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Abstract: Nowadays, matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS) is routinely implemented as the reference method for the swift and straightforward
identification of microorganisms. However, this method is not flawless and there is a need to upgrade
the current methodology in order to free the routine lab from incubation time and shift from a
culture-dependent to an even faster independent culture system. Over the last two decades, mass
spectrometry imaging (MSI) gained tremendous popularity in life sciences, including microbiology,
due to its ability to simultaneously detect biomolecules, as well as their spatial distribution, in
complex samples. Through this literature review, we summarize the latest applications of MALDI-
MSI in microbiology. In addition, we discuss the challenges and avenues of exploration for applying
MSI to solve current MALDI-TOF MS limits in routine and research laboratories.

Keywords: MALDI MSI; Mass spectrometry imaging; microbiology; biomarkers; microbial interac-
tions; diagnostics; drug distribution

1. Modern Microbiology and Current Limitations

In all fields of microbiology, i.e., food safety, surveillance, infectiology or diagnostics,
the key is to obtain accurate, swift and cost-efficient identification of microorganisms, as
well as their different characteristics, such as antimicrobial resistance profiles or subtyping
characteristics. On the one hand, culture-based phenotypic methods are widespread and
are reference methods for several tests (e.g., antibiograms) due to their low costs. On the
other hand, the up-to-date development and implementation of molecular technologies in
routine microbiology is slowly replacing it [1]. Among these technologies, genomics and
proteomics could be depicted as the two most used methods in microbiology laboratories.

On the genomics side, the high-discriminatory, next-generation sequencing could
be used for a number of applications, ranging from species identification to genotyping
for epidemiological investigation [2,3]. Therefore, sequencing could be easily compared
as the Swiss-knife of the microbiologist. Nevertheless, its implementation in routine lab-
oratories remains challenging due to wet (e.g., PCR amplification bias and sequencing
errors) and dry (e.g., bioinformatic pipelines and data management) lab issues, as well
as its overall costs [4]. On the proteomics side, the high-throughput matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) has become
the reference method in routine laboratories for the rapid and reliable identification of
whole-cell microorganisms based on protein fingerprints [5]. Despite the initial price of the
MALDI-TOF apparatus, i.e., approximately 180,000–200,000 euros, analysis of 96 samples only
entail around 0.50 euros of chemicals and consumables [6]. Additionally, a maximum identi-
fication turnaround time of 25 min is required for 96 reliable identifications. Commercial
MALDI-TOF MS systems include databases for a large panel of microorganisms—including
bacteria [7], mycobacteria [8] and fungi [9]—of medical and food interest. Furthermore,
many reports underlined the successful application of MALDI-TOF MS for identification
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of additional microorganisms—such as viruses [10–12], ectoparasites[13,14], protozoa and
helminths [15–17]—as well as antimicrobial resistance profiles and subtyping in a research
context [18,19]. In the post-genomics world, microbial proteomics will be the foremost
complement to other omics-powered technologies as protein activity is the most important
factor for understanding biological pathways.

Nevertheless, this methodology is not without flaws. Indeed, microbiologists fre-
quently highlighted that commercial MALDI-TOF MS systems are struggling to identify
closely related species (e.g., Mycobacterium tuberculosis complex and Enterobacter cloacae
complex) based on their protein fingerprints [20]. For example, Saleeb and colleagues
underlined that despite the fact that MALDI-TOF MS accurately classified all isolates
as members of the M. tuberculosis complex, it was not possible to distinguish them into
separate species [21]. The same observation was also highlighted by current research and
for other mycobacterial complexes [22,23]. However, it is worth acknowledging the latest
developments based on species-specific lipids to overcome such limitations, which was
detailed elsewhere [24]. Along the same line, current MALDI-TOF MS microbial identifica-
tion relies on either pure microbial monoculture streaked on agar plates or resuspended
cells obtained by in-house or commercial protocols (e.g., Sepsityper® kit) from complex
biological samples (e.g., stools, urine and blood). At a time when there is a constant search
for higher throughput, such an approach requires incubation time, at best 24 h and at
worst up to 4 weeks, to allow microbial colonies to grow, which is not straightforward.
Furthermore, although studies have shown that it may be possible to identify bi- or ternary
bacterial mixtures without a purification step [25–27], it is currently not possible to identify
a mixture of microorganisms, either in liquid samples or directly from biological samples,
such as stools, using commercial settings. Moreover, the description of biomarkers is a
panacea when it comes to distinguishing closely related species or specific antimicrobial
resistance. Nevertheless, the MALDI-TOF MS apparatus used in routine laboratories does
not allow de novo peptide sequencing in terms of resolution and ability to perform peptide
fragmentation and, hence, identify those specific protein peaks. Biomarkers characteri-
zation is an important step if it is destined for clinics or food applications. For example,
the biomarker identified by Griffin and colleagues, which was supposed to distinguish
vancomycin-resistant and vancomycin-susceptible Enterococcus faecium, was not suitable for
routine diagnostics [28]. Indeed, after peptides sequencing, the identified gene could not
be directly linked to the presence of a VanB resistance gene [29]. According to introduced
limitations related to the application of MALDI-TOF MS in microbiology, there is a need to
upgrade the current methodology to free routine labs from incubation time and shift from
a culture-dependent to an even faster culture-independent system.

Over the last years, numerous reviews focusing on the application of MALDI-TOF MS
in microbiology have mentioned MALDI mass spectrometry imaging (MSI) as a potential
new game-changer in both microbiology research and even diagnostics [30–32]. Along
the same line, an increasing number of specialized reviews and books have described MSI
technologies as an attractive tool for the future regarding the analysis of complex samples
and microbiomes [33–37]. For example, Zou and colleagues published a review on MSI and
its potential application in food microbiology to raise awareness of this technique [38]. On
the one hand, MALDI-TOF MS is currently the reference method for the swift identification
of microorganisms in routine laboratories [39]. On the other hand, Palmer and colleagues
underlined in the results of their online survey that MALDI was the most popular ionization
technique among respondents, with 95% of labs using this technology [40]. Therefore, the
present paper will be focusing on MSI based on MALDI ionisation. The aim of this
review is to summarize the current literature covering the application of MALDI-MSI in all
microbiological fields. Throughout this paper, avenues of exploration for applying MSI to
solve current MALDI-TOF MS limits in routine and research laboratories will be discussed.
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2. Mass Spectrometry Imaging: A Picture Is Worth a Thousand Words

Over the last two decades, MALDI-MSI gained a fast-growing popularity (Figure 1)
due to its non-specific nature in detecting biomolecules, such as small metabolites, lipids,
peptides and proteins in complex samples [41]. In contrast to targeted imaging, like
immunohistochemistry, it is a powerful tool that can simultaneously investigate both
chemical composition and the spatial distribution of different molecular species within the
sample, giving insights into biological systems [42].
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Figure 1. MALDI mass spectrometry imaging-related publications with the keywords “MALDI-MSI”
or “MALDI mass spectrometry imaging” or “MALDI imaging” in Abstract or Title on PubMed search
builder (searched in September 2022) compared to microbiology-related MALDI-MSI publications.

Several reviews extensively described the basic principles of such methods [42–44].
In life sciences, samples can be a variety of tissue sections (e.g., brain, liver or skin cross-
sections, 5–20 µm in thickness), smears and even microbial colonies. First, samples are
mounted and fixed or directly grown on a support, such as Indium Tin Oxide-coated glass
slides (ITO) or MALDI targets. Second, samples are coated with a chemical so-called matrix,
which enabled the extraction and desorption/ionization of biomolecules from the co-
crystallized samples. As a classical MALDI approach, the matrix absorbs laser energy, and
analytes are desorbed and ionized into the gas phase. Different matrices could be selected,
depending on the analyte class investigated. For example, α-cyano-4-hydroxycinnamic
acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were highlighted for their “universal
analysis” for metabolites and peptides in a positive ion-mode [43]. Interestingly, due to the
mass range limitation of certain analyzers (e.g., Orbitrap, Q-TOFs), high-resolution MS of
large proteins was challenging [43]. Nevertheless, by implementing an extra enzymatic
digestion step, performed directly on-tissue, i.e., on-tissue digestion, fragments of large
proteins, such as myelin basic proteins, were observed [45]. Then, the tissue is directly
scanned either in a continuous raster mode, i.e., the sample is moved at a constant speed
while the laser is shooting, or in a pixel-by-pixel mode, i.e., a fixed number of laser pulses
is applied per pixel to record a single mass spectrum. Nowadays, the lateral resolution
or pixel size obtained with current commercial instrument is approximately 10 µm, and
30 to 50 pixel per second could be acquire at a moderate mass resolution [41]. MALDI MS
images are reconstructed based on the intensities of a given ion on a (x, y) grid over the
surface of the sample. The final image creates a visualisation of the sample based on the
mass-to-charge of molecular ions of interest measured directly from the sample [42].

