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ABSTRACT

The analysis of small polar compounds with ToF-SIMS and MALDI-ToF-MS have been
generally hindered by low-detection sensitivity, poor ionization efficiency, ion suppression,
analyte in-source fragmentation and background spectral interferences from either MALDI
matrix and/or endogenous tissue components. Chemical derivatization has been a well-
established strategy for improved mass spectrometric detection of many small molecular
weight endogenous compounds in tissues. Here, we present a devised strategy to selectively
derivatize and sensitively detect catecholamines with both secondary ion ejection and laser
desorption ionization strategies which are used in many imaging mass spectrometry (IMS)
experiments. Chemical derivatization of catecholamines was performed by a reaction with a
synthesized permanent pyridinium cation-containing boronic acid molecule, 4-(N-methyl)
pyridinium boronic acid, through boronate ester formation (boronic acid-diol reaction). The
derivatization facilitates their sensitive detection with ToF-SIMS and LDI-ToF mass
spectrometric techniques. 4-(N-methyl) pyridinium boronic acid worked as a reactive matrix for
catecholamines with LDI and improved the sensitivity of detection for both SIMS and LDI while
the isotopic abundancies of the boron atom reflects a unique isotopic pattern for derivatized
catecholamines in MS analysis. Finally, the devised strategy was applied, as a proof of
concept, for on-tissue chemical derivatization and GCIB-ToF-SIMS (down to 3 pym per pixel
spatial resolution) and LDI-ToF mass spectrometry imaging of dopamine, epinephrine, and
norepinephrine in porcine adrenal gland tissue sections. MS/MS using collision-induced
dissociation (CID)-ToF-ToF-SIMS was subsequently employed on the same tissue sections
after SIMS and MALDI mass spectrometry imaging experiments which provided tandem MS
information for the validation of the derivatized catecholamines in situ. This methodology can
be a powerful approach for the selective and sensitive ionization/detection and spatial
localization of diol-containing molecules such as aminols, vic-diols, saccharides and glycans

along with catecholamines in tissue sections with both SIMS and LDI/MALDI-MS techniques.



INTRODUCTION

Knowledge of the spatial distribution profiles of endogenous metabolites within mammalian
tissues can provide a basis for the understanding of their roles in local biological and metabolic
processes. Neurotransmitters (NTs), including catecholamines are critical chemical
messengers and have been implicated in the regulation of several biological processes and
behavior.™ Therefore, sensitive and selective analytical techniques are needed to determine
the spatial localizations of these molecules in tissues which would help to construe their roles
in physiological and/or pathophysiological processes.

Imaging mass spectrometry (IMS) allows label-free spatially-correlated mass spectrometric
analysis for the simultaneous interrogation of a wide-range of endogenous biomolecules
including proteins*®, peptides®’, lipids®® and small metabolites'® on tissue sections. Most IMS
experiments use either laser desorption/ionization (LDI) or secondary ion mass spectrometry
(SIMS) ionization strategies.""'? Tissue sections are raster scanned either with primary ion
beams or energetic laser pulses for SIMS and LDI respectively and the resulting spectra from
the pixel points are analyzed and used to generate ion distribution images of biomolecules,
fragments of molecules or elements across the surface of tissue sections and cells. Although
the advent of IMS allowed accurate determination of low-molecular-weight metabolites
including NTs over tissue sections at high-spatial resolutions,""'® the analysis of small polar
compounds with ToF-SIMS and MALDI-ToF-MS has generally been hindered by low-detection
sensitivity, poor ionization efficiency, ion suppression, analyte in-source fragmentation and
background spectral interferences from either MALDI matrix and/or endogenous tissue
components.'™

Regarding MALDI-TOF-MS, optimal selection of MALDI matrix and/or careful optimization of
analysis parameters may be used to minimize the matrix-derived interferences and improve
the sensitivity.>*'>'® However, this can be restricted due to the fact that all the MALDI matrix
molecules have distinct physicochemical properties which upon laser irradiation results in

distinct ionization mechanisms and laser desorption/ionization dynamics.'”"'® The use of high



mass-resolution analyzers and MS/MS analysis can aid in the detection of some
compounds.?>?" For example, a combination of Cg primary ion beam with an FT-ICR
instrument was used to achieve a spatial resolution of ~40 ym and 100,000 mass-resolving
power when imaging cholesterol in a rat brain section.?! However, low sensitivity even at large
pixel sizes and long pixel acquisition times limits their regular use for acquiring large images.
Therefore, there is need for new strategies to improve either the sensitivity and/or specificity
of the IMS analysis of small polar compounds. Recently, Ellis et al. combined a laser post-
ionization technique® with high mass-resolving Orbitrap mass spectrometer which yielded
enhanced sensitivity, selectivity and chemical coverage of lipids for MALDI-IMS?® and can
potentially be used for accurate detection of NTs as well. Moreover, Passarelli et al. introduced
a hybrid mass analyzer design which allows the user to switch between high-speed ToF
imaging and high mass-resolving power and MS/MS capability of a Q Exactive HF Orbitrap
and accurate SIMS detection of NTs such as dopamine, serotonin, y-aminobutyric acid (GABA)
at sub-cellular spatial resolutions has been reported.?*

Another approach to increase selectivity and/or sensivity for mass spectrometry analysis of
small polar compounds including NTs is in-situ chemical derivatization." A selective
derivatization of analyte molecules which enhances ionization and/or desorption yields can
enable specific detection of NTs with ToF-SIMS and LDI-ToF mass spectrometry.

