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Oat (Avena sativa L.) is an important cereal grain with a unique nutritional profile including a high proportion of
lipids. Understanding lipid composition and distribution in oats is valuable for plant, food and nutritional
research, and can be achieved using MALDI mass spectrometry imaging (MALDI-MSI). However, this approach
presents several challenges for sample preparation (hardness of grains) and analysis (isobaric and isomeric
properties of lipids). Here, oat sections were successfully mounted onto gelatin-coated indium tin oxide slides
with minimal tearing. Poor detection of triacylglycerols was resolved by applying sodium chloride during

mounting, increasing signal intensity. In combination with trapped ion mobility spectrometry (TIMS), lipid
identification significantly improved, and we report the separation of several isobaric and isomeric lipids with
visualisation of their “true” spatial distributions. This study describes a novel MALDI-TIMS-MSI analytical
technique for oat lipids, which may be used to improve the discovery of biomarkers for grain quality.

1. Introduction

Matrix-assisted laser desorption/ionisation mass spectrometry im-
aging (MALDI-MSI) combines the analytical principles of MALDI mass
spectrometry and microscopic visualisation to elucidate the spatial
distribution of analytes in situ. MALDI-MSI has been commonly imple-
mented in medical research for disease diagnosis, prognostic biomarkers
identification and therapeutic discovery, but is also becoming more
popular for agricultural and food science applications (Kokesch-Him-
melreich et al., 2022; Yoshimura & Zaima, 2020).

Cereal grains are the most common food staple globally, providing
an estimated 50% of human dietary energy (Laskowski et al., 2019).
Compared to other cereal grains, oats (Avena sativa L.) have a distinct
nutrient profile including significant amounts of dietary fibre (especially
fB-glucan), and unique protein and phytochemical (e.g. phenolic acids,
vitamin E, avenanthramides and avenocosides) fractions (Gang-
opadhyay et al., 2015). Oats also have a high lipid content (~3 to 12% of
the grain depending on variety) compared to other common cereals such
as rice, wheat and barley, with a good proportion of unsaturated fatty
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acids (Zhou et al., 1999). This lipid fraction has important implications
for the metabolizable energy value of oat as an animal feed, flavour and
functionality of the grain and milled flour as a food ingredient, and its
storage properties, with lipid oxidation or hydrolysis leading to the
development of rancidity (Rasane et al., 2015).

Triacylglycerols (TGs) represent the main lipid class in oats, consti-
tuting up to almost 85% of total lipid. A further 6 to 26% of oat lipids are
phospholipids, mostly in the form of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) (Zhou et al., 1999). MALDI-MSI has
been used to investigate lipids in cereals including wheat, barley and
rice, mainly in relation to plant growth and development (Feenstra et al.,
2017; Gorzolka et al., 2016), and these studies were mainly focussing on
phospholipid detection. However, MALDI-MSI has not been applied to
oat samples, despite the high lipid content of oat grains having signifi-
cant implications for food processes.

Lipid MALDI-MSI of oats presents multiple challenges before and
during analysis. The first step of sample preparation typically involves:
(i) tissue sectioning, (ii) section mounting and (iii) matrix deposition
(Dong et al., 2016). The hardness and low tissue moisture of grains can
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cause tissue rupture during sectioning and poor adherence onto indium
tin oxide (ITO) glass slides used for MALDI-MSI, resulting in cracks and
shrinkage of the tissue upon matrix deposition (Boughton et al., 2015).
Another major challenge that arises during lipid MALDI-MSI is the
extreme structural diversity of this analyte, thus rendering a high
number of isobaric and isomeric lipid species with overlapping masses,
thereby limiting the accuracy in molecular identification (Helmer et al.,
2021). Changes in lipid signal intensities and distribution have been
observed in previous MALDI-MSI analysis of grains at different storage
years (Zhang et al., 2023), germination stages (Gorzolka et al., 2016)
and the presence of fungal infection (Righetti et al., 2022), suggesting
the potential of lipids as biomarkers for grain quality. However, the
possibilities of mis-annotating isobaric/isomeric lipids were not
addressed. Moreover, the detection of neutral lipids, such as TGs, is
known to be limited due to the instability of protonated TG adducts
(Gorzolka et al., 2016; Leopold et al., 2018). Therefore, more innovative
techniques are required to enable lipid MALDI-MSI analysis of oat grains
that can provide greater confidence in lipid identification.