MALDI-MSI combines numerous advantages, including high sensitivity, high through-
put and molecular specificity [42]. While imaging results are very close to immunohisto-
chemistry, MALDI-MSI has the advantage of investigating multiple molecules within a
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single run without labelling or modifying the native sample [42,44]. Such information is
important when considering potential changes to the chemical, physical or biological func-
tions of biomarkers by the tagging reagent [42]. Hence, the morphological and molecular
integrity of the scanned tissue is maintained [46]. Additionally, MALDI-MSI is suitable for
the analysis of biological samples as (1) it can deal with a wide range of molecular weights
(ca.100 Da to 100 kDa), (2) it produces singly charged ions and (3) the laser can interrogate
specific histological spatial areas [42,47].

All these last points have enabled the development of biomedical and pharmaceutical
applications requiring spatial molecular analysis. One of the major applications of MALDI-
MSI is the possibility to perform a mapping of the molecular distribution in classical
biological research to further understand biological pathways. When applied in clinically
relevant areas, imaging can provide better diagnoses and prognoses and assess treatment
of the disease [41]. Several studies investigated MALDI-MSI for the screening of diseased
tissues in oncology, neurology or endocrinology [48–51]. In the case of neurosciences,
MALDI-MSI was applied for the investigation of neurodegenerative (e.g., Alzheimer’s
or Parkinson’s disease) and psychiatric disorders (e.g., schizophrenia) at the molecular
level [52]. Matsumoto and colleagues discovered an abnormal distribution of phosphatidyl-
choline lipid species in the cortical layer of the frontal cortex region after analysis of the
post-mortem brain of a patient with schizophrenia [53]. Although it is difficult to draw
conclusions from their feasibility study, it highlights the importance of linking biochemical
mapping to brain function disorders. Furthermore, when combined with machine learning,
it enabled the development of classifiers for the potential diagnosis of cancer. For example,
Mittal and colleagues developed a 98% accurate supervised machine learning algorithm,
based on MALDI imaging mass spectra, to distinguish colorectal tumours from healthy
tissue [54]. Along the same line, imaging was also employed for pharmacokinetic studies,
i.e., how drugs reach their site of action, to visualize the distribution of an administrated
drug in tissue sections by detecting specific mass signals of the studied drug [55]. Imaging
of drug localisation could be either qualitative or quantitative. For example, by micro-
spotting calibration standard solutions at different concentrations onto tissues, tofacitinib
molecules were quantified in human epidermis [56]. However, quantitative MSI is still in
its beginning and further work should be undertaken to establish a consensus on how to
generate calibrated curves to assess drugs’ concentration directly in tissues [57]. Neverthe-
less, MALDI-MSI is widely used for a comprehensive analysis of biomolecules, and such
an approach was also applied to microbiology in the early 2000s.

3. Where Are We with MALDI Mass Spectrometry Imaging in Microbiology?

MALDI-TOF MS technology was introduced into diagnostics labs two decades ago.
However, such an apparatus was already implemented long before in chemistry and
biochemistry labs for biomolecules analysis [58]. In 2016, an online survey was con-
ducted among the MSI community to determine user profiles, as well as their related
applications [40]. Not surprisingly, the great majority of users were chemists, biochemists
and biologists, and 80% of them applied MSI for the study of either small molecules,
lipidomics, metabolomics or pharmaceutical studies. Microbiologists were the less repre-
sented profiles in this survey, and few applications revolved around microbiology applica-
tions. Nevertheless, Dorrestein’s group was the first lab to investigate MALDI-MSI applied
to microbiology and diverse related topics (e.g., metabolic exchanges and profiling) [59–72].
Accordingly, they opened a world of possibilities to explore and better understand the
microscopic world. Since then, several MALDI-MSI articles focusing on numerous microor-
ganisms, such as bacteria, fungi, parasites, viruses and protozoa (Table 1 and Figure 1), and
in many fields, such as clinical, food and environment, were published.
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3.1. Microbial and Host-Microbes’ Interactions

Current applications chiefly rely either on the interactions between two microor-
ganisms, microbes and their hosts, or direct environment. In 2009, Yang and colleagues
published the first ever and groundbreaking study underlining the possibility to do MSI
of intact bacterial colonies grown on MALDI targets to study bacterial interactions. By
using such an approach, they investigated interspecies interactions between B. subtilis and
S. coelicolor involving several metabolites [60]. Since then, similar microbial interaction stud-
ies were achieved [62,63,65,66,68,73–80] (Figure 2). One of the latest was the investigation
of the post-ionization (PI), also called MALDI-2, for imaging bacterial colonies [81]. The
classical single laser MALDI approach produces low ions yield, so-called “lucky survivors”,
resulting in mass spectra with abundant or easily ionizable analyte molecules [82,83].
Hence, low abundant or hardly ionizable molecules, which might play a key role in
metabolism pathways, might be missed. One way to enhance ion yield without extra
preparation is to use PI, where a second MALDI-like ionization event occurs, interacting
with the already desorbed particles’ plume. As such, Brockmann and colleagues used this
technique, to study P. aeruginosa, S. aureus and B. subtilis grown on polyamide membranes.
In addition, the authors also produced MSI for the inhibition of P. aeruginosa when exposed
to a β-lactam antibiotic disk. Overlay images revealed a 2 mm width structure where a
high abundance of several 2-alkyl-quinolones, an important part of the quorum-sensing
machinery of P. aeruginosa, was detected close to the inhibition zone.
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Trichoderma atroviride and Rhizoctonia solani hyphae. Figure was reproduced with permission from
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Therefore, by boosting the ion yield of important biomolecules, PI could be a relevant
additional tool for the accurate analysis of chemical communication in microbial communities.

Table 1. Specific microbial literature operating with MALDI mass spectrometry imaging. TOF: Time-
of-Flight, LTQ: Linear Ion Trap, FT-ICR: Fourier-transform ion cyclotron resonance, Q: Quadrupole,
NA: Not applicable.

Class Main Objective Organisms Analyzer Lateral
Resolution Year References

Bacteria

Biofilm formation

Bacillus
TOF NA 2015 [72]

TOF/TOF 250 µm 2016 [84]
Pseudomonas TOF/TOF 100 µm 2014 [85]
Pseudomonas

Staphylococcus TOF 50 µm 2016 [86]

Listeria TOF 100 µm 2018 [87]
Biomarker identification Mycobacterium LTQ-orbitrap 50 µm 2018 [88]

Drug effect Pseudomonas TOF 500 µm 2015 [70]
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Table 1. Cont.

Class Main Objective Organisms Analyzer Lateral
Resolution Year References

Bacteria

Host-microbes’ interactions

Intracellular microbial
communities of
Bathymodiolus

Q-orbitrap 3 µm 2020 [89]

Pseudonocardia LTQ-orbitrap 75 µm 2017 [90]
Gut microbiota NA 50 µm 2022 [91]
Gut microbiota TOF/TOF NA 2012 [67]

Streptomyces LTQ-orbitrap NA 2011 [92]
Francisella FT-ICR 75 µm 2017 [93]
Escherichia

Pseudomonas TOF/TOF NA 2020 [94]

Microbial interactions

Pseudomonas
Escherichia

Staphylococcus
Q-orbitrap 50 µm 2019 [76]

Bacillus
Streptomyces TOF/TOF NA 2012 [80]

Lysobacter
Bacillus

Pseudomonas
Streptomyces

Staphylococcus
Mycobacterium

TOF 200–800 µm 2012 [64]

Lysobacter TOF/TOF 50 µm 2015 [61]
Bacillus

Staphylococcus TOF 200–350 µm 2011 [66]

Paenibacillus
Bacillus TOF/TOF 300 µm 2019 [63]

Bacillus TOF NA 2010 [65]
Pseudomonas TOF 400 µm 2016 [62]
Pseudomonas
Aspergillus TOF/TOF 400–600 µm 2012 [68]

Bacillus
Streptomyces TOF/TOF NA 2009 [60]

Paenibacillus FT-ICR NA 2013 [73]

Sample preparation Myxobacteria TOF/TOF 350 µm 2015 [71]
Bacillus TOF/TOF 200 µm 2016 [95]

Spatial distribution Microbial mat FT-ICR 25 µm 2020 [96]

Fungi

Microbial interactions Trichoderma
Rhizoctonia TOF/TOF NA 2016 [74]

Host-microbes’ interactions
Aspergillus FT-ICR 50 µm 2020 [78]
Aspergillus TOF/TOF 500 µm 2019 [79]

Sample preparation Aspergillus TOF/TOF 35 µm 2014 [97]

