas, I. M. Wiel, M. Wisztorski, I. Fournier, R. M. Heeren.
On-tissue protein identification and imaging by MALDI-ion
mobility mass spectrometry. J. Am. Soc. Mass Spectrom. 21:
338-347, 2010.

E. D. Dodds, J. B. German, C. B. Lebrilla. Enabling
MALDI-FTICR-MS/MS  for high-performance proteomics
through combination of infrared and collisional activation.
Anal. Chem. 79: 9547-9556, 2007.

J. Quanico, J. Franck, C. Dauly, K. Strupat, ]J. Dupuy, R. Day,
M. Salzet, I. Fournier, M. Wisztorski. Development of liquid
microjunction extraction strategy for improving protein identi-
fication from tissue sections. J. Proteomics 79: 200-218, 2013.

B. Heijs, S. Holst, I. H. Briaire-de Bruijn, G. W. van Pelt, A. H.
de Ru, P. A. van Veelen, R. R. Drake, A. S. Mehta, W. E. Mesker,
R. A. Tollenaar, J. V. Bovée, M. Wuhrer, L. A. McDonnell.
Multimodal mass spectrometry imaging of N-glycans and pro-
teins from the same tissue section. Anal. Chem. 88: 7745-7753,
2016.

M. Dilillo, R. Ait-Belkacem, C. Esteve, D. Pellegrini, S.
Nicolardi, M. Costa, E. Vannini, E. L. Graaf, M. Caleo, L. A.
McDonnell. Ultra-high mass resolution MALDI imaging mass
spectrometry of proteins and metabolites in a mouse model of
glioblastoma. Sci. Rep. 7: 603, 2017.

F. Dewez, M. Martin-Lorenzo, M. Herfs, D. Baiwir, G.
Mazzucchelli, E. De Pauw, R. M. A. Heeren, B. Balluff. Precise
co-registration of mass spectrometry imaging, histology, and
laser microdissection-based omics. Anal. Bioanal. Chem. 411:
5647-5653, 2019.

A. van Remoortere, R. J. van Zeijl, N. van den Oever, J. Franck,
R. Longuespée, M. Wisztorski, M. Salzet, A. M. Deelder, I.
Fournier, L. A. McDonnell. MALDI imaging and profiling MS
of higher mass proteins from tissue. J. Am. Soc. Mass Spectrom.
21:1922-1929, 2010.

A. Kiss, D. F. Smith, B. R. Reschke, M. J. Powell, R. M. Heeren.
Top-down mass spectrometry imaging of intact proteins by la-
ser ablation ESI FT-ICR MS. Proteomics 14: 1283-1289, 2014.

C. N. Ferguson, S. A. Benchaar, Z. Miao, J. A. Loo, H. Chen.
Direct ionization of large proteins and protein complexes by
desorption electrospray ionization-mass spectrometry. Anal.
Chem. 83: 6468-6473, 2011.

K. Y. Garza, C. L. Feider, D. R. Klein, J. A. Rosenberg, J. S.
Brodbelt, L. S. Eberlin. Desorption electrospray ionization mass
spectrometry imaging of proteins directly from biological tissue
sections. Anal. Chem. 90: 7785-7789, 2018.

D. P. Donnelly, C. M. Rawlins, C. J. DeHart, L. Fornelli, L. F.
Schachner, Z. Lin, J. L. Lippens, K. C. Aluri, R. Sarin, B. Chen,
C. Lantz, W. Jung, K. R. Johnson, A. Koller, J. J. Wolff, I. D.
G. Campuzano, J. R. Auclair, A. R. Ivanov, J. P. Whitelegge, L.
Pasa-Toli¢, J. Chamot-Rooke, P. O. Danis, L. M. Smith, Y. O.
Tsybin, J. A. Loo, Y. Ge, N. L. Kelleher, J. N. Agar. Best practices
and benchmarks for intact protein analysis for top-down mass