The recently developed timsTOF flex instrument offers a state-of-the-
art MALDI-time-of-flight (TOF)-MSI platform with the option to activate
trapped ion mobility separation (TIMS), a relatively new gas-phase ion-
mobility separation feature. The activation of TIMS can be beneficial as
it allows greater differentiation of lipids with very similar mass-to-
charge (m/z) ratios, whereby isomeric and isobaric lipids can be
further separated prior to detection. In brief, TIMS enables the acquisi-
tion of a collision cross-section (CCS) value measured in units of square
angstroms (Az), as determined by the three-dimensional structural
conformation of an ionised analyte. In combination with accurate mass
measurements, CCS values can be used to improve the accuracy and
specificity of ion identification in complex samples (Paglia et al., 2015;
Paglia et al., 2014). This is particularly beneficial for the differentiation
of isobaric and isomeric lipids, which can now be resolved in the gas
phase (Spraggins et al., 2019).

In this study, we aim to establish a MALDI-MSI method for the
analysis of lipids in oats, focussing on TG and phospholipid classes. This
includes optimising sample preparation techniques for oat grains to
preserve tissue morphology and adherence on ITO slides, as well as
improve detection of TGs. Using the optimised methods, distinct local-
isation patterns of isobaric and isomeric lipids in oats were also explored
with the application of TIMS for the first time ever.

2. Materials & methods
2.1. Reagents & materials

MALDI matrix 9-aminoacridine (9AA, #92817), gelatin powder
(#G2500), chromium potassium sulfate dodecahydrate (#243361), so-
dium carbonate (NayCO3, #S7795), sodium acetate (NaAce, #S8750),
red phosphorus (#343242) and trifluoroacetic acid (TFA, #302031)
were purchased from Sigma-Aldrich (St. Louis, USA). Sodium chloride
(NaCl, #SA046) was purchased from ChemSupply. MALDI matrices
a-Cyano-4-hydroxycinnanic acid (HCCA, #8201344) and 2,5-dihydrox-
ybenzoic acid (DHB, #8201346) were purchased from Bruker Daltonics
(Germany). Methanol (MeOH) and acetonitrile (ACN) were purchased
from Supelco (Pennsylvania, USA). ESI-L Low Concentration Tuning Mix
(#G1969) was purchased from Agilent Technologies (California, USA).
A sample of de-hulled, commercial milling-grade Australian oat (Avena
sativa) was used for this study, with a total lipid content of 7.7% (ALS
Food & Pharmaceutical, Victoria).

2.2. Lipid extraction from oats

Lipids were extracted from oat grains according to a previously
established Blight and Dyer method with minor modifications. Oat
grains (2 g) were crushed to a fine powder using a mortar and pestle.
Chloroform:methanol solution (1:1 ratio, 20 mL) was added to the oat
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flour and vortexed for 2 min. Saturated NaCl (4 mL) was then added into
the mixture and left aside for phase separation. After 30 mins, a Pasteur
pipette was used to carefully remove the upper methanol layer. The
bottom chloroform layer was collected and filter-sterilised to remove all
solid particles. Lipid extract was concentrated in a SpeedVac for 1 h at
50 °C and stored at —80 °C until further use. Lipid extract was recon-
stituted in chloroform to 50 mg/mL for MALDI-MS analysis.

2.3. HPLC-MS/MS data acquisition and analysis

Lipid extract was reconstituted in butanol:methanol (1:1) in ammo-
nium acetate (10 mM) before high performance liquid chromatography
(HPLC) separation on a Shimadzu Nexera LC 40D X3 system using a
Phenomenex Kinetex C18 column. A total volume of 5 pL was injected.
Ammonium acetate (10 mM) in isopropanol, acetonitrile and water
(2:3:5 v/v/v) was used as mobile phase A, while ammonium acetate (10
mM) in isopropanol, acetonitrile and water (9:0.9:0.1 v/v/v) was used
as mobile phase B, with a flow rate of 0.400 mL/min. MS data were
simultaneously acquired with a TOF MS scan range of 100-1600 Da, and
a TOF MS/MS scan range of 100-1500 Da, using a SCIEX ZenoTOF 7600
system (SCIEX, Massachusetts, USA). MS data acqusition was carried out
using Zeno Trap active with fragmentation using Electron Activated
Dissociation (EAD) with Independent Data Acqusition (IDA). Mass
spectrometry parameters were a declustering potential of 80 V, ion
source gas 1 (GS1) at 55 psi and ion source gas 2 (GS2) at 65 psi with
source temperature of 250 °C. For EAD fragmentation, Electron Kinetic
Energy was used at 15 eV with electron beam current at 7000nA. Data
were processed using MS-DIAL software (version 5.1.0, RIKEN, Japan)
for lipid annotations.

