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ABSTRACT

Introduction: Lipids are crucial biomolecules that confer structural integrity to cell
membranes, facilitate signalling and regulate energy dynamics. Dysregulation of lipids
is associated with various diseases, including diabetes, chronic inflammation, and
neurological and cardiovascular disorders.

Objective: This review seeks to critically evaluate recent advancements in lipidomics,
particularly concerning membranous nanoparticles such as extracellular vesicles
(EVs), and to investigate the analytical potential of time-of-flight secondary ion mass
spectrometry (ToF-SIMS) for nanoscale lipid mapping.

Methods: A comprehensive literature review was conducted, focusing on mass spec-
trometry (MS)-based lipidomic methodologies. Particular emphasis was placed on
studies utilising ToF-SIMS to image lipid distribution and composition in cells and
membrane-bound nanoparticles. While traditional MS techniques are proficient in
identifying and quantifying lipids, they lack spatial resolution. ToF-SIMS addresses
this limitation by enabling in situ molecular imaging at micrometre scales, revealing
lipid heterogeneity within biological structures and providing unique insights into
membrane architecture and lipid sorting. A comparative evaluation highlights both the
strengths (e.g., spatial accuracy) and limitations (e.g., challenges in quantification) of
ToF-SIMS in relation to alternative methods.

Conclusions: ToF-SIMS introduces a critical spatial dimension to lipidomics, bridging
conventional bulk analysis with nano-lipidomic imaging. Its integration with comple-
mentary techniques holds promise for novel insights into lipid biology, biomarker dis-
covery, and translational applications in diagnostics and drug delivery.
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BRIEF DESCRIPTION OF THE WORK

This text discusses the use of ToF-SIMS to obtain important
lipidomic information from nanometric structures, including
extracellular vesicles. This proposed approach has the potential
to help understand diseases at the molecular level. This review
summarises different methods for analysing lipids in nanometric
biostructures and outlines the requirements for further
development of this approach. It also explores the potential
advances and perspectives of ToF-SIMS in life science research,
anticipating a significant impact in this area.

LIST OF ABBREVIATIONS

AD - Alzheimer’s disease

APCI-MS - Atmospheric Pressure Chemical lonisation
Mass Spectrometry

APPI-MS - Atmospheric Pressure Photoionisation

Mass Spectrometry

CE - Cholesteryl Esters

COVID-19 - coronavirus disease 2019

DAGs — diglycerides

DESI — desorption ESI

DIA - Data-Independent Acquisition

ELISA — enzyme-linked immunosorbent assays

ESI - electrospray ionisation

EVs — Extracellular Vesicles

FTIR - Fourier Transform Infrared Spectroscopy

HPLC - High-Performance Liquid Chromatography
HPTLC - High-Performance Thin-Layer Chromatography
LNPs — lipid nanoparticles

MALDI - Matrix-Assisted Laser Desorption / lonisation
MS — Mass Spectrometry

NLCs — Nanostructured Lipid Carriers

NMR - Nuclear Magnetic Resonance

PC - phosphatidylcholine

PD - Parkinson’s disease

POPC - 1-oleoyl 2-palmitoyl-sn-glycerol-3-phosphocholine
SLNs — Solid Lipid Nanoparticles

TAGs - triglycerides

TIC — Total lon Chromatogram

TLC — Thin-Layer Chromatography

ToF-SIMS - Time-of-Flight Secondary lon Mass Spectrometry
XIC — Extracted lon Chromatogram

INTRODUCTION
Lipids

The significance of lipids in biological systems is becoming
increasingly recognised in scientific research, as they play crucial
roles in metabolism, signalling, and the development of diseases.
No single, universal, and precise definition encompasses all lipid
compounds [1]. Generally, lipids are a diverse group of naturally
occurring biomolecules that are insoluble in water but soluble

in nonpolar organic solvents, such as chloroform, hydrocarbons,
alcohols, esters, and ethers [2, 3].

Eukaryotic cells contain thousands of distinct lipid species
that fulfil multiple functions [4]. They serve as a condensed
energy store in the form of triacylglycerols, act as precursors for
signalling molecules, participate in intercellular communication,
and function as both first and second messengers in intracellular
signalling cascades [5, 6]. In plants and animals, lipids also
play insulating and protective roles [7]. For instance, the lipid
coat of mammalian skin contributes to homeostasis, including
protection against inflammation, as well as participating in the
immune response [8, 9].