Page 18 of 19


http://dx.doi.org/10.1007/s13361-018-2085-9
http://dx.doi.org/10.1007/s13361-018-2085-9
http://dx.doi.org/10.1007/s00726-009-0269-0
http://dx.doi.org/10.1007/s00726-009-0269-0
http://dx.doi.org/10.1002/pmic.201300041
http://dx.doi.org/10.1002/pmic.201300041
http://dx.doi.org/10.1002/pmic.201300041
http://dx.doi.org/10.1002/pmic.201300041
http://dx.doi.org/10.1002/pmic.201300041
http://dx.doi.org/10.1002/pmic.201300041
http://dx.doi.org/10.1016/j.neuron.2014.10.011
http://dx.doi.org/10.1016/j.neuron.2014.10.011
http://dx.doi.org/10.1016/j.neuron.2014.10.011
http://dx.doi.org/10.1016/j.neuron.2014.10.011
http://dx.doi.org/10.1016/j.neuron.2014.10.011
http://dx.doi.org/10.1002/jms.3411
http://dx.doi.org/10.1002/jms.3411
http://dx.doi.org/10.1002/jms.3411
http://dx.doi.org/10.1002/jms.3411
http://dx.doi.org/10.1002/jms.3411
http://dx.doi.org/10.1007/s11306-015-0926-0
http://dx.doi.org/10.1007/s11306-015-0926-0
http://dx.doi.org/10.1007/s11306-015-0926-0
http://dx.doi.org/10.1007/s11306-015-0926-0
http://dx.doi.org/10.1016/j.tetasy.2006.12.001
http://dx.doi.org/10.1016/j.tetasy.2006.12.001
http://dx.doi.org/10.2116/analsci.18SCN01
http://dx.doi.org/10.2116/analsci.18SCN01
http://dx.doi.org/10.2116/analsci.18SCN01
http://dx.doi.org/10.1002/cbdv.200900245
http://dx.doi.org/10.1002/cbdv.200900245
http://dx.doi.org/10.1002/cbdv.200900245
http://dx.doi.org/10.1002/cbdv.200900245
http://dx.doi.org/10.1002/cbdv.200900245
http://dx.doi.org/10.1016/j.trac.2013.05.022
http://dx.doi.org/10.1016/j.trac.2013.05.022
http://dx.doi.org/10.1002/cbdv.200900225
http://dx.doi.org/10.1002/cbdv.200900225
http://dx.doi.org/10.1021/ac0608772
http://dx.doi.org/10.1021/ac0608772
http://dx.doi.org/10.1021/ac0608772
http://dx.doi.org/10.1039/C4SC00443D
http://dx.doi.org/10.1039/C4SC00443D
http://dx.doi.org/10.1039/C4SC00443D
http://dx.doi.org/10.1039/C4SC00443D
http://dx.doi.org/10.1021/ac0618627
http://dx.doi.org/10.1021/ac0618627
http://dx.doi.org/10.1021/ac0618627
http://dx.doi.org/10.1021/ac0618627
http://dx.doi.org/10.1021/ac0618627
http://dx.doi.org/10.1016/j.aca.2017.05.026
http://dx.doi.org/10.1016/j.aca.2017.05.026
http://dx.doi.org/10.1016/j.aca.2017.05.026
http://dx.doi.org/10.1016/j.aca.2018.06.026
http://dx.doi.org/10.1016/j.aca.2018.06.026
http://dx.doi.org/10.1016/j.aca.2018.06.026
http://dx.doi.org/10.1016/j.aca.2018.06.026
http://dx.doi.org/10.1016/j.ijms.2018.02.003
http://dx.doi.org/10.1016/j.ijms.2018.02.003
http://dx.doi.org/10.1016/j.ijms.2018.02.003
http://dx.doi.org/10.1016/j.ijms.2018.02.003
http://dx.doi.org/10.1021/acs.analchem.8b03661
http://dx.doi.org/10.1021/acs.analchem.8b03661
http://dx.doi.org/10.1021/acs.analchem.8b03661
http://dx.doi.org/10.1021/acs.analchem.8b03661
http://dx.doi.org/10.1021/acs.analchem.8b03661
http://dx.doi.org/10.1038/nmeth.2869
http://dx.doi.org/10.1038/nmeth.2869
http://dx.doi.org/10.1038/nmeth.2869
http://dx.doi.org/10.1038/nmeth.2869
http://dx.doi.org/10.1038/nmeth.2869
http://dx.doi.org/10.1073/pnas.0801374105
http://dx.doi.org/10.1073/pnas.0801374105
http://dx.doi.org/10.1073/pnas.0801374105
http://dx.doi.org/10.1186/1746-4811-7-21
http://dx.doi.org/10.1186/1746-4811-7-21
http://dx.doi.org/10.1186/1746-4811-7-21
http://dx.doi.org/10.1021/pr060549i
http://dx.doi.org/10.1021/pr060549i
http://dx.doi.org/10.1021/pr060549i
http://dx.doi.org/10.1021/pr060549i
http://dx.doi.org/10.1016/j.jasms.2009.09.016
http://dx.doi.org/10.1016/j.jasms.2009.09.016
http://dx.doi.org/10.1016/j.jasms.2009.09.016
http://dx.doi.org/10.1016/j.jasms.2009.09.016
http://dx.doi.org/10.1016/j.jasms.2009.09.016
http://dx.doi.org/10.1021/ac701763t
http://dx.doi.org/10.1021/ac701763t
http://dx.doi.org/10.1021/ac701763t
http://dx.doi.org/10.1021/ac701763t
http://dx.doi.org/10.1016/j.jprot.2012.11.025
http://dx.doi.org/10.1016/j.jprot.2012.11.025
http://dx.doi.org/10.1016/j.jprot.2012.11.025
http://dx.doi.org/10.1016/j.jprot.2012.11.025
http://dx.doi.org/10.1021/acs.analchem.6b01739
http://dx.doi.org/10.1021/acs.analchem.6b01739
http://dx.doi.org/10.1021/acs.analchem.6b01739
http://dx.doi.org/10.1021/acs.analchem.6b01739
http://dx.doi.org/10.1021/acs.analchem.6b01739
http://dx.doi.org/10.1021/acs.analchem.6b01739
http://dx.doi.org/10.1038/s41598-017-00703-w
http://dx.doi.org/10.1038/s41598-017-00703-w
http://dx.doi.org/10.1038/s41598-017-00703-w
http://dx.doi.org/10.1038/s41598-017-00703-w
http://dx.doi.org/10.1038/s41598-017-00703-w
http://dx.doi.org/10.1007/s00216-019-01983-z
http://dx.doi.org/10.1007/s00216-019-01983-z
http://dx.doi.org/10.1007/s00216-019-01983-z
http://dx.doi.org/10.1007/s00216-019-01983-z
http://dx.doi.org/10.1007/s00216-019-01983-z
http://dx.doi.org/10.1002/pmic.201300306
http://dx.doi.org/10.1002/pmic.201300306
http://dx.doi.org/10.1002/pmic.201300306
http://dx.doi.org/10.1021/ac201390w
http://dx.doi.org/10.1021/ac201390w
http://dx.doi.org/10.1021/ac201390w
http://dx.doi.org/10.1021/ac201390w
http://dx.doi.org/10.1021/acs.analchem.8b00967
http://dx.doi.org/10.1021/acs.analchem.8b00967
http://dx.doi.org/10.1021/acs.analchem.8b00967
http://dx.doi.org/10.1021/acs.analchem.8b00967
http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1038/s41592-019-0457-0