Boronic acids readily react with biological molecules containing polyhydroxy motifs, which
enables them to react with diols to form five-membered boronate esters.?® This feature has
been utilized for the recognition and sensing of polyhydrodxy group-containing molecules
including saccharides?® and catecholamines.?”?® Catecholamines such as epinephrine,
norepinephrine and dopamine are low-molecular-weight polar compounds containing a
catechol group (ortho isomer of dihydroxybenzene) in their molecular structure. Here we
present a selective method for chemical derivatization of catecholamines by reaction with a
permanent pyridinium cation-containing boronic acid molecule, 4-(N-methyl) pyridinium
boronic acid, which facilitates their specific and sensitive detection with ToF-SIMS and LDI-

ToF mass spectrometry. Finally, the devised strategy was applied, as a proof of concept, for



on-tissue chemical derivatization and ToF-SIMS and/or LDI-ToF mass spectrometry imaging

of dopamine, epinephrine, norepinephrine in porcine adrenal gland tissue sections.

EXPERIMENTAL SECTION

Chemicals and Reagents. All chemicals were pro-analysis grade and obtained from Sigma-
Aldrich (Stockholm, Sweden unless otherwise specified. TissueTek optimal cutting
temperature (OCT) compound was purchased from Sakura Finetek (AJ Alphen aan den Rijn,
the Netherlands). The dH20 was obtained from a Milli-Q purification system (Merck Millipore,

Darmstadt, Germany).

Synthesis of 4-(N-methyl) pyridinium boronic acid iodide. A modified version of
previously-described protocol was used for the synthesis of 4-(N-methyl) pyridinium boronic
acid lodide compound.?® The experimental procedure was performed as follows. 155 mg of 4-
pyridyl boronic acid pinacol ester (1 equiv., 0.81 mmol) was dissolved in 15 ml of dry
acetonitrile (ACN) under inert nitrogen atmosphere, 0.26 ml methyl iodide (5 equiv., 4.1 mmol)
was added and the solution heated up to 80°C for 6 h. Acetonitrile was removed under
reduced pressure. The yellow colored intermediate was dissolved in 10 ml water with the
addition of 1M hydrochloric acid (2 ml) and stirred for one hour at RT. After one hour, the water
phase was washed with tetrahydrofuran to remove pinacol. Water was removed under
reduced pressure and the product was precipitated from MeOH/diethylether resulting in a pale,
white-colored product (173 mg). The details of the synthesis and NMR spectra are provided
in Supporting Information Figure S-1, 2, 3,4, 5. High Resolution Mass Spectrometry (HRMS)
analysis of 4-(N-methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH).) was performed using
LC-ESI-QTOF-MS. The signal of the molecular ion [M]" is detected at m/z 138.07. The m/z
value of the molecule and its isotopic pattern are in agreement with the theoretical ones

(Supporting Information Figure S-6).



Animals, Tissue Sampling and Sectioning.

The pig adrenal glands were obtained from animals after termination of control experiments
for other ethically approved experiments. The adrenal glands were rapidly frozen in liquid
nitrogen. The material was kept at -80 °C until sectioning. Frozen tissue sections (10 um thick)
were cut in a cryostat microtome (Leica CM 1520, Leica Biosystems, Nussloch, Germany) at
20 °C, and collected on indium tin-oxide (ITO) coated glass slides (Bruker Daltonics, Bremen,

Germany) and stored at 80 °C.
Sample Preparation and Matrix Application

Prior to on-tissue derivatization, tissue sections were thawed in a desiccator for ~30 min under
reduced pressure (SpeedVac, Eppendorf, Hamburg, Germany). For teaching of the navigation
points in Flex Imaging v3.0 software, a glass cutter pen (Starwalker, Montblanc, Germany)
was used to leave sharp-edged cross signs on the indium tin oxide (ITO) coated glass
supporting the tissue sections. The sections were scanned in a slide scanner (PathScan
Enabler 1V, Electron Microscopy Sciences, Hatfield, PA) to visualize the tissue regions. On
tissue derivatization was performed by applying the 4-(N-methyl) pyridinium boronic acid iodide
derivatizing compound using a TM Sprayer (HTX Technologies, Carrboro, NC) combined with
a HPLC pump (Shimadzu LC-10ADVP, Kyoto, Japan). Before every spraying experiment, the
drain valve was opened and ~10 min purge was applied followed by running the pump with
1.5 ml/min flow with an open valve for ~5 minutes. Then, the pump was kept running at 100
Ml/min using a 70% ACN pushing solvent with isocratic pressure (at ~40 bar) for ~3h. 12 mg/ml
4-(N-methyl) pyridinium boronic acid iodide in 60% ACN/H20 solution was sprayed over the
tissue sections using instrumental parameters including nitrogen flow of 10 psi, spray
temperature of 75 °C, nozzle height of 40 mm, fifteen passes with offsets and rotations, and a

“spray velocity” of 1300 mm/min.