Parasites
& Vectors

Chemical characterization Schistosoma
LTQ 50 µm 2014 [98]

Q-orbitrap 5 µm 2020 [99]
Anopheles Q-orbitrap 12 µm 2015 [100]

Drug distribution
Schistosoma Q-orbitrap 5–9 µm 2021 [101]

Fasciola
Q-orbitrap 10 µm 2022 [102]
Q-orbitrap 10 µm 2020 [103]

Host-microbes’ interactions
Schistosoma Q-orbitrap 10 µm 2022 [104]

Parasitic nematodes TOF &
Q-orbitrap 25–8 µm 2021 [105]

Protozoa
Method improvement Paramecium NA 1.4 µm 2016 [106]

Host-microbes’ interactions Leishmania FT-ICR 50 µm 2021 [107]

Viruses Biomarker identification
MDV TOF/TOF NA 2019 [108]

Parvovirus TOF/TOF 50 µm 2022 [109]
HPV TOF NA 2011 [110]

Microbial interactions EhV201 FT-ICR 100 µm 2019 [77]



Cells 2022, 11, 3900 7 of 23

One of the biggest challenges of the 21st century is to further explore and under-
stand metabolic interactions between symbiotic or pathogenic microorganisms and their
host environment. Indeed, it was highlighted that unsuitable host-microbes interaction
could trigger multiple chronic inflammatory diseases (e.g., inflammatory bowel disease
or colorectal cancer) in humans [111]. In this sense, Geier and colleagues performed
two studies investigating in situ spatial metabolomics in small animals, i.e., earthworms
and mussels [89,105]. In the case of the earthworms, the authors introduced chemo-histo-
tomography (CHEMHIST) combining MALDI-MSI and micro-computed tomography,
allowing a three-dimensional (3D) map of its chemical and physical interactions with mi-
croorganisms, i.e., bacteria and parasitic nematodes, within the host (Figure 3) [105]. In the
case of mussels as target organisms, Geier and colleagues presented imaging workflow com-
bining fluorescence in situ hybridization (FISH) microscopy and high resolution MALDI-
MSI (metaFISH), making it possible to visualize metabolic phenotypes and their associated
partners [89]. Along the same line, Wiedemann and colleagues explored the interaction of
parasitic Schistosoma mansoni trapped eggs (60–200 µm) in hamster liver. Biomarkers de-
tected by liquid chromatography (LC) tandem mass spectrometry (MS/MS) and visualized
by MALDI-MSI pointed out the lipid’s alteration after infection with S. mansoni and its
eggs [104]. While MALDI-MSI was associated with other separation or complex imaging
techniques, it was also reported to have been combined with scanning electron microscopy
(SEM) for the visualization of Aspergillus and Pseudomonas in rat lungs [78].

In the end, regular or 3D MALDI-MSI alone or combined with other imaging modalities
could be interesting for further explorations of host-microbes’ interactions, including human
gut microbiota, symbiotic systems and other relevant pathogens such as M. tuberculosis.

3.2. Biofilms and Microbial Mats Formation

In some fields like microbial ecology, it is also crucial to identify the spatial distribution
of microbial populations under specific structures, such as microbial mat, i.e., multi-layered
sheets of microorganisms, or the closely related biofilm. In comparison to biofilm, micro-
bial mat ranges from several millimeters to centimeters thickness, and it is stratified into
distinct layers [112]. MALDI-MSI was applied for ecosystem inspection in order to better
understand microbial population spatial distribution and, hence, functioning [96]. In the
study of Wörmer and colleagues, an embedded microbial mat from a Yellowstone spring
was investigated by MALDI-MSI to provide a description of the structure of the microbial
mats. Based on the distribution of certain chloropigments, such as pheophytin, bacterio-
pheophytin and quinones, several chlorophototrophs groups, including the cyanobacteria
Synechococcus spp. prominently in the upper 2 mm mat, were identified (Figure 4).

Along the same line, while some biofilms are innocuous, others may contribute to the
etiopathogenesis of diseases, such as cystic fibrosis and urinary tract infection, or chronic
infections [113]. Considering the large panel of diseases and infections directly linked to
biofilms, there is a need to better understand biofilm structures. From this perspective,
few studies considered MALDI-MSI to examine biofilm formation drivers, as well as
bacterial interactions within biofilms [72,84–87]. B. subtilis is a popular bacterium model
for studying biofilms due to the fact that it can develop different types of biofilms. In
this context, Bleich and colleagues identified by MALDI-MSI that thiocillins, a B. cereus-
produced peptide antibiotic, triggered biofilm formation in B. subtilis. Likewise, MSI
combined with fluorescence was used to explore cellular and molecular heterogeneity in
wild type and mutant B. subtilis biofilm [84].

Through the use of MALDI-MSI, complex microbial structures could be screened so as
to deconstruct intricate molecular mechanisms.
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Figure 4. Images of the mat slice (a) and 75 µm resolution MSI of pheophytin (Pheo) a, plastoquinone
(PQ9:9) and pyropheophytin a (b–d) depicting the spatial distribution of the oxygenic chloropho-
totroph Synechococcus spp. Panel (e) shows the difference between the normalized relative abundance
of Pheo a and Pyropheophytin a (denoted as ∆ Pheo a, Pyropheo a). Figure and caption were
reproduced with permission from Wörmer and colleagues [96].

3.3. Chemical Characterization and Visualization

Another important application of MALDI-MSI is the chemical characterization and
molecular mapping of microorganisms. Knowing such information is critical to gain
high-value information regarding the function and properties of analytes. In the case of
microbiology, MALDI-MSI lateral resolution might still be insufficient for bacterial single-
cell characterization. However, such methodology could be suitable for larger organisms
like parasites (e.g., Schistosoma) or diseases vectors (e.g., mosquitoes). To date, two publi-
cations related the molecular characterization and visualization of Schistosoma mansoni
by MALDI-MSI [98,99]. It is worth noting that biomolecules such as lipids play a valuable
role in the host recognition, immune response modulation, evasion, communication and
development of S. mansoni [98]. Ferreira and colleagues characterized and differentiated
the male and female of two S. mansoni strains from Brazil based on whole worm analysis.
Clear differences between spectra were observed for the two strains, where most of the
peaks were identified as lipids species, including triacylglycerols and phosphatidylcholines
as the major classes. Additionally, the lipid composition seemed to vary according to the
sex and the type of strain of the parasite. Along the same line, Kadesch and colleagues
applied MALDI-MSI to characterize S. mansoni tegument surface-associated lipids [99]
(Figure 5). The lipid composition was completely different from the inner and surface
tissue. For example, higher abundances of sphingomyelins, phosphatidylserines, phos-
phatidylethanolamines and lysophosphatidylcholines were observed at the surface of the
worms, while phosphatidylcholines and phosphatidylethanolamines were found to be
more abundant inside the worms. In a close register, as the pathophysiology of Plasmodium
infection relies on the use of a phospholipids host and the alteration of lipids content, a
comprehensive characterization of the phospholipids topography of Anopheles mosquitoes
is required [100]. Khali and colleagues also used MALDI-MSI to investigate the phos-
pholipid composition of the Plasmodium vector Anopheles stephensi in mosquitoes. While
phosphatidylcholines, phosphatidic acid and phosphatidylethanolamines were found to
be abundant in the whole Anopheles body, sphingolipids and ether phospholipids, includ-
ing ceramide-phosphatidylethanolamines, seemed to be characteristic in the head and
antennal lobe.
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Other authors introduced studies underlining that knowing organisms’ lipids compo-
sition and related localization could help in gaining greater knowledge of its life cycle and
molecular mechanisms, as well as provide insights for the development of new drugs.

3.4. Drug Distribution and Effect

While developing and testing new drug molecules, researchers need to not only un-
derstand how they could be distributed or accumulated in pathogens or tissues, but also
study the metabolization of the drug by the pathogen. In this sense, several research works
were performed by MALDI-MSI applied to bacteria and parasites [70,102,103]. Morawi-
etz and colleagues analyzed the spatial distribution of triclabendazole in the trematode
Fasciola hepatica in order to identify the uptake route and tissue tropism of the drug [102].

After exposure to the drug, triclabendazole molecules were observed in the tegumental
and sub-tegumental regions (20 min), and then further into tissues (4 h), until they formed a
uniform distribution (12 h) in the parasite section, with the exception of eggs, where it was
triclabendazole negative (Figure 6). As established in previous observations, the authors
concluded that the triclabendazole uptake route was tegumental. Interestingly, different
observations were made in their previous study focusing on imatinib [103]. Similarly, Phe-
lan and colleagues analyzed the effect of the azithromycin antibiotic on P. aeruginosa colony
biofilms metabolites production. While azithromycin is supposed to inhibit exchange of the
molecules implied in P. aeruginosa quorum sensing, here, specialized metabolites produc-
tion, i.e., quinolones 2-heptyl-4-quinolone, seems to increase following the azithromycin
concentration gradient in susceptible strains [70].