One of the most fundamental roles of lipids is their contribution
to the structure and function of biological membranes. Lipids
determine the physical and chemical properties of membranes,
and their precise composition is essential for physiological
metabolism [10]. The lipid bilayer is the fundamental structure
of cell and nanoparticle membranes, and its constituent lipids
are amphipathic [4]. This structural characteristic classifies
the lipids in the membrane into different categories, such
as glycerolipids, glycerophospholipids, sphingolipids, and
sterols (Fig. 1.). Variations in the number of carbon atoms and
double bonds give rise to different species within each lipid
class [11].

The two layers of the cellular membrane bilayer have an une-
ven lipid distribution [12]. For instance, in the plasma membrane
most sphingolipids and phosphatidylcholine (PC) are found in
the outer leaflet, whereas almost all other phospholipids are
present in the cytosolic leaflet (phosphatidylserine, phosphati-
dylethanolamine, phosphatidylinositol) [13]. There is a growing
need to understand the intracellular distribution of various lipid
classes, including the quantities of different species present in
the various intracellular membranes. Gaining a deeper under-
standing of the intracellular distribution and species-level com-
position of lipids remains a significant challenge in cell biology.

Lipids in nano-sized biological structures

In recent years there has been growing interest in the lipid
composition of nano-sized biological structures, such as lipid
nanoparticles (LNPs) and extracellular vesicles (EVs). Lipid na-
noparticles have become relevant in various fields, including
drug delivery, medical imaging, cosmetics, nutrition, and agri-
culture [14, 15]. Their key advantages include biocompatibility,
biodegradability, and the ability to encapsulate and transport
molecules with a wide range of physicochemical properties,
from hydrophobic lipids to hydrophilic proteins and nucleic ac-
ids [16, 17]. Advancements in formulation techniques have led
to the development of solid lipid nanoparticles (SLNs) and na-
nostructured lipid carriers (NLCs), which offer improved struc-
tural stability, controlled drug release, and enhanced encapsu-
lation efficiency [18, 19]. Nevertheless, the clinical translation of
synthetic lipid nanocarriers remains limited by challenges such
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as restricted bioavailability, potential toxicity, slow clearance,
and immune activation [20, 21].

Simultaneously, research on naturally occurring nanoscale
lipid assemblies, particularly EVs, has recently intensified. EVs
are secreted by nearly all cell types under both physiological
and pathological conditions. They exhibit high stability, low
immunogenicity, biocompatibility, and efficient penetration of
biological membranes, which makes them attractive candidates
for diagnostics and therapeutics [22]. Based on size and
biogenesis, EVs are classified into small EVs (exosomes, ~30-
150 nm), large EVs (ectosomes, 100 nm-1 pm), and apoptotic
bodies (50 nm-5 pm) [23]. Their bioactive cargo, including
proteins, nucleic acids, metabolites, and lipids, reflects the state
of the parent cell and can provide early molecular signatures of
pathological processes, such as cancer, metabolic disorders, and
neurodegenerative or cardiovascular diseases [24].

Comprehensive literature and database analyses indicate that
EVs contain nearly 100,000 proteins, more than 1,000 lipid
species, and numerous mRNAs and miRNAs [25, 26]. Their
molecular composition varies with cell type and growth con-
ditions, while pathological states modulate EV content, posi-
tioning EVs as informative reporters of nonstandard processes
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in biological systems [27]. Consequently, EVs have emerged
as promising indicators of early pathological changes such
as cancers, metabolic alterations and neurodegenerative or
cardiovascular diseases [28-30], underscoring the need for
noninvasive indicators to monitor diagnostic and therapeutic
processes [31].

Importantly, EV lipidomes differ from those of their cells of ori-
gin. EVs are typically enriched in cholesterol, sphingomyelin, and
saturated phospholipids, often exhibiting a higher lipid-to-pro-
tein ratio than parental membranes [24, 32]. These differenc-
es reflect selective lipid sorting during vesicle biogenesis and
are crucial for vesicle stability, targeting, and uptake. However,
comprehensive and sensitive quantification of lipids in EVs re-
mains analytically challenging [33].

Emergence of lipidomics

The importance of lipids in health and disease has led to the
emergence of a specialised field known as lipidomics [1, 34].
Lipidomics encompasses both the qualitative and quantitative
analysis of lipids in biological systems, as well as the elucidation
of their biological functions and interactions with genes and
proteins involved in lipid metabolism [35, 36].
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Today, it is possible to quantify approximately 1,000 of these
in @ sample using various analytical methods, such as mass
spectrometry (MS) [37]. This relatively new area of research is
being enriched with information obtained from modern research
techniques derived from experimental physics, such as nuclear
magnetic resonance (NMR) or fluorescence spectroscopy [38-
41]. Increasing attention is being paid to the issue of the influence
of the level of individual lipids as a factor implicated in and
regulating the development of many diseases, such as obesity,
circulatory system diseases, and some forms of cancer [42, 43].

Despite impressive progress, current lipidomic approaches of-
ten lack the spatial resolution necessary to characterise lipids
in nanosized biological structures at the single-particle level.
This limitation is now driving the emergence of nano-lipidomics,
a subfield focused on the characterisation of lipid species in
nanoscale systems, such as EVs, viral particles, and synthetic
lipid nanoparticles. Here, advanced imaging mass spectrometry
methods, including Time-of-Flight Secondary lon Mass Spec-
trometry (ToF-SIMS), offer unique opportunities to overcome
these challenges.

Analytical techniques in EV lipidomics

EVs circulating in the body are increasingly recognised as
a potential source of biomarkers for diagnosing and tracking
diseases. To understand their role as biomarkers, it is essential
to understand their composition and monitor changes in this
composition, along with the information they convey. While
protein changes have been extensively studied, variations and
modifications in lipid profiles can also offer important insights
into the pathologies of biological systems.

The total lipid content of a cell or EVs is called lipidome, and
the study of lipidomics, which involves understanding lipid
metabolism pathways and related processes, has been a rapidly
evolving field of research since 2003 [35, 44]. This area of
science enables the identification of biochemical mechanisms
associated with lipids, their functions in information transport,
the indication of new metabolic pathways, and the detection of
new indicators [45]. Additionally, it also helps in evaluating the
effectiveness of pharmacological interventions [46].

Several studies highlight the clinical importance of EV lipidom-
ics. Forexample, EVs derived from the frontal cortex of Alzheim-
er’'s disease (AD) patients are enriched in glycerol-phospho-
-ethanolamine and polyunsaturated fatty acyl-containing li-
pids. Meanwhile, astrocyte-derived EVs in amyloid patholo-
gy contain ceramide species that may contribute to disease
progression [47]. Some other examples include cardiovascu-
lar diseases [48], Parkinson’s disease (PD) [49], various can-
cers [50], and kidney disease [51]. Currently, there is limited
knowledge regarding the lipid composition of circulating EVs.
As many of these lipid components exhibit biological activity,
gaining a better understanding of the lipid components of EVs

isolated from serum samples will be beneficial for discovering
new biomarkers.

Sample handling and extraction

The accuracy and quality of lipid determination depend on
several factors that must be considered before analysis. Both the
type and quantity of samples influence these factors. The main
parameters affecting lipid determination include the method of
lipid extraction from the sample, the selection of appropriate
internal standards, and the conditions and duration of sample
storage (Fig. 2.) [62, 53]. Lipids are susceptible to oxidation of
unsaturated fatty acyl chains. Therefore, adding antioxidants
and storing extracts at —80°C under inert gas, such as argon,
significantly improves their stability [54].

When determining the composition and lipid content of isolated
EV samples, it'simportant to be aware of potential contamination
from lipid droplets and lipoproteins. These contaminants are
rich in triacylglycerols (TAG) and cholesteryl esters (CE) and
are similar in size to EVs. This can be assessed by incorporating
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Fig. 2. Analytical pipeline for EV lipidomics.
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substances that stain lipid droplets into the preparations [55].
Therefore, omitting fetal calf serum added to the cell culture
early enough before EV isolation should also be considered, as
it contains lipid molecules of similar size to EVs, and the lipid
composition of the growth medium and lipids added to the
medium influence the lipid content of the cells and the EVs they
release [56].

The results of lipidomic analyses can be expressed as either
absolute quantitative values (in the form of pmol/jug protein)
or relative values for different classes or species. These values
demonstrate changes under various culture conditions or cell
treatments. Importantly, having quantitative data available
enables other researchers to evaluate the purity of samples and
the quality of the data obtained [57].

Conventional methods

From the early stages of studying EVs’ lipid composition, MS
has played a crucial role in the qualitative and quantitative
characterisation of lipids, establishing itself as the most effective
approach in this field. Recent advancements in lipid extraction
and analysis, combined with bioinformatics, have significantly
propelled lipidomics research forward [58].

Although mass spectrometry has become the central platform for
lipidomic studies, a variety of conventional and complementary
techniques continue to contribute valuable information to
EV lipid analysis (Tab. I.). One of the earliest approaches was
thin-layer chromatography (TLC), which allowed researchers
to demonstrate differences in the lipid composition between
exosomes and their parental cells [59]. Refinements in this
methodologyledtohigh-performancethin-layerchromatography
(HPTLC), which provided more reproducible and faster analysis
of phospholipids in EVs derived from fibroblasts and melanoma
cells [60]. Despite limited resolution compared to modern mass
spectrometry, TLC based methods remain useful for preliminary
profiling or as confirmatory techniques.

Raman spectroscopy has also been increasingly applied in EV re-
search. When combined with comprehensive two-dimensional
gas chromatography coupled to time-of-flight mass spectrom-
etry (GC x GC-TOFMS), Raman spectroscopy has been used to
distinguish fatty acid compositions between EV subpopulations
isolated from human plasma, differentiating between esterified

Tab. I. Non-MS techniques for EV lipidomics.

METHOD APPLICATION / INSIGHT

TLC/HPTLC

phospholipid composition, enrichment vs. parental cells

membrane lipids and non-esterified fatty acids [61]. Further-
more, Raman-based analyses have revealed the presence of
amyloid-B peptide signatures in EVs derived from midbrain or-
ganoids, underscoring the potential of vibrational spectroscopy
for identifying disease-associated molecular fingerprints [62].
Other biochemical assays, including enzyme-linked immuno-
sorbent assays (ELISA), colourimetric reactions such as sulfo-
vanillin, and lipid-specific fluorescent dyes, have been employed
for the quantification of total lipid content and protein-to-lipid
ratios [59, 63]. While these approaches offer relatively simple
workflows, their applicability is limited by low specificity and
poor molecular resolution. Fourier transform infrared spectros-
copy (FTIR) has been proposed as another bulk lipid quantifica-
tion method, although it similarly lacks the capacity to resolve
individual lipid classes.

NMR spectroscopy represents a more sophisticated non-
-destructive alternative. Techniques such as *H DOSY and ?°Xe
Hyper-CEST NMR have been employed to investigate EV dy-
namics, size distribution, and heterogeneity among subpopu-
lations [64]. Importantly, integration of NMR with complemen-
tary methods has enabled deeper insights into EV lipidomes.
For example, a combined LC-MS/MS and 3!P NMR study of
plasma-derived exosome-like vesicles showed enrichment in
lysophospholipids and absence of phosphatidylserine, in stark
contrast to cell culture-derived EVs [65]. Collectively, these non-
MS methods provide valuable contextual information and can
serve as confirmatory or complementary tools, but they lack the
sensitivity, specificity, and throughput required for comprehen-
sive lipidomic profiling.

Mass spectrometry

MS is widely recognised as the leading technique for lipid anal-
ysis, offering well-developed methods for sample and data pro-
cessing, as well as comprehensive insights into lipid components
[66]. The success of MS-based lipidomics depends not only
on sensitive instrumentation but also on robust extraction and
pre-analytical workflows. Following isolation, lipids are typically
fractionated by physical approaches, such as liquid-liquid parti-
tioning or solid-phase extraction to separate polar from nonpo-
lar fractions [53]. Alternatively, chemical methods such as base
hydrolysis can be employed to enrich low-content sphingolipids
from complex lipid extracts that contain high concentrations of
phospholipids and glycerolipids [57]. Another approach involves

EXAMPLE SYSTEM (REF.)

fibroblast-derived EVs, melanoma-derived EVs [68, 69]

Raman spectroscopy

fatty acid composition and amyloid-{ fingerprint

plasma-derived EVs [66]; midbrain organoids [67]

ELISA /dyes/FTIR

total lipid content; protein-to-lipid ratios

various EV samples [68, 71, 72]

NMR

lipid dynamics, lysophospholipid enrichment

plasma-derived EVs [73, 74]
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derivatising extracts by chemically labelling specific functional
groups of lipids, which is beneficial for analysing lipids that lack
inherently charged fragments or do not have characteristic frag-
mentation patterns during tandem mass spectrometry (MS/MS)
analysis [67].

Two main MS strategies dominate the field of lipidomics. Chro-
matography-based lipidomics, particularly liquid chromatography
coupled to mass spectrometry (LC-MS), enables both targeted
and untargeted analyses. The incorporation of data-independent
acquisition (DIA) workflows has further strengthened LC-MS, al-
lowing simultaneous MS/MS fragmentation of all precursor ions
and thus broadening the scope of untargeted lipidomics [67].
Conversely, shotgun lipidomics eliminates the need for chroma-
tographic separation, utilising direct infusion techniques such as
flow injection. This approach offers high-throughput profiling of
hundreds of lipid species but may be affected by ion suppression
and limited resolution of isobaric species.

In MS, the first step is ionisation, which is crucial for the interpreta-
tion of mass spectra. Several ionisation technigues are commonly
used in modern mass spectrometry for lipidomics, with the choice
of technique depending on experimental goals and sample char-
acteristics. One of the most popular methods is electrospray ion-
isation (ESI). ESI is a type of soft ionisation that involves applying
a strong electric field to a liquid flowing through a capillary tube,
resulting in the generation of an electrospray. lons are produced
from fine aerosols through desolvation. Coupling ESI with tandem
mass spectrometry (ESI-MS/MS) helps overcome the limitations
of obtaining very little structural information from the simple ESI
mass spectrum. ESI can also be coupled with high-performance
liquid chromatography (HPLC) for the analysis of both small and
large molecules [68]. For example, it has been used to quantita-
tively profile the lipidome of exosome-enriched EVs during COV-
ID-19, with a focus on various oxidised derivatives of cholesterols
and phytosterols that are known to elicit immuno-modulatory
and antiviral effects [69].

Matrix-assisted laser desorption / ionisation (MALDI) is also
a soft ionisation technique used to analyse large and/or unstable
molecules, such as lipids. This technique involves depositing
analytesinamatrixthatabsorbs energy atthe laser’'s wavelength.
A pulsed laser illuminates the analytes, causing the ablation and
desorption of both the analytes and the matrix material. This
process facilitates the ionisation of analyte molecules in a hot
plume of ablated gases. MALDI-MS is a powerful tool for the
analysis and characterisation of EVs’ lipids, and their cargo [70].
This technique offers advantages such as a high throughput,
minimal sample consumption, rapid and cost-effective analysis
and user-friendly operation [71]. This technique was used to
prove EV lipid changes in pathological states such as melanoma
and LIM1215 colorectal cancer cells [72, 73].

Atmospheric pressure chemical ionisation mass spectrometry
(APCI-MS) is a soft ionisation method that uses gas-phase ion-

-molecule reactions at atmospheric pressure. It can ionise various
lipids, including protonated molecular ions of phospholipids,
free fatty acids and sterols. lonisation occurs along the corona
discharge electrode, where the relative proton affinity of the
reactant gas ions and the gaseous analyte molecules allows
for proton transfer, abstraction or adduct formation to produce
molecular ions [74].

Atmospheric pressure photoionisation mass spectrometry (AP-
PI-MS) can be utilised to analyse neutral lipids and phospholip-
ids with higher sensitivity and lower detection limits compared
to APCI-MS [75]. This technique involves the use of a vacu-
um-ultraviolet lamp specifically designed for photoionisation
detection in gas chromatography. The sample-solvent mixture
evaporated and was then induced into the photoionisation re-
gion, where the dopant photoions react completely with the sol-
vent and analyte molecules [37].

In desorption ESI (DESI), ionisation occurs by directing a charged
electrospray mist to the sample surface. Subsequently, splashed
droplets carry desorbed and ionised analytes that travel into
the mass spectrometer’'s atmospheric pressure interface.
This technique has been effectively used to characterise
phospholipids systematically [76]. Before conducting an MS
analysis, the ion mobility technique (IM-MS) can be applied
immediately after ionisation to manipulate and separate ions
further [77]. Following the MS analysis, the data are presented
as MS spectra, MS/MS spectra, and an ion chromatogram,
which includes a total ion chromatogram (TIC) or extracted ion
chromatogram (XIC).

Over time, advancements in ionisation techniques have led to
the adoption of new methods for directly characterising lipids
in membranous structures. One such direct technique is time-
-of-flight secondary ion mass spectrometry (TOF-SIMS). Initial
approaches to analysis used silver or gold ions as primary ions.
However, the technique later evolved to use heavier ion clusters,
which improved the emission efficiency of larger parent ions.

ToF-SIMS compared with other techniques

While conventional lipidomic methods and mass spectrometry
workflows have provided valuable insights into the lipid
composition of EVs and other nanoscale structures, a major
limitation remains — the loss of spatial information due to lipid
extraction. In most analytical strategies lipids are removed from
their native environment, which eliminates crucial data regarding
their localisation within membranes or vesicular substructures.
However, knowledge of lipid distribution is essential for
understanding functional membrane organisation and the
molecular mechanisms underlying disease pathology [78].

ToF-SIMS addresses this limitation by enabling direct in situ
analysis of intact biological surfaces. In ToF-SIMS, a focused
beam of primary ions bombards the sample, producing secondary
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ions that are analysed according to their mass-to-charge ratio.
This technique enables the simultaneous acquisition of mass
spectra, two-dimensional chemical maps, and depth profiles,
which cover the outermost atomic layers of the sample [79].

ToF-SIMS achieves lateral resolutions of up to 50-60 nm, allowing
for detailed visualisation of lipid domains in subcellular and nano-
scale structures [80]. Due to its versatile capabilities, ToF-SIMS
has been widely used in various fields such as materials science,
surface chemistry, biotechnology, and nanotechnology [81]. In
recent years it has become a valuable tool for studying biologi-
cal systems, including imaging biological cells and tissues, as well
as analysing proteins and lipids. Advancements in ion sources,
sample preparation techniques, and data analysis programs have
further broadened the applications of ToF-SIMS [82].

The initial biological applications of ToF-SIMS focused on lipids
with high secondary ion yields, such as cholesterol, vitamin E, and
fatty acids. Researchers concentrated on these compounds due to
their high ion emission efficiency [83]. In contrast, phospholipids
and sphingolipids require accumulation in specific areas to be
detectable in mass spectra because they exhibit lower signal
intensity. Since the inception of ToF-SIMS, a comprehensive
library of spectra and an extensive list of characteristic peaks in
lipid mass spectra have been developed [84].

One significant study was conducted by McMahon in 1995,
which analysed phosphatidylcholine and sphingomyelin in pig
brain tissues and adrenal gland samples from dogs [85]. Another
notable example is the identification of cholesterol in the blood
of individuals with Smith-Lemli-Opitz syndrome, making the
beginning of the use of this method in biomedicine [86]. In this
field, high-resolution 2D maps of cholesterol redistribution in
the human intestine after prior administration of cholera toxin
have been obtained. These studies demonstrated an increased
accumulation of cholesterol in the enterocytes of intestinal villi in
the tissues treated with the toxin [87]. Subsequent research has
shown specific accumulation of two types of glycosphingolipids
in skin and kidney samples from patients diagnosed with Fabry
disease. These lipids were found to accumulate in the dermis
and subcutaneous tissue, while healthy volunteers showed
weak signals from lipids in the epidermis. Additionally, in kidney
biopsy materials a correlation was observed between the
intensity level of peaks corresponding to glycosphingolipids and
the stage of disease progression [88].

The use of ionic conglomerates, such as Au _+, Bi +, and C+, re-
sulted in increased emission of secondary ions with higher mass-
es, while simultaneously increasing the emission of parent mo-
lecular ions [89]. This advancement facilitated the analysis and
three-dimensional visualisation of complex biological molecules.
lon beam conglomerates enabled the imaging of cholesterol in
cells by Nygren et al., and helped in the identification of cholesterol,
sulfatides, phosphatidylinositol, and phosphatidylcholine, as well
as determining the localisation of cholesterol and phosphocholine

WWW.BAMSJOURNAL.COM

in the rat cerebellar cortex [90]. By using a gold cluster (Au,+)
emitting gun, three different regions were distinguished in mouse
leg samples based on the specific distribution of different lipid
classes (fatty acids, triglycerides, phospholipids, tocopherol, co-
enzyme Q9 and cholesterol). These studies showed the pos-
sibility of direct localisation of a specific amount of lipids in the
tissue, the content of which may reflect the metabolic state of
the structure [91].

Attempts were also made to conduct quantitative studies. Prinz
et al., by analysing different thicknesses of model phospholipid
layers, showed that peaks assigned to ionised molecules, such
as 1-oleoyl 2-palmitoyl-sn-glycerol-3-phosphocholine (POPC)
dimer, have different intensities depending on the thickness of
the layers of lipids studied [92]. They suggested that the occur-
rence of peaks indicating the emission of molecules can be used
as a sensitive indicator of changes in membrane structures and
provide information about the existence of bilayer membrane
structures in cells and tissues. In the work of Ostowski et al.,
single cells were distinguished based on lipid composition, spe-
cifically using the example of cholesterol in the outer layers of
the plasma membrane of macrophages [93].

Touboul and Kollmer conducted studies on the antioxidant
properties of vitamin E and performed a detailed analysis
of tocopherol localisation in the mouse brain [94]. Monroe
also studied the same lipid and presented the localisation
of tocopherol on a subcellular scale in the membranes of
single, isolated neurons from the model Aplysia californica
[95]. Additionally, the imaging of fatty acids in the rat retina,
phosphatidic acids in the atherosclerotic plaque, and di- and
triglycerides (DAGs, TAGs) in human adipose tissue was also
performed [96]. In a landmark study, Song et al. combined
ToF-SIMS imaging with immunofluorescence to distinguish
different muscle fibre types in situ by mapping their unique
metabolite signatures — specifically showing elevated levels of
unsaturated diacylglycerols, oleic acid, and linoleic acid in Type
| and IIA fibres compared to Type IIB [97]. In a complementary
investigation, Marzec et al. utilised ToF-SIMS to spatially resolve
fatty acid distributions in broiler breast muscle, revealing that
dietary supplementation with various vegetable oils significantly
alters intramuscular lipid profiles, including the ®6 / o3 ratio, in
both muscle fibres and intramuscular fat [98]. Together, these
studies underscore ToF-SIMS’s dual utility —as both an exploratory
discovery platform and a targeted method for hypothesis-driven
inquiries within metabolomics and nano-lipidomics.

Compared with other lipidomic methods, ToF-SIMS offers a unique
balance of molecular specificity and nanoscale spatial resolution.
While chromatographic MS and shotgun approaches remain
superior for comprehensive quantification, ToF-SIMS excels at
correlating lipid identity with precise localisation, which is critical
for studying membrane organisation, vesicle heterogeneity, and
nanoscale pathology. Current challenges include the complexity
of sample preparation, the need for standardised spectral libraries,
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Tab. Il. ToF-SIMS vs. other techniques.

CONVENTIONAL MS (LC-MS,

FEATURE SHOTGUN)

Requires extraction; loss of spatial

Sample preparation information

IMAGING MS (MALDI, DESI)

Requires matrix / coating, mild

TOF-SIMS

preparation Minimal preparation, direct analysis

Spatial resolution None (bulk quantification)

10-50 pm (tissue imaging)

50-60 nm (subcellular domains)

Information gained Quantitative lipidome profiles

Tissue-scale maps; quantification

Molecular recognition with nanoscale
localisation

lonisation method ESI/ APCI/ APPI, soft ionisation

Laser ablation or spray ionisation

Primary ion bombardment

Strengths Broad coverage, robust quantification

High-throughput, tissue mapping Nano-resolution maps; label-free analysis

Limitations Loss of localisation; ion suppression

Limited to pm-scale; matrix effects

Semi-quantitative; complex data analysis

and the difficulty of achieving absolute quantification due to
variable ion yields (Tab. Il.). Nevertheless, advances in cluster
ion technology, cryogenic preparation methods, and machine-
-learning—based data interpretation are rapidly expanding the
analytical power of ToF-SIMS, positioning it as a uniquely valuable
tool for nano-lipidomics [99].

ToF-SIMS in bio-nanoparticle research

Due to its high spatial resolution and chemical specificity, ToF-SIMS
has emerged as a valuable technique in nanotechnology, particu-
larly for biological and medical applications. It is especially effective
in analysing the surface composition of nanoparticles and biomol-
ecules, making it a powerful tool for advancing our understanding
of nano-biotechnology and nanomedicine [100, 101].

One significant advantage of ToF-SIMS is its proficiency in sin-
gle-cellimaging, enabling researchers to visualise the subcellu-
lar distribution of both endogenous and exogenous substances,
including metallodrugs. This capability is critical for drug eval-
uation and understanding drug metabolism at the cellular level
[102]. Numerous studies have demonstrated that this tech-
nique can visualize amino acids, lipids, sugars, and nucleotides
directly within their native microenvironments [103].

A particularly compelling avenue lies in the lipidomic profiling of
EVs. Compared to donor cells, EVs often exhibit elevated levels
of cholesterol, sphingomyelin, and gangliosides, accompanied
by a relative decrease in phosphatidylcholine and diacylglycerols
[104]. These compositional distinctions reflect selective lipid
sorting during EV biogenesis, imbuing vesicles with unique
structural and functional membrane properties [105].

ToF-SIMS also offers powerful capabilities for interrogating na-
noparticle-bio-interactions. In physiological fluids, nanoparticles
rapidly acquire a “protein corona” — a layer of adsorbed proteins
and lipids that modifies their biological identity. ToF-SIMS ena-
bles detailed molecular characterisation of this corona, offering
insights into how it shapes nanoparticle uptake, biodistribution,
and immunogenicity [24]. At the cellular level, ToF-SIMS has been
used to visualise lipid and protein adsorption onto nanoparticle

surfaces and to map their intracellular trafficking into organelles,
such as endosomes or nuclei, thereby elucidating nanocarrier bio-
-compatibility and dynamics [106]. Moreover, ToF-SIMS enables
the direct tracking of nanoparticles within tissue contexts and the
monitoring of carrier degradation and active agent release. For
example, Belu et al. [107] demonstrated that ToF-SIMS imaging
enabled the in situ identification of drugs, coating materials, and
excipients across multiple layers of controlled-release beads, of-
fering insights into both the structural integrity and time-release
mechanisms of these delivery vehicles.

These applications collectively underscore the substantial
benefits of ToF-SIMS in nanobiological research, including its
unparalleled surface sensitivity, nanoscale spatial resolution for
the localisation of lipids and metabolites, and its depth profiling
capability for reconstructing three-dimensional chemical
maps. Despite these advantages, several challenges persist,
including stringent sample preparation requirements to prevent
contamination, the complexity of interpreting overlapping
biological spectra, and the difficulty in achieving absolute
quantification due to variable ion yields.

Ongoing innovations, such as cluster ion sources, cryogenic
sample handling, and advanced computational analyses,
including machine learning for spectral deconvolution,
are anticipated to enhance the sensitivity, resolution, and
interpretability of ToF-SIMS.

The integration of ToF-SIMS with complementary imaging mo-
dalities, such as fluorescence and electron microscopy, promises
to establish a robust, multimodal framework for investigating the
behaviour of bio-nanoparticles. These advancements position
ToF-SIMS as an indispensable analytical technique in nano-lipid-
omics, capable of delivering comprehensive molecular characteri-
sation of EVs, liposomes, and other bio-nanoparticles across both
physiological and pathological contexts.

CONCLUSIONS

Over the past two decades, lipidomics and metabolomics have
matured into powerful disciplines for dissecting the complexity
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of cellular regulation and disease. The next frontier lies in in-
tegrating these approaches with other omics layers — genom-
ics, proteomics, and phosphor-proteomics — underpinned by
expanding databases and standardised workflows that ensure
reproducibility and comparability. Within this rapidly evolving
field, ToF-SIMS is emerging as a uniquely powerful tool. Unlike
conventional lipidomics, it preserves spatial information and en-
ables direct in situ molecular mapping at the nanoscale. Recent
studies demonstrate its ability not only to identify lipid species in
cells, tissues, and extracellular vesicles but also to visualise their
organisation, heterogeneity, and pathological redistribution.

Looking forward, three key developments are expected to shape
the future of ToF-SIMS in nano-lipidomics. First, its integration
with single-cell omics platforms will connect nanoscale lipid
maps with transcriptomic, proteomic, and epigenomic profiles,
offering a multimodal view of cellular heterogeneity. Second,
the application of artificial intelligence and machine learning
will accelerate spectral deconvolution and image interpretation,

advancing the discovery of subtle lipid signatures and
biomarkers. Third, cryogenic ToF-SIMS workflows will preserve
native biological structures and enable high-fidelity analysis of
hydrated and delicate samples, such as extracellular vesicles
and organelles.

Collectively, these advances position ToF-SIMS as a cornerstone
of nano-omics and translational biomedicine. Its integration
with complementary imaging modalities promises to provide
unprecedented insights into biomembrane organisation, vesicle
biology, and nanoparticle behaviour, establishing ToF-SIMS
as an indispensable platform for both fundamental research
and clinical applications in diagnostics, drug delivery, and
nanomedicine.
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