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As an impressive mass spectrometry technology, mass spectrometric imaging (MSI) can provide mass spectra
data and spatial distribution of analytes simultaneously. MSI has been widely used in diverse fields such as clinical
diagnosis, the pharmaceutical industry and environmental study due to its accuracy, high resolution and developing
reproducibility. Natural products (NPs) have been a critical source of leading drugs; almost half of marketed drugs

are derived from NPs or their derivatives.

mass spectrometry imaging microorganism natural products

| 1. Introduction

Bioactive microbial natural products (NPs) are important sources of leading drugs @l Since the discovery of
penicillin &, human exploration in the field of microbial NPs has continued for nearly 100 years. To date, microbial
natural products and their derivatives have made a great contribution to human health, especially for antitumor and
antimicrobial drug development 2. Generally, in a routine microbial NPs’ research workflow, after the isolation, NPs
need to be characterized by several methods for their chemical properties. As a regular analytic and characteristic
technology, mass spectrometry is an indispensable tool in this field, which offers qualitative (mass-to-charge ratio)
and quantitative (intensity) information for specific molecules &, However, traditional mass spectrometry analysis
for microbial NPs requires laborious processes including fermentation, extraction, concentration and dissolution,
which often cost days to weeks. More importantly, the compounds are removed from their original biological

environment, which prevents the understanding of NPs’ real biofunctions or biosynthetic origins in site (8],

At the forefront of microbial NPs’ discovery, different kinds of advanced mass spectrometry imaging (MSI)
technologies enable direct characterization and analysis of microbial NPs or microbial interaction, which allows
researchers to connect the microbial phenotypic phenomena to chemical information 2. As MSI can capture the
spatial distribution of the chemical information of analytes, it combines the mass spectrum data and molecules’

spatial distribution into one experiment, which cannot be achieved by traditional mass spectrometry.

MSI initially began with solid surface analysis with secondary ion mass spectrometry (SIMS) imaging in the early
1960s, and progressed with commercial laser microprobe mass spectrometry (LMMS) & In recent years, largely
benefitting from the advances in the soft ionization technique, MSI has been applied rapidly in the biology field [,
since the investigation of peptides and proteins in biological samples based on matrix-assisted laser
desorption/ionization (MALDI-TOF-MS) . The research of microbial MSI has continued to grow in the past two

decades (Figure 1). With the ability of direct untargeted investigation of diverse molecules such as glycans, lipids,
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peptides and macromolecules, with a label-free method on a complex biological sample surface, MSI offers a
powerful tool to complement other biological imaging and omics study 29,
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Figure 1. Microbial mass spectrometry imaging-related papers on Web of Science™ from 2002—2021.

As shown in Figure 2, a standard MSI workflow generally contains four steps: (1) the sample is induced to
desorption under the laser or ion beam gun; (2) the gas phase is ionized for further detection in the mass analyzer
(please find the detailed ionization strategy in Table 1); (3) the detector records the values of the mass-to-charge
ratio (m/z) and generates a mass spectrum graph, with m/z values on the x axis and ion intensity on the y axis; and
(4) the collected mass spectra of every pixel on the surface of the analytes are performed as a heat map to
visualize the spatial chemical information using professional data processing software 11,
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Figure 2. A typical workflow of microbial MSI. SIMS: secondary ion mass spectrometry; MALDI: matrix-assisted

laser desorption/ionization; SALDI: surface-assisted laser desorption/ionization; DESI: desorption electrospray

ionization; LAESI: laser ablation electrospray ionization; TOF: time-of-flight, Q-TOF: quadrupole time-of-flight,

FTICR: Fourier transform ion cyclotron resonance.

Table 1. lonization techniques used in microbial MSI.

Iovr\ilosrcl)(:]r:';e lonization Limit of Spatial
Condition Source Resolution
SIMS 35 nm 22
Vacuum ionization MALDI 5um @
SALDI 10 um @
DESI 10 pm [31024]
Ambient ionization
LAESI 100 pm 5]

Advantage

Superior spatial
resolution

Broad coverage of
molecule species

Matrix-free

Simple sample
preparation

Can be used for
fresh samples

Major Limit

Mostly fragmentation ions

The choice of matrix
should be considered

Sample transfer is
inevitable

Complex instrumental
parameters optimization

Lower spatial resolution

It is worth noting that the application of MSI in microbial NPs’ research has led to great achievements [IL1I16][17][18]

[19][20][21][22][23][24][25][26]
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| 2. Different lonization Used in Microbial MSI

For any mass spectrometry analysis, the ionization level and efficiency of the analytes should be considered as
one of the most important factors 27, To date, diverse commercial ion sources have been used for microbial MSI
(Table 1). Generally, researchers divide them into two sections—‘vacuum ionization” and “ambient ionization"—
according to the ion source working condition 17, Secondary ion mass spectrometry (SIMS), matrix-assisted laser
desorption/ionization (MALDI), surface-assisted laser desorption/ionization (SALDI), desorption electrospray
ionization (DESI) and laser ablation electrospray ionization (LAESI) are the five major MSI methods in the field of
microbial NPs. Spraker et al. recently reviewed the ionizations in MSI for NPs’ research that can be used as a

guide for those seeking further background reading .

2.1. Secondary lon Mass Spectrometry (SIMS)

As the earliest MSI technology used for microbial research [28], SIMS depends on the charge transfer from the
high-energy primary ion beam to the sample surface for generating the analyte secondary ions. SIMS can provide
superior spatial resolution (<100 nm), far beyond other MSI technologies 22, However, the harsh requirements for
the surface of samples limit the application of SIMS in the exploration of microbial NPs. Cultivating microbial
samples on conductive substrate surfaces such as silicon wafer and indium tin oxide-coated (ITO) glass slides can
partly solve this problem BBl On the other hand, due to the nature of the hard ionization technique, SIMS
produces some poorly interpretable secondary fragmentation ions, which limits the application in the identification
of unknown natural products 1. As a means of optimization, matrix-enhanced SIMS (ME-SIMS) can partly help to

reduce fragmentation, enhance ionization and extend the mass range of SIMS experiments 221,

2.2. Matrix-Assisted Laser Desorption/lonization (MALDI)

In 1985, MALDI was firstly discovered by Franz Hillencamp and Michael Karas 23, and then Koichi Tanaka
developed this technology into protein analysis and won the Nobel Prize in 2002 4], Due to the broad coverage of
molecule species (small molecules, lipopeptides, peptides and proteins), MALDI has become the first choice of
microbial MSI 33, In MALDI-MSI, biomolecules on the sample surface are desorbed by the assistance of laser light
and the matrix (small organic acids or bases that cocrystallize with the sample) for proper ionization 281, Hence, the
selection of a suitable matrix is considered as one of the critical factors, especially for NP research 4. Until now,
2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA) and their mixture have been the most
common choices for various small molecule imaging in positive ion mode 28, while in negative ion mode, 9-
aminoacridine (9-AA) has shown the advantage of low background with MALDI-MSI 22, |n addition, 3,5-dimethoxy-
4-hydroxycinnamic acid (SA, sinapinic acid) is used for protein analysis, and 4,6-Trihydroxyacetophenone (THAP)
(491 and 3-Hydroxypicolinic acid (3-HPA) 41l are justified to be suitable for oligonucleotide analysis. In addition,
many other matrices substrates such as Dithranol (421 Curcumin 431, 4-Phenly-a-cyanocinnamic acid amide (44]
1,6-diphenyl-1,3,5-hexatriene (DPH) 2 3-Aminophthalhydrazide (Luminol) 8, N-phenyl-2-naphthylamine (PNA)
[46] 1 5-diaminonapthalene (1,5-DAN) 44, 1-naphthylhydrazine hydrochloride (NHHC) 8 have been used.

Meanwhile scientists are still searching for new matrices with better performance.
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2.3. Surface-Assisted Laser Desorption/lonization (SALDI)

SALDI-MS was originally proposed by Sunner and Chen in 1995 [43 As a kind of matrix-free laser
desorption/ionization (LDI) technology, SALDI substitutes the organic matrix of MALDI with other substrate
surfaces such as graphite or nano silicon . Due to the avoidance of organic matrices, SALDI provides the ideal
prospect for application in small molecules (<500 Da) 2Bl |n the past decade, there were several applications of
biological and microbial SALDI imaging based on different kinds of silicon substrates B253I34] For instance, Wang
et al. prepared gold nanoparticles/thiol--cyclodextrin-functionalized TiO, nanowires as the assistant surface for NP
SALDI-MSI in 2022 39, Meanwhile, several studies have indicated that SALDI could be a promising platform for
microbial imaging [23153],

2.4. Desorption Electrospray lonization (DESI)

In 2004, as a novel ambient ionization technology, DESI was firstly innovated by Cooks’ group 8. In a standard
DESI process, the high-velocity electrosolvent is directly sprayed on the surface of the sample to form sample-
bearing droplets, and then the ions generated by desolvation of these droplets are introduced to the mass
spectrometer inlet 181, Routinely, in order to obtain ideal imaging results, the optimization for instrument parameters
is inevitable, such as solvent selection, solvent flow rate, spray voltage, gas flow rate, and the distances and angle
from the sample surface to the sprayer 2. However, DESI-MSI requires a hard, flat, uniform and nonconductive
sample surface for the consistent and stable signal, which partly limits the application of DESI-MSI to microbial NP

analysis 71,

2.5. Laser Ablation Electrospray lonization (LAESI)

LAESI was invented in 2007 by Nemes and Vertes 58 and provided a new choice for ambient ionization mass
spectrometry technology via the combination of electrospray ionization and laser ablation. Gas particles on the
analyte surface, formed by mid-infrared laser ablation, are introduced to the MS inlet for analysis after electrospray
ionization. LAESI requires little sample preparation but samples should be water-rich, which allows direct analysis
of some limited sample surfaces such as plant tissues, clinical samples and microorganisms B9, In 2016, Li et al.
first reported the application of LAESI-MSI in a bacterial colony on agar to show the bacterial lipids’ distribution,

which presented its ability in the identification and imagination of microbial metabolites ©9.