Thus, by using MALDI-MSI to either track down drug molecules to understand their
path and accumulation through the tissue, or their impact on the molecular machinery,
such technology could be a powerful ally when it comes to testing new drug molecules.
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3.5. Biomarker Identification and Diagnostics

As described in the previous section, MSI is mainly applied in life sciences as a
mean to discover specific tumour or cancer biomarkers directly on tissue for diagnostics
purposes [114]. Regarding the microbiology field, few studies were carried out to identify
specific microbial biomarkers with a diagnosis aim. Among those publications, the majority
focus on viruses [108–110,115]. In the book section “Application of mass spectrometry
imaging in virus research”, Bertzbach and colleagues extensively explored the main ap-
plications of MSI in virology, with MALDI as the most widely used ionization source
in the field [115]. Importantly, they underlined that MSI-based investigation of viruses
involved in cancer accelerate identification of biomarkers. Nevertheless, among described
applications, most references do not look directly at the virus itself and prefer to investigate
pharmacological compounds in tissue sections. In contrast, Schwamborn and colleagues
worked directly on the Pap smear for human papilloma virus, or HPV, for MALDI-MSI-
based diagnostics [110]. By comparing positive and negative Pap smears, they identified
five biomarkers and built two machine learning classifiers, i.e., a support vector machine
and genetic algorithms, with an overall sensitivity and specificity of 88.9% and 71–78%,
respectively. Their pioneering study highlighted the possibility of using MALDI-MSI to
screen pathogenic microorganisms in a rapid and unbiased manner.

While MALDI-MSI biomarkers discovery is mainly applied in virology, another study
involving the visualization of mycobacterial biomarkers was performed [88]. Based on
Mycobacterium spp. lipids fingerprint, described by Larrouy-Mamus and colleagues, phos-
phatidylinositol mannosides were investigated, as they were reported abundant within
M. tuberculosis strains [116]. The distribution of phosphatidylinositol mannosides species,
including Ac1PIM2 and Ac2PIM2, and phosphatidylinositol shared the same shape around
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the granuloma cavity, matching Mycobacterium distribution located by antibody-labelling
(Figure 7). Therefore, such lipid species could be informative biomarkers while visual-
izing mycobacteria by MALDI-MSI. Interestingly, in the same study, the authors used
the phosphatidylinositol biomarker to simultaneously image the distribution of both the
Mycobacterium and anti-tuberculosis rifampicin drugs. In the case of rifampicin, the drug
was observed throughout the tissue, including in the bacteria-dense area, underlining that
the drug could penetrate and accumulate within bacteria-caseums.
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Appealingly, the biomarkers approach described in this section could be potentially
applicable for the visualization of other pathogens.

4. How Could It Be Applied to Overcome Current Limitations?

As stated above, current MALDI-TOF MS devices implemented in nearly all routine
laboratories are not flawless. An area of uncertainty exists when it comes to analyzing
closely related species and mixtures of microorganisms from complex biological sam-
ples, and understanding biological pathways hidden behind proteins peaks. Through
the applications listed previously, MALDI-MSI might be a pertinent tool to overcome
those limitations.

Regarding the identification of the closely related microbial species issue, MSI take
up this challenge without any protein extraction steps. As a first hint, in the study of de
Bruijn and colleagues, MALDI imaging was used to establish the metabolic fingerprints of
several species and strains of Lysobacter directly on colonies. Different metabolic profiles
were obtained for the different species, which matched gene clusters identified within
the same work [61]. Obviously, further research is required for pathogens belonging to
complex groups, such as M. tuberculosis, M. abscessus or E. cloacae, which are currently not
distinguishable with the present MALDI-TOF MS. Nowadays, MALDI-TOF MS microbial
experiments are based on the analysis of the 2–20kDa range, targeting mainly proteins
and, more precisely, ribosomal proteins. The latest commercial devices released, when
combined with artificial intelligence, enable the analysis of lipids, making it possible to
discriminate species belonging to the Enterobacterales, i.e., Shigella spp. and E. coli [117].
However, the low-resolution associated with the linear TOF analyzers routinely imple-
mented (approximately 5000) and the related mass accuracy might limit the discovery
of biomarkers to delimitate the close frontier between two genetically close species. The
majority of MALDI-MSI introduced studies worked with a hybrid (e.g., Q-Orbitrap) mass
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spectrometer (Table 1), meaning the instrument combines at least two mass analyzers of
different types. In such configurations, the first analyzer (e.g., Quadrupole) could act
as a mass filter and the second one (e.g., Orbitrap) could separate ions. The fact is that
by using an orbitrap analyzer type, the work could be done under high resolution up to
500,000, i.e., providing the highest mass accuracy [118]. Therefore, such an analyzer enables
the detection of peaks, which would be potentially merged while observed with a lower
resolution analyzer, such as a TOF tube. Additionally, high resolution and the possibility to
isolate upstream a parent ion and to subsequently perform one or several fragmentation
experiments (e.g., de novo peptide sequencing by MS/MS), make it possible to identify and
characterize biomarkers that could be linked directly to well-known biological mechanisms
(e.g., antimicrobial resistances) [18]. Therefore, by using high resolution devices for MSI, it
is possible to imagine screening agar plates quickly and accurately and then visualizing the
identity of each colony under high throughput settings.

Whereas MALDI-TOF MS is mainly used on culture-grown colonies, direct analysis
of biological samples, such as blood, requires the use of an extraction protocol before
analysis. Nevertheless, for stools or other rich samples, the direct analysis of the microbial
composition remains challenging. Experimental seeded stool with Dientamoeba fragilis was
investigated by MALDI-TOF MS [119]. The authors reported that fecal material could
interfere in the detection of specific D. fragilis proteins. Under MALDI-MSI imaging visual-
ization for identification of macroscopic (e.g., parasites eggs) and microscopic (e.g., bacteria
clusters) elements directly on humans or animals, stool smear should be considered. Indeed,
the strong craze for artificial intelligence in recent years will allow the co-development
of powerful diagnostics tools. While deep learning could recognize objects—in our case,
parasites eggs—in digital photographs (e.g., several random pictures of a single stool
smear), high-resolution MALDI-MSI could target microorganisms more precisely by the
presence of certain lipids biomarkers, as in the study of Blanc and colleagues [88,120]. In
comparisons of organs cross-section imaging, there is no need to screen the whole smear; a
few plots of several pixels could be adequate to identify a multiplex of specific and defined
microscopic pathogen biomarkers. Indeed, the average concentration of enteric pathogens
in feces is high (e.g., 106 CFU per ml for Campylobacter spp. infections), making each plot of
pixels well-furnished for analysis. In the end, even if certain macroscopic elements end up
with a restricted or suspicious identification, an additional confirmation could be done by
MS. For example, as it is impossible to distinguish Taenia saginata from Taenia solium due
to the identical morphology of their eggs under a microscope, a MALDI approach could
possibly achieve such differentiation [17]. In addition to microorganisms identification,
it might be worth it to also extend such logic to the detection of toxins. As an example,
mycotoxins produced by molds, such as Aspergillus fumigatus, are frequently identified in
food or beverage, making them a potential threat to human and animal health [121]. By
using other laser-induced ionization methods, direct identification of metabolites produced
by A. fumigatus on an infected spelt was achieved [121]. Therefore, while combined with
artificial intelligence, MALDI-MSI could enable the elimination of the initial culture step
from complex biological samples, as well as give the opportunity to analyze multiple
organisms and their related important metabolites.

5. Outlooks and Future Challenges for MALDI-Imaging in Microbiology

MALDI-MSI is still in its infancy, and there are still challenges to address before apply-
ing it in routine microbiology or to exploring new microscopical aspects. In the following
section, specific concerns and prospects for the future of MALDI-MSI in microbiology will
be discussed.