A Review of IMAGING ISOMERS

116)

117)

118)

spectrometry. Nat. Methods 16: 587-594, 2019.

J. C. May, J. A. McLean. Ion mobility-mass spectrometry: Time-
dispersive instrumentation. Anal. Chem. 87: 1422-1436, 2015.
R. L. Griffiths, K. I. Kocurek, H. J. Cooper. Ambient surface
mass spectrometry-ion mobility spectrometry of intact pro-
teins. Curr. Opin. Chem. Biol. 42: 67-75, 2018.

R. L. Griffiths, E. K. Sisley, A. F. Lopez-Clavijo, A. L.
Simmonds, I. B. Styles, H. J. Cooper. Native mass spectrometry

119)

Vol. 8 (2019), AOO78

imaging of intact proteins and protein complexes in thin tissue
sections. Int. J. Mass Spectrom. 437: 23-29, 2019.

H. Ye, R. Mandal, A. Catherman, P. M. Thomas, N. L. Kelleher,
C. Ikonomidou, L. Li. Top-down proteomics with mass spec-
trometry imaging: A pilot study towards discovery of biomark-
ers for neurodevelopmental disorders. PLOS ONE 9: €92831,
2014.

Page 19 of 19


http://dx.doi.org/10.1038/s41592-019-0457-0
http://dx.doi.org/10.1021/ac504720m
http://dx.doi.org/10.1021/ac504720m
http://dx.doi.org/10.1016/j.cbpa.2017.11.002
http://dx.doi.org/10.1016/j.cbpa.2017.11.002
http://dx.doi.org/10.1016/j.cbpa.2017.11.002
http://dx.doi.org/10.1016/j.ijms.2017.10.009
http://dx.doi.org/10.1016/j.ijms.2017.10.009
http://dx.doi.org/10.1016/j.ijms.2017.10.009
http://dx.doi.org/10.1016/j.ijms.2017.10.009