2.4. Preparation of gelatin-coated ITO slides

Gelatin-coated ITO slides were prepared according to our previously
published method (Lee et al., 2021). Gelatin solution (0.5% w/v) was
prepared in Milli-Q water at 40 °C and chromium potassium sulfate
dodecahydrate (0.05% w/v) was added. The gelatin solution was filter-
sterilised and conductive ITO slides were dipped into the solution for 10
s before drying overnight at room temperature.

2.5. Tissue sectioning and mounting

Oat grains were freshly embedded in 10% gelatin and left at —20 °C
in a Leica cryostat for temperature equilibration. After approximately 1
h, grains were sectioned at various thicknesses, with 25 pm identified as
the optimum thickness. Oat sections were mounted onto gelatin-coated
ITO slides and a 0.5 pL droplet of milliQ water or salt solution (100 mM
NaCl, 100 mM NaAce or 50 mM NayCO3) was added directly onto the
section. After mounting, oat sections were immediately transferred to a
dessicator for overnight drying.

2.6. Matrix deposition

Matrix solutions used in this study were prepared as follows: 10 mg/
mL 9AA in 70% MeOH (w/v), 30 mg/mL DHB in 50% MeOH (w/v) and
10 mg/mL HCCA in 50% ACN (w/v). TFA at a final concentration of
0.2% was added into all matrix solutions. For MALDI-MS experiments,
lipid extracts from oats (n = 3) were reconstituted in chloroform to 20
mg/mL and mixed with matrix solutions (9AA, DHB or HCCA) at a 1:1
ratio, before being spotted onto a MALDI Target Plate (MTP) 384 pol-
ished steel (Bruker Daltonics, Germany). For MALDI-MSI analysis, HCCA
matrix solution was sprayed onto oat sections using an iMatrixSpray
instrument, as described in our previously established protocol (Lee
et al., 2021).
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2.7. MALDI-MS data acquisition and analysis

All MS data were acquired using the timsTOF flex mass spectrometer
(Bruker Daltonics) controlled by timsControl (version 3.0.21, Bruker
Daltonics) and FlexImaging (version 7.0, Bruker Daltonics) in positive
ionisation mode, within the mass range of m/z 300 to 1300 with a spatial
resolution of 20 pum. Instrument-specific settings were as follows: 350
Vpp tunnel RF, 10 eV collision energy, 2500 Vpp collision RF, 5 eV ion
energy, 80 us transfer time, 10 ps pre pulse storage. A total of 200 shots
were acquired at each pixel. Prior to data acquisition, the timsTOF fleX
instrument was calibrated using red phosphorus for MALDI-MSI and
Tuning Mix for MALDI-TIMS-MSI.

MALDI-MS data were analysed using DataAnalysis (version 6.0,
Bruker Daltonics). MALDI-MSI data were processed using SCiLS Lab
(version 2023a Pro, SCiLS, Bruker Daltonics) and MetaboScape (version

A)
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6.0.2, Bruker Daltonics) for preliminary lipid annotations. Hotspot
removal was applied and normalised to the 99% quartile during ion
image generation. Two methods were implemented to annotate lipids:
(i) Rule-based annotation and (ii) Spectral List annotation (LIPID
MAPS® Structure Database (LMSD)). For tolerances and scoring pa-
rameters, a mass error within the range of 10 ppm was set for MALDI-
MSI and MALDI-TIMS-MSI analyses. Three biological replicates were
analysed for all experiments and lipids that were annotated in only one
replicate were rejected. Ion intensity maps were then generated in SCILS
Lab based on annotations imported from MetaboScape to visualise
spatial distribution of specific lipids. Data was normalised to total ion
count and ion intensity maps were weakly denoised with automatic
hotspot removal.
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Fig. 1. Optimisation of matrix solutions on lipid extracts from oats for MALDI-MSI analysis. (A) Mass spectra acquired from lipid extracts from oats via MALDI-MS
with the application of HCCA and DHB. Mass range of m/z 840 — 940 is magnified (green box) to highlight the general range of TGs. n, number of carbon—carbon
double bonds. (B) Signal intensities of selected triacylglycerols [TG(52:3) [M + Na]* & TG(54:6) [M + Na] "] and phosphatidylcholines [PC(32:0) [M + H]* & PC
(36:4) [M + H]"] acquired from lipid extracts overlaid with HCCA, DHB and 9AA matrices. Experiments were performed in triplicates. S.I, signal intensity. *, **
indicate significant correlations at p < 0.05 and p < 0.01, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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3. Results & discussion
3.1. Optimising matrices for lipid MALDI-MS anaysis of oat extracts