5.1. Pragmatic Aspects

The majority of routine laboratories are currently working with mass spectrometers,
either from Bruker Daltonics (Bremen, Germany) with the MALDI Biotyper, or from
BioMérieux (Marcy-l’Etoile, France) with the VITEK MS and, more recently, the VITEK
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MS PRIME. In theory, if the appropriate imaging acquisition program is installed to pilot
the laser and save the data, it might be possible to perform MSI on these devices. The
analysis range of such apparatuses fluctuates from 2 to 20 kDa, which is suitable for
the identification of microorganisms based on their protein fingerprints. However, TOF
analyzers display relatively poor resolution and mass accuracy for low masses when mass
resolution increases as m/z increases [122]. Hence, certain small metabolites could not
be accurately visualized and identified because peptide fragmentation is not possible
with these mass spectrometers. However, a TOF analyzer would be suitable for bigger
molecules like proteins above 6–8 kDa, which is beyond the mass of range of an orbitrap
analyzer. Publications investigated through this review (Table 1) use mass spectrometers
equipped with an orbitrap analyzer. In contrast to the TOF analyzer, the orbitrap mass
resolution decreases as m/z increases [123]. Hence, it has a very high mass resolution for low-
weight compounds [122]. Nevertheless, despite the wide spectrum of commercial products
offering different specifications (e.g., Orbitrap Exploris™ 120–240-480 or IQ-X, Fusion,
Eclipse, Ascend tribrid MS from ThermoFisher Scientific), orbitrap mass spectrometers
require the addition of a third-party (AP)-MALDI source, and they are pricier in comparison
to already implemented MALDI-TOF devices in routine laboratories. Nevertheless, it is
possible that, like sequencing, the price of orbitrap mass spectrometers will decrease with
time and the willingness of manufacturers to expand to new markets.

5.2. The Importance of Standardizing Sample Preparation

Sample preparation is an essential step in MSI, as proper handling can save both distri-
bution, i.e., prevent delocalization of analytes, and the abundance of biomolecules, as well
as guarantee an optimized spatial resolution, a high sensitivity, better annotation and identi-
fication of molecules [122,124]. Nevertheless, to our knowledge, few studies focused on the
optimization of MALDI samples preparation for the imaging of microorganisms [59,71,97].
In the introduced MALDI-MSI microbial studies, several parameters, such as samples
fixation, matrix spraying and dehydration, were disparate.

One contrast between different studies is the choice of the substrate where the parasite
sections or microbial colonies will be grown or fixed. Currently, stainless steel target
plate and Indium-tin-oxide (ITO)-coated glass slides are used for MALDI-MSI analysis of
microorganisms [74,95,97]. However, they do not have the same conductivity, which might
have an impact later on the ionization/transmission of certain molecules. Subsequently,
bacteria or fungi analysis require a growing step on agar. Three different methods are used
in MALDI-MSI: (1) pouring agar and inoculating directly on the target, (2) embedding the
target in agar prior to inoculation and incubation and (3) culturing the microbe in a petri
dish, excising the region of interest and then transferring it to the target [59,60]. While agar
could be avoided by cultivating samples directly on conductive silicon wafers or imprinting
colonies with filter membrane, those were not described in the introduced studies [125,126].

One of the factor to guarantee an optimized spatial resolution is the size of the ma-
trix crystals and its homogeneity[59,127]. In comparison to tissue sections or microbial
protein extractions directly spotted on a target plate, applying the matrix directly to mi-
crobial colonies on agar might be tricky. 2,5-dihydroxy benzoic acid (DHB) and α-cyano-
4-hydroxycinnamic acid (CHCA), alone or mixed, are mainly employed for microbial
studies. Interestingly, the matrix is sometimes dissolved in different solvents, such as
ethanol, acetonitrile or methanol, and in different volume ratios and quantities [71,95].
The choice of matrix and solvent could have an important impact on the extraction and
visualization of analytes, such as lipids [128]. Furthermore, different techniques exist for
matrix applications. The first one is the use of a stainless steel sieve to dry coat and saturate
microbial colonies [59]. Such an approach is low cost and efficient for a spatial resolution of
100 µm. However, the formation of matrix aggregates and uncovered spots suggest that
sieve methods might be unreliable when a higher resolution needs to be reached [97]. In this
sense, other methods, such as pneumatic sprayers and sublimation, were tested to increase
the uniformity of the matrix coating. Automatic sprayers, such as ImagePrep, Bruker or
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SMALDIPrep, TransMIT GmbH, M3+-sprayer, HTX imaging or Suncollect, Sunchrom,
allowed a better control of matrix application parameters, i.e., number of layers, distance
or flow rate, by automatically spraying the sample in an enclosed chamber. Nevertheless,
parameters change from one study to another [71,95]. The solid to vapor-phase transition,
also known as sublimation, is also a well-known method to create a thin and homogenous
layer of small matrix crystals (<1 µm) on samples [129]. Like the automatic sprayers, there
are automated commercial solutions for a controlled sublimation (e.g., HTX Sublimator,
HTX imaging). Such a method is commonly used for high spatial resolution MALDI-MSI
analysis. An additional step, recrystallization, could also be applied after sublimation or
matrix application. The target plate is placed in a pre-heated chamber with a paper soaked
with solution, resulting in vapor for the recrystallization process [130]. Holzlechner and
colleagues applied the matrix through a sublimation/recrystallization process for visual-
ising fungal metabolites directly during myco-parasitic interactions by MALDI-MSI [74].
Interestingly, while sublimation is supposed to yield small matrix crystals and homogenous
layers, pneumatic matrix spraying was reported as the technique of choice to reach down
1.4 µm lateral resolution [106]. In another context, under certain settings it is possible to
omit the matrix application for analysis of bacterial colonies. Indeed, while most MALDI
ionization sources are based on UV, the utilization of IR-lasers does not require the use of a
matrix, opening up the possibility to explore native microbial systems, as well as biofilms
on abiotic surfaces, such as catheters [81].

One of the downsides of imaging microorganisms grown on agar medium is the
requirement to operate under high dehydration [38]. The dehydration step ensures that the
source, mass analyser and detector of the mass spectrometer reach the required vacuum
pressure for analysis [59]. While most studies perform dehydration at 37 ◦C, the incubation
time could range from 20 min to 12 h, and, in some cases, drying was performed under
pressure (e.g., 150 mbar) [68,70,71,84,97]. Nevertheless, dehydration may physically dam-
age the sample by flacking it, i.e., fissures, air bubbles or detachment of the agar from the
target plate [59]. In addition to physical damage, the degradation of endogenous metabo-
lites during drying could also occur [95]. In this sense, Li and colleagues successfully
accomplished eliminating the dehydration step for the imaging of biofilm cultured on
agar media by using a one-step matrix application. After application of the matrix, the
sample was dehydrated through the evaporation of the solvent and nitrogen gas flow. By
avoiding heat-treatment, it was possible to enhance the imaging of metabolites localized in
biofilm samples.

Overall, numerous ways exist to handle microbial samples for MALDI-MSI depending
on the investigative objective. Further experimental design studies regarding important
parameters, such as matrix spraying, type of support and the need to perform dehydration,
should be enacted for microbial research. In this manner, standardized protocol could
be established to evaluate the reproducibility and to compare results over different inter-
laboratory studies.

5.3. Hardware and Bioinformatic Infrastructure: A Subject of Matter

One clear major limitation of applying MALDI-MSI to the microscopic world is directly
linked to hardware acquisition parameters. Firstly, analysis of single-cell microorganisms
is currently challenging due to the low lateral resolution of certain commercial devices.
Lateral resolutions used in the publications described in Table 1 mainly range from 10 µm to
600 µm. Considering that the average size of bacteria, such as E. coli, is about 2 µm long and
0.5 µm diameter, efforts must be made to downscale lateral resolution. In this sense, certain
microbial studies have already managed to reduce the lateral resolution up to 1.4 µm [106].
By coupling a specific focusing objective and an adjusted working distance, and optimizing
matrix application, Kompauer and colleagues pointed out the possibility of detecting
endogenic biomolecules ions in a 1.4 µm diameter spot. Whereas presented studies worked
with reflection geometry, i.e., the laser focusing on the front, some adopt transmission
geometry, i.e., the laser focusing on the back of the sample. By using such an approach, a
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lateral resolution of 600 nm was achieved within brain tissue [82]. Therefore, by adapting
the laser geometry or optimizing the laser focusing, MALDI-MSI seems to be in a position to
get closer to microscopic techniques. Additionally, the potential combination of single-cell
imaging and single-cell sequencing was underlined as being able to give important insights
regarding aquatic microbes and their environment [131]. Secondly, the limit of detection
of microorganisms per pixel needs to be established. Indeed, pixel analysis relies on the
average mass spectra of the different molecules present in the aforementioned pixel. Thus,
if the microbial concentration is low, biomarkers might be missing. In the study of Blanc and
colleagues, the limit of detection for mycobacterial lipid biomarkers was estimated around
5–10 bacteria per 50 µm2 pixel, as the lipid signal was not reproducibly detected when
the concentration was fewer than 5–10 bacteria [88]. Authors also underlined that such a
limit of detection may also rely on extraction efficiency. Finally, considering that MALDI
technology is already widely implemented in most microbiology laboratories for routine
identification, an important look must be given to the acquisition time. As mentioned in a
previous section, MALDI-TOF MS takes around 15–20 min to identify 96 samples under
routine settings. However, in the case of MALDI-MSI, image acquisition could be rather
long depending on the size of the analyzed sample. It is estimated that for a 5 mm2 sample,
a laser spot size diameter of 10 µm with adjacent ablation spots, and assuming 10 shots per
pixel, could require an acquisition time of about 1.5 h [41]. In addition, the analysis time
could dramatically increase under high resolution settings. Currently, mass spectrometers
could acquire from 30 to 50 pixels per second regularly. Still, Bednařík and colleagues
spotlighted the ability of MALDI-MSI to achieve acquisition rates up to 150 pixels per
second due to a novel ion source’s design [132]. However, a high acquisition rate implies
the lowest mass resolution, which limits identification ability. Therefore, MALDI imaging
is always a complex balance between throughput and in-depth investigation of the local
composition of biological tissues.