| 3. Sample Preparation in Microbial MSI

Unlike usual vegetal or mammalian tissue section imaging, sample preparation for microbial samples in MSI is a
tricky problem 23, Flat frozen sections of organs or tissues can be easily obtained from cryogenic microtomes, but,
unfortunately, microbial agar cultures are often too thin for cryotome sectioning. In addition, most microbial samples
contain complex topography due to the presence of spores and aerial hyphae on the hydrated agar media, which
makes it difficult to meet the requirements of the ion source for the analyte surface. For those vacuum ion sources

such as MALDI, it demands a dry sample and homogeneous deposition of the specific matrix. Though it is a tough
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challenge, much useful and impressive progress has been made this decade, since the first protocol for agar-
based microbial MALDI-MSI was introduced [, A typical microbial sample preparation contains three steps: (1)
culturing the microbe on thin agar; (2) dehydrating the sample; and (3) depositing the matrix on the sample surface.
Actually, the factors to be considered in each specific experimental process are far more complicated than the
three steps above. There are many details to be optimized such as the agar concentration of the culture media, the
choice of matrix and the matrix deposition methods (including sieving, sublimation, using an airbrush and a robotic
sprayer) 23, Some advances in the sample preparation of microbial MALDI-MSI are summarized in Table 2. It
should be noticed that, due to the construction of the instrument and unstable sample adherence, the agar sample
placed on the MALDI target plate may flake or even fall from the plate under a high-vacuum condition, which brings
disadvantages to the experiment and even causes irreversible damage to the instrument. Cultivating microbes on a
glass slide coated with indium tin oxide (ITO) or some optimization of the sample preparation can partly overcome
this problem (B2l Meanwhile, AP-MALDI was subsequently developed and has been performed to monitor the
spatial metabolome of the host—microbe associations of deep-sea mussel Bathymodiolus puteoserpentis at

atmospheric pressure, which will alleviate this vacuum restriction problem [291[62],

Table 2. Technical advances in sample preparation of microbial MALDI-MSI.

Time Introduced Technique Advantage Reference
2012 A common protocol for agar-based microbial ~ The first protocol for agar-based microbial 61]
MALDI-MSI MALDI-MSI
2013 A method for visible three-dimensional (3D) Captures the depth profile of metabolite 63]

models of a microbial colony distribution beyond 2D-MALDI-MSI
2014 A method with solid MALDI matrix deposition Enhanced signals of some fungal [64]
on microbial agar culture metabolites
A method for spraying matrix solution Forms a homogeneous. evenly closed
2015 programmatically on dried agar-based g . ’ y [65]
matrix layer
samples
: . . Higher sensitivity and lateral resolution for
2016 BB sp.rayer LA the analyte and suitable for different kinds [66]
capillary .
of matrix
2016 A one-step matrix spraying method with Simplified sample preparation and high- 67]
optimized homemade equipment resolved images
2019 A membrane-based culturing workflow SiEEEEAE s gL [68]
surface
A method using 2,5-dihydroxybenzoic acid Prevents the sample flaking from the
2022 (DHB) as “glue” to adhere the microbial target under vacuum and also provides a [25]

culture agar plate to the MALDI target

larger area for MALDI-MSI analysis
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DESI-MSI, as the other mainstream option used for NP or microbial metabolite imaging, requires relatively simple

sample preparation compared to MALDI-MSI. Some technical advances in the sample preparation of microbial

DESI-MSI are summarized in Table 3. Routine DESI-MSI analysis demands a hard, flat and uniform surface.

Several viable alternative solutions have been developed, for example, imprint transfer technology, the involved

metabolites and its distribution on the surface of the microbial culture medium is transferred to mixed cellulose

ester filter membranes, and thus DESI analysis can be performed on this flat membrane 57, However, this method

might lose some molecular information and is not ideal for those microbial samples with complex surface

conditions such as fungi [¢3. Another simple but exciting advance in microbial sample preparation for DESI-MSI is

dehydration. For microbes grown on a thin-layered agar plate, the extra dehydration can form a flat, hard and

nonconductive surface, which is suitable for direct DESI-MSI analysis 2. Nano-DESI-MSI technology has the

ability of minimally invasive and direct analysis of a living microbial community, without any sample preparation Z9,

Table 3. Technical advances in sample preparation of microbial DESI-MSI.

Time Introduced Technique
A thin film imprinting technique with
2010 . ,
mixed cellulose ester filter membranes
2012 Nano-DESI-MSI technology
2014 A “cardboard insert” method
2015 A protocol on microbial agar culture for
direct DESI-MSI
A constant-distance nano-DESI-MSI
2017 : .
imaging model
A microbial sample reparation method
2019  with microporous membrane scaffolds
(MMS)
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