The matrix serves as a critical compound to promote the desorption
and ionisation of the analytes of interest in MALDI experiments (Stur-
tevant et al., 2015). The choice of matrix must be optimised for different
analytes as an incompatible matrix can cause a decrease in resolution
and ionisation efficiency of analytes (Leopold et al., 2018). Prior to lipid
MALDI-MSI, different matrices (DHB, HCCA, and 9AA) were tested on
lipid extracts from oats to determine the most suitable matrix with
maximum ionisation efficiency and signal-to-noise ratio. The concen-
trations used for each matrix were determined based on a previous
MALDI-MSI study, which provided the highest signal intensities for
cereal lipids (Zhang et al., 2023). In this study, mass spectra for lipid
extracts overlaid with HCCA were compared to extracts overlaid with
DHB and 9AA. In comparison to DHB, HCCA produced higher signal
intensities for oat lipid extracts, especially within the mass range of m/z
840 to 950 where several TG species can be found (Fig. 1A). 9AA,
however, resulted in poor ionisation and signal intensity (Fig. S1).

Two TGs (TG(52:3) [M + Nal™, MS1: m/z 879.74; TG(54:6) [M +
Na] ", MS1: m/z 901.72), and two PCs (PC(32:0) [M + H]*, MS1: m/z
734.56; PC(36:4) [M + H]', MS1: m/z 782.56), all with different satu-
ration degrees, were selected to assess signal quality between different
matrix solutions (Fig. 1B). It was evident that significantly higher signal
intensities of TGs were acquired from lipid extracts overlaid with HCCA.
While signal intensities of selected PCs appeared to be higher in HCCA-
coated samples than those overlaid with DHB, the differences were not
significant. With a focus on TG and PC lipids, HCCA was used as the
matrix of choice for lipid MALDI-MSI of oats in further experiments.

3.2. Optimising sample preparation for MALDI-MSI of oats

Optical images of the ventral and dorsal sides of an oat grain are
shown in Fig. 2A. Preparation of oat sections must be managed with high
precautions as it affects the quality and resolution of the downstream
MSI analysis. The hardness of the seed coat and brittleness of the grain
have rendered it difficult to obtain thin sections without compromising
the morphology. Therefore, the choice of embedding material and sec-
tion thickness are important factors to consider during oat sectioning.
Gelatin (10%) (Fenyk et al., 2022; Liu et al., 2021; Woodfield et al.,
2017) and CMC (2%) (Montini et al., 2020; Yoshimura et al., 2012) were

A)
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assessed for suitability as embedding materials for grains in MALDI-MSI
experiments. In this study, 10% gelatin was preferred, as we failed to
obtain any whole tissue section with 2% CMC (data not shown). The
embedded grains were sectioned at different thicknesses, and intact
sections were consistently obtained when 25 pm thickness was used
(Fig. S2A).

Another caveat for oats sections was the lack of adherance to ITO
slides, which resulted in the tearing and shrinkage of sections during
matrix deposition. We previously demonstrated that the coating of ITO
slides with 0.5% gelatin improved the morphology and adhesion of
cartilage-bone tissue (Lee et al., 2021), which is also brittle and prone to
cracking, and hence we reviewed the suitability of gelatin-coated ITO
slides for maintaining oat tissue morphology. As shown in Fig. S2B,
gelatin-coated ITO slides increased the adherence of oat sections, how-
ever, fractures were still visible. Following further optimisation, it was
determined that the subsequent addition of a small water droplet after
mounting on gelatin-coated ITO slides significantly improved tissue
morphology and adherence.