Along the same line, current devices used in routine microbiology laboratories are
working under vacuum settings with a single ionization laser source. Interestingly, several
publications described in Table 1 are using atmospheric pressure (AP) MALDI-MSI, i.e., the
ionization takes place under atmospheric conditions [89,99,101–104,106]. The advantage
to operating ionization at AP for MSI analysis is the elimination of the pumping time, the
ease of sample preparation and the analysis of volatile molecules. Some manufacturers,
such as MassTech© or TransMIT©, sell AP-MALDI sources that enable either efficiently
switching from an LC/MS to an AP-MALDI-Orbitrap instrument and vice versa in few
seconds (e.g., AP/MALDI (ng) UHR, MassTech©, Columbia, MD, USA) or transforming
the mass spectrometers into a dedicated AP-MALDI Orbitrap instrument (AP-SMALDI5
AF, TransMIT©, Giessen, Germany). Hence, by skipping the pumping step, loading au-
tomatization of targets or glass slides could be achievable, resulting in a briefer analysis
turnaround time and finer throughput. Additionally, AP might be the solution to avoid
the problematic step of dehydration, which is imposed by the vacuum conditions of clas-
sical MALDI. Interestingly, certain AP-MALDI manufacturer source, such as MassTech©,
offer portable, field-deployable and compact (weight: 16 kg) ion trap mass spectrometers
with an AP interface (MT explorer 30, MassTech©) with the possibility to switch different
exchangeable ionization sources, such as AP-MALDI or nanoESI. Such a compact device
gives the opportunity to directly perform laboratory-level analysis on-site, which could
be an asset when establishing temporary laboratories for humanitarian missions or for
low-income laboratories. Overall, there is still a need to find the best trade-off between
the different hardware acquisition parameters with a view to increase the throughput of
MALDI-MSI so that it could be made available within a routine workflow one day.

Considering the ongoing digitalization and the key role of MALDI MS and other
data-driven technologies in microbiology laboratories, a significant change in the analytical
workflow in diagnostics laboratories is occurring [133,134]. Nonetheless, as alluded to
in the first section, powered-omics methods require sufficient data storage infrastructure.
Indeed, there is a need to find new ways to reduce data complexity, which is a burden when
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it comes to memory and computational power [135]. MSI datasets could be challenging
to handle due to their large size and high degree of dimensionality. For example, a single
2D-MALDI-MSI dataset can reach around 1 GB, including 5000–50,000 spectra, while a
3D-MALDI-MSI dataset represents 10 to 100 2D-MALDI-MSI datasets, i.e., 100 GB per
dataset [46]. In the case of raw high resolution, MSI file sizes can reach a few terabytes of
spectral information [135]. Currently, several supervised and unsupervised methods exist
for data compression (e.g., peak picking, segmentation, partial least squares classification or
regression). Buchberger and colleagues described and explained most of these approaches
extensively in their specialized review [43]. To briefly illustrate a data compression solution,
peak picking algorithms are used to reduce data dimensionality and, therefore, its complex-
ity by pulling out several peaks of interest. Nevertheless, even afterward, MSI datasets
still have a high dimensionality. In this sense, Abdelmoula and colleagues developed an
artificial neural network deep learning algorithm for unsupervised and peak learning of
MSI data. By using such an approach, they managed to significantly reduce the spectral
dimension from 730,403 to 61,343 m/z values of a 2D MALDI MSI dataset from human
prostate cancer tissue samples [135]. Despite the application of such methods and the
degree of dimensionality associated with biomedical MSI data, the identification of relevant
features is growing demanding.

To wrap up, despite the difficulty ahead applying MALDI-MSI in a routine scenario in
microbiology, MSI might be the next game-changer for all fields of microbiology, such as
food surveillance and clinical, veterinary and environmental microbiology. Considering
major challenges of the current century, such as antimicrobial resistances, MALDI imaging
should be considered to prevent and tackle this silent pandemic by rapidly detecting
molecules that are unseen while using current reference methods. Nonetheless, many
questions remain open and further studies should specifically be conducted on sample
preparation, hardware and software solutions. Finally, the dual combination of artificial
intelligence and MALDI-MSI should be perceived as unavoidable for the utmost reliable,
accurate and swift study of the microscopic world.
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Bringing Sem and Msi Closer than Ever before: Visualizing Aspergillus and Pseudomonas Infection in the Rat Lungs. J. Fungi 2020,
6, 257. [CrossRef]

75. Martin, H.C.; Ibáñez, R.; Nothias, L.F.; Boya, P.C.A.; Reinert, L.K.; Rollins-Smith, L.A.; Dorrestein, P.C.; Gutiérrez, M. Viscosin-like
Lipopeptides from Frog Skin Bacteria Inhibit Aspergillus fumigatus and Batrachochytrium dendrobatidis Detected by Imaging Mass
Spectrometry and Molecular Networking. Sci. Rep. 2019, 9, 3017. [CrossRef]

76. Barger, S.R.; Hoefler, B.C.; Cubillos-Ruiz, A.; Russell, W.K.; Russell, D.H.; Straight, P.D. Imaging Secondary Metabolism of
Streptomyces sp. Mg1 during Cellular Lysis and Colony Degradation of Competing Bacillus subtilis. Int. J. Gen. Mol. Microbiol.
2012, 102, 435–445. [CrossRef]

http://doi.org/10.3390/cancers13215388
http://doi.org/10.1016/j.dmpk.2019.04.006
http://doi.org/10.1016/j.ejpb.2020.12.008
http://doi.org/10.1021/acs.jproteome.0c00443
http://doi.org/10.1007/978-3-0348-8458-7_6
http://doi.org/10.1128/JB.00823-12
http://www.ncbi.nlm.nih.gov/pubmed/22821974
http://doi.org/10.1038/nchembio.252
http://www.ncbi.nlm.nih.gov/pubmed/19915536
http://doi.org/10.1186/s12864-015-2191-z
http://doi.org/10.1038/ismej.2015.220
http://doi.org/10.1021/acschembio.8b01120
http://doi.org/10.1016/j.jprot.2012.05.036
http://doi.org/10.1073/pnas.1008368107
http://doi.org/10.1099/mic.0.048736-0
http://doi.org/10.1021/ac302039u
http://www.ncbi.nlm.nih.gov/pubmed/23009651
http://doi.org/10.1073/pnas.1206855109
http://www.ncbi.nlm.nih.gov/pubmed/22869730
http://doi.org/10.1016/j.mib.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25064218
http://doi.org/10.1007/s13361-015-1101-6
http://www.ncbi.nlm.nih.gov/pubmed/25801585
http://doi.org/10.1007/s13361-015-1241-8
http://doi.org/10.1073/pnas.1414272112
http://doi.org/10.1038/s41564-018-0336-y
http://doi.org/10.3390/jof6040257
http://doi.org/10.1038/s41598-019-39583-7
http://doi.org/10.1007/s10482-012-9769-0


Cells 2022, 11, 3900 21 of 23

77. Debois, D.; Ongena, M.; Cawoy, H.; De Pauw, E. MALDI-FTICR MS Imaging as a Powerful Tool to Identify Paenibacillus Antibiotics
Involved in the Inhibition of Plant Pathogens. J. Am. Soc. Mass Spectrom. 2013, 24, 1202–1213. [CrossRef] [PubMed]

78. Holzlechner, M.; Reitschmidt, S.; Gruber, S.; Zeilinger, S.; Marchetti-Deschmann, M. Visualizing Fungal Metabolites during
Mycoparasitic Interaction by MALDI Mass Spectrometry Imaging. Proteomics 2016, 16, 1742–1746. [CrossRef] [PubMed]

79. Debois, D.; Ongena, M.; Cawoy, H.; De Pauw, E. In Situ Analysis of Bacterial Lipopeptide Antibiotics by Matrix-Assisted Laser
Desorption/Ionization Mass Spectrometry Imaging. In Methods in Molecular Biology; Humana Press Inc.: Totowa, NJ, USA, 2016;
Volume 1401, pp. 161–173.

