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Mass spectrometry imaging (MSI) or imaging mass spectrometry (IMS) is a promising analytical method to determine and
visualize the spatial distribution of specific chemical compositions by their molecular weights or m/z values. MSI is
basically a two-dimensional analysis method that can detect intact molecules within tissues or tissue sections without
necessitating extraction, purification, and separation.
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| 1. Introduction

Consuming food is essential for survival, maintaining health, and triggering positive emotions like pleasure. One of the
factors that drive us toward such behavior is the presence of various compounds in foods. There are many methods to
analyze these molecules in foods; however, it is difficult to analyze the spatial distribution of these compounds using
conventional techniques, such as mass spectrometry combined with high-performance liquid chromatography or gas
chromatography. Mass spectrometry imaging (MSI) is a two-dimensional ionization technology that enables detection of
compounds in tissue sections without extraction, purification, separation, or labeling. There are many methods for
ionization of analytes, including secondary ion mass spectrometry, matrix-assisted laser desorption/ionization, and
desorption electrospray ionization. Such MSI technologies can provide spatial information on the location of a specific
analyte in food. The number of studies utilizing MSI technologies in food science has been increasing in the past decade.

The overall methodology behind MSI is quite simple (Figure 1A). In MSI, different layers present on sample’s surface is
subsequently analyzed by scraping it with a laser beam irradiation from instrument platform. The spatial resolution is
controlled by the operator and is limited by the laser spot size which is different for different instrument platforms, and
many spectra are collected at specific coordinates of a sample surface. Then, all spectra are compiled into one data,
wherein m/z values of interest can be selected, and their spatial distribution depicted as an image. Different ionization
methods have been used in food science, including secondary ion mass spectrometry (SIMS), matrix-assisted laser
desorption/ionization (MALDI), and desorption electrospray ionization (DESI), as well as other methods (Figure 1B).
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Figure 1. lonization processes of the most widely used methods in mass spectrometry imaging (MSI) and the general
overview of MSI workflow. (A) General overview of MSI workflow. Thin-section samples are mounted on a plate, coated
with or without matrix. Then, by using a laser (matrix-assisted laser desorption/ionization (MALDI)), ion beam (secondary
ion mass spectrometry (SIMS)), or charged solvent droplets (desorption electrospray ionization (DESI)), ions are
produced which are detected by a mass spectrometer. Mass spectra are obtained from every single data point. These



data are compiled into a single dataset where the occurrence of any single mass can be visualized as a scaled false color.
Molecules of interest can be visualized and identified by MS/MS on tissues. (B) lonization mechanisms involved in
MALDI, SIMS, and DESI ionization sources.

This entry provides an overview of some of the recent applications of MSI in food science and related fields. In the future,
MSI will become one of the most promising technologies for visualizing the distribution of food components and for
identifying food-related factors by their molecular weights to improve quality, quality assurance, food safety, nutritional
analysis, and to locate administered food factors.

| 2. History of MSI and Widely Used lonization Methods

To date, many instrument platforms and ionization methods have been applied to MSI. With regards to the various
ionization methods utilized, the three techniques which have been widely used in MSI include SIMS [RIZIEIE4]] MALDI [
[81], and DESI [[DI8)]. For the past 60 years, since the advent of MSI, it has been widely applied in biomedical sciences, life
sciences, food sciences, nutritional sciences, and also in criminal investigations (analysis of fingerprints) [€]. The
numbers of published articles containing the words ‘mass’, ‘spectrometry’, and ‘imaging’ in the title of the manuscript or in
the abstract in the PubMed database has gradually increased over the past two decades (Figure 2). Among these articles,
those that contain the additional word ‘food’ is less than 10%, but these publications have been increasing rapidly over the
past decade (Figure 2).
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Figure 2. Publication trend (number of published articles) related to mass spectrometry imaging (blue bars) and mass
spectrometry imaging of foods (red line). The number of publications were determined by using PubMed for research
articles published from 2000-2020 containing the words ‘mass’, ‘spectrometry’, and ‘imaging’ with or without ‘food’ in the
title or abstract, respectively.

At the start of MSI history in 1962, SIMS revealed the first ion images, which showed the distribution of Mg*, Al*, and Si*
ions in the specimen [19]. In SIMS-MSI experiments, the sample is attached to a conductive surface and subjected to
etching by a beam of high-energy primary ions. A wide range of ion sources such as Ar*, Au®*, or Bi®* can be used in
SIMS experiments. Upon collision with the sample surface, the energy of the primary ions is transferred to the analyte to
provide secondary ionization (Figure 1B) [21]. The primary ion beam allows SIMS instruments to collect nm-sized pixels
and to generate high resolution images, but this process is usually limited in the mass ranges of biological samples owing
to less molecules being ejected and ionized from the sample surface and also owing to a high degree of ion
fragmentation, especially in biological molecules with high molecular weights. Due to these limitations, the use of SIMS in
food science is limited to the characterization of small molecule compounds such as elements and lipids, but has the
advantage of a very high lateral resolution (>1 um) compared with other ionization techniques (Table 1).

Table 1. Summary of main ionization methods of MSI.
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The second ionization technique used for MSI is MALDI, which has been widely used in not only food science [2€], but
also in many biological research fields [[12[L3I14115)  The first report on the utilization of MALDI-MS was by Karas and
Hillenkamp in 1988, who performed successful ionization of serum albumin protein [L&]]. In 1997, Caprioli et al. showed
the distribution of IB-1 protein fragment (m/z 7605) in an aggregate of human buccal mucosa cells using MALDI-MSI [i21].
MALDI instruments incorporate a high powered ultraviolet (UV) or infra-red (IR) laser to ionize compounds on the surface
of the sample. The matrix, which is typically a low molecular weight compound that easily absorbs laser energy, is coated
on the surface of the sample, mixed and crystallized with the molecules of interest, followed by desorption/ionization with
a laser beam. Matrix is usually applied to the sample surface by a sprayer or by solvent-free sublimation [28129]]. When
applying uniform matrix coatings on the surface of the sample, the number of sample types analyzed and their spatial
resolution are limited (5-200 um). However, the utilization of matrix dramatically increases ionization efficiency of
compounds, which allows for lower laser intensities resulting in gentle ionization enough to prevent the fragmentation of
analytes with high molecular weights. The high ionization efficiency and lower fragmentation of analytes in MALDI-MSI
allows for non-targeted and comprehensive analysis of a sample on a slide [29]. The analyte, which is easy to ionize,
varies according to the type of matrix used (Table 1). In addition, owing to easily absorbing laser energy, the matrix itself
sometimes causes ionization interference. Therefore, the choice of the appropriate matrix is very important (Table 2).
However, the necessity of selecting matrix suited to the analytes of interest might be time consuming. The detailed
methodology of MALDI-MSI is not introduced in this review and is described thoroughly in many articles [2lI]]. Briefly, thin
sample sections are attached to an electrically conductive steel plate or to an indium-tin oxide (ITO)-coated glass slide
immediately followed by matrix application. The sample is then shot with a laser (UV or IR wavelength) whereby the
energy is absorbed by the matrix and transferred to the analyte to induce its ionization (Figure 1B).

Table 2. Examples of matrix used in MALDI-MSI.

Matrices Analytes
N-(1-naphthyl)ethylenediamine dihydrochloride (NEDC) glucose
3-amino-4-hydroxybenzoic acid (AHBA) glycan
3-aminoquinoline (3AQ) glycan
2-,4-,6-trihydroxyacetophenone (THAP) glycolipids
N,N-dimethylaniline (DMA) hemicellulose

1,5-diaminonapthalene (DAN) lipids



2-mercaptobenzothiazole (MBT) lipids

dihydroxyacetone phosphate (DHAP) lipids, glycan
2,5-dihydroxybenzoic acid (DHB) lipids, glycopeptide, polymer
9-aminoacridine (9-AA) lipids, metabolites
3-hydroxypicolinic acid (3HPA) nucleotides
anthranilic acid (ANA) nucleotides
nicotinic acid (NA) nucleotides
picolinic acid (PA) nucleotides
sinapinic acid (SA) peptides, proteins
a-cyano-4-hydroxycinnamic acid (CHCA) peptides, proteins
2-(4-hydroxyphenylazo)-benzoic acid (HABA) polymer
5-chlorosalycic acid (5CSA) polymer
trans-3-indolacrylic acid (IAA) polymer, aromatic
nifedipine polyphenols

The newest ionization method among the three mentioned above is DESI. MS analysis by DESI was first reported in 2004
by Takats et al. [21]. Unlike MALDI-MS, which is always performed in vacuum, DESI-MS is operated in an ambient
atmosphere (Table 1). Electrospray ionization (ESI) directs a pneumatically assisted stream of charged solvent droplets
toward the surface of samples, where compounds are extracted by the solvent. Then, the generated secondary ions are
propelled into the mass analyzer (Figure 1B). Thus, DESI combines the advantages of ESI and other desorption ionization
methods without matrix spraying. This results in minimal damage to the samples without complicated ionization
interference by the matrix, which allows the detection of minor components in samples. Other advantages of DESI-MSI is
that the samples can be simultaneously applied to both ion imaging and histochemical analyses. Although the lateral
resolution of DESI-MSI is modest (50-200 um) compared with that of other methods, its atmospheric operation allows for
the analysis of a wider variety of samples (solid, liquid, frozen, and raw) and does not require sample preparation (Table
1). DESI-MSI has been applied for the characterization of lipids, peptides, and small molecule metabolites in food.
Compared with MALDI, currently, along DESI and SIMS-MSI have been less utilized in food science. However, owing to
its obvious advantages, DESI-MSI could be widely used in this field.

While SIMS, MALDI, and DESI-MS continue to be widely applied in MSI, new ionization methods are being developed for
use in food science. MALDI-MSI has been the most widely used method, however, the necessity of using organic matrices
is a disadvantage as described above. Recently, nanoparticles (NPs), including silicones, graphite, and metallic NPs,
have been used as an alternative to organic matrices in laser desorption/ionization (LDI)-MSI [22], and this technique is
called nanoparticle-based surface assisted laser desorption/ionization mass spectrometry imaging (NPs-ALDI-MSI). There
are several types of NP-based methods, including silicon (DIOS)-MSI [[23]], and particles containing gold (Au nanoparticle-
enhanced target (AUNPET)) [24lI23126127]) sjlver (Ag nanoparticle-enhanced target (AgNPET)) [2428]], colloidal graphite
(GALDI) [22]), platinum, copper, nickel, and titanium [2d] have been used as NPs in MSI research. Many parameters such
as composition, particle size, morphology, surface properties, and concentration of nanoparticles affect the performance of
NPs-ALDI-MSI. Practical methodologies for ionization using organic matrices and nanoparticles are under discussion [2].



It is very difficult to find a general methodology suitable for ionization of all nanoparticles because the ternary interactions
of the analyte-nanopatrticle-laser on the laser spot are very complex and difficult to study due to the high vacuum within
the system. The mechanism of ionization is still a matter of debate, but NPs provide a greater detection sensitivity, wider
applications, clear background spectra, and low fragmentation [24]. The development and application of new NPs is
expected to advance food science research in the future.

| 3. Future outlook

MSI is a promising technology to visualize the distribution of food components and identify various food factors based on
their molecular weights for improved quality, quality assurance, food safety, nutritional analysis, and to locate administered
food factors. There are increasing number of studies using MSI technologies in food science and novel technologies are
being developing rapidly. For MSI analysis in food science, MALDI is the most commonly used ionization technology. Over
the past five years, new organic matrices have been developed for compounds whose localization is desired for analyses
(Table 2). New organic matrices continue to be developed and will help advance food science. Recently, NPs based on
metals and silicon have been used as a matrix instead of conventional organic matrices. Many parameters affect the
performance of NPs, and investigations aimed at establishing the appropriate conditions for the use of NPs will advance
food science through the visualization of various molecules in food. Although identification of substances with the same
mass (e.g., glucose and fructose) is not possible with current MSI technologies, the problem may be solved with the
development of specific enzymatic pretreatment methods and specific inducible reagents. We anticipate that the
knowledge obtained from MSI-based technologies in food science along with various other newly developed techniques
will soon be widely applicable to other fields of science to aid the study of analytes. However, the detection of compounds
that are present at low concentrations or with significantly low ionization efficiency remains a challenge that must be
overcome through further study. Therefore, the development of further techniques is necessary to analyze localization of
such compounds.
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