This was followed by the deposition of the optimised HCCA matrix
onto the section, which would co-crystallise with lipids on the tissue
surface. This aids in the desorption and ionisation of lipid molecules to
be analysed by mass spectrometry. In this study, we trialled two
different instruments for matrix deposition and compared the effects on
the oat sections. The iMatrixSpray instrument was preferred for matrix
coating as it alleviated tissue shrinkage issues that were observed when
matrix was deposited via ImagePrep (Fig. S2B).

Fig. 2B illustrates the three main parts of the grain: endosperm, bran
and embryo. The starchy endosperm makes up most of the grain, which
is separated from the outermost bran by the aleurone layer. An inter-
mediary layer isolates the endosperm from the embryo, which mainly
consists of the scutellum and the embryonic axis. By applying the opti-
mised sample preparation methods, mass spectra with similar peak
patterns were acquired from the endosperm (Fig. S3A) and embryo
(Fig. S3B) regions of oat sections mounted onto gelatin-coated and
conventional ITO slides, demonstrating that gelatin-coating did not
cause any interference with ion signals.

3.3. Sodium doping promotes TG ionisation in MALDI-MSI of oats
Using the optimised methods, we performed MALDI-MSI analysis of

oat sections on our timsTOF flex instrument. The mass range of m/z 300
—1000 is displayed in Fig. 3A, with the two main peak clusters under the

Endosperm

Aleurone

Testa/ Seed coat

Intermediary layer
Scutellum

Embryonic axis

2 mm

P

Fig. 2. Morphological features of oat grain. (A) Ventral (left) and dorsal (right) view of oat grain. (B) General histology of oat grain sectioned at 25 pm thickness. The
endosperm, embryo (intermediary layer, scutellum & embryonic axis) and bran (aleurone & seed coat) make up the three main structures of an oat grain.
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Fig. 3. MALDI-MSI of lipids in oats. (A) Mass spectra acquired from MALDI-MSI of whole oat sections using an optimised protocol. (B) List of PC, PE and TG lipids

tentatively annotated using the MetaboScape platform.

‘PL range’ mainly correlated with PC and PE signals. Similar to previous
studies, PLs are the dominant lipid species detected by MALDI-MSI, with
a total of 19 PCs and 4 PEs annotated from two or more biological
replicates (Fig. 3B). Despite being known as the major lipid component
of oats, only 3 TGs were tentatively identified, all in the form of sodium
adducts. The limited number of TGs identified may be due to signal
suppression by easily ionised PC species and/or instability of protonated
TG species (Leopold et al., 2018). Furthermore, the detection of lipids
with odd-numbered fatty chains in plant matrices may be rare, but
recent literature have suggested evidence for their presence in plant oils
(Dabrowski & Konopka, 2022). This highlights potential misassignment
of lipid identifications and the importance of additional experiments to
confirm their identities. While we reported all putative lipid identifi-
cations generated using MetaboScape, the lipids selected for distribution
were first confirmed via HPLC-MS/MS.

It is known that TGs are observed exclusively in the form of alkali
metal (Li/Na"/K") or ammonium (NHZ) adducts, as protonated TGs
fragment rapidly before they can be detected (Leopold et al., 2018).
Matrix additives are often used during MALDI analysis to increase ion-
isation efficiency of certain analytes. Using salt as a MALDI matrix ad-
ditive can improve detection of glycans (Kim et al., 2016), amino acids
(Amiri et al., 2021) and lipids (Gidden et al., 2007). A previous study by
Dufresne and colleagues demonstrated that the application of sodium
allowed MALDI-MSI detection of neutral lipids including TGs (Dufresne
et al., 2019). To improve the detection of TGs in our experiments, we
replaced the 0.5 pL water droplet added during the section mounting
step with NaCl (100 mM), NaAce (100 mM) or NayCO3 (50 mM) solu-
tions as Na* dopants. Within the mass range of m/z 840 to 950, multiple
peaks that correlate to sodiated adducts of TG(50:n), TG(52:n), TG(54:n)
and TG(57:n) could be observed after the addition of NaCl (Fig. 4A),
NayCOs3 and NaAce (Fig. S4).