80. Brockmann, E.U.; Steil, D.; Bauwens, A.; Soltwisch, J.; Dreisewerd, K. Advanced Methods for MALDI-MS Imaging of the Chemical
Communication in Microbial Communities. Anal. Chem. 2019, 91, 15081–15089. [CrossRef] [PubMed]

81. Brockmann, E.U.; Potthoff, A.; Tortorella, S.; Soltwisch, J.; Dreisewerd, K. Infrared MALDI Mass Spectrometry with Laser-Induced
Postionization for Imaging of Bacterial Colonies. J. Am. Soc. Mass Spectrom. 2021, 32, 1053–1064. [CrossRef]

82. Niehaus, M.; Soltwisch, J.; Belov, M.E.; Dreisewerd, K. Transmission-Mode MALDI-2 Mass Spectrometry Imaging of Cells and
Tissues at Subcellular Resolution. Nat. Methods 2019, 16, 925–931. [CrossRef]

83. Karas, M.; Glückmann, M.; Schäfer, J. Ionization in Matrix-Assisted Laser Desorption/Ionization: Singly Charged Molecular Ions
Are the Lucky Survivors. J. Mass Spectrom. 2000, 35, 1–12. [CrossRef]

84. Si, T.; Li, B.; Zhang, K.; Xu, Y.; Zhao, H.; Sweedler, J.V. Characterization of Bacillus subtilis Colony Biofilms via Mass Spectrometry
and Fluorescence Imaging. J. Proteome Res. 2016, 15, 1955–1962. [CrossRef]

85. Lanni, E.J.; Masyuko, R.N.; Driscoll, C.M.; Aerts, J.T.; Shrout, J.D.; Bohn, P.W.; Sweedler, J.V. MALDI-Guided SIMS: Multiscale
Imaging of Metabolites in Bacterial Biofilms. Anal. Chem. 2014, 86, 9139–9145. [CrossRef]

86. Wakeman, C.A.; Moore, J.L.; Noto, M.J.; Zhang, Y.; Singleton, M.D.; Prentice, B.M.; Gilston, B.A.; Doster, R.S.; Gaddy, J.A.;
Chazin, W.J.; et al. The Innate Immune Protein Calprotectin Promotes Pseudomonas aeruginosa and Staphylococcus aureus Interaction.
Nat. Commun. 2016, 7, 11951. [CrossRef]

87. Santos, T.; Théron, L.; Chambon, C.; Viala, D.; Centeno, D.; Esbelin, J.; Hébraud, M. MALDI Mass Spectrometry Imaging and in
Situ Microproteomics of Listeria monocytogenes Biofilms. J. Proteomics 2018, 187, 152–160. [CrossRef]

88. Blanc, L.; Lenaerts, A.; Dartois, V.; Prideaux, B. Visualization of Mycobacterial Biomarkers and Tuberculosis Drugs in Infected
Tissue by MALDI-MS Imaging. Anal. Chem. 2018, 90, 6275–6282. [CrossRef] [PubMed]

89. Geier, B.; Sogin, E.M.; Michellod, D.; Janda, M.; Kompauer, M.; Spengler, B.; Dubilier, N.; Liebeke, M. Spatial Metabolomics of in
Situ Host–Microbe Interactions at the Micrometre Scale. Nat. Microbiol. 2020, 5, 498–510. [CrossRef] [PubMed]

90. Gemperline, E.; Horn, H.A.; Delaney, K.; Currie, C.R.; Li, L. Imaging with Mass Spectrometry of Bacteria on the Exoskeleton of
Fungus-Growing Ants. ACS Chem. Biol. 2017, 12, 1980–1985. [CrossRef]

91. Hulme, H.; Meikle, L.M.; Strittmatter, N.; Swales, J.; Hamm, G.; Brown, S.L.; Milling, S.; Macdonald, A.S.; Goodwin, R.J.A.;
Burchmore, R.; et al. Mapping the Influence of the Gut Microbiota on Small Molecules across the Microbiome Gut Brain Axis.
J. Am. Soc. Mass Spectrom. 2022, 33, 649–659. [CrossRef] [PubMed]

92. Schoenian, I.; Spiteller, M.; Ghaste, M.; Wirth, R.; Herz, H.; Spiteller, D. Chemical Basis of the Synergism and Antagonism in
Microbial Communities in the Nests of Leaf-Cutting Ants. Proc. Natl. Acad. Sci. USA 2011, 108, 1955–1960. [CrossRef]

93. Scott, A.J.; Post, J.M.; Lerner, R.; Ellis, S.R.; Lieberman, J.; Shirey, K.A.; Heeren, R.M.A.; Bindila, L.; Ernst, R.K. Host-Based Lipid
Inflammation Drives Pathogenesis in Francisella Infection. Proc. Natl. Acad. Sci. USA 2017, 114, 12596–12601. [CrossRef] [PubMed]

94. Yang, H.; Chandler, C.E.; Jackson, S.N.; Woods, A.S.; Goodlett, D.R.; Ernst, R.K.; Scott, A.J. On-Tissue Derivatization of
Lipopolysaccharide for Detection of Lipid A Using MALDI-MSI. Anal. Chem. 2020, 92, 13667–13671. [CrossRef]

95. Li, B.; Comi, T.J.; Si, T.; Dunham, S.J.B.; Sweedler, J.V. A One-Step Matrix Application Method for MALDI Mass Spectrometry
Imaging of Bacterial Colony Biofilms. J. Mass Spectrom. 2016, 51, 1030–1035. [CrossRef]

96. Wörmer, L.; Gajendra, N.; Schubotz, F.; Matys, E.D.; Evans, T.W.; Summons, R.E.; Hinrichs, K.U. A Micrometer-Scale Snapshot on
Phototroph Spatial Distributions: Mass Spectrometry Imaging of Microbial Mats in Octopus Spring, Yellowstone National Park.
Geobiology 2020, 18, 742–759. [CrossRef]

97. Vergeiner, S.; Schafferer, L.; Haas, H.; Müller, T. Improved MALDI-TOF Microbial Mass Spectrometry Imaging by Application of
a Dispersed Solid Matrix. J. Am. Soc. Mass Spectrom. 2014, 25, 1498–1501. [CrossRef]

98. Ferreira, M.S.; De Oliveira, D.N.; De Oliveira, R.N.; Allegretti, S.M.; Vercesi, A.E.; Catharino, R.R. Mass Spectrometry Imaging:
A New Vision in Differentiating Schistosoma mansoni Strains. J. Mass Spectrom. 2014, 49, 86–92. [CrossRef] [PubMed]

99. Kadesch, P.; Quack, T.; Gerbig, S.; Grevelding, C.G.; Spengler, B. Tissue-and Sex-Specific Lipidomic Analysis of Schistosoma mansoni
Using High-Resolution Atmospheric Pressure Scanning Microprobe Matrix-Assisted Laser Desorption/Ionization Mass Spec-
trometry Imaging. PLoS Negl. Trop. Dis. 2020, 14, e0008145. [CrossRef]

100. Khalil, S.M.; Römpp, A.; Pretzel, J.; Becker, K.; Spengler, B. Phospholipid Topography of Whole-Body Sections of the
Anopheles stephensi Mosquito, Characterized by High-Resolution Atmospheric-Pressure Scanning Microprobe Matrix-Assisted
Laser Desorption/Ionization Mass Spectrometry Imaging. Anal. Chem. 2015, 87, 11309–11316. [CrossRef] [PubMed]

101. Mokosch, A.S.; Gerbig, S.; Grevelding, C.G.; Haeberlein, S.; Spengler, B. High-Resolution AP-SMALDI MSI as a Tool for Drug
Imaging in Schistosoma mansoni. Anal. Bioanal. Chem. 2021, 413, 2755–2766. [CrossRef] [PubMed]