ToF-SIMS, CID-ToF-ToF-SIMS-MS/MS, ToF-SIMS Imaging. ToF-SIMS analysis was
performed using an lonoptika J105 instrument (lonoptika Ltd, UK) that has been described in

detail elsewhere.®***! Briefly, the instrument employs a linear buncher to compress a stream of



secondary ions to a time focus at the entrance to a reflectron mass analyser. Compared to
conventional ToF-SIMS instruments the mass spectrometry is decoupled from the pulsing of
the primary ion beam and sample topography. The J105 in Gothenburg is currently equipped
with a 40 kV Ceo ion gun and a 40 kV gas cluster ion gun that fires ionized gas clusters produced
by the expansion of pressurized gas as it enters an expansion chamber at the rear of the gun.
In this study clusters of CO, we used. Following ionization by electron impact the clusters are
size selected using a Wien filter. For all experiments (CO.)s* ions were selected (+/- 2000).
Such ion beams produce significant increases in intact molecular signal, particularly lipids,
compared to traditional primary ion beams and as such have been used to good effect for

imaging a range of different cell and tissue samples.

MS/MS was performed, as described and demonstrated previously, ***° in a ToF-ToF
configuration with collisional-induced dissociation occurring in a short, field free region
between the buncher and the reflectron where collision gas (N2 in this case) is injected.
Precursor ion energies range from approximately 0.5-5 keV depending on the position of the

ion in the buncher when the buncher accelerating field is applied.

Imaging SIMS uses a combination of beam and sample scanning where for small areas of
analysis, <1200 x 1200 ym?, the ion beam is scanned from pixel to pixel over the sample and
for larger areas a series of these ion beam scans are produced at different analysis stage
positions to create a series of “tiles” that are combined in the acquisition software to produce
a mosaic image. The focus of the ion beam is continuously variable down to the minimum spot
size which for this GCIB is 2-3 um. The specific image dimensions, pixel sizes and primary ion

dose densities for each image analysis are specified in the corresponding figure captions.

Sphingomyelin lipid (SM (36:1), [M+Na]® m/z 753.5), was assigned based on the curated

records in the LIPID MAPS database (Nature Lipidomics Gateway, www.lipidmaps.org).

LDI-ToF-MS, LDI-ToF-IMS.



LDI-MS and LDI-IMS were performed using an Ultraflextreme MALDI-TOF/TOF mass
spectrometer*' equipped with a SmartBeam Il Nd:YAG/355 nm laser*? operating at 1 kHz
(Bruker Daltonics, Bremen, Germany). Profiling and imaging data acquisitions were performed
in reflective (reflectron) positive ion mode under optimized delay extraction conditions in a
mass range of 0-1000 Da. Imaging mass spectrometry data were collected using 100 laser
shots/per pixel point with a source acceleration voltage of 25kV. The laser focus was set to
large and small for 100 um and 30 um raster width analysis, respectively. The laser power
was adjusted for high desorption ion yields and was kept stable throughout the experiments.
Image data were reconstructed and visualized using Flex Imaging v3.0 (Bruker Daltonics,
Bremen, Germany). Calibration of the spectra was performed based on the ion of the reactive

matrix molecules, 4-(N-Me)Py"B(OH)s.
H&E Staining

Consecutive adrenal gland tissue sections were fixed in methanol for 1 min. After drying the,
the sections were immersed in Harris hematoxylin (Histolab Products AB, Gothenburg,
Sweden) for 45 seconds, rinsed in water and immersed in 0.2% eosin in ethanol (Histolab
Products AB, Gothenburg, Sweden) for 30 seconds. The stained sections were rapidly
dehydrated in ethanol and mounted in DP mounting solution (BDH chemicals). The sections
were scanned using a slide scanner (NanoZoomer SQ, Hamamatsu Photonics, Japan) and

the areas corresponding to the area used for imaging MS experiments were captured.
RESULTS AND DISCUSSION

Selective Chemical Derivatization of Catecholamines using 4-borono-N-

methylpyridinium lodide for ToF-SIMS and LDI-ToF Mass Spectrometry Detection.

Chemical derivatization is a well-established strategy to increase the selectivity and/or
sensitivity for the mass spectrometry analysis of small polar compounds including
catecholamines.'****® For an ideal chemical derivatization, a characteristic bond-forming

reaction is required between the analytes and derivatizing compounds which should further



enable their specific and sensitive ionization via laser desorption and secondary ion ejection

and mass spectrometric detection.

Although the fundamental factors affecting selectivity, ionization efficiency, sensitivity, mass
resolution, and reproducibility are still not fully understood in MALDI, a two-step model has
been widely suggested for the ionization mechanisms, i.e. 1) the initial ion formation which
includes the analytes charged in the solution and/or formed by the reaction with matrix ions in
the solid-state sample which are then laser-ablation ejected as the ion-containing solid state
clusters and evaporated to free the ions according to the cluster model*’*® and 2) ion-molecule
reactions in the laser desorbed plume which involves complex competing charge generation
and transfer processes*® depending on the distinct physicochemical properties of matrix and
analyte molecules as well as their interactions with laser pulses.’”"® In SIMS, ions and neutrals
are released from the surface as single atoms, molecules or as a part of large clusters when
they have adequate kinetic energy which results from the impact of primary ions and transfer
of the primary ion energy to the sample surface.* Therefore, for both LDI and SIMS ionization,
a permanent charge on the analyte molecules would be advantageous for their effective

detection with mass spectrometry.

Catecholamines are organic compounds that have a catechol (1,2-benzene diol) and a side-
chain amine in their molecular structure. We devised a strategy to derivatize the
catecholamines from their catechol-side by utilizing the high-affinity binding of boronic acids
with diol moieties through boronate ester formation.?® For that, 4-(N-methyl) pyridinium boronic
acid iodide was synthesized (Figure 1) as a derivatization agent for the following reasonings:
(1) Boronic acid containing compounds readily react with diol groups in aqueous solutions and
have a strong association constant with catechols. *°' 2) The unique isotopic pattern of the

2 reflects a

boron atom ("B and "B natural abundance of 19.9 and 80.1%, respectively)®
selective isotopic pattern of the ion peak of the derivatized compound.®® 3) The acidity of
pyridinium cation in the molecule’s structure makes the boronic acid more reactive?*** and this

results in more stable boronate ester formation upon reaction with catechols.®* 4) N-



methylation of the pyridine compound results in a red shift in the UV absorption of the
compound which can shift the absorption range of the boronate ester molecule towards to
wavelength of the nitrogen/337 nm and Nd:YAG/355 nm lasers which are commonly used in
LDI instruments. 5) The 4-(N-methyl) pyridinium group of the compound both provides a
permanent positive charge for the sensitive detection of the derivatized compounds with both
LDI-ToF-MS and ToF-SIMS and increase the solubility of the compound in aqueous solutions

which makes it well suited for imaging mass spectrometry applications.
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Figure 1. Reaction scheme for the synthesis of 4-(N-methyl) pyridinium boronic acid (4-(N-

Me)Py*B(OH)») iodide.

A simple reaction scheme (Figure 1) was used for the synthesis of 4-(N-methyl) pyridinium
boronic acid (4-(N-Me)Py*'B(OH).) starting from the N-methylation of initial compound, 4-
pyridineboronic acid pinacol ester (Figure 1-1) to obtain a pyridinum cation which yields 4-(N-
methyl) pyridinium boronic acid pinacol ester (Figure 1-2). This was followed by deprotecting
the pinacolated boronic acid group to obtain a pyridinium-cation containing boronic acid
compound which is 4-(N-methyl) pyridinium boronic acid iodide (Figure 1-3). The reaction
products were analyzed with LDI-ToF-MS (Figure 2a, b) and MS/MS analysis of the final

product was performed with CID-ToF-ToF-SIMS (Figure 2c). 4-(N-methyl) pyridinium boronic



acid pinacol ester (4-(N-Me)Py*B(OCsHs)2, m/z 220.0) (Figure 2a) and 4-(N-methyl) pyridinium

boronic acid (4-(N-Me)Py*B(OH), m/z 138.0) (Figure 2b) were identified by their mass/charge

ratios and specific isotopic patterns which are in agreement with theoretical ones.
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Figure 2. MALDI-ToF-MS spectra of a) 4-(N-methyl) pyridinium boronic acid pinacol ester (4-(N-

Me)Py*B(OCsHs)2, m/z 220.0)

iodide and b) 4-(N-methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH)z,

m/z 138.0) iodide in reflective positive ion mode. ¢) MS/MS spectra and proposed fragmentation

pathway for 4-(N-methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH).) obtained with CID-ToF-ToF-



SIMS in positive ion mode. The product ion region of the MS/MS spectrum was multiplied up by a factor

of 50.

To assess the feasibility of 4-(N-methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH),)
compound to be used as a derivatizing agent for catecholamines, solutions of catechol,
dopamine, epinephrine and norepinephrine (Figure 3a) were mixed with (4-(N-Me)Py*"B(OH),,
spotted on an ITO coated glass microscope slide and left to react. The dried spots were
analyzed with LDI-ToF-MS and GCIB-ToF-ToF-SIMS which yielded the ions of corresponding
boronate esters resulting from the reaction of boronic acid with catechol groups in
catecholamines (Supporting Information Figure S-7,8). It is noteworthy that LDI-ToF-MS
analysis worked without the use of a UV-desorption/ionization enhancing “matrix” compound.
This suggests that the 4-(N-methyl) pyridinium boronic acid functions as a “reactive matrix” for
diols. UV-VIS spectroscopy analysis revealed the UV absorption maxima of the 4-(N-methyl)
pyridinium boronic acid pinacol ester (4-(N-Me)Py*B(OC3Hs).) to be 358 nm (in 60% ACN/H-0)
which is close to the 355 nm wavelength of the SmartBeam Il (frequency tripled) Nd:YAG
laser*? (Supporting Information Figure S-9) used in our LDI-ToF-MS experiments. It should be
noted that the dried crystals in the vacuum will have a broader UV absorption band due to
increased scattering in solid state compared to dissolved compound in solution."” The use of
4-(N-methyl) pyridinium boronic acid as a reactive matrix for catechols also helps to diminish
the spectral interferences from matrix clusters (depending on the physicochemical nature of