In general, sodium doping enabled the generation of more lipid an-
notations in oat sections, particularly TGs and other phospholipids such
as phosphatidic acid (PA), phosphatidylglycerol (PG) and

phosphatidylinositol (PI) (Fig. S5). The annotations were compared and
presented in Venn diagram format, which indicated a better overall
detection coverage for TG and PE (Fig. 4B), as well as other minor
phospholipids (PA, PI, PG; Fig. S6) using NaCl. Different concentrations
of NaCl were then screened for optimal TG detection. With increasing
NaCl concentration the number of identified TG and PE species
decreased, with an opposite trend observed for the others (Fig. S5).

Ton images were generated for three sodiated TG adducts in both
water- and NaCl-doped samples (Fig. 4C), demonstrating the restricted
detection of TGs when water is used and resolution with the use of NaCl
(100 mM). The TGs were consistently localised around the endosperm,
supporting previous studies in which oat oil was mainly found in the
outer endosperm region of oat grains (Banas et al., 2007; Heneen et al.,
2009). The identities of the selected TG adducts were confirmed via
HPLC-MS/MS analysis of oat lipid extracts as sodium or ammonium
adducts (Fig. S7). On top of the comparison of MS/MS spectra, as pre-
sented in Fig. S7, lipid identities were also confirmed through the
matching of measured retention time and mass accuracy with publicly
available libraries integrated in MS-DIAL (Tsugawa et al., 2015). Given
that TGs are the principal lipid class in oats, 100 mM of NaCl was
selected as the optimum condition for section mounting.

3.4. Trapped ion mobility spectrometry (TIMS) activation improved lipid
detection

In TIMS, ions are first trapped and accumulated in a high-pressure
region before being released into a low-pressure region, where they
are separated based on their mobility. The separation is achieved using a
combination of a gas flow and an electric field, which causes the ions to
move through a drift region at different rates depending on their size,
shape and charge (Ridgeway et al., 2018). The ions are then detected
and their m/z ratios are measured using a mass spectrometer. By
introducing this additional separation step, TIMS can increase the peak
capacity of mass spectrometry-based methods, allowing for the



W.C.D. Lau et al.

A)

Food Chemistry 433 (2024) 137275

)

1800 Water NaCl
TG(50:n) TG(52:n) TG(54:n)
. B ] o
© Vo : : : ] Optical
0 - |
b E 5 E | dmm
. A JJIA ..L‘L uL\ JJJ. 1|.|J|JJ]. LL :JJJII " “I ’ll: Jila Jas .l l L o
pr 840 P : L m/z i i 930
4 m TTeY " Ty
I | s}( T
G . s U] TG(50:1)
5 B | ) [M+Nal*
P ; ; ; m/z 855.74
1500 b : i i
Nac ® NaAce (7) Nacl (18)/'7’ NaAce (18) “NaCl (6) NaAce (7) TG(52:2)
v ,./*rc(son) [M+Na]*
TG(52:3) | { PC(16:1) \ _
| TG(52 4) [ TeETs) | . (PCE3S5) f PC(37 3)\ Pc3ei5) | [ | pe(as | | M/2881.75
PC(38 3) 1, opem m‘n\PC(54 12) | PE(120) ™
A TG(522) I ! ﬁ!ﬁ}mq | 7\ eegs
| TG(54: 3) / / 'u_ / ren poaa | / /\ PE@22)
Q&l 4)/ \ £ \%52 iy O\ &4
ETG(57 O\~ TG(50:7‘2V‘);‘ ) PC(34 2)\‘_‘_' ]- PE(38: 7)\\ PE(44: 12)
3 / PC(18:1) - o :
PC(18:0) PC(35:6) \
. iNaZCO;‘(S)v _ Nazcog (16) PC(18:2) PC(36:1) ~._Na,COy (7) / TG(544)
— " | PC(18:3) PC(36:2) —— .
TG PC PC(32:0) PC(36:3) PE [M+Na]
PC(34:1) PC(36:6) m/z 905.75
PC(35:1) PC(37:2)
PC(35:2) PC(38:7)

Fig. 4. Sodium doping promotes MALDI-MSI of TGs in oats. (A) MALDI-MSI spectra of m/z 840 to 930 acquired from oat sections, comparing the addition of water
and 100 mM NaCl during section mounting. (B) Venn diagrams comparing lipids (TG, PC and PE) putatively annotated from NaCl-, NaAce- and Na;COs-doped
samples. (C) Ion distribution images of different TG species when water or NaCl (100 mM) was added.

detection and identification of more compounds in complex samples.
Additionally, TIMS can increase the sensitivity of detection by reducing
background interference and improving signal-to-noise ratios, which
can be especially useful for low-abundance or trace-level analytes (Fu
et al., 2020).