102. Morawietz, C.M.; Peter Ventura, A.M.; Grevelding, C.G.; Haeberlein, S.; Spengler, B. Spatial Visualization of Drug Uptake
and Distribution in Fasciola hepatica Using High-Resolution AP-SMALDI Mass Spectrometry Imaging. Parasitol. Res. 2022, 121,
1145–1153. [CrossRef]

http://doi.org/10.1007/s13361-013-0620-2
http://www.ncbi.nlm.nih.gov/pubmed/23636858
http://doi.org/10.1002/pmic.201500510
http://www.ncbi.nlm.nih.gov/pubmed/26959280
http://doi.org/10.1021/acs.analchem.9b03772
http://www.ncbi.nlm.nih.gov/pubmed/31660730
http://doi.org/10.1021/jasms.1c00020
http://doi.org/10.1038/s41592-019-0536-2
http://doi.org/10.1002/(SICI)1096-9888(200001)35:1&lt;1::AID-JMS904&gt;3.0.CO;2-0
http://doi.org/10.1021/acs.jproteome.6b00127
http://doi.org/10.1021/ac5020222
http://doi.org/10.1038/ncomms11951
http://doi.org/10.1016/j.jprot.2018.07.012
http://doi.org/10.1021/acs.analchem.8b00985
http://www.ncbi.nlm.nih.gov/pubmed/29668262
http://doi.org/10.1038/s41564-019-0664-6
http://www.ncbi.nlm.nih.gov/pubmed/32015496
http://doi.org/10.1021/acschembio.7b00038
http://doi.org/10.1021/jasms.1c00298
http://www.ncbi.nlm.nih.gov/pubmed/35262356
http://doi.org/10.1073/pnas.1008441108
http://doi.org/10.1073/pnas.1712887114
http://www.ncbi.nlm.nih.gov/pubmed/29109289
http://doi.org/10.1021/acs.analchem.0c02566
http://doi.org/10.1002/jms.3827
http://doi.org/10.1111/gbi.12411
http://doi.org/10.1007/s13361-014-0923-y
http://doi.org/10.1002/jms.3308
http://www.ncbi.nlm.nih.gov/pubmed/24446267
http://doi.org/10.1371/journal.pntd.0008145
http://doi.org/10.1021/acs.analchem.5b02781
http://www.ncbi.nlm.nih.gov/pubmed/26491885
http://doi.org/10.1007/s00216-021-03230-w
http://www.ncbi.nlm.nih.gov/pubmed/33723627
http://doi.org/10.1007/s00436-021-07388-1


Cells 2022, 11, 3900 22 of 23

103. Morawietz, C.M.; Houhou, H.; Puckelwaldt, O.; Hehr, L.; Dreisbach, D.; Mokosch, A.; Roeb, E.; Roderfeld, M.; Spengler, B.;
Haeberlein, S. Targeting Kinases in Fasciola hepatica: Anthelminthic Effects and Tissue Distribution of Selected Kinase Inhibitors.
Front. Vet. Sci. 2020, 7, 611270. [CrossRef] [PubMed]

104. Wiedemann, K.R.; Peter Ventura, A.; Gerbig, S.; Roderfeld, M.; Quack, T.; Grevelding, C.G.; Roeb, E.; Spengler, B. Changes in the
Lipid Profile of Hamster Liver after Schistosoma mansoni Infection, Characterized by Mass Spectrometry Imaging and LC–MS/MS
Analysis. Anal. Bioanal. Chem. 2022, 414, 3653–3665. [CrossRef]

105. Geier, B.; Oetjen, J.; Ruthensteiner, B.; Polikarpov, M.; Gruber-Vodicka, H.R.; Liebeke, M. Connecting Structure and Function
from Organisms to Molecules in Small-Animal Symbioses through Chemo-Histo-Tomography. Proc. Natl. Acad. Sci. USA 2021,
118, e2023773118. [CrossRef]

106. Kompauer, M.; Heiles, S.; Spengler, B. Atmospheric Pressure MALDI Mass Spectrometry Imaging of Tissues and Cells at 1.4-µm
Lateral Resolution. Nat. Methods 2016, 14, 90–96. [CrossRef]

107. Kloehn, J.; Boughton, B.A.; Saunders, E.C.; O’callaghan, S.; Binger, K.J.; McConville, M.J. Identification of Metabolically Quiescent
Leishmania Mexicana Parasites in Peripheral and Cured Dermal Granulomas Using Stable Isotope Tracing Imaging Mass
Spectrometry. MBio 2021, 12, e00129-21. [CrossRef]

108. Pauker, V.I.; Bertzbach, L.D.; Hohmann, A.; Kheimar, A.; Teifke, J.P.; Mettenleiter, T.C.; Karger, A.; Kaufer, B.B. Imaging Mass
Spectrometry and Proteome Analysis of Marek’s Disease Virus-Induced Tumors. mSphere 2019, 4, e00569-18 . [CrossRef] [PubMed]

109. Rourke, M.B.O.; Roediger, B.R.; Jolly, C.J.; Crossett, B.; Padula, M.P.; Hansbro, P.M. Viral Biomarker Detection and Validation
Using MALDI Mass Spectrometry Imaging (MSI). Proteomes 2022, 10, 33.

110. Schwamborn, K.; Krieg, R.C.; Uhlig, S.; Ikenberg, H.; Wellmann, A. MALDI Imaging as a Specific Diagnostic Tool for Routine
Cervical Cytology Specimens. Int. J. Mol. Med. 2011, 27, 417–421. [CrossRef] [PubMed]

111. Daniel, N.; Lécuyer, E.; Chassaing, B. Host/Microbiota Interactions in Health and Diseases—Time for Mucosal Microbiology!
Mucosal Immunol. 2021, 14, 1006–1016. [CrossRef]

112. Rich, V.I.; Maier, R.M. Aquatic Environments. Environ. Microbiol. 2015, 111–138. [CrossRef]
113. Vestby, L.K.; Grønseth, T.; Simm, R.; Nesse, L.L. Bacterial Biofilm and Its Role in the Pathogenesis of Disease. Antibiotics 2020,

9, 59. [CrossRef]
114. Gonçalves, J.P.L.; Bollwein, C.; Schwamborn, K. Mass Spectrometry Imaging Spatial Tissue Analysis toward Personalized

Medicine. Life 2022, 12, 1037. [CrossRef]
115. Bertzbach, L.D.; Kaufer, B.B.; Karger, A. Applications of Mass Spectrometry Imaging in Virus Research. In Advances in Virus

Research; Academic Press Inc.: Cambridge, MA, USA, 2021; Volume 109, pp. 31–62, ISBN 9780128230428.
116. Larrouy-Maumus, G.; Puzo, G. Mycobacterial Envelope Lipids Fingerprint from Direct MALDI-TOF MS Analysis of Intact Bacilli.

Tuberculosis 2015, 95, 75–85. [CrossRef]
117. Pizzato, J.; Tang, W.; Bernabeu, S.; Bonnin, R.A.; Bille, E.; Farfour, E.; Guillard, T.; Barraud, O.; Cattoir, V.; Plouzeau, C.; et al.

Discrimination of Escherichia coli, Shigella flexneri, and Shigella sonnei Using Lipid Profiling by MALDI-TOF Mass Spectrometry
Paired with Machine Learning. Microbiologyopen 2022, 11, e1313. [CrossRef]

118. Cunsolo, V.; Muccilli, V.; Saletti, R.; Foti, S. Mass Spectrometry in Food Proteomics: A Tutorial. J. Mass Spectrom. 2014, 49, 768–784.
[CrossRef]

119. Calderaro, A.; Buttrini, M.; Montecchini, S.; Rossi, S.; Piccolo, G.; Arcangeletti, M.C.; Medici, M.C.; Chezzi, C.; De Conto, F.
MALDI-TOF MS as a New Tool for the Identification of Dientamoeba fragilis. Parasites Vectors 2018, 11, 11. [CrossRef] [PubMed]

120. Zhao, Z.Q.; Zheng, P.; Xu, S.T.; Wu, X. Object Detection with Deep Learning: A Review. IEEE Trans. Neural Networks Learn. Syst.
2019, 30, 3212–3232. [CrossRef] [PubMed]

121. Szulc, J.; Ruman, T. Laser Ablation Remote-Electrospray Ionisation Mass Spectrometry (LARESI MSI) Imaging—New Method for
Detection and Spatial Localization of Metabolites and Mycotoxins Produced by Moulds. Toxins 2020, 12, 720. [CrossRef]

122. Baquer, G.; Sementé, L.; Mahamdi, T.; Correig, X.; Ràfols, P.; García-Altares, M. What Are We Imaging? Software Tools and
Experimental Strategies for Annotation and Identification of Small Molecules in Mass Spectrometry Imaging. Mass Spectrom. Rev.
2022; e21794, Early View. [CrossRef] [PubMed]

123. Zubarev, R.A.; Makarov, A. Orbitrap Mass Spectrometry. Anal. Chem. 2013, 85, 5288–5296. [CrossRef] [PubMed]
124. Spengler, B. Mass Spectrometry Imaging of Biomolecular Information. Anal. Chem. 2015, 87, 64–82. [CrossRef]
125. Watrous, J.; Hendricks, N.; Meehan, M.; Dorrestein, P.C. Capturing Bacterial Metabolic Exchange Using Thin Film Desorption

Electrospray Ionization-Imaging Mass Spectrometry. Anal. Chem. 2010, 82, 1598–1600. [CrossRef]
126. Baig, N.F.; Dunham, S.J.B.; Morales-Soto, N.; Shrout, J.D.; Sweedler, J.V.; Bohn, P.W. Multimodal Chemical Imaging of Molecular

Messengers in Emerging Pseudomonas aeruginosa Bacterial Communