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Abstract

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI MSI) is a
key tool for the analysis of biological tissues. It provides spatial and quantitative information
about different type of analytes within tissue sections. Despite the increasing improvements
of this technique, the low detection sensitivity of some compounds remains an important
challenge to overcome. Poor sensitivity is related to weak ionization efficiency, low abun-
dance of analytes and matrix ions or endogenous interferences. On-tissue chemical derivati-
zation (OTCD) has proven to be an important solution to these issues and is increasingly em-
ployed in MALDI MSI studies. OTCD reagents, synthesized or commercially available, have
been essentially used for the detection of small exogeneous or endogenous molecules within

tissues. Optimally, an OTCD reaction is performed in mild conditions, in an acceptable range
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of time, preserves the integrity of the tissues and prevents the delocalization. In addition to
their reactivity with a targeted chemical function, some OTCD reagents can also be used as a
matrix, which simplifies the sample preparation procedure. In this review, we present an ex-

haustive overview of OTCD reagents and methods used in MALDI MSI studies.

Introduction

Since its introduction in 1997 by Caprioli et al.', MALDI MSI has been applied to a large
number of molecular species within biological tissues such as peptides?, lipids®, glycans®,
proteins’, and drugs®. A wide range of research fields were investigated through MALDI MSI
studies such as pharmaceutical sciences’, clinical biomarkers discovery®, food analysis’, plant
biology'’, forensic sciences'' and others. Indeed, MALDI MSI is a powerful technique that
allows the mapping of different types of analytes within tissues without any prior knowledge,
while preserving the spatial information along with the mass analysis. Moreover, MALDI
MSI is a.label free technique that provides distinction between a molecule of interest and its
eventual metabolites or degradation products that may have different targets or toxicity than
the parent molecule. In addition to the distribution information, significant advances have

been made to obtain reliable quantification by MALDI MSL.'*"3

Despite these valuable advantages, the lack of sensitivity encountered in some cases in
MALDI MSI represents a challenge. This can be caused by different factors: (1) the relative
low abundance of the analytes of interest, (2) the low ionization yield of the analytes, which
depends on their physicochemical characteristics, (3) the ion suppression effects caused by
the competition between the analytes of interest and the complex environment constituted by
the other molecules present within the tissue, (4) potential isobaric interferences from endog-

enous molecules or matrix ions.

During the last decades, different technological and instrumentation progresses have been
proposed. for MALDI MSI. Certain acquisition modes, such as continuous accumulation of
selected ions (CASI), multiple reaction monitoring (MRM), and selective reaction monitoring
(SRM), enables an improvement of the sensitivity of analyte detection. lon mobility spec-
trometry (IMS) adds a separation dimension to the analysis by allowing isomer and isobar
differentiation. It can thus improve the signal-to-noise ratio of low abundant analytes suffer-
ing from interferences. IMS is being increasingly used in MALDI MSI analysis and has been

implemented in commercially available mass spectrometers.'* More recently, the introduction



of laser-induced post-ionization (MALDI-2) source has led to a remarkable enhancement of
the sensitivity of MALDI MSI. This innovative technique requires a second laser fired or-
thogonally into the MALDI plume generated by the primary laser. This allows the detection
of different compounds that don’t ionize during conventional MALDI experiments.”> When
combined with the transmission mode, MALDI-2 can also provide higher lateral resolutions,

close to 1 um."> !¢

Another important aspect of MALDI MSI is the sample preparation that is a multi-step pro-
cess crucial to obtain good quality results. The different steps from tissue sectioning to matrix
deposition should be optimized to prevent analyte delocalization and obtain sensitive, robust
and reproducible data. Different steps can be introduced to the sample preparation process to
provide sensitive detection of target molecules. Among them, on-tissue chemical derivatiza-
tion (OTCD) is increasingly employed in MALDI MSI studies to improve the detection of

small endogenous and exogenous molecules within tissues.

Chemical derivatization has been widely used for liquid chromatography coupled to elec-
trospray ionization mass spectrometry (LC-ESI-MS) analysis as a strategy to improve the
ionization yield of poorly ionizable molecules.'” This technique has started to be applied in
the field of MALDI MSI to efficiently detect analytes of interest directly from tissue sections.
Indeed, OTCD enhances the detection sensitivity by adding a positively or negatively
charged or easily protonated or deprotonated moiety to the analyte. Moreover, the modifica-
tion of the m/z ratio induced by such derivatization can help in distinguishing the analytes of
interest from isobaric interfering species corresponding to endogenous compounds or ions
produced by conventional organic matrices in the low mass range. It can also be used for the
stabilization of a chemical moiety in order to improve its detection and reduce its in-source or
post-source decay. However, the application of chemical derivatization on tissue sections
remains a challenge and presents several constraints. Ideally, the derivatization reaction
should occur in mild conditions, prevent the delocalization of the analytes, preserve the integ-
rity of the tissue, present a high reaction yield on tissue and provide reproducible results.
Therefore, different elements must be taken into consideration to achieve this goal. Thus, the
derivatization reagent should not present a labile character in water due to ice crystals for-
mation during the cryosection. The concentration of the derivatization reagent should be bal-

anced to obtain a high reaction rate while avoiding a signal extinction effect. The solvent



composition plays also a crucial role to solubilize and target analytes within tissues while
preserving them from delocalization. Moreover, the reaction and incubation times should stay
within an acceptable time range to prevent delocalization or degradation. Finally, the solubili-
ty of the reagent in matrix solvent is essential to achieve homogeneous co-crystallization and
provide analysis at a high lateral resolution. In some cases, the OTCD reagent has a strong
absorbance at the wavelength of the MALDI UV laser and can also be used as a reactive ma-
trix. This enables the deposition of a single compound that can both selectively react with
analytes and assist the MALDI desorption and ionization processes. The use of reactive ma-
trices is a very attractive solution to simplify the sample preparation and minimizes the delo-

calization or degradation effects by limiting the wetting and incubation steps.

Derivatization reactions can be employed to target different type of chemical functions found
in compounds suffering from low ionization efficiency, low mass abundance and isobaric
interferences. For example, amine groups present in neurotransmitters and amino acids or
ketone groups present in steroids can be targeted by OTCD protocols to significantly improve
the detection sensitivity. In this review, we present the different OTCD protocols that can be
employed to strongly improve the ionization yield of analytes, to enhance the selectivity and
obtain structural information, or to stabilize some chemical moieties of targeted molecules.
We also highlight different important aspects of OTCD protocols such as the use of reactive
matrix and the optimization of some parameters such as incubation in solvent atmosphere,
reaction temperature or the use of catalysts. In the sections of this review, we describe the use
of different derivatization reagents on molecules bearing a particular chemical function such

as amine, ketone, hydroxyl, double bond, etc.

1. Targeted chemical function: Amine

a. TAHS

The derivatization reagent p-N,N,N-trimethylammonioanilyl N'-hydroxysuccinimidyl carba-
mate iodide (TAHS) was first synthesized by Shimbo ez al.'® and used for sensitive analysis
of amino acids by LC-ESI-MS/MS. The amino group of amino acids reacts with TAHS to
form a ureido compound with a cationic charge under mild conditions (Table 1a). Toue et
al.*® adapted TAHS derivatization to tissue sections in order to obtain information on the
simultaneous spatial distribution of various amino acids and to compare normal liver to the

metastatic and parenchymal regions of liver tissues from xenografts models of human colon



cancer. Without derivatization, several amino acids were undetectable by MALDI MSI due to
significant matrix interferences and low ionization efficiencies. After optimization of the
OTCD protocol, these amino acids, present at the levels of few micromoles per liter, were
detected as TAHS derivatives in tissue sections. MALDI images of MS/MS fragment ions
corresponding to the amino-acid derivatives were also provided, making their detection and
imaging more accurate. The results showed quantities of free amino acids higher in the meta-
static regions than parenchymal regions of tumor-bearing livers. The authors thus suggested
that metabolic remodeling of the host tissue may be caused by the development of metasta-
ses. Arts et al.” also performed OTCD using TAHS reagent to enable a sensitive detection of
many free amino acids and their labeled analogues. They presented a novel method based on
stable i1sotope-labeling to study dynamic molecular changes of amino acids within tissues.
They applied their method on hepatocellular metabolism of phenylalanine that is hydroxylat-
ed into tyrosine and whose altered levels are associated with liver diseases. The same OTCD
protocol-was applied by Wappler ez al.*' to detect glutamine by MALDI MSI in tumor sec-
tions from patients with cholangiocarcinoma characterized by chemoresistance and poor
prognosis. They showed that glutamine is heterogeneously distributed in the tumor specimens

with a strong depletion inside the tumor compared to the benign tissues.

b. Cinnamaldehydes

The aldehyde group is known to react with primary amines to form a Schiff’s base under mild
conditions (Table 1b). Trans-cinnamaldehyde was first adapted to OTCD by Manier et al.*>
to explore the penetration of isoniazid (INH), used as a treatment for tuberculosis, into lung
tissues of infected and dosed rabbits. OTCD was used to modify the m/z ratio of INH that
suffers from important endogenous interferences. They used MALDI targets precoated with
the derivatization reagent to obtain a rapid OTCD of INH. The derivatized INH was then ef-
ficiently localized by tandem MALDI MSI in lung tissues. The signal intensity obtained by
MALDI MSI for the derivatized INH was consistent with INH concentrations determined by
LC-MS/MS. The precoating of MALDI targets with the derivatization reagent simplifies the
sample preparation protocol, allows a homogeneous deposition of the reagent, limits the ana-
lyte delocalization and provides a rapid OTCD of the analyte. Manier ez al.”® applied the 4-
hydroxy-3-methoxycinnamaldehyde (CA) derivatization to improve the detection of endoge-

nous amine metabolites such as neurotransmitters and amino acids within tissues. Indeed,



MALDI MSI is a powerful technique to study neurotransmitters, it provides in situ visualiza-
tion of analytes and information about their abundance without requiring labeling or prior
knowledge. The authors also used MALDI plates precoated with CA and trans-4-hydroxy-3-
methoxycinnamic acid matrix to further minimize the delocalization effect of analytes. The
spatial distribution of derivatized glutamic acid, y-aminobutyric acid (GABA), dopamine,
norepinephrine, and epinephrine was determined in pig adrenal glands and rat cerebellum.
MS/MS transitions and high mass resolving power were used to further increase the specifici-
ty. They presented an analytical strategy to identify the metabolites and distinguish them
from isobaric compounds by introducing LC-MS/MS analysis of tissue extracts. Enomoto et
al**also used CA to detect GABA in Drosophilia melanogaster head and distinguish it from
its isomers through specific fragmentation of the derivatization product. They showed that the
2,4-diphenyl-pyranilium (DPP) reagent (section 1.c) could also enable the detection of
GABA. However, DPP did not allow the distinction of GABA from its isomers such as 2-

aminobutyric acid.

MALDI MSI is mainly used to study the distribution of different types of molecule within
animal tissues. However, recent advances in MALDI MSI in terms of instrumentation and
sample preparation allow this technique to be increasingly applied to plants biology field”.
The combination of MALDI MSI with OTCD protocols was used to increase the ionization
efficiency of molecules within plant tissues. O’Neil ef al.*® thus employed CA derivatization
to investigate differential amino-acid distribution in maize roots (B73 and Mol7) and their
reciprocal hybrid maize genotypes. They showed that amino acids were weakly abundant in
the center of the roots of B73 whereas Mol7 presented highly abundant amino acids in the
root corteX. Both hybrid roots showed amino-acid abundance similar to that of the maternal

parent. This example demonstrates the applicability of OTCD protocols on plant tissues.
c. DPP-TFB

Pyrylium salts react with primary amines to produce N-alkyl- or N-aryl-pyridinium deriva-
tives (Table 1c). The reaction is selective, rapid and occurs under mild conditions, ambient
temperature and atmospheric pressure. Several studies have reported the use of 2,4-diphenyl-
pyranilium tetrafluoroborate (DPP-TFB) for the detection of amine containing compounds
especially amino acids and neurotransmitters in biological tissues. Dilillo e al.*’ used the

DPP-TFB to detect amino metabolites such as glycine, alanine, GABA, proline, valine and



many others in a murine model of glioblastoma multiforme by MALDI MSI. They compared
tumor and healthy regions of the brain and thus confirmed the differential regulation of me-
tabolites involved in different metabolic pathways, consistent with an increased proliferation.

Eto et al.*®

studied the distribution of glutamate and GABA after derivatization with DPP-
TFB in Scrapper knockout and wild-type mice tissue sections. Their results showed a differ-
ential and region-specific effect of Scrapper, a gene that regulates synaptic transmission, on
the abundance of glutamate and GABA. The same group®’ also used this derivatization rea-
gent to study the relative abundance and the distribution of glycine in mouse brain in order to
better understand the pathogeneses related to glycine concentration disorders. They showed
that the highest intensity of derivatized glycine was detected in the brain stem in both adults
and developing mice. On the other hand, Sugiyama er al.*® generated a murine atlas of sero-
tonin, dopamine and norepinephrine by MALDI MSI after OTCD using the DPP-TFB. Their
results provided details about monoamine distribution and the regional differences in seroto-
nin metabolism in the brain of mice subjected to behavioral experiments. In another study,
Sugiyama et al.®' detect dopamine and 3-methoxytyramine that is a post-synaptic metabolite
generated after dopamine degradation in mouse brain tissue sections. The aim of this study
was to evaluate the physiological role and biochemical process underlying the alteration of
dopamine and 3-methoxytyramine levels within the nucleus accumbens after an optogenetic
sensory nerve stimulation. They demonstrated that rapid and region-specific fluctuations of
monoamine levels occur in response to a sensitized, and pain stimuli and might be associated
with the development of mechanical allodynia. Similarly, Cao et al.** applied the DPP-TFB
on crustacean brain sections to detect multiple neurotransmitters, such as dopamine, seroto-
nin, GABA, and histamine in crustacean brain sections. The authors verified the identities of
the detected molecules by analyzing standards via LC-MS/MS. This work led to a better un-
derstanding of metabolic signaling in the crustacean nervous system. Finally, Enomoto et
al** developed the first optimized method to study the distribution of GABA in the adult
head of Drosophila melanogaster by MALDI MSI. They used DPP-TFB for OTCD and
showed that GABA is distributed all over the head except for the retina.

Pyrylium salts have the advantage of being employed as reactive matrices. This simplifies the
sample preparation and minimizes the delocalization or degradation effects. Shariatgorji et
al.> thus performed a study in which they demonstrated the efficiency of three pyrylium

salts as reactive matrices to enhance the detection of dopamine, amphetamine, and the envi-



ronmental neurotoxin B-N-methylamino-L-alanine in mouse and rat brain tissue sections.
They found that DPP was the most efficient reagent to enhance the signal intensity obtained
for dopamine relative to 2,4,6-trimethyl-pyranylium (TMP) and 1,4-phenylene-4,4’-bis (2,6-
diphenyl-4-pyrylium) (PBDPP). DPP was also used to localize substituted amphetamine and
quantify B-N-methylamino-L-alanine. The same group’* used DPP-TFB as a reactive matrix
and TMP-TFB to simultaneously identify and quantify several neurotransmitters and amino-
acid chemical messengers, such as tyrosine, tryptamine, dopamine, 3-methoxytyramine, sero-
tonin, GABA, and others. They showed that GABA is detected in all brain structures at dif-
ferent intensity levels whereas the dopamine is abundant in the striatal region of rat brain
(Figure 1). They also applied their method on brain tissue sections of primate and rodents
with and without dopamine depletion and L-3,4-dihydroxyphenylalanine treatment to evalu-
ate changes in the absolute and relative levels of neurotransmitters in different subregions of

the brain.

Derivatization using pyrylium salts adds carbon and hydrogen to the target compounds and
the resulting isotopic patterns of the product are not distinctive from molecules present in the

tissue. Therefore, Shariatorji e al.”

introduced a bromopyrylium salt (Br-TPP) to add the
unique and highly recognizable isotope pattern of the halogen bromine to derivatized com-
pounds. They applied TPP and Br-TPP to rat brain sections to evaluate the feasibility of this
protocol and observed the distribution of derivatized dopamine, GABA, and a selective
reuptake inhibitor drug, fluvoxamine. The use of a brominated reagent allowed the clear
recognition of the isotopic pattern, thus facilitating the identification of derivatized and non-
derivatized compounds in tissues. The authors showed the efficiency of this protocol in both
MALDI and desorption electrospray ionization (DESI) MSI. DESI is a soft ionization source
that offers the advantage of analyzing surfaces with no or little sample preparation. The ioni-
zation of target is achieved by directing a high velocity charged solvent spray onto the sur-
face to be analyzed.’® The advantage of DESI MSI is that derivatization reactions can be easi-

ly transferred from solution to tissue sections. In MALDI MSI more challenging elements

must be taken into account to obtain a robust derivatization.?’

Comparison of TAHS., CA and DPP-TFB reagents

Esteve et al.*® performed a comparison between the three derivatization reagents TAHS, CA,

and DPP-TFB to visualize amino metabolites, such as neurotransmitters and amino acids.



This methodology was used for the detection of the alterations of amino metabolites in mouse
brain after the induction of cortical spreading depression (CSD). They found that the maxi-
mum MALDI signals and the best spatial distribution were obtained with DPP-TFB. Howev-
er, TAHS and CA showed better results in certain specific cases, such as negatively charged
ions. The authors concluded that these derivatization reagents were complementary and that
their combination provided the best results. They therefore applied a strategy combining the
three derivatization reagents on mouse brain sections to visualize the distribution and altera-
tion of up to 23 amino metabolites in the CSD model. Certain amino metabolites, such as
GABA, alanine, serine, proline, valine, cysteine, leucine/isoleucine, lysine, phenylalanine,
tyrosine, and tryptophan were detected with increased intensities in the CSD hemisphere.

Aspartate and glutamate showed decreased intensities in the CSD hemisphere.
d. EMP-n

Fluoromethylpyridinium (FMP)-based reactive matrices that react with primary and second-
ary amine functions in nucleophilic aromatic substitution were synthetized by Shariatgorji et
al.”’(Table 1d). They presented an OTCD approach for the comprehensive mapping of neuro-
transmitter networks by MALDI MSI in tissue sections from Parkinson’s disease rat and pri-
mate models, as well as tissues from human Parkinsonian brain. Various compounds of FMP
were synthesized and tested such as 4-(10-bromoanthracen-9-yl)-2-fluoro-1-methylpyridin-1-
ium 1odide (FMP-8), 4-(Anthracen-9-yl)-2-fluoro-1-ethylpyridin-1-ium iodide (FMP-9) and
4-(Anthracen-9-yl)-2-fluoro-1-methylpyridin-1-ium iodide (FMP-10). Among these reagents,
FMP-10 could be used as a reactive matrix and enabled the detection of dopamine and sero-
tonin in rat brain at previously undetectable concentrations. They used the reactivity of FMP-
10 with amines to map dopamine and its metabolites in different brain areas. One result
showed the localization of derivatized dopamine and its metabolite, 3-methoxytyramine, to
the ventral caudate nucleus of a Parkinsonian striatal human brain section, with higher levels
observed in the medial division. In addition, the authors developed strategies for the identifi-
cation of unknown molecules using a combination of MS/MS imaging on rat brain sections
and the unique isotopic pattern of a brominated analog of FMP-10. Another group, Zhang et
al.* investigated the role of GPR37, an orphan G-protein coupled receptor linked to the juve-
nile form of Parkinson’s disease, in motor deficits. They used FMP-10 as a reactive matrix to

derivatize dopamine and GABA in brain sections of GPR37 knock out and wild type mice



thus revealing an increase in GABA levels in GPR37 knock out striata after dopamine deple-
tion. All the data provided by MALDI MSI and other techniques indicated that properly func-

tional GPR37 may counteract aging process and Parkinson’s disease.
e. NBA +hy

Li et al.*' developed a nanosecond photochemical reaction (nsPCR)-based click chemistry for
the derivatization of primary amine groups in peptides and proteins. They introduced the 2-
nitrobenzaldehyde (NBA) that generates the reactive 2-nitrosobezoic anion (NS°) following
nanosecond laser irradiation at wavelength of 355 nm (Table 1e). NS reacts with free primary
amine groups spatially accessible in proteins and peptides resulting in a mass shift of 133 Da.
They applied this strategy on mouse brain sections and enhanced the identification and visu-

alization of neuropeptides.
f. mTRAQAO0

mTRAQ® (mass differential tags for relative and absolute quantification) derivatization
agents react with primary amines (Table 1f). Ito et.al” used a group of mMTRAQ including
isotope-labeled analogues (MTRAQAO and mTRAQA4). The authors applied a reproducible
“triple spray” method to quantify GABA in rat brain sections. First, the mTRAQAO was
sprayed to derivatize endogenous amines. Then, before applying the matrix solution, the in-
ternal standard consisting of an amine standard derivatized with mTRAQA4 was sprayed and
used for the normalization of the signal. This method was employed to quantitatively evaluate
GABA in the hypothalamus, where it is known to be present at high concentrations and

showed little variation (CV = 1.62%) due to the normalization on the internal standard.

g. 4-SPITC. 3-SBASE. TMPP

Franck ef al.*® evaluated various derivatization agents that react with N-terminal peptides
(Table 1g), in order to enhance the identification of peptides detected by MS/MS after on-
tissue trypsin digestion. N-terminal modifications are easier due to the strong reactivity of
amines. The orientation of fragmentation toward specific series of fragment ions by derivati-
zation simplifies the identification of the peptides. The authors used sulfonation agents, such
as 4-sulphophenyl isothiocyanate (4-SPITC) and sulfobenzoic acid succinimidyl ester (3-
SBASE), adding a negative charge to the N-termini of tryptic peptides, as well as N-



succinimidyloxycarbonylmethyl  tris(2,4,6-trimethoxyphenyl)  phosphonium  bromide
(TMPP), adding a positively charged moiety to the N-termini of tryptic peptides. The 3-
SBASE derivatization reagent appeared to be more efficient than 4-SPITC due to the loss of
4-SPITC as a major fragmentation pathway observed on MS/MS spectra. Peptides corre-
sponding to a fragment of myelin basic protein and tubulin R protein were thus both detected
with a shifted mass upon derivatization with 3-SBASE. However, a number of difficulties
with this derivatization reagent were encountered for peptides containing a missed cleavage.
Moreover, derivatization by 3-SBASE required the presence of a basic amino-acid at the N-
terminal position of the peptide. Derivatization with TMPP was also tested and has the ad-
vantage of being independent of the presence of a basic amino acid at the N-terminus of pep-

tides, allowing the use of enzymes other than trypsin.

2. Targeted chemical function: Hydroxyl group
a. FMP-n

FMP-based reagents react not only with primary and secondary amines but also with hydrox-
yl groups in nucleophilic aromatic substitution (Table 2). Beasley et al.** reported the detec-
tion and mapping of cannabinoids in single hair samples after derivatization with FMP p-
toluenesulfonate (FMPTS) that reacts with phenolic hydroxyl group in a nucleophilic aro-
matic substitution. Cannabis consumption is generally identified in hair samples by the detec-
tion of A’-tetrahydrocannabinol (THC), the main psychoactive constituent of cannabis, and
its metabolites by standard analytical techniques, such as GC-MS and LC-MS. MALDI MSI
provides advantages over conventional techniques, such as improved chronological infor-
mation, simpler sample preparation, and the ability to detect drugs and their metabolites in a
single hair. However, in-source rearrangement of THC and its low ionization yield prompted
researchers to use a derivatization reagent. Thus, it was shown that the use of FMPTS enables
the detection of cannabinoids and their metabolites, which have low ionization yields and
endogenous interferences for some. Shariatgorji et al.* also apply the FMP-8,-9 and-10 rea-
gents already described in the amine group section to enhance the detection of several neuro-
transmitters, including their metabolites, of the dopaminergic and serotonergic systems con-
taining phenolic hydroxyl groups. They applied their strategy on brain tissue sections from a

Parkinson’s disease rat and primate model, as well as tissues of human Parkinsonian brain.

3. Targeted chemical function: Diol group



a. Boronic acid

Kaya et al.*’ used a synthesized 4-(N-methyl)pyridinium boronic acid (4-(N-Me)Py ‘B(OH),)
as a derivatization reagent that reacts with the diol moiety of catecholamines (Table 3). This
derivatization reagent worked as a reactive matrix and has been applied in combination with
LDI-TOF and TOF-SIMS mass spectrometry techniques. The optimized OTCD protocol was
employed as a proof of concept for the imaging of catecholamines such as dopamine, epi-
nephrine, and norepinephrine in porcine adrenal gland tissue sections. Forsman et al.*® used a
commercially available boronic acid, the 4-(dimethylamino)phenylboronic acid (DBA), to
react with vicinal diols. They applied this strategy to explore the metabolite coverage in
maize stems, roots and leaves. Their results showed that dozens of vicinal diol metabolites

were derivatized efficiently.
4. Targeted chemical function: Carbonyl group
a. GirT

The Girard T (GirT) reagent reacts with ketones by a hydrazine-type condensation reaction
and provides a permanent positive charge to derivatized molecules (Table 412a). Several
studies employed OTCD using GirT to detect essentially steroids due to their relative low
abundance and poor ionization efficiency in MALDI which make their mapping by MSI chal-
lenging. Cobice et al.*’ optimized the OTCD method with GirT reagent for the direct quanti-
fication of corticosterone and 11-dehydrocorticosterone intracrinology in rat adrenal glands
and mouse brain sections. Their results showed that a good correlation was obtained between
quantifications provided by MSI, LESA, and LC-MS/MS. In addition, the CORT/11DHC
ratio in the brain of mice with a 11B-HSDI1 enzyme (11B-Hydroxysteroid dehydrogenase)
deficiency or inhibition was determined. They observed a correlation between the regional
activity of 11B-HSD1 and the steroid quantity in brain subregions. Therefore, the authors **
applied the same OTCD protocol to detect stable-isotope tracers (cortisol and cortisone) after
an infusion of deuterated cortisol in mice. They evaluated the pharmacokinetics and pharma-
codynamics of an 11B3-HSDI inhibitor that access the brain. Indeed, small molecules inhibi-
tors of 11B-HSD1 must enter brain subregions, such as hippocampus to be effective for the
treatment of dementia. They combined pharmacokinetic and pharmacodynamic analyses us-

ing tracer infusion and MSI and showed that the turnover of 118-HSD1 activity occurs in



liver and brain whereas it is absent in mice with genetic disruption Hsd1b1 and inhibited by

a 113-HSD1 inhibitor drug.

Given the essential role of androgens in reproductive functions, OTCD with GirT was also
used to localize and quantify testosterone and 5a-dihydrotestosterone in testis. Cobice ez al.*
showed that testosterone is mostly localized within seminiferous tubules, whereas Sa-
dihydrotestosterone is detected in the interstitium and Leydig cells of rat testis at a lateral
resolution of 50 pm (Figure 2). Shimma et al.” performed the microscopic visualization of
testosterone in mouse testis sections after using two derivatization reagents: GirT and pyri-
dine sulfur trioxide. The best results in terms of ionization efficiency, molecular specificity,
and tissue preservation were obtained with the GirT reagent. They applied GirT derivatiza-
tion to testis and showed an accumulation of testosterone at the surface of Leydig cells of
treated mice with with hCG, an activator agonist of the luteinizing hormone receptor. The
quantification of underivatized testosterone in untreated and hCG-treated mouse testis by LC-
MS/MS was in a good agreement with results obtained by MALDI MSI. Barré et al’' used
OTCD to study the distribution of triamcinolone acetonide in avascular cartilage. Triamcino-
lone acetonide is a synthetic corticosteroid used to treat pain and inflammation associated
with osteoarthritis and is not easily detected by mass spectrometry due to its low ionization
efficiency. Thus, the GirT reagent was selected in this study to enhance the sensitivity of tri-
amcinolone acetonide detection. This method allowed evaluation of the distribution of TAA

in human cartilage and its quantification using a deuterated TAA analogue.

Sugiura et al.”? used OTCD with GirT reagent analyses to visualize aldosterone and 18-
oxocortisol in primary aldosteronism adrenal tissue sections from patients. They also com-
bined OTCD to MS3 which allowed the differentiation of aldosterone and cortisone that
share identical m/z ratio. Indeed, while MS2 did not produce specific signals, MS® produced
independent signals for aldosterone and cortisone GirT- aldosterone and cortisone. In addi-
tion, this strategy revealed that aldosterone and 18-oxocortisol co-accumulated within aldos-
terone synthase-expressing lesions. This result help to develop the hypothesis of an aldoste-

rone-producing pathology in adrenal glands.

The study of the distribution of some plant hormones can contribute to a better understanding
of their biological role in seeds. However, some molecules such as abscisic acid and 12-oxo-

phytodienoic acid have been difficult to visualize by MALDI MSI due to their low ionization



efficiency. Thus, Enomoto et al.*® performed OTCD using GirT reagent on Phaseolus vulgar-
is L seeds to detect these two hormones. MALDI MSI showed abscisic acid-GirT to be local-
ized in the embryo, whereas 12-oxo-phytodienoic acid-GirT was observed in the external
structures. These results were in accordance with those obtained previously by the same

group with DESI-MSI, thus reflecting the complementary of both techniques.
b. GirP

As GirT, the Girard P (GirP) reagent reacts with ketones by a hydrazine-type condensation
reaction (Table 4b). Yutuc e al.>* developed an on-tissue enzyme assisted derivatization
combined with micro-liquid extraction surface analysis (LESA), MALDI MSI and LC-MS to
visualize and quantify multiple sterols involved in the cholesterol metabolism in mouse brain.
Indeed, cholesterol and its precursors and metabolites are important for proper brain func-
tions. A dysregulation in cholesterol metabolism implicates several neurological disorders.
As evocated, GirP provides hydrazine derivatization reaction for sterols possessing carbonyl
function. However, some sterols do not possess carbonyl function, therefore, the authors used
on-tissue enzymatic oxidation with cholesterol oxidase to form the carbonyl group prior to
the derivatization with GirP. This method allowed the localization of oxysterols and choles-
tenoic acids and showed differential distribution of cholesterol metabolites in subregions of

the mouse brain.

¢. DMNTH, DNPH

Flinders et al.”> employed OTCD using hydrazine-based reagents to detect the carbonyl-
containing compound (Table 4c), fluticasone propionate, a glucocorticoid used to treat asth-
ma. Two reactive matrices were used for this study: 2,4-dinitrophenylhydrazine (DNPH) and
4-dimethylamino-6-(4-methoxy-1-naphthyl)-1,3,5-triazine-2-hydrazine (DMNTH). The im-
provement in sensitivity and the limit of detection was evaluated on a range of concentrations
of fluticasone propionate (10 — 2000 ng/uL) spotted on rat lung tissue sections. The best re-
sults were obtained with DMNTH. The derivatization protocol was then further improved by

extending the time of the reaction (~ 48 h) and the use of CHCA as an assistant matrix.

5. Targeted chemical function: Thiol group

a. CHC-Mal



Fiilop ef al.’® were interested in the detection of sulfur-containing proteins and metabolites.
They reported the use of (E)-2-cyano-N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-3-
(4-hydroxyphenyl)-acrylamide (CHC-Mal), which can be considered to be a derivative of the
MALDI matrix a-Cyano-4-hydroxycinnamic acid (CHCA) and can be used then as reactive
matrix. CHC-Mal reacts selectively with free thiol groups (Table 5). The authors showed that
CHC-Mal successfully derivatize reduced proteins, such as a and 3 chains of reduced insulin,
in porcine pancreatic tissues. CHC-Mal was also able to contribute to the detection of small
thiol-containing metabolites such as glutathione, cysteine and cysteinylglycine in porcine
liver tissues. CHC-Mal not only facilitates the detection of the species within tissues but also

prevents their oxidation.

6. Targeted chemical function: Carboxylic acid Group

a. 2-picolylamine

2-picolylamine reacts with the carboxylic acid group to form an amide bond in the presence
of carboxylic acid activators 2,2-dipyridyl disulfide (DPDS) and triphenylphosphine (TPP)
(Table 6a). Wu et al.’’ evaluated the electrospray deposition of derivatization reagents onto
biological tissues to enhance the detection of free fatty acids. They demonstrated that OTCD
using 2-picolylamine deposited by electrospray led to a three-fold improvement in the limit
of detection and minimized the delocalization of analytes relative to airbrush deposition. Nine
fatty acids including unsaturated and saturated fatty acids were detected and localized at a

lateral resolution of 20 um in different cell layers of the rat hippocampus.
b. DMPI

Wang et al®® synthesized N, N-dimethylpiperazineiodide (DMPI) that reacts with the carbox-
ylic acid of free fatty acids in the presence of 2-(7-azabenzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HATU) under mild conditions (Table 6b). Indeed,
it has been shown that lipid metabolism is involved in malignancy during tumorigenesis.
They developed an OTCD method that improved the detection of free fatty acids in thyroid
cancer tissues. They showed thus the simultaneous detection of phospholipids detected with-
out derivatization and derivatized fatty acids. The authors also studied the correlation be-
tween the intensities of detected phospholipids and free fatty acid derivatives in thyroid can-

cer samples using Spearman correlation analysis. The results showed a positive correlation



between saturated free fatty acids C16:0 and C18:0 and phospholipids, whereas the unsatu-
rated free fatty acids showed different correlations with phospholipids in different tissue

samples.
c. TMPA

Sun et al.” synthesized a new derivatization reagent, N,N,N-trimethyl-2-(piperazin-1-
ylethan-1-aminium iodide (TMPA) that form stable amide bond with carboxylic acid con-
taining compounds (Table 6¢). They developed OTCD protocol using TMPA to detect car-
boxyl-containing metabolites (CCM). CCM are fundamental components of tissues and play
key roles in cell energy metabolism and cell-cell signaling. Profiling CCM and linking their
spatial distributions with tissue structures would provide a better understanding of metabolic
networks. The authors tested various catalysts, temperatures, and solvents to optimize the
OTCD reaction. Their results suggest that stronger MALDI MS signals can be obtained with
the onium salt-based coupling reagent HATU/HBOt as a catalyst than with DPDS/TPP or
EDC/HBOL. No significant impact of the temperature was mentioned. However, they demon-
strated that solvents affect the efficiency of this reaction. The incubation in acetonitrile gas-
phase solvent was shown to significantly increase the efficiency of OTCD of various derivat-
ized CCM tested, without causing metabolite delocalization. They were able to detect a total
of 28 CCM using the optimized protocol, including five tricarboxylic acid cycle intermedi-
ates, 20 free fatty acids, and three bile acids in rat kidney tissue. A differential spatial distri-
bution of endogenous carboxyl-containing metabolites was shown in the kidney. Higher ion
intensities of tricarboxylic acid cycle intermediates were detected in the renal medulla and
pelvis, whereas free fatty acids showed higher levels in the renal cortex. Bile acids were es-
sentially distributed throughout the inner cortex of the kidney. They also carried out simulta-
neous MALDI MSI of free fatty acids and phospholipids in rat brain sections to better under-
stand the complex metabolic pathways of this organ. Their results showed phosphatidylcho-
line and lysophosphatidylcholine to be mainly located in the cerebral cortex and thalamus of
rat brain and free fatty acids to present much stronger ion intensities in the cerebral cortex,

amygdala, and hippocampus.

7. Targeted chemical function: Double bond group

a. Benzaldehyde



Benzaldehyde is a new Paterno Biichi reagent that reacts in a [2+2] cycloaddition (Table 7a).
Bednatik et al.®®used benzaldehyde, a reagent compatible with MALDI MSI to localize car-
bon-carbon double bonds of unsaturated phospho- and glycolipids. Indeed, the differential
double-bond location of unsaturated phospholipids offers a better understanding of isomer-
specific functions and metabolism.®' The authors also used MALDI-2 to enhance the protona-
tion yield of Paternd Biichi compounds. Derivatization was performed on mouse brain sec-
tions and followed by CID to generate characteristic ion pairs that reveal the double bond
position. This strategy showed differential localization of several phosphatidylcholine and
phosphatidylserine double-bond positional isomers in the white and the gray matter of the

cerebellum (Figure 3).

b. Benzophenone +hy

Benzophenone reacts with phospholipids in a [2+2] Paterno Biichi reaction upon UV laser
(343 nm) irradiation during the MALDI process (Table 7b). Benzophenone is the first reac-
tive matrix inducing a derivatization reaction during the MALDI process. Wildchen ez al.”
used benzophenone for the determination of double-bond positional isomers. CID of Paterno
Biichi product ions results in formation of two fragment ions for every DB-position in a retro-
Paterno Biichi reaction. They were thus able to localize double-bond positional isomers in
mouse cerebellum sections at a high lateral resolution, down to 15 pm. Additionally, they

applied their workflow to study the unknown surface distribution of phospholipids in the par-

asite Schistosoma mansoni.

c. Ozone

1.9 introduced the

Ozone reacts with double bonds to form ozonides (Table 7c). Paine et a
ozone-induced dissociation reactions to MALDI MSI. Ozone-induced dissociation is a versa-
tile method that allows the authors to resolve both double bond-positional isomers of lipids
and sn-positional isomers (esterification position of fatty acyl chains). Thus, they introduced
ozone in a linear ion-trap mass spectrometer which enabled the visualization of multiple iso-
meric lipids in different regions of the rat brain. Bednaiik er al.** introduced an off-line on-
tissue ozonation protocol that allowed the derivatization of unsaturated phospholipids in tis-

sue sections. The use of gaseous ozone under dry conditions for the derivatization of phos-

pholipids 1n tissue sections minimizes the risk of delocalization. They applied the developed



ozonation technique with MS? on derivatized phospholipids formed called Criegee ozonide.
They demonstrated that PC 34:1 A9 isomer was more abundant in white matter of mouse
brain than the A1l isomer (lipid nomenclature explained in the reference®). The ozonation
protocol was also applied to human colon and revealed different ratios of PC 34:1 A1l to PC
34:1 A9 isomers, ranging from 0.1 to 0.5 in colon muscle, mucosa, and mucosa-associated

lymphatic tissue, respectively.

8. Targeted chemical function: Phosphate monoester group

a. Phos-tag (zinc complex)

Despite recent advances in MALDI MSI, it is still difficult, in some cases, to detect low
abundant phospholipids in tissues. Iwama et al.®” developed a novel OTCD using a zinc com-
plex, the Phos-tag, that reacts with phosphate monoester group (Table 8). After OTCD, they
were able to visualize minor bioactive lipids such as lysophosphatidic acid and sphingosine-
1-phosphate within murine brain by MALDI MSI. Other phosphate monoester containing
lipids were also detected after Phos-tag derivatization such as phosphatidic acid and

ceramide-1-phosphate.

9. Other targeted functions

a. Derivatization of Diene group of Vitamine D Metabolites with Ampiflex

Ampiflex reacts with Diene group of Vitamin D and its metabolites in a Diels-Alder reaction
(Table 9). Vitamin D is a steroid-class compound mainly formed through UV exposure of
the skin. It is an essential component for numerous biological processes, such as immune
functions®® and calcium homeostasis®’. It is studied not only in the context of vitamin-D defi-
ciency but also as a potential treatment for cancer and mental disorders.®® Vitamin D is first
metabolized to 25-hydroxyvitamin D (25-(OH)-D) in the liver and is a clinical biomarker. It
is then metabolized to 1a,25-dihydroxyvitamin D (1,25-(OH);-D) in the kidney.69 Vitamin-D
metabolites are measured in biological matrices by LC-MS/MS after chemical derivatization
because of their lack of ionizable moieties. Therefore, Smith et al.®® developed an OTCD
method for the detection of vitamin-D metabolites in murine kidney tissue by MSI. They
used MALDI and DESI MSI to evaluate three different derivatization reagents: Ampiflex, 4-
phenyl-1,2,4-trazoline-3,5-dione (PTAD), and 4-(2-(6,7-Dimethoxy-4-methyl-3-ox0-3,4-
dihydroquinoxalinyl)ethyl)-1,2,4-triazoline-3,5-dione (DMEQ-TAD). Ampiflex vitamin-D



derivatives showed good ionization without analyte diffusion within the tissue in MALDI
relative to DESI MSI. Vitamin-D metabolites were then detected in murine kidney, where the
precursor 25-(OH)-D undergoes a second hydroxylation and produces 1,25-(OH),-D. They
detected 1,25-(OH),-D; essentially in the cortex near the renal vein, whereas 25-(OH)-D; was
mainly distributed across the medulla and inner cortex, the formation of its metabolite being
depth dependent. 3D molecular mapping analysis may thus provide valuable information

about the metabolism of vitamin D throughout the tissue.

b. Derivatization of Platinum compounds with DDTC

The diethyldithiocarbamate (DDTC) is a nucleophilic sulfur containing compound that forms
metallic complexes by chelating with metallic ions such as Pt(Il), Pt(IV) and others (Table
10). The distribution of platinum-based drugs, which are commonly used for cancer treat-
ment, is of interest, but their distribution in tumor tissues is unknown, as techniques for their
detection suffer from low sensitivity. Consequently, Liu et al.”® developed an OTCD method
using DDTC, which forms an ionizable complex with the platinum-based drug. 3D multicel-
lular tumor spheroid in vitro models were used in this study. In addition, they combined the
MSI results and UPLC-MRM of derivatized drugs to quantify them. This method was applied
to oxaliplatin and its metabolites (cisplatin and carboplatin) to localize and quantify them in

the tumor spheroids and optimize hyperthermic intraperitoneal chemotherapy.

c. Derivatization of 3-MoSA with TDCI

Chacon et al.”' used the 1,1’-thiocarbonyldiimidazole (TCDI) derivatization reagent to map
the 3-methoxysalicylamine (3-MoSA), a scavenger of Levuglandins (LGs) in tissues. The
derivatization reaction resulted in an oxazine derivative (Table 11), improving the sensitivity
of 3-MoSA detection. The 3-MoSA prevents the formation of LG adducts, which are linked
to oxidative injury, inflammation, and progression of Alzheimer’s disease when present at
high levels. OTCD with TCDI revealed the spatial distribution of the drug in various organs
of mice treated with 3-MoSA, such as the kidneys. In addition, the average signal intensity of
3-MoSA-TCDI (normalized to that of the TIC) showed a clear trend of clearance of the drug.
This trend was consistent with the results obtained during previous quantification experi-

ments using LC-ESI-MS/MS.

d. Derivatization of sialic acid in glycans by EDC




Holst e al.”* applied an OTCD procedure using a modified version of dimethylamidation for
the stabilization of sialic acid (Table 12). They developed an OTCD protocol that improves
the detection of sialylated N-glycans and differentiates them from various N-glycans. The
protocol was applied on formalin-fixed and paraffin-embedded human colon carcinoma and
leiomyosarcoma tissues. Indeed, glycans are involved in numerous molecular and biological
processes that occur during cancer progression, such as immune modulation and metastasis
formation, cell-matrix interactions, and cell communication.” In addition, glycans are poten-
tial biomarkers and treatment targets. However, their analysis by MALDI MSI is challenging
because of the presence of sialic acid leading to salt adduct formation, the negative charge of
their carboxylic acid, and their labile character. The authors applied 1-ethyl-3-(3-
dimethylamino)propyl carbodiimide (EDC) as a carboxylic acid activator and 1-
hydroxyenzotriazole (HOBt) as a catalyst for the derivatization reaction with a modified ver-
sion of dimethylamidation. They also introduced an additional step using ammonia to hydro-
lyze lactones formed after the first step because of their instability. This strategy allowed the
stabilization of the sialic acid without lateral diffusion, which made the mapping of N-

glycans possible in FFPE tissues.

e. Derivatization of the reducing terminus of N-Glvcans by GirP

The hydrazine group of GirP reacts with the reducing terminus of glycans to yield a
GirP—glycan conjugate (Table 13). Recently, Zhang et al.”* developed an OTCD protocol
using GirP reagent for the analysis of N-glycans from FFPE-treated tissue sections. The ap-
proach was evaluated by the analysis of monosaccharides, oligosaccharides, and N-glycans
released from glycoproteins after treatment with the PNGase F enzyme. Derivatization using
GirP reagent enhanced the signals by 230-fold for glucose and 28-fold for maltooctaose, with
a notable increase of the S/N ratios. An improvement coverage of the glycome was obtained
for N-glycans released from bovine thyroglobulin and human immunoglobulin G after deri-
vatization. Moreover, OTCD was applied to human laryngeal cancer (Figure 4) and ovarian
cancer tissues. The results showed differential expression of N-glycans between normal and
cancer tissue regions. Higher expression of high-mannose type N-glycans was detected in the
tumor regions after derivatization. Such N-glycans could serve as promising candidates for

cancer biomarkers after further studies.

10. Multi-OTCD



The combination of OTCD reactions that target different chemical functions enables the visu-
alization of several classes of compounds. Duefias et al.” carried out a proof-of-concept ex-
periment, in which several classes of compounds containing amine, carboxylic acid, and car-
bonyl groups were targeted by different derivatization reagents. They selected coniferyl alde-
hyde for primary amines (Table 1b), the GirT reagent for carbonyl groups (Table 4a), and 2-
picolylamine for carboxylic acids (Table 6a). The combination of these three derivatization
reagents allowed the visualization of various classes of compounds in an untargeted manner.
This approach was applied to leaves and root sections from two different maize genotypes
(B73 and Mo17) and allowed the detection of over 600 new unique metabolites, demonstrat-

ing that OTCD has potential for untargeted metabolomic-scale studies.

Guo et al.”® combined laser-assisted tissue transfer technique with CA (Table 1b) derivatiza-
tion for amine containing metabolites and GirT derivatization for steroids (Table 4a). This
technique enabled the imaging of 67 amino-metabolites such as neurotransmitters, amino
acids, dipeptides and different steroids such as dehydrocorticosterone and corticosterone in

rat brain tissue sections.

Takeo et al.”’

employed OTCD using GirT for ketone-containing steroid molecules (Table
412a) and TAHS for amine-containing catecholamine molecules (Table 1a). For steroid de-
tection, they employed MS? that made it possible to distinguish the mineralocorticoid aldoste-
rone and a glucocorticoid cortisol from their structural isomers. It was also useful for the de-
tection of hybrid steroids, such as 18-hydroxycortisol and 18-oxocortisol. MS® allows the
discrimination between steroids and their isomers after their derivatization because it produc-
es specific ion transitions for different GirT-derivatized steroids. They applied this method to
confirm the differences between the distribution of aldosterone in adrenal tissues of control
rats and those subjected to a sodium-deficient diet. In addition, they evaluated the clinical
applicability of OTCD coupled to tandem MSI by measuring cortisol, aldosterone, and 18-
hydroxycortisol levels in human adrenal glands. They identified the presence of small aldos-
terone-producing cell clusters that produced high level of aldosterone in clinical specimens
but that did not contain cortisol. They extend their study to derivatize catecholamine by
TAHS reagent coupled to tandem MSI for the detection of catecholamine species in patho-
logical adrenal gland tissues from patients. Indeed, there are two types of pheochromocytoma

tumors, those that secrete adrenalin and those that secrete noradrenalin, depending on the cell



type. The authors demonstrated the efficiency of OTCD to discriminate between the two
types of pheochromocytoma tumor by visualizing the levels of adrenaline and noradrenaline

1n tissues.

Conclusion and perspectives

MSI is-a powerful analytical tool for monitoring the distribution of large arrays of molecules
within tissues in different application fields including biology, pharmacology, toxicology, etc.
There is thus a strong need to improve the sensitivity of this technique to address numerous
biological questions. Here, we reviewed various applications in which OTCD was successful-
ly used for the improvement of the detection of molecules bearing different chemical func-
tions but also for the differentiation of isomers, the stabilization of molecules, and their struc-
tural characterization (Figure 5). The development of new methods of OTCD should be a
focus of ongoing MALDI MSI research. In addition, the transfer of derivatization methods
intensively used in ESI’® to MALDI MSI and the further optimization of protocols that al-
ready exist could result in new beneficial protocols. As shown in this review, OTCD is main-
ly applied to small exogenous and endogenous molecules. Efforts are needed to extend this
method to larger molecules such as peptides’ and oligonucleotides80 in order to enhance their
ionization yield or to allow the orientation of the fragmentation toward specific series of

fragment ions which simplify their identification as shown by Franck et al.*’

Novel technologies introduced in the field of MALDI MSI such as MALDI-2, are not availa-
ble for all users. OTCD offers a simple and low-cost method and remains a solution of choice
for many MS users. On the other hand, when available, the combination of MALDI-2 and
OTCD can present a great potential for significantly improve sensitivity and selectivity
.Other aspects of sample preparation could also be used and developed such as tissue washing
protocols that enable the reduction of untargeted species which decreases the signal extinc-
tion.' The introduction of new matrices could also solve the problem of the sensitivity of
certain molecules by generating appropriate matrix-analyte complexes for ionization by
MALDI.** The low sensitivity of MALDI MSI has long been a challenge. The continuous
development on sample preparation and novel technologies to improve sensitivity in this field
will lead to larger applicability thus allowing a better understanding of biological mecha-

nisms and diseases.
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Figure 1. OTCD of primary amine functions in neurotransmitters by the DPP-TFB derivatiza-
tion reagent. OTCD revealed the distribution of GABA and dopamine in sagittal and coronal
rat brain sections at a lateral resolution of 100 um and 150 pm, respectively. Abbreviations:
substantia nigra (SN), caudate-putamen (CP), ventral striatum (STRv), anterior olfactory nu-
cleus (AON), cingulate cortex (area 24) (A24), piriform cortex (Pir), medial septal nucleus
(MS), nucleus of the vertical limb of the diagonal band (VDB), accumbens nucleus (ACB),
hypothalamus (HY), thalamus (TH), hippocampus (HIPP), corpus callosum (cc), cerebral
cortex (CTX), midbrain (MB), basal forebrain (BF). Adapted from Shariatgorji e al.>* with

permission.
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Figure 2. OTCD of ketone functions in steroids using the GirT reagent. Distribution of testos-
terone and Sa-dihydrotestosterone in the testis of mice stimulated with human chorionic gon-
adotrophin at a lateral resolution of 50 pm. Abbreviations: seminiferous tubule (ST), Leydig

cells (LC). Adapted from Cobice et al.*’ with permission.
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Figure 3. Distinction of double-bond positional isomers of phosphatidylcholines (PC) and
phosphatidylserines (PS) using the benzaldehyde derivatization reagent combined with
MALDI-2 analysis. Isomers were differentiated by MALDI MSI experiments performed in
the MS/MS mode. Distribution of the PC 18:0 18:1(A9) and PC 18:0 18:1(A11) isomers and
the PS 18:1 18:1(A9), PS 18:1 18:1(Al1), and PS 18:0 18:2 (A9, Al12) isomers in mouse

brain sections. Adapted from Bednatik et al.® with permission.



Figure 4
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Figure 4. Enhancement of N-glycans after OTCD with the GirP reagent applied to human
laryngeal cancer tissue section. The Venn diagram showed the improved number of N-
glycans detected without (w/0) and with (w/) OTCD. MALDI images of ions detected at m/z
1809.6335 and m/z 1920.7225 corresponded to Hex5SHexNAc4dHex1 w/o or w/ respectively.

Adapted from Zhang et al.”* with permission.
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Figure 5. Scheme representing the different steps of an OTCD protocol for MALDI MSI

analysis and the key points. Samples and derivatization reagents correspond to those cited in

this review.



Table 1. OTCD targeting amine function

Primary Amine

a. Reaction with TAHS

NH__NH o
NH_ O R
~ HO
HG /©/ \[Or ;ﬁ + HN—R — » Hac\N+/©/ \Lr ; ﬁ
/N: o e “eH &
H;C cH 3 O
TAHS Primary Amine
OTCD protocol
Analyte - . S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Alanine, glutamate, gluta- Liver tissues
mine, glycine, leu- ) ; from xenograft
o . . Airbrush de- overnightat | ppR 20mg/mL (ACN N
cine/isoleucine/hydroxyprolin | 5 mg/mL in ACN - mouse models | Toue et al.
) ) position 550C +0.2 % formate)
e, phenylalanine, proline, of human colon
tryptophan, tyrosine, etc. cancer
Liver tissues
24 hat55°Cin
from xenograft
) ) ) Automatic humid environ- | DHB 30 mg/mL (70% 20
Phenylalanine, Tyrosine 5 mg/mL in ACN ) mouse model of | Arts et al.
spraying ment (50% MeOH + 0.2% TFA)
H460 human
MeOH /H20)
NSCLC




a. Reaction with TAHS (continued)

OTCD protocol
Analyte - . S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
24hat55°Cina Tumor tissues
) ) ) DHB 30 mg/ mL )
| ) Automatic humid environ- from patients Wappler et
Glutamine 5 mg/mL in ACN i (70% MeOH + 0.2% . . .
spraying ment (50% TFA) with cholangio- al.
MeOH /H20) carcinoma
Adrenal gland
tissues from
tumor patients
Airbrush de- DHB 50 mg/ mL and from rats Takeo et
Adrenaline, Noradrenaline 5 mg/mL ACN 15 min at 55 °C -
position (ACN) fed with (nor- al.

mal sodium) or
(deficient so-

dium) diet




a. Reaction with TAHS (continued)

OTCD protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
3-methoxytyramine, Alanine,
aspartate, dopamine, GABA,
glutamate, glutamine, glycine, o
. . ) . overnight at DHB 30 mg/ mL Brain tissues
L-dihydroxyphenylalanine 5 mg/mL in 50 % Automatic Esteve et
o 1 ) ) (70% MeOH + 0.1% from female .
leucine/isoleucine, lysine, ACN spraying al.

phenylalanine, proline, serine,
taurine, threonine, tryptophan,

tyrosine, valine

55°C

TFA)

C57BL/6J mice




b. Reaction with Cinnamaldehydes (continued)

0
S
S H
4+ HN—R —» + HZO
R
R CH
CH, ¢
R=H trans-cinnamaldehyde . .
R=CH, CA Primary Amine
OTCD Protocol
Analyte _ . S— _ Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Lung tissues
Trans- from rabbits
. ) ) ) CHCA 15 mg/mL (60 ) ) )
cinnamaldehyde High velocity 30 min at room infected with Manier et
Isoniazid . ] . % ACN +0.1% TFA) ) .
in 50% MeOH spin coating temperature tuberculosis and al.
, (sprayer) ,
(precoated slide) dosed with
isoniazid
CA 23 mg/ml + 8.5 mg/ml trans-
| J ) 8.5 mg/mL trans- ) ferulic acid in MeOH Pig adrenal )
Dopamine, epinephrine, . Automatic . Manier et
1 . ferulic acid in - (mixed and sprayed gland, rat cere- -
GABA, norepinephrine Sprayer ) o al.”
MeOH (precoated with the derivatization bellum
slide) reagent)




b. Reaction with Cinnamaldehydes (continued)
OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
CHCA 10 mg/mL in Head tissue
CA 11.5 mg/ml 30% ACN, 10% 2- from wild type
GABR of CA+4.25mg Airbrush de- 10 min at room propanol and 0.1% strain and fe- Enomoto et
of trans-FA in position temperature formic acid after male of Droso- al*
MeOH sublimation deposition | philia melano-
first-step gaster
67 amine-containing metabo- ) DHB 30 mg/mL in 50
) ) . ) Overnight at 37 ) Brain tissues
lites (amino acids, neuro- CA 5 mg/mL in Electrospray ) ) % MeOH / Quercetin 7
) o °C in a humid from Sprague- Guo et al
transmitters, dipeptides and 50% MeOH deposition 5 mg/mL in 80%
environment Dawley rat
others) MeOH




b. Reaction with Cinnamaldehydes (continued)

OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Alanine, GABA, glycine, ) ) Spraying of 6.5 ) )
) ) . ) CA 20 mg/mL in Automatic ) ) Maize root O Neil et
isoleucine/leucine, serine, ) mM of Potassium | Gold (sputter coating) ) 2%
MeOH Spraying tissues al.
threonine, valine, etc. acetate
Leaf and root
Automatic Gold or DHB 40
Alanine, aminobutenoic acid, ) ) Spraying of 6.5 sections from
CA 20 mg/mL in Spraying or ) mg/mL (70% MeOH) ) Duenas et
GABA, Glycine, Leu- mM of Potassium two different 2
MeOH electrospray or DAN 20 mg/mL ) al.
maize genotypes

cine/isoleucine, Serine, etc.

deposition

acetate

DAN

(B73 and Mo17)




c¢. Reaction with DPP-TFB (continued)

D DS
= P
» o
DPP Primary Amine
OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
. . Brain tissue
3-methoxytyramine, alanine,
: sections from
aspartate, dopamine, GABA,
| | ; i ) o DHB 30 mg/mL in ) .
glutamate, glutamine, glycine, DPP-TFB 5 Automatic Overnight incuba- glioblastoma Dilillo et
leucine. L ) ) i 70% MeOH + 0.1 % ) ”
cucine, L- mg/mL in MeOH Spraying tion multiforme and al.
dihydroxyphenylalanine, TEA WT mice
lysine, proline, serotonin,
taurine, threonine, tryptophan,
tyramine, tyrosine, valine
Brain tissue
DHB 40 mg/mL in
DPP-TFB 1.33 Manual from Scrapper -
GABA, glutamate . . - 50% MeOH (automa- Eto et al.
mg/mL in MeOH Spraying KO and WT

tic Sprayer)

mice




c. Reaction with DPP-TFB (continued)

OTCD Protocol
Analyte . . S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Brain tissues
DHB 40 mg/mL in from 5-day-old
DPP-TFB 1.33 Manual 2
Glycine - 50% MeOH (automa- | and 8-week-old Eto et al.
mg/mL in MeOH Spraying
tic Sprayer) (adult) male
mice
DHB 40 mg/mL in Brain tissues
Dopamine, norepinephrine, DPP-TFB 1.3 Manual Sugiyama et
- ) ) - 50% MeOH (automa- | from C57BL/6J 20
serotonin mg/mL in MeOH Spraying al.
tic Sprayer) male mice
DHB 40 mg/mL in Brain tissues
3-methoxytyramine, dopa- DPP-TFB 1.3 Manual Sugiyama et
) ) ) - 50% MeOH (automa- | from C57BL/6J 3
mine mg/mL in MeOH Spraying al.
tic Sprayer) male mice
DPP-TFB 1.33
DHB 40 mg/mL in Brain tissues
Dopamine, GABA, histamine, mg/mL in 75% Automatic 24 hours at room »
) ) MeOH/H20/FA from Rock crabs | Cao et al.
serotonin MeOH + 0.05% spraying temperature

TEA

49.95/49.95/0.1)

Cancer irroratus




¢. Reaction with DPP-TFB (continued)

OTCD Protocol
Analyte . . R— . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Head tissue
60 min incubation from wild type
CHCA 10 mg/mL in
DPP-TFB 0.79 in MeOH vapor strain of Droso-
30% ACN, 10% 2-
mg/mL in 60% Airbrush de- saturated chamber philia melano- Enomoto et
GABA . . propanol + 0.1% FA "
MeOH + 1.3 % position then spraying of o gaster and al.
o after sublimation
TEA 10% acetic acid . female Droso-
deposition first-step
solution philia melano-
gaster
DPP 1.11 mg/mL
in 75% MeOH +
0,
0.05% TEA 15 min incubation
Automatic ) DPP and PBDPP as Brain tissues
PBDPP 0.2 . in MeOH vapor ) .
: spraying reactive matrices from Sprague—
- ono saturated chamber
mg/mL in 80%
Dawley rats,
+0.079 .
) ; MeOH +0.07% male Wistar rat ) B
Amphetamine, dopamine, f3- TEA Shariatgorji
. . pups, and .
N-methylamino-L-alanine etal.
TMP 1 mg/mL in C57BL/6J male
83% MeOH + 15 min incubation mice with and
0.05% TEA ) in MeOH vapor CHCA 5 mg/mL in without
’ Automatic
) saturated chamber 50% ACN +0.2% treatment
sprayin
DPP 1.11 mg/mL ying (+ drying by TFA
in 75% MeOH + nitrogen

0.05% TEA




c¢. Reaction with DPP-TFB (continued)

OTCD Protocol
Analyte - . S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
60 min incubation
in MeOH vapor
saturated cham-
DPP-TFB / TMP- ber, then spraying
TFB 0.091 ) of acetic CHCA 5 mg/mL or
) Automatic ) ] i
mg/mL in 50% . acid/H20/MeOH 10 mg/mL in 50% Brain tissues
sprayin
. MeOH + 0.067% proyine (10/45/45) solu- ACN +0.2% TFA from Sprague-
3-methoxytyramine, dopa- Dawl
; : awley rats,
mine, GABA, glutamate, TEA tion, then 30 min ) B
: . incubation in C57BL/6J male | Shariatgorji
phenethylamine, serotonin, ) ) 2
} ) MeOH vapor mice and pri- etal.
tryptamine, tyramine, Tyro- .
. saturated chamber mate with and
sine
without
15 min incubation treatment
DPP-TFB 1.34 in MeOH vapor
mg/mL in 70% Automatic saturated chamber | DPP-TFB as reactive
MeOH + 0.049 % spraying (+ drying by matrix

TEA

nitrogen flow

every 5 min)




c¢. Reaction with DPP-TFB (continued)

OTCD Protocol
Analyte . . S— . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
15 min incubation Brain tissues
TPP and Br-TPP in MeOH vapor from
Dopamine, fluvoxamine, 1.3 mg/mL in Automatic saturated chamber TPP and Br-TPP as Sprague—Dawle | Shariatgorji
GABA 80% MeOH + Spraying (+ drying by Reactive matrices y rats and etal®®
0.058 % TEA nitrogen flow C57BL/6J male
every 5 min) mice
3-methoxytyramine, alanine,
aspartate, dopamine, GABA,
| ! ; Ivei ' ] DHB 30 mg/ mL in Brain tissues
glutamate, glutamine, glycine, DPP-TFB 5 Automatic Overnight at Esteve et
leucine/isoleucine. L. ) ) 70% MeOH + 0.1% from female 38
cucie/isoleucine, L- mg/mL in MeOH Spraying room temperature al.

dihydroxyphenylalanine,
lysine, proline, serine, seroto-
nin, taurine, threonine, trypto-

phan, valine

TFA

C57BL/6] mice




d. Reaction with FMP-n (continued)

2
+ R 1 — + HF
NH—R R
Primary or secondary Amine
OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Brain tissues
Major neurotransmitters, from rat and
including their metabolites, of primate models
) ) FMP-8, FMP-9, ) FMP-8, FMP-9 and ) ) B
the dopaminergic and seroto- Automatic of Parkinson’s Shariatgorji
) - FMP-10 at 4.4 ) - FMP-10 as reactive ) 5
nergic systems containing ) Spraying ] disease and etal.
. . mM in 70% ACN matrices .
primary and secondary amine from a patient
groups with Parkin-
son’s disease
FMP-10 at 1.8 Brain tissues
. ) Automatic FMP1-10 as reactive Zhang et
Dopamine, GABA mg/mL in 70% ) - ) from GPR37 kO 2
Spraying matrix al.
ACN and WT mice




e. Reaction with NBA-+hv (continued)

o} (¢] 0]
hv - .
H + W HFHNR — OH
NO, N N R
NBA NS Primary Amine
OTCD Protocol
Analyte - - — - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
CHCA 5 mg/mL in
ACN/H20/FA
(49.95/49.95/0.1) for
5 mg/ml in peptides and small
) ACN/EtOH/FA/H Automatic Nanosecond laser proteins. Brain tissues ) al
Neuropeptides ) o Liet al.
20 Spraying irradiation SA 20 mg/mL in from mouse
(84/13/0.3/2.7) ACN/H20/FA

(49.95:49.95:0.1) for
larger proteins analy-

sis




f.  Reaction with mTRAQ (continued)

o}
Q. N
hN/\W . e O
N\) o He
HeC™ o 3

o]

NH HO
"R
/Y N -
Q
O

mMTRAQAO Primary Amine
OTCD Protocol
Analyte - - S - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
20 uL of ) ) Brain tissues
) ) 1 hour at 32°C in DHB 30 mg/mL in
mTRAQAO in Automatic ) ) from male ”
GABA . humid environ- 70% EtOH + 0.1% Ito et al.
45% ACN and Spraying WKY and
ment TFA
55% H,0 SHRSP rats




g. Reaction with TMPP, 3S-BASE and 4-SPITC (continued)

He0 L ~ g
AL T ok
THMPP - ¢ 4-5PITC
Reaction with h-terminal part of peptides.
OTCD Protocol
Analyte Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
1 hat50°C
4-SPITC 10 MeOH/H,O
) Manual Spot- (Me :
mg/mLin 25 mM " environment) For proteins imaging:
ing
NH4HCO; buffer ionic matrix solution:
Then deposition containing 10 mg/mL
0,
I’il fsf)F‘:é of SA and 8.1 pL of
a
3-SBASE 20 . aniline in 0.1%
. Manual spotting (MeOH/H,O
mg/mL mLin 25 . ] ACN/TFA (6.4, v/v) o
. and automatic environment) Brain tissues Franck et
Peptides mM NH4HCO; 3
microspotting For peptides imaging; from rat al.
buffer Then deposition '
ionic matrix solution:
of 1% TFA o
Deposition of 1% containing 10 mg/mL
TEA (in of CHCA and 7.2 uL
Manual spotting e o
TMPP 1 mg/mL ACN/H20) of aniline in 0.1%

in 30 % ACN

and automatic

microspotting

Then incubation
for 1h at room

temperature

ACN/TFA (6:4, v/v)

NSCLC (non-small cell lung carcinoma), TEA (triethylamine), TFA (Trifluoroacetic acid), FA (formic

acid), KO (Knock-out), WT (wild type), y-aminobutyric (GABA),

sinapic acid (SA).




Table 2. OTCD targeting phenol function

Hydroxyl group

Reaction with FMP-n

" =
+ R ! — = R | + HF
P A o
Phenolic hydroxyl
OTCD Protocol
Analyte . . R . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Brain tissues
from rat and
Neurotransmitters, including .
. . primate models
their metabolites, of the do- FMP-8, FMP-9, ) FMP-8, FMP-9 and ) ) B
) ) ) Automatic ) of Parkinson’s Shariatgotji
paminergic and serotonergic FMP-10 at 4.4 ) - FMP-10 as reactive ) 29
o : ) Spraying ) disease and etal.
systems containing phenolic mM in 70% ACN matrices )
from a patient
hydroxyl groups
with Parkin-
son’s disease
CHCA 5 mg/mL in
Cannabinoids and their meta- FMPTS 10 Airbrush de- 70% ACN +0.2% ) Beasly et
" . . - . Human Hair "
bolites mg/mL in ACN position TFA (automatic al.
sprayer)




Table 3. OTCD targeting diol function

Diol group

Reaction with Boronic acid

— o HO. R, — o Ro
{
HaC—N, B + I —_— HsC*N\ / B + H;
N/ HO™ R ‘o
OH 2 Ry

4-(N-Me)Py'B(OH), Vicinal Diol

HsC, o HO Ry HaG, 0 Ry
A e R e
7 \ / N

HyC OH HO™ "R, Hal o} R,

DBA Vicinal Dicl
OTCD Protocol
Analyte - . S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
4-(N-
Catecholamines (dopamine, . ) . Porcine adrenal
) ) : Me)Py B(OH), Automatic 4-(N-Me)Py B(OH), ) 25
epinephrine, and norepine- - gland tissue Kaya et al.
) 12 mg/mL in 60% spraying as reactive matrix )
phrine) sections
ACN
Silver

DHB 40 mg/mL in

Vicinal diol containing mole- MeOH/H,0 70/30
les (gl ides, li 1 DBA 50 mM i A i B73 maize F
cules cosides, lipopoly- mM in utomatic . orsman et
. i Y Php ;’ o . _ CHCA 10 mg/mLin | gtems, roots and 46
saccharides, monosaccharides, e prayin al.
. ying ACN/H20 70/30 leaves

and many other metabolites) +0.1% TFA

DAN 10 mg/mL in

ACN/H,0




Table 4. OTCD targeting carbonyl function

Carbonyl group

a. Reaction with GirT

CH,

NH CH3CH3 jL N/NH\’_(\AIJCH3
HN N+ —_— | + HO
E/\(I:HS R R, o 1/&'?2 e} CH;,
Girard T Carbonyl
OTCD Protocol
Analyte - - — - Matrix Sample Ref.

Solution of deri- Application Incubation or

vatization reagent method other treatment
Spraying of

MeOH + 0.2%
Tissue sections
TFA then 60 min
) from adrenal
incubation at
. . . gland of
) 40°C in a humid CHCA 10 mg/mL in )
11-dehydrocorticosterone, 5 ) ) Sprague- Cobice et
) 0.15 mg/cm Precoated slide | environment then 80% ACN + 0.2% 4
Corticosterone ) Dawley male rat al.
allowed to cool in TFA

a vacuum desic-
cator for 15 min
at room tempera-

ture

and from brain
of C57BL/6

male mice




a. Reaction with GirT (continued)

OTCD Protocol
Analyte - . S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
60 min incubation
Brain tissues
at 40 °C and 80%
from treated and
relative humidity
: 5 mg/mL in CHCA 10 mg/mL in untreated
Deuterated Cortisol, corticos- then allowed to ) Cobice et
i MeOH 80% + Manually ) 80% ACN + 0.2% C57BL/6 mice a8
terone, cortisone cool in vacuum ) ) al.
0.1%TFA . TFA and mice with
desiccator for 15 o
) genetic disrup-
min at room
tion Hsdl1b1
temperature
Testis tissues
60 min incubation from C57BL/6
Airbrush de- at 40 °C and 80% male mice
position and relative humidity prostate tissues
5 mg/mL in CHCA 10 mg/mL in
Sa-dihydrotestosterone, tes- automatic then allowed to from male Cobice et
MeOH 80% + ) ) 80% ACN + 0.2% 2
tosterone spraying for cool in vacuum Sprague-Daley al.
0.1%TFA TFA

higher resolu-

tion)

desiccator for 15
min at room

temperature

rats treated with
human chorio-
nic gonadotro-

phin




a. Reaction with GirT (continued)

OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Two-step matrix applica- Testis tissues
tion. from from
. . . C57BL/6 male )
5 mg/mL in 2.5% Airbrush de- 90 min at room 1) Sublimation . Shimma et
Testosterone - acid » mice treated ;50
acetic acl osition temperature ing: al.
p p 2) Spraying: CHCA 10 with human
mg/mL in chorionic gona-
ACN/Isopropanol/H,0 dotrophin
(3/1/6) + 0.1% FA
5 mg/mL in
o Automatic ) DHB 20 mg/mL in 70% Cartilage tissues Barré et
Triamcinolone acetonide MeOH + 0.2% 150 min at 40°C s
spraying MEOH + 0.2% TFA from patients al.
TFA
FT-ICR-MS analysis: DHB
in 80% EtOH + saturated
ammonium sulfate (50
mg/mL)
Adrenal gland
18-oxocortisol, 18- Tandem MS analysis: Two- tissues from
hydroxycortisol aldosterone, 10 mg/mL in Airbrush de- 90 min at room step matrix application. patients and Sugiura et
cortisol, cortisone, progeste- 20% acetic acid position temperature Sprague- al®?

rone

1) Sublimation
2) Spraying: CHCA 10
mg/mL in
ACN/Isopropanol/H,O
(3/1/6) + 0.1% FA

Dawley male

rats




a. Reaction with GirT (continued)

OTCD Protocol

Analyte - - S— - Matrix Sample Ref.
Solution of deriva- | Application Incubation or
tization reagent method other treatment
30 min at room
1 0,
N — ) ) temperature then DHB 40 mg/mL in 70% Sections from Pha-
12-oxo-phytodienoic acid, 5 mg/mL in 80% Airbrush ) MeOH + 0.1% FA Enomoto
. o allowed to dry in ’ seolus vulgaris L
abscisic acid MeOH + 2% TFA deposition ) etal.
vacuum desicca- seeds
tor for 30 min
Two-step matrix applica-
tion.
. Adrenal gland tissues
18-hydroxycortisol, 18- ) ) ) )
10 mg/mL in 20% Airbrush 60 min at room 1)  Sublimation from patients and Takeo et
oxocortisol, aldosterone, o . 7
. . acetic acid deposition temperature 2) Spraying: CHCA 10 Sprague-Dawley al.
cortisol, cortisone
mg/mL in male rats
ACN/Isopropanol/H,O
(3/1/6) + 0.1% FA
Automatic . Leaf and root sec-
1-hexanal, 1-heptanal, Spraying of 6.5 Gold or DHB 40 mg/mL
) o - 10 mg/mL in Spraying or tions from two diffe- | Duefias
jasmonic acid, pyruvic mM of Potas- (70% MeOH) or DAN 20 ) 2
) MeOH + 2% TFA | electrospray ) rent maize genotypes et al.
acid, and others i sium acetate mg/mL DAN
deposition (B73 and Mo17)
11-dehydrocorticosterone, 5 mg/mL in 80% lhat40°Cina DHB 30 mg/mL in 50 % o
) Electrospray . . . Brain tissues from Guo et
corticosterone, dexametha- MEOH + 0.2% humid environ- MeOH / Quercetin 5 26
deposition Sprague-Dawley rat al.
sone TFA ment mg/mL in 80% MeOH




b. Reaction with GirP (continued)

NH .
HZN/ W/\N 2 o} N/NH N+ o
e A —
o Vi RY "Ry

JI\ I ‘ + H,0
R R =
Girard P Carbonyl
OTCD Protocol
Analyte _ . S— . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
5 mg/mL in 70%
1 hat37°Cin Brain tissues
MeOH + 5% . .
) water bath then CHCA 5 mg/mL in from wild type
Cholestenoic acids, oxyste- acetic acid (after Automatic Yutuc et
o ) allowed to dry in H20/propan-2- and cholesterol s
rols, sterols deposition of spraying al.
) a vacuum desic- ol/ACN (3/4/3) 24S8-hydroxylase
cholesterol oxi- }
cator knockout mice
dase)




Reaction with DNPH and DMNTH (continued)

Ry _FRo e N
v :lNr § )% R.
N L g e o g e I
D + R‘/LRI—- ‘ S + HO Ny RARH—— \r‘v “ i w4+ HO
> CH g
NOy \o, |\ & CHy
DNPH Carbonyl Carbony|
OTCD Protocol
Analyte - - S - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
DNPH: 4 mg/mL ;
) Spotting DNPH as reactive
in 50% ACN + - .
matrix
0.1% TFA
ut 2 Lung tissues Flinders et
FluticasOTRggOpiotpte DMNTH: 5 48hat37°Cina from rats a5
mg/mL in 50% humid environ- DMNTH as reactive
ACN +0.1% ment with 5% matrix
TFA carbon dioxide




Table 5.0TCD targeting thiol function

Thiol group

Reaction with CHC-Mal

o o
o} = 2 i <
o N
A\
R T N A o +  HS—R —= Q/\H‘\NH/\/ g R
o
CN o HO N

HO

CHC-Mal Thiol
OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
CHC-Mal as reactive .
Liver and
matrix for small thiol- .
d B chains of reduced pancreas tissues
o an ini ;
L . . 10 mg/mL in 50% Automatic containing metabolites from pig, tumor Fiilop et
insulin, cysteine, cysteinylgly- ) - ) 56
) . ACN spraying DHB 60 me/mL i tissues from al.
cine, glutathione mg/mL 1n
50% ACN for protein | T OUS¢Xeno
graft

measurements




Table 6. OTCD targeting carboxylic acid function

Carboxylic acid group

a. Reaction with 2-picolylamine

SN
o]
SN PP |
| + )L 7 . _ NH R + H,0
= NH; R OH DPDS
O
2-picolylamine Carboxylic acid
OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Arachidonic acid, doco-
R 2 mM of 2- ) o
sahexaenoic acid, eicosapen- ] ) Electrospraying Brain tissues
. i picolylamine + 10 brush fom S W 157
taenoic acid, linolenic acid, or airbrus - rom Sprague- u et al.
i mM of TPP and 9-AA or DHB by prag
oleic acid, palmitic acid, deposition o Dawley rats
DPDS in ACN sublimation
palmitoleic acid, stearic acid
Leaf and root
6 mM of 2- Automatic ) Gold or DHB 40 sections from
. s . . . Spraying of 6.5 .
Oleic acid, palmitic acid, picolylamine + 30 Spraying or ) mg/mL (70% MeOH) two different Dueiias et
o mM of Potassium . 75
stearic acid and others mM of TPP and electrospray or DAN 20 mg/mL maize geno- al.
acetate
DPDS in ACN deposition DAN types (B73 and

Mol7)




b. Reaction with DMPI (continued)

HiC CH
HsC  GHs SN
\Ni N
0
Y e, e () e
R OH N
N
H PN
DMPI Carboxylic acid OO
OTCD Protocol
Analyte _ _ S— _ Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Carcinoma and
para-carcinoma
) DMPI 3 mM and DHB 25 mg/mL in tissues from
Free fatty acids (C16:0 and ) Electrospray ) ) Wang et
HATU at ImM in o - 80% MeOH + 0.2% patients with .
C18:0 and many others) deposition al.
80% ACN TFA thyroid carci-

noma and rat

brain tissues.




¢. Reaction with TMPA (continued)

VAR GHy o % /N CH,
HN N\/\thCHa . J\ :é"zu, HBOt >—N Nt H,0
| R OH gas R |
CH; CHg
TMPA Carboxylic acid
OTCD Protocol
Analyte - - — - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Arachidonic acid, cholic acid,
TMPA 3 mM, 4 h at room tem-
citric acid, fumaric acid, ) ) ) Kidney and
o HATU and HBOt Automatic perature in a 1,5 DAN 2 mg/mL in o 5
glycocholic acid, glycero- ) ) ) brain tissues Sun et al.
. at 1.5 mM in 90% Spraying closed container 80% ACN
phosphocholine, lysophospha- ) from rats
) . ACN with ACN gas
tidylcholine and others




Table 7. OTCD targeting double bond function

Double bond group

Reaction with benzaldehyde

R R4
0 R4 ? Ro
| Ry Ro hy
+ \—/ — + 4
Benzaldehyde Double bond
OTCD Protocol
Analyte . R Matrix Sample Ref.
Solution of derivatization o
Application method
reagent
The reaction is carried out o
i ’ . . . o Brain tissues
Phosphatidylcholine and in a chamber equipped with DHB application by Bednatik et
) . Vapor of benzaldehyde ) o from C57BL/6 60
phosphatidylserine isomers a UV lamp with a peak sublimation ) al.
mice

emission at 254 nm




b. Reaction with benzophenone (continued)

R4 Rz

Rz

Rz Ry
Q
o '

Benzophenone Double bond
OTCD Protocol
Analyte - - S— - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
20 mg/mL in Brain tissues
ACN/2- ) Irradiation by UV from C57BL6/N
) o Automatic ) ) Benzophenone as ) Waldchen et
Phosphatidylcholine isomers propanol/H,O ) light for 3 min ) ) mice and male o
Spraying reactive matrix al.
6/3/1+0.5% (254 nm) S. mansoni
TFA tegument




c¢. Reaction with ozone (continued)

Ry Ro
03 + R\1 _/ fe —_— >_<
o_ 0
0
Ozone Double bond Criegee ozonide
Analyte OTCD Protocol Matrix Sample Ref.
Mixture of sodium Brains tissues
acetate (4 mg/mL) and containing )
) L ) o ) ) Paine et
Phosphatidylcholine isomers Ozone gas introduced in linear ion-trap norharmane matrix (7 tumors from 16
al.
mg/mL) in ND2:SmoAl
MeOH/CHCI; (2/1) transgenic mice
Brain tissues
) iy Glass flask flushed with the flow of ozone from an ozone - from BALB/c
Phosphatidylcholine isomers ) DHB deposition by ) Bednarik et
generator. Samples were allowed to react with ozone up to o mice and colon o
(PCC 34:1) sublimation al.

30 min.

tissue from

patient




Table 8. OTCD targeting phosphate monoester function

Phospahate monoester group

Reaction with Phos-tag

HaG Q /
. Y, .0
‘ o o? 0 N| o RN / \o' | =
= I o
/N\Zn/“ \an/ R Ho-p=0 @\ / \ Z/N =
Zn Zn
s a2l kTN
~ A w \N\/Q/N@
=
Phos-tag Phosphate monoester Phos-tag complex
OTCD Protocol
Analyte - - — - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
Ceramide-1-phosphate, lyso- para-Nitroaniline 10
phosphatidic acid, phosphati- 0.86 mg/mL in Automatic mg/mL in 80% EtOH Brain tissues Iwama et
dic acid sphingosine-1- H,0 Spraying + 150 mM ammonium | from ICR mice al %
phosphate formate




Table 9. OTCD targeting Diene function

Diene group of 25-hydroxyvitamin D

Reaction with Ampiflex

CHs
HyC—N—CH;

N, .CHy

OT:TO

Ampiflex 25-hydroxyvitamin D
OTCD Protocol
Analyte . . S— . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
. lhat37°Cina .
Ampiflex 0.1 . . ) CHCA 5 mg/mL in . .
Automatic reaction container Mouse kidney Smith et
Vitamin D metabolites mg/mL in 50% ) ) 70% ACN + 0.1% . o
Spraying with ACN/H,O tissues al.
ACn TFA

solution




Table 10. OTCD targeting platinum-based compounds

Platinum-based compounds

Reaction with DDTC

N © o HyC s
LA -
N oy Hsc—/ s
H.
Oxaliplatin DDTC
PHDDTC), CH,
OTCD Protocol
Analyte - - — - Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
o ) ) ) ) 5 min at 40°C in CHCA 10 mg/mL in | 3D multicellular
oxaliplatin and its metabolites, | 1% DDTC in 0.1 Airbrush de- ) ) ) ) .
. . . » a humid envi- 50% ACN + 0.1% tumor spheroid Liu et al.
cisplatin, and carboplatin M NaOH position
ronment TFA in vitro models




Table 11. OTCD targeting 3-methoxysalicylamine

Molecule targeted 3-methoxysalicylamine

Reaction with TCDI
T
NH
i 2 NYS
P OH  bHs.o %0
R -
P i 9
CHs CHy
TCDI 3-methoxysalicylamine 3-methoxysalicylamine-TCDI
OTCD Protocol
Analyte . . — . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
. ) 30 min at 37°C in ) )
‘ | 10 mg/mL in 1:1 Automatic ) ) CHCA deposited by Mouse kidney Chacon et
3-methoxysalicylamine ) a humid envi- o ) 7
ACN/AMBIC Spraying sublimation tissues al.
ronment




Table 12. OTCD targeting sialic acid in glycans

Scialic acid group in N-glycans

Reaction with EDC
OH OH
K om . KTOH . oHs
o T e
e _V{NH " 7\\0:;1\ N EH;; HOB t, H3C—\,,Tg :6:"\?:"/\, g
° o + ~FF ", dimethylamine s
HyC N —;» ’
o o DMSO o J O oR
L 1h, 60°C r
HOE / “~oH o \/ OH
a2,6-linked sialic acid EDC
Analyte OTCD Protocol Matrix Sample Ref.
formalin-fixed
Incubation of tissue slides in 250 mM EDC, 500 mM and paraffin-
HOBt and 250 mM dimethylamine in DMSO for 1 hour in CHCA Smg/mL in embedded
Sialylated N-glycans 60°C oven 50% ACN +0.1% human colon Holst ef al.™
TFA carcinoma and

Addition of 25% ammonia solution then 2 h incubation at

60°C

leiomyosarcoma

tissues




Table 13. Study of OTCD targeting the reducing terminus of N-glycan

The reducing terminus of N-glycan

Reaction with GirP

N OR, | OR,
_NH .
RO O ot HzN T‘/\“@ Room temperature - OH + H,0
RO © = H 1 RO =N NH N
R —"T
N-glycan GirP
OTCD Protocol
Analyte . . S— . Matrix Sample Ref.
Solution of deri- Application Incubation or
vatization reagent method other treatment
formalin-fixed
and paraffin-
GirP 10 mg/mL ) 30 min in cham- DHB 40 mg/mL in embedded
N-glycans (glucose, maltooc- ) Automatic ) ) Zhang et
in 50% MeOH + ) ber with acetic 70% MeOH +0.1% (FFPE) human 1
taose, etc) o spraying . al.
10% acetic acid acid vapor TFA laryngeal cancer
and ovarian
cancer tissues