the molecule) in low-mass ranges (typically, < 500 Da.).
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Figure 3. Molecular structures of catecholamines a) dopamine, epinephrine, and norepinephrine. b)
Reaction scheme for derivatization of norepinephrine with 4-(N-methyl) pyridinium boronic acid (4-(N-
Me)Py*B(OH)2) which yields the corresponding boronate ester via the boronic acid reaction with the

catechol group.
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Figure 4. LDI-ToF-MS spectrum of epinephrine derivatized with 4-(N-methyl) pyridinium boronic acid
(4-(N-Me)Py*B(OH).). The ion peaks of resulting boronate ester complex, norepinephrine-4-(N-

Me)Py*B(OH)2 (m/z 271.1) and its fragment ion, norepinephrine-4-(N-Me)Py*B(OH)2 ([M-H20]*, m/z



253.1) were observed. The isotopic patterns were in agreement with theoretical ones. Fragmentation

pathway for dehydration was proposed.

Figure 3b indicates the product of the reaction between (4-(N-Me)Py"B(OH). and epinephrine
which yielded two ions at m/z 271.1 and m/z 253.1 in LDI-ToF-MS spectrum representing the
boronate ester compound and its fragment ion, respectively (Figure 4). The isotopic patterns
of both the species are in agreement with the theoretical ones which highlight that the boron

atom reflects a unique isotopic distribution on the derivatized epinephrine.

Chemical Derivatization of Catecholamines in Porcine Adrenal Gland Tissue using 4-
borono-N-methylpyridinium lodide for ToF-SIMS and LDI-ToF Mass Spectrometry

Imaging.

Adrenal glands are endocrine glands which produce, store and deliver variety of hormones
and catecholamines by chromaffin cells in the adrenal medulla which regulate stress response
in several mammalian species. H&E staining of porcine adrenal gland tissue sections revealed
the adrenal cortex, the inner medulla and the capsule (Figure 4). The medulla is the innermost
part of the adrenal gland, consisting of cells that secrete epinephrine (a.k.a.
adrenaline), norepinephrine (a.k.a. noradrenaline), and a small amount of dopamine in
response to stimulation by sympathetic preganglionic neurons. Two types of chromaffin cells,
epinephrine-storing (E) and norepinephrine-storing (N), have different spatial organization
within the central medulla.®>%® Peripheral areas in the medulla of the porcine adrenal gland are
occupied with E cells and central regions with NE cells.’” These areas can be seen by H&E
staining of porcine adrenal gland (Figure 4b, c, d) where the peripheral layer (Figure 4d) was

rich in blood vessels compared to the central layer (Figure 4c).

Adrenal glands were chosen to test the feasibility of our chemical derivatization approach for
on-tissue chemical derivatization and imaging mass spectrometry so that comparison can be
made with previous reports of different strategies for the detection and imaging of these

molecules. Previously, Wu et al. performed desorption electrospray ionization imaging mass



spectrometry (DESI-IMS) in porcine adrenal gland and imaged epinephrine and
norepinephrine along with several lipids at 200 uym spatial resolution. Detection of dopamine
in adrenal medulla was not reported which is probably due to its lower abundance.®® Another
approach reported by Manier et al. was the chemical derivatization of catecholamines in
porcine adrenal gland using 4-hydroxy-3-methoxy-cinnamaldehyde (CA) where carbonyl of CA
forms a stable Schiff base with amine moiety in catecholamines and the resulting complex can
be detected and imaged with MALDI-IMS using ferulic acid as the matrix.** Underivatized
MALDI-IMS analysis using HCCA resulted in isobaric interferences and low detection

sensitivity compared to derivatized experiments.**

We devised a strategy for the derivatization of catecholamines where the resulting complex
would be detected with both LDI-MS and SIMS techniques due to the permanent cationic
charge on the pyridinium in 4-(N-methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH).) which
facilitates sensitive detection of the derivatized catecholamines. This is particularly
advantageous considering the possibility of re-neutralization of the ions of analytes and/or the
derivatized analytes (lacking a permanent charge) in the competing gas phase reactions in
matrix-assisted laser desorption plumes. The derivitazing agent reported here also removes

the need for addition of a second “matrix” in the LDI analysis.



Figure 5. Optical Images of a) H&E stained pig adrenal gland tissue section reveals the histological
features including the capsule, adrenal medulla and cortex. b) Zoomed medullar area and adjacent
cortical region indicating different layers of cells in the central and peripheral medulla along with zoomed

image of cells in c) central medulla and d) peripheral medulla.

On-tissue chemical derivatization was performed with a temperature-controlled sprayer (TM
Sprayer, HTX Technologies, Carrboro, NC) to minimize the risk of analyte delocalization. LDI-
ToF-IMS experiments were performed on the whole porcine adrenal gland tissue section at
100 um spatial resolution. Fragment ions of the dopamine-4-(N-Me)Py*B(OH). ([M-NH]*, m/z
238.1), norepinephrine-4-(N-Me)Py*B(OH), ([M-H2QO]*, m/z 253.1) and epinephrine-4-(N-
Me)Py*B(OH). ([M-H2Q]", m/z 267.1) were visualized in the porcine adrenal medulla whereas
no catecholamines were observed in the adrenal cortex (Figure 6). As no additional matrix was

added, the signals arise almost exclusively from molecules that have been derivatized and so



there was a low background signal and no isobaric spectral interferences. This facilitated
specific detection and imaging of catecholamines in adrenal medulla (Figure 6). Further, the
unique isotopic pattern of the boron atom ("°B and "'B natural abundance of 19.9 and 80.1%,
respectively)®? reflected a selective isotopic pattern of the ion peaks of the derivatized
catecholamines on tissue. Spatial distributions of norepinephrine-4-(N-Me)Py*B(OH). (m/z
253.1) and epinephrine-4-(N-Me)Py*B(OH). (m/z 267.1) were in line with the previous results
obtained with immunohistochemical studies coupled to light or electron microscopy that
highlight the specific locations of the N and NE chromaffin cells.*®*” The ion of norepinephrine-
4-(N-Me)Py*B(OH). (m/z 253.1) was most strongly localized to central regions in the porcine
adrenal medulla, whereas epinephrine-4-(N-Me)Py*B(OH), (m/z 267.1) was distributed in the
periphery (Figure 6c,d,e). Additionally, the ion of dopamine-4-(N-Me)Py"B(OH), (m/z 238.1)

was observed across the whole adrenal medulla in the porcine adrenal gland (Figure 6b).

Interestingly, in the LDI-IMS analysis of tissue sections, only fragment ions of the derivatized
catecholamines were detected whereas the feasibility experiments performed by mixing the
standard catecholamines and 4-(N-Me)Py*B(OH). revealed the intact ions; norepinephrine-4-
(N-Me)Py*B(OH)2 (m/z 271.1), epinephrine-4-(N-Me)Py*B(OH). (m/z 285.1) and dopamine-4-
(N-Me)Py*B(OH), (m/z 255.1) along with the fragment ions. We postulate that at low
concentrations (within tissue sections) the laser desorption ionization works mainly by the
interaction of the laser light directly with the catecholamine-4-(N-Me)Py"B(OH). complex
whereas at high-concentrations (feasibility experiments with standards), the laser desorption
ionization can desorb the surrounding catecholamine-4-(N-Me)Py*B(OH). complex molecules
(without fragmenting) along with the ones directly laser irradiated (likely fragmented) and

desorbed.
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Figure 6. LDI-ToF-IMS analysis of derivatized catecholamines with 4-(N-methyl) pyridinium boronic
acid (4-(N-Me)Py*B(OH).) in porcine adrenal gland tissue section. a) Microscopy image of H&E stained
consecutive porcine adrenal gland tissue section reveals histological features including adrenal medulla
and adrenal cortex. lon images (100 um spatial resolution) diagnostic fragment ions of derivatized
catecholamines; b) dopamine-4-(N-Me)Py*B(OH)z2 (m/z 238.1), c) norepinephrine-4-(N-Me)Py*B(OH):
(253.1), d) epinephrine-4-(N-Me)Py*B(OH)2 (m/z 267.1), e) merged ion images of norepinephrine-4-(N-
Me)Py*B(OH)2 (m/z 253.1) in red and epinephrine-4-(N-Me)Py*B(OH)2 (m/z 267.1) in green. f) merged
ion images of dopamine-4-(N-Me)Py*B(OH)2 (m/z 238.1) in blue, norepinephrine-4-(N-Me)Py*B(OH)2

(m/z 253.1) in red and epinephrine-4-(N-Me)Py*B(OH)2 (m/z 267.1) in green.



While the specific properties of the derivatizing agent were tailored to LDI-MS experiments
(stable charge and UV absorption), it was envisaged that there might also benefits for ToF-
SIMS analysis. The addition of a stable charge can aid detection and the shift in molecular
mass may move the target analytes to a “cleaner” m/z range and reduce isobaric interferences.
ToF-SIMS imaging analysis performed on a consecutive tissue section on the same ITO
coated glass slide. The newly developed gas cluster ion beams (GCIBs) that comprise clusters
of often several thousand argon atoms and which are demonstrated to enhance the intact
molecular ion species (such as lipids, small peptides with less damage accumulation in depth
profiling compared to Cgo*) in high mass ranges at high spatial-resolutions.®3?*° A region of
porcine adrenal gland tissue section containing adrenal cortex and adrenal medulla was
analyzed with GCIB-ToF-SIMS imaging (30 pym per pixel) (Figure 6). Intact derivatized ions
and fragment ions of catecholamines were detected in adrenal medulla without no observable
isobaric interference from the tissue components. Figure 7 contains the ion images of a
sphingomyelin lipid (SM (36:1), [M+Na]® at m/z 753.5), norepinephrine-4-(N-Me)Py*B(OH).
(m/z 271.1), epinephrine-4-(N-Me)Py*B(OH), (m/z 285.1), dopamine-4-(N-Me)Py*B(OH). (m/z
255.1) and a fragment ion from epinephrine/norepinephrine-4-(N-Me)Py*B(OH), (m/z 240.1,

see Figure 8 and later discussion) in porcine adrenal gland.

Compared to LDI-MS analysis, GCIB-ToF-SIMS provided a more sensitive detection and
gentler ejection of the derivatized catecholamines with 4-(N-Me)Py"B(OH),. The intact
molecular ions of catecholamines-4-(N-Me)Py*B(OH). complexes were also detected and
were more abundant compared to the fragment ions detected in the LDI-MS. While GCIB-ToF-
SIMS still provided background signals, the derivatization via boronate ester formation moved
the SIMS ion peaks of derivatized-catecholamines from major isobaric interferences such as
the abundant phosphocholine head group which overlaps with the underivatized epinephrine

signal at m/z 184.1.

Spatial distributions of epinephrine, norepinephrine and dopamine ions were in line with the

LDI-ToF-IMS analysis. lons from norepinephrine-4-(N-Me)Py*B(OH), (m/z 271.1) were



detected in central regions in the porcine adrenal medulla, whereas epinephrine-4-(N-
Me)Py"B(OH). (m/z 285.3) was distributed in peripheral regions (Figure 6c,e,g,h). On the other
hand, the ion of dopamine-4-(N-Me)Py*B(OH), (m/z 255.1) was observed across the whole

adrenal medulla in the porcine adrenal gland (Figure 6d,9).

a) m/z 753.5 m/z271.1

m/z 255.1
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Porcine Adrenal Gland

e) m/z 285.1

m/z 240.1

Epinephrine + 4-(N-Me)Py*B(OH), Fragment lon of Merged lon Images Merged lon Images
Epinephrine/Norepinephrine + m/z255.1+271.1 + m/z2753.5+271.1 +
4-(N-Me)Py*B(OH),

Figure 7. GCIB-ToF-SIMS imaging (30 um per pixel) analysis of derivatized catecholamines with 4-(N-
methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH)z2) in porcine adrenal gland tissue section. a)
Microscopy image of H&E stained consecutive porcine adrenal gland tissue section reveals histological
features including adrenal medulla and adrenal cortex. lon images of b) sphingomyelin lipid (SM(36:1),
[M+Na]* m/z 753.5), c) norepinephrine-4-(N-Me)Py*B(OH). (m/z 271.1), d) dopamine-4-(N-
Me)Py*B(OH)2 (m/z 255.1), €) epinephrine-4-(N-Me)Py*B(OH)2 (m/z 285.1), f) fragment ion of
epinephrine/norepinephrine-4-(N-Me)Py*B(OH)2, g) merged ion images of norepinephrine-4-(N-
Me)Py*B(OH)2 (m/z 271.1) in red , epinephrine-4-(N-Me)Py*B(OH)2 (m/z 285.1) in green and dopamine-
4-(N-Me)Py*B(OH)2 (m/z 255.1) in blue. h) merged ion images of sphingomyelin (SM 36:1, [M+Na]* m/z

753.5) in blue, norepinephrine-4-(N-Me)Py*B(OH). (m/z 271.1) in red and epinephrine-4-(N-



Me)Py*B(OH)2 (m/z 285.1) in green. Image dimensions: 5760 x 7680 ym?. Primary ion dose: 1.14

x 10" ions/cm?.

Although chemical derivatization and the specific isotopic pattern improve the sensitivity and
specificity of the detection of catecholamines, we performed validation of the derivatized
catecholamines whereby on-tissue MS/MS analysis of derivatized catecholamines was
performed using CID-ToF-ToF-SIMS in positive ion mode. For example, CID-ToF-ToF-SIMS-
MS/MS analysis of derivatized epinephrine with 4-(N-methyl) pyridinium boronic acid (4-(N-
Me)Py*B(OH).) revealed specific fragments of the resulting boronate ester complex (Figure
7a). The fragment ion (m/z 240.1) which was visualized in adrenal medulla was observed as a
product ion in the MS/MS analysis of the epinephrine/norepinephrine-4-(N-Me)Py*B(OH)
boronate ester complexes and was further analyzed as a precursor ion with CID-ToF-ToF-

SIMS (Figure 8b).
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Figure 8. On tissue CID-ToF-ToF-SIMS-MS/MS analysis of derivatized epinephrine with 4-(N-methyl)
pyridinium boronic acid (4-(N-Me)Py*B(OH).) in the medulla region of porcine adrenal gland. a) MS/MS
spectra and proposed fragmentation pathways for epinephrine-4-(N-Me)Py*B(OH)2 (m/z 285.1) and b)
the fragment ion at m/z 240.1 obtained from the corresponding regions in the porcine adrenal gland after
the GCIB-ToF-SIMS imaging experiment using CID-ToF-ToF-SIMS in positive ion mode. The product

ion regions of the MS/MS spectra were multiplied up by a factor of 50.

High-spatial resolution is an important objective of imaging mass spectrometry. Although
recent advancements in the instrumentation and laser focusing technologies allow subcellular
spatial resolution (~1 um) MALDI-IMS experiments on tissue sections®®®', the best spatial
resolution that can be obtained with the MALDI-ToF-IMS instrument in our lab (Bruker
UltrafleXtreme, Smartbeam-1I™laser) is 10 um (without resorting to oversampling). As primary
ions emitted in vacuum can be easily focused by electrostatic lenses, ion beam spot sizes can
go down to 10s of nm in favorable cases in IMS analysis although for detection of (small,
abundant) molecular ions 0.5 — 1 ym is normal. Gas cluster ion beams (GCIBs) have been
introduced that comprise clusters of often several thousand argon atoms and which are
demonstrated to enhance the intact molecular ion species in high mass ranges (such as
cardiolipins®® and gangliosides®) at high spatial-resolutions but limited, so far, to around 1-3
um.232 We used a GCIB for the imaging of catecholamines derivatized with 4-(N-methyl)
pyridinium boronic acid. Intact ions of resulting boronate ester complexes of dopamine,
epinephrine and norpepinephrine were visualized in porcine adrenal medulla at 3 ym per pixel

spatial resolution (Figure 9).



Figure 9. High spatial resolution GCIB-ToF-SIMS imaging (3 um per pixel) analysis of derivatized
catecholamines with 4-(N-methyl) pyridinium boronic acid (4-(N-Me)Py*B(OH)2) in porcine adrenal gland
tissue section. a) Microscopy image of H&E stained consecutive porcine adrenal gland tissue section
reveals histological features including adrenal medulla and adrenal cortex. lon images of b) dopamine-
4-(N-Me)Py*B(OH)2 (m/z 255.1), c) norepinephrine-4-(N-Me)Py*B(OH)2 (m/z 271.1), d) epinephrine-4-
(N-Me)Py*B(OH)2 (m/z 285.1), e) merged ion images of norepinephrine-4-(N-Me)Py*B(OH)2 (m/z 271.1)
in red , epinephrine-4-(N-Me)Py*B(OH)2 (m/z 285.1) in green, f) merged ion images of norepinephrine-
4-(N-Me)Py*B(OH)2 (m/z 271.3) in red , epinephrine-4-(N-Me)Py*B(OH)2 (m/z 285.1) in green and
dopamine-4-(N-Me)Py*B(OH)2 (m/z 255.1) in blue. Image dimensions: 1536 x 1536 um?. Primary ion

dose: 2.78 x 10'? ions/cm?. Scale bar: panel a, 2200 um.



CONCLUSIONS

A strategy to derivatize the catecholamines from their catechol-side (ortho isomer of
dihydroxybenzene) by utilizing the high-affinity binding of boronic acids with diol moieties
through boronate ester formation has been devized and tested using LDI-MS and SIMS. 4-(N-
methyl) pyridinium boronic acid iodide was designed and synthesized as a derivatization agent
for catecholamines. The permanent charge in 4-(N-methyl) pyridinium boronic acid provided
sensitive ionization of catecholamines upon derivatization for both SIMS and LDI
desorption/ionization techniques. The unique isotopic pattern reflected a selective isotopic
pattern for the ions of derivatized catecholamines. Particularly, the UV absorption maxima of
boronate ester complex of 4-(N-methyl) pyridinium boronic acid was ~358 nm (in the solution)
and this allowed use of 4-(N-methyl) pyridinium boronic acid as a “reactive matrix” for LDI-MS
detection of catecholamines. The methodology was utilized to sensitively and selectively detect
and localize catecholamines using both LDI-MS and GCIB-ToF-SIMS (down to 3 um per pixel
spatial resolution) in porcine adrenal gland tissue as a proof of concept for imaging mass
spectrometry. The feature of this technique which is requiring no matrix molecule for
desorption/ionization of the derivatized catecholamines resulted in minimum background
signals with LDI-MS, while SIMS still resulted in background signals. However, derivatization
via boronate ester formation moved the SIMS ion peaks of derivatized catecholamines from
major isobaric interferences such as the abundant phosphocholine head group (m/z 184.1).
Secondary ion ejection with GCIB resulted in ion peaks of intact derivatized catecholamines
dominantly (likely due to its gentle ejection feature) in IMS analysis, whereas LDI resulted in
only fragment ions (dehydration or deamination) in porcine adrenal gland tissue sections.

This methodology can be a powerful approach for the selective and sensitive
ionization/detection and spatial localization of diol-containing molecules such as aminols, vic-
diols, saccharides and glycans along with catecholamines in tissue sections with both SIMS

and LDI/MALDI-MS techniques.
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