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Spatial Analysis of Phospholipids
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Laser Desorption Ionization Mass

Spectrometric Imaging

Suzeeta Bhandari, Harsheen Marwah, Laurent Calcul and David ] Merkler*

Department of Chemistry, University of South Florida, 4202 E. Fowler Ave, Tampa, FL 33620, USA

ABSTRACT

Matrix-Assisted Laser Desorption/lonization Mass Spectrometric Imaging (MALDI-
MSI) has developed as a useful toolin generating comprehensive metabolite profiles along
with spatial information in model organisms. The ability of MALDI-MSI to generate in situ
profiles in whole organisms or specific tissue sections serves as an efficient alternative
to solvent extraction protocols, especially for the identification of biomolecules that are
unstable under extraction conditions. Herein, we have utilized MALDI-MSI to spatially
profile various classes of lipids in two model organisms, Drosophila melanogaster (fruit
fly), and Tribolium castaneum (red flour beetle). Five different classes of phospholipids
were imaged in positive ionization mode in both insect species. Confirmation of the m/z
assignment for selected lipids was performed using on-tissue MS/MS fragmentation.

Introduction

Lipids are essential biomolecules distributed from single-celled
prokaryotes to highly evolved multicellular eukaryotes. Lipids constitute
the backbone of the cell membrane, contribute to the maintenance of the
structural integrity of the cell, and participate in cellular functions such as
energy storage, signal transduction, apoptosis, and pheromone-induced
social behavior of insects [1,2]. Lipid dysregulation has been associated
with metabolic and neurological disorders like obesity, Niemann-Pick
disease, hyperlipidemia, and epilepsy [2,3]. Thus, analytical procedures
have been developed to detect, identify, characterize, and quantify these
molecules from a number of model organisms [4,5].

Mass Spectrometry Imaging (MSI) has developed into an important
tool for the simultaneous detection and mapping of targeted and
untargeted compounds from biological models. MSI has applications in
metabolomics, biomarker discovery, in vivo drug distribution studies,
and many others [6-8]. Among the different techniques used for MSI
are Matrix-Assisted Laser Desorption Ionization (MALDI), Secondary
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Ion Mass Spectrometry (SIMS) [9], and Desorption
Electrospray Ionization (DESI) [10]. Drosophila
melanogaster and Tribolium castaneum are two insects
that have a long history as useful models for disease,
behavior, ecology, and metabolomics studies [11,12].
These insects are inexpensive and straightforward
to maintain and their signaling and energy pathways
resemble those of mammals, enabling extrapolation
to vertebrates [13]. While D. melanogaster has been
previously used as a model organism for many of the
MSI-based experiments revealing in-depth spatial
profiles of metabolites of interest, this technique has
not been explored for research in T. castaneum yet.
Our study aims to utilize both D. melanogaster and
T. castaneum, two pest models with ubiquitous and
irksome distribution worldwide for lipid mapping
using MSI.

In the present work, we have used positive mode
MALDI Time-of-Flight (MALDI-TOF) imaging to
map the lipid topography on whole-body sections
of D. melanogaster and T. castaneum within the
detection range of m/z = 450-1200, and 30 pm spatial
resolution. The small and fragile bodies of the insects,
however, present a challenge for imaging, in that the
whole-body sections cannot be obtained without
the support of an embedding media. In this study,
we have utilized a Carboxy Methyl Cellulose (CMC)
embedding protocol to maintain the integrity of their
whole-body cryosections [14-16].

The matrix used in our studies was
2,5-Dihydorxybenzoic Acid (DHB), and barring a
few modifications during the embedding steps, the
same protocol was followed for sample preparation,
data acquisition, and data processing for both the
insect samples. To sum it up, our results illustrate
the spatial profile of phospholipids in D. melanogaster
that are concurrent with previously published
studies [15,17,18], and additionally, we present
the first reported spatial profile of phospholipids
in T. castaneum, thus giving a comparative lipid
distribution pattern in two pest models.

Materials and Methods
Insect husbandry and sample preprocessing

D. melanogaster was cultured on 4-24 Instant
Medium at room temperature. A few fly larvae were
isolated and maintained in individual culture tubes to
obtainvirgin flies. Flies were processed for embedding
3-4 days after pupal hatching. Select flies were
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anesthetized, and their wings and legs were removed
with surgical knives and forceps. The fly sample did
not require prior infiltration or dehydration steps and
was directly proceeded to embedding.

T. castaneum was cultured in plain flour and
maintained at 25-35°C in the dark. Adult beetles were
used for the study indiscriminate of their sexes. The
selected beetles were anesthetized, soaked in ethanol
for 10 mins each, and allowed to air dry. T. castaneum
hasahardexoskeletonandsoftheterogeneousinternal
tissues. The brief dehydration step was included to
harden the internal tissue to keep subsequently cut
sections intact [15].

Embedding and cryosectioning

We experimented with gelatin, Optimal Cutting
Temperature (OCT) media, and CMC for the
embedding of insect samples. Ultimately, 5% (w/v)
CMC sodium salt provided reproducible and good
quality sections for both the samples and, also, did
not produce interfering signals during MSI. For the
preparation of the embedding media, CMC was slowly
added to water and vortexed. CMC was completely
dissolved in water using the following protocol: A
microwave heat (20 sec)/room temperature cool
(5-10 sec) cycle for a total of 90 sec. followed by
incubation in a 50°C water bath until a homogenous
and clear solution was achieved. The media was then
degassed in an ultrasonic bath. For embedding, a thin
layer of media was applied to the mold, and a single
insect sample was placed firmly in it. The sample was
then completely covered with additional media and
placed at -80°C for at least 24 hours (Figures 1A,B).

Prior to sectioning, the embedded samples were
equilibrated to the chamber temperature (-20°C) of
a Leica CM 1950 cryostat (Leica Biosystems, Illinois,
USA) (Figure 1C). Whole body sections (20 nm) were
cut for each of the insect samples and thaw mounted
on Indium Tin Oxide (ITO)-coated glass slides (Bruker
Daltonics, Bremen, Germany) for MALDI imaging
(Figures 1D,E). For the purpose of this study, multiple
sections from at least three biological replicates were
obtained and used for MSI method optimization and
final lipid profile generation.

Matrix application

2,5-Dihydroxybenzoic Acid (DHB) was the matrix
of choice for imaging lipids in positive ionization
mode. For this purpose, 50 mg/mL DHB solution was
prepared in 50% acetone (v/v) and 0.1% (v/v) TFA.

Bhandari S, et al. (2023) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1684
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Figure 1 Drosophila (A) and Tribolium (B) embedded in 5% CMC. Cryomicrotome used for generating whole body sections (C). 20 pm longitudinal
section of Drosophila (D) and Tribolium (E) imaged prior to matrix application for MSI analysis.

The matrix solution was sprayed homogeneously
across the tissue section with a 0.2 mm nozzle caliber
airbrush connected to 30 psi N, back pressure. A total
of 8-10 alternate spraying (~3 sec) and drying (~45
sec) cycles were performed for matrix application for
each sample. Matrix-coated samples were dried for ~1
hr at room temperature before analysis.

Instrumentation

All imaging experiments were performed on a
MALDI TOF-TOF mass spectrometer (Ultraflextreme,
Bruker Daltonics, Bremen, Germany) equipped with a
Smartbeam II (modified Nd: YAG) laser. All analyses
were done in positive ion reflectron mode at a 1000
Hz laser repetition rate. The detection range was set
to 450-1200 m/z with matrix suppression up to 400
m/z. The accelerating voltage for ion source 1 was set
to 20.05 kV, the extraction voltage for ion source 2 was
set to 17.64 kV, the lens voltage was set to 7.5 kV, and
the pulsed ion extraction was set to 160 ns. Imaging
data were acquired at a 1.25 GS/s sample rate using a
step size of 30 pym x 30 pm. At each raster position,
300 shots were acquired without random walk
and summed up for generating the overall average
spectrum (Figures 2A,B). Instrument calibration was
performed in cubic enhanced fit at < 1.5 ppm standard
deviation using odd red phosphorous clusters in the
mass range of interest [1]. Angiotensin II (Bruker
Daltonics, Bremen, Germany), sprayed along with

matrix was used as a standard to determine mass
accuracy (Figure 2C).

Image processing and data analysis

Imaging data were preprocessed concomitantly
during acquisition by a method script created on
Flexanalysis version 3.4 software. As such, spectra
from each pixel were processed for noise exclusion
with signal-to-noise ratio = 3, with the TopHat
filter for baseline correction and the Savitsky-Golay
filter set at 0.01 m/z, width/1 cycle for smoothing.
The overall average spectrum and the images
were reconstructed and analyzed using SCiLS Lab
(version 2021b, SCiLS GmbH, Bruker Daltonics). The
spectra were normalized with respect to Total Ion
Count (TIC). Relevant peaks were selected, and the
software-recommended average width of Am/z =
0.02 was set for image generation. Lipid assignment
was based on a comparison of detected m/z values
against theoretical m/z in the LIPID MAPS database.

On tissue tandem mass spectroscopy

Lipid assignment was corroborated by MS/MS
studies performed in LIFT-TOF/TOF mode directly
at the non-normalized spatial location of the lipid
on the tissue section. Fragments were generated for
mono-isotope of interest under the following LIFT
mode conditions: precursor ion selector mass limit
= 2-4 Da, CID mode = OFF, PIE delay of 90 ns, ion

Bhandari S, et al. (2023) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1684
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Figure 2 TIC normalized average overall mass spectrum from whole (A) Drosophila and (B) Tribolium sections with representative peak
assignments for detected lipids. (C) Detected peaks for Angiotensin Il showing 4 ppm mass error for the most abundant isotope.

source voltage (1/2) of 7.5 kV/6.75 kV, lens voltage
of 3.5 kV, and LIFT voltage (1/2) of 19 kV/3.25 kV in
positive ionization mode.

Results and Discussion

Sample  preparation and instrumental
parameters
The heterogeneous tissue composition, in

combination with the delicate and minute insect body,
poses a challenge towards obtaining reproducible
and intact cryosections [17]. Furthermore, any
procedure followed for sample preparation must
ensure the preservation of section integrity, that
of its endogenous compounds, and be compatible
with MS studies [19,20]. Embedding media,
namely CMC, gelatin, or OCT, is extensively used
for MSI preparation when obtaining whole-body
sections [14,20,21]. While reproducible sections are
generated when using OCT, its content of relatively
high concentrations of Polyethylene Glycol (PEG)
polymers causes analyte ion suppression during data
acquisition [22]. CMC and gelatin, on the other hand,

are compatible with MS acquisition, and hence, are
more reliable for MSI sample preparation [15,17].
We selected 5% (w/v) CMC for embedding the insect
samples based on a series of trial experiments (not
shown). For T. castaneum, a brief alcohol infiltration
before embedding was necessary to obtain intact
sections. Unfortunately, some of the cuticular lipids
in T. castaneum could diffuse because of the alcohol
infiltration step [15].

The spatial resolution of an image generated
from MSI is dependent on the matrix crystal size
and laser spot size [23]. For these studies, we used
a portable airbrush for matrix application. The
advantages of the portable airbrush relative to
commercial matrix application systems (HTX TM-
sprayer, Bruker ImagePrep) were low cost and
simplicity of maintenance. However, the process is
analyst dependent and may not be as reliable when
reproducible high-resolution images are desired.
The spatial resolution that we could achieve with
the sample preparation process and instrumental
parameters detailed here was 30 pm.

Bhandari S, et al. (2023) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1684
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MALDI TOF is based on the utilization of matrix
to absorb laser energy for the generation of analyte
ions. DHB is ideal for positive ionization mode in the
low molecular weight region because it typically does
not promote the formation of matrix ion clusters and
ionizes different classes of lipids as the proton or
alkali metal adducts, typically Na* in this study [24].
The sensitivity of detection of each lipid class could
be different and is dependent upon both the solvent
system used and the presence of contaminating
salts. DHB in acetone provides better sensitivity for
detection [25].

Based on mass accuracy measurement in the
average mass spectra, a total of 46 polar as well as
neutral lipids belonging to 5 different classes were
identified in D. melanogaster (Table S1). Similarly, 54
lipids were identified in T. castaneum (Table S2). Only
the lipids consistently identified in two biological
replicates of each insect species were selected. Mass
accuracy within 10 ppm of the theoretical mass was
taken into consideration for lipid assignment. The
assignment was confirmed by MS/MS measurement
of some of the identified peaks on the tissue sample,
to consider near isobaric peaks.

Detected lipid classes

Phosphatidylcholine (PC): As a major class of

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES Issn:| 2766-2276

glycerophospholipid, PCs are ubiquitous across major
eukaryotic and some prokaryotic cells as a structural
and cell signaling lipid [26]. PCs are composed of
the phosphocholine head group, and two fatty acid
chains covalently linked to the glycerol backbone in
the sn-1 and sn-2 positions [27]. Being one of the
most abundant lipid classes with easily ionizable
structure, PCs were detected with high intensity
across the head, thorax, and abdomen region of both
D. melanogaster (Figure 3A) and T. castaneum (Figure
4A) samples as [M+H*] ions. Signals corresponding
to 14 PCs with fatty acyl chain lengths ranging from
28-38 were imaged in Drosophila sections (Table S1).
Similarly, 12 PCs with chain lengths between 30-38
with varying degrees of unsaturation were observed
in the Tribolium sections (Table S2). Additionally, the
characteristic fragment of phosphorylcholine head
group loss is represented by 184.073 m/z, and the
[M-59+H*] peak is generated from the neutral loss of
trimethylamine (C3H9N) [28,29]. Both were detected
for selected PC precursor ions subjected to tandem MS
at their spatial location on the section (Figure S1B).

Phosphatidylethanolamine (PE): Phospatidyleth-
anolamines are the second most abundant lipids in
insect tissues with structural functions aiding in
membrane fusion and fluidity [30,31]. Additionally,
PE serves as a precursor for biologically active mol-

miz 756.56 miz 780.55 miz 771646  miz 790672
PC(34:3) PC(36:5) TG(44:1) TG(46:1)
miz 804.472  miz 782.482 miz 793.492
PS(36:5) PS(34:2) PG(36:4)

mfz 746.576 miz 738.5 miz 770,565
PE(36:1) PE(36:5) PE(38:3)

miz 769.505
PG(34:2)

Figure 3 Pseudocolor images obtained for various lipid classes from whole-body section of Drosophila melanogaster in positive ionization
mode (A-E). Scanned overview image of the fly section selected for image acquisition (F).
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ecules including, secondary messengers, pain mod-
ulators, and proapoptotic substances, and plays a
critical role in ensuring the progression of cytokines
during cell division [26]. Its characteristic phos-
phoethanolamine head group (neutral loss of 141 Da)
in the positive ion mode (Figure S1A) serves as a key
identification fragment during mass spectrometric
analysis [29].

In Drosophila, PE is mostly distributed in the
thorax and the abdominal region as indicated by
representative normalized distributions of m/z 738.5
and 746.576 (Figure 3C). Similarly, [M+H]* ions for PE
showed relatively even intensity distribution across
the thorax and abdomen in T. castaneum (Figure
4C). In both the insect samples, low to negligible PE
distribution was seen in the head.

Phosphatidylserine (PS): Although negatively
charged at physiological pH and well ionized
in the negative MS mode, sodium adducts of
phosphatidylserine in the positive ionization mode
are well documented in previous MS studies [32,33].
Consistent with these reports, sodium adducts of

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES Issn:| 2766-2276

PS were found distributed across insect sections at
varying intensities of distribution. Figure 3D shows
the normalized [M+Na]* ion distribution of PS(34:2)
and PS(36:5) across the D. melanogaster sections. As
depicted in the images, PS was distributed across
brain tissues and the thorax region. In contrast,
no PS signals were detected on the head in the T.
castaneum sections, however, PS was moderately
scattered across the thorax and dorsal abdominal
region in the T. castaneum sections, shown by the
distribution of PS(36:3) and PS(36:4) of figure 4D.
The MS/MS spectrum for PS shows the [M-185+Na]*
peak and the [M-207]*peak representing neutral
loss of phosphoserine head group including and not
including sodium respectively (Figure S2A).

Triacylglyceride (TAG): Triglycerides are
important caloric reserves in insects. These can be
used for energy generation through B-oxidation
during diapause, disease, embryogenesis, and
prolonged flight periods [34,35]. In addition,
triglycerides form a major component of cuticular
and visceral lipids stored in the form of fat droplets
[17]. It has been reported that MALDI-TOF MS mass

m/z 730.532
PC(32:2)

miz 756.56
PC(34:3)

miz 855.74
TG(50:1)

miz 879.743
TG(52:3)

m/z 793501
PG(36:4)

miz 773.525
PG(34:0)

miz 746.563 m/z 772.583
PE(36:1)

m/z 806.489 m/z 808.515

PE(38:2) PS(36:4) PS(36:3)

Figure 4 Pseudocolor images obtained for various lipid classes from whole-body section of Tribolium castaneum (A-E). in positive ionization
mode. Scanned overview image of the Tribolium section selected for image acquisition (F).
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spectra for TAGs in the positive ion mode are almost
exclusively dominated by Na*adducts [25]. 10 TAG
species ranging in carbon chain length of 40-48
were detected in D. melanogaster (Table S1) while 14
species with chain lengths of 36-52 carbon atoms
were detected in T. castaneum (Table S2). Pseudocolor
images of select TAGs in the thorax and abdomen of
D. melanogaster are shown in (Figure 3B). In the T.
castaneum sections, TAG distribution was uniform
across the cuticular region, and some prominent
localization is seen in the head and abdominal viscera
(Figure 4B).

Phosphatidylglycerol (PG): Two
phosphatidylglycerols, PG(34:2) and PG(36:4).
were detected in D. melanogaster (Figure 3E).
Their distribution is predominant in the thorax
and abdomen regions. On the other hand, three
phosphatidylglycerols, PG(34:0), PG(34:4), and
PG(36:4), were identified in T. castaneum with
distribution localized in the lower abdomen region
(Figure 4E). Sodium adducts of PG are observed in the
positive ionization mode.

Conclusion

Herein, we have employed an MSI-dependent
technique to generate spatial profiles of 5 different
lipid classes in Drosophila melanogaster and
Tribolium castaneum. Using a dedicated sample
preparation protocol and data acquisition method,
we obtained spatial profiles first for D. melanogaster
and applied the same to T. castaneum. Additionally,
our identification and spatial mapping results from
T. castaneum are the first of this type in this insect
model. We see distinct intensity and distribution
patterns of various lipids in T. castaneum with intense
signal distribution for PC and PE throughout the body,
whereas localized distribution for TG, PS, and PG. This
study demonstrates the use of the MSI technique to
generate spatial profiles of endogenous compounds in
small pest models, and it could be optimized further
to image and understand metabolite distribution
including, but not limited to lipids, peptides, and
proteins in various small pests potentially in response
to insecticide.

Supplementary Information

Table of detected and assigned lipids in D.
melanogaster and T. castaneum and representative
MS/MS spectra of lipid species (DOC).
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