We examined whether TIMS activation would be beneficial for lipid
analysis of oat sections. As expected, the activation of TIMS generated
more than 10-fold higher signal intensities compared to when TIMS was
not applied (Fig. S8). In the TIMS dimension, ions are temporally
confined and accumulated within the ion funnel before being released
subsequently into the TIMS analyser (Michelmann et al., 2015; Ridge-
way et al., 2018). This reduces the loss of ions prior to detection by the
analyser, which may explain the improved sensitivity. Around 300 lipids
were tentatively identified in TIMS-activated replicates, including 29
TGs, 28 PCs, 4 PEs, 14 PAs, 11 PGs, 10 PIs and 10 phosphatidylserines
(PSs) (Fig. 5A). The application of TIMS in the presence of NaCl also
seemed to provide a comprehensive coverage for TGs, where 18 TGs
were identified in addition to all 11 TGs detected in previous sections
(Fig. 5B). Of all lipids, TIMS activation appeared to be the most bene-
ficial for TG detection, suggesting the increased sentivity of MALDI-
TIMS-MSI in picking up low-abundant TG signals that were originally
suppressed by ionisation of phospholipids (Boskamp & Soltwisch, 2020).
A list of all tentatively identified lipids from MALDI-TIMS-MSI of NaCl-
doped samples can be found in Table S1.

Ion images corresponding to selected TGs and PCs (Fig. 5C), as well

as other tentatively identified minor phospholipids (Fig. S9), were
reconstructed, which corroborated the endosperm as the primary region
for lipid storage in oat grains. However, it is worth noting that the spatial
distribution of lipids is not restricted to the oat endosperm, as ion signals
were also detected at a lower intensity in the embryo for several lipid
species. The distinct localisation of PG(44:2) [M + H]" was also an
intriguing finding, as it was distrubuted primarily in the embryo
(Fig. S9). HPLC-MS/MS was performed to confirm the identities of the
major lipids selected for ion image generation (Fig. S10). These results
suggest the effectiveness of our MALDI-MSI sample preparation proto-
col, in combination with sodium doping and TIMS activation, for
enhanced lipid identification and distribution analysis of oats.

3.5. TIMS activation revealed distinct localisation of isobaric and/or
isomeric oat lipids

The isobaric and isomeric properties of lipids could result in their
misannotations or misinterpretations of their “true” spatial distribu-
tions. In addition to increased sensitivity described in the previous
section, TIMS could also resolve this issue by providing an additional
dimension for the differentiation of isobaric and isomeric lipids based on
their ionic conformations. Isobaric and isomeric molecules may share
the same m/z value, but a difference in physiochemical properties can
give rise to multiple conformations that can be measured as collision
cross section (CCS) values (Paglia et al., 2015; Paglia et al., 2014). This
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Fig. 5. MALDI-TIMS-MSI of lipids in oat sections. (A) Dot plot comparing the number of lipid annotations generated in water-doped oat tissue, as well as NaCl-doped
samples in the presence and absence of TIMS activation. (B) Venn diagram comparing TG species identified in water-doped oat tissue, as well as NaCl-doped samples
in the presence and absence of TIMS activation. (C) Ion images generated for selected TG and PC lipid species.

provides an additional parameter next to m/z value to improve the
confidence of metabolite annotations.

Two distinct conformations corresponding to m/z 756.55 could be
observed (Fig. 6A) via MALDI-TIMS-MSI of an oat section displayed in
Fig. 6B. The major conformation (CCS: 291.71 A?) appeared to be
distributed across the whole section, with higher signals acquired
around the embryo region, while the minor conformation (CCS: 284.71
A?) predominantly localised in the endosperm only, in an even manner
(Fig. 6C). HPLC-MS/MS data interrogation revealed that PC(34:3) [M +
H]™, as well as PC(32:0) [M + Na]™, both have m/z value of 756.55
(Fig. 6D). By cross-referencing with previously determined CCS values
(May et al., 2014), we are able to match the major conformation to PC
(32:0) [M + Na]* and the minor conformation to PC(34:3) [M + H]™,
with a CCS tolerance of <2%.

A very similar case was also observed for isobaric lipids of m/z
782.56 (Fig. S11), in which the major conformation (CCS: 294.27 AZ)
was matched to PC(36:4) [M + H] ", while the minor conformation (CCS:
288.22 f\z) was matched to PC(34:1) [M + Na]™ (May et al., 2014;
Vasilopoulou et al., 2020). Other examples of unannotated isobaric or
isomeric lipids that exhibit distinct localisation patterns are shown in
Fig. S12.

A significant advantage of MALDI-MSI compared to traditional LC-
MS/MS is the capability to visualise spatial information of metabo-
lites, thus enabling a deeper level of understanding of their functional
roles. Several MALDI-MSI studies have highlighted lipids as potential

biomarkers for agricultural and food science applications. For instance,
mycotoxin treatment induced region-specific accumulation of PCs in
wheat plants (Righetti et al., 2021), suggesting physiological roles of
certain lipids in response to fungal infection. In addition to PCs, phos-
pholipids from PA and PI classes have been reported in the mycotoxin-
infected plants, but not in the untreated control (Righetti et al., 2021),
further corroborating that lipids may be used to predict microbial
contamination. Another example was for the investigation of sensory or
nutritional quality. Oxidation of lipids occur over time, which is a major
factor of rancidity and undesirable taste. It was demonstrated that the
signal intensities of lipids with unsaturated fatty acid chains decrease in
rice grains as storage time increases. However, this phenomenon has not
been observed in lipids with only saturated fatty acid chains (Zhang
et al., 2023), implying that oxidation of lipids may have occurred.
Nonetheless, most of these studies have not addressed the potential
misinterpretation of isobaric or isomeric lipids and their distributions. In
our study, a greater number of lipids were identified by combining so-
dium doping and TIMS during MALDI-MSI analysis of oats, which im-
proves the likelihood of discovering new biomarkers tailored to specific
applications. The value of MALDI-TIMS-MSI in resolving isobaric or
isomeric molecules in oats was also demonstrated to provide more ac-
curate information on lipid identification and spatial distribution.
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Fig. 6. TIMS activation revealed distinct localisation of isobaric oat lipids. (A) Ion mobility separation of two ion conformations with m/z 756.55. (B) Optical image
of an oat section analysed via MALDI-TIMS-MSI. (C) Ion images of each conformation with an overlaid display. (D) HPLC-MS/MS determination of lipids present in
oats with m/z value of 756.55. Protonated adduct of PC(34:3) and sodiated adduct of PC(32:0) would both have m/z 756.55. Measured spectrum (blue) was
compared to reference spectrum (red) for confirmation of lipid identity. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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4. Conclusion

There is limited knowledge of the spatial distribution of lipids in oat
grains. From previous MALDI-MSI studies of cereal lipids, we
acknowledged the potential importance of understanding lipid distri-
bution for cereal crop physiology and food and ingredient research. Oats
are of high scientific interest due to their high content and unique profile
(high proportion of TGs) of lipids. Here we describe a novel lipid MALDI-
MSI analysis pipeline for oat grains with a focus on the identification and
detection of TGs and PCs, the main lipid classes of interest in the context
of food. During sample preparation, HCCA was selected over DHB and
9AA as the matrix of choice for the detection of lipids in positive ion-
isation mode. To overcome the hardness of oat grains and fragility of oat
tissue sections, sectioning and sample preparation methods were also
optimised, with gelatin-coating of ITO glass slides prior to mounting
found to minimise sample tearing. To improve the detection of TGs, the
concentration of sodium was adjusted in the preparation of MALDI
matrix, with 100 mM NaCl performing best for lipid identification and
signal intensity. The detection of lipids was enhanced with activation of
the TIMS feature, where signals improved further, and more lipid species
could be identified. As previously reported, the majority of lipids
localise, but are not restricted to the endosperm region of oat grains. Our
study demonstrates for the first time, the capability of MALDI-TIMS-MSI
in providing more accurate analysis of lipids by distinguishing and
localising isobaric and isomeric lipids in oats. This study may be used to
inform future, advanced evaluation of lipids, particularly TGs and PCs,
in oats sampled across development stages and from different varieties.
This novel lipid analysis workflow, including sample preparation of oat
sections, may also pave the way for more in-depth research into
discovering lipid biomarkers for grain quality, developing novel oat
processing techniques for metabolite enrichment, or implementing
breeding strategies to cultivate nutritionally superior varieties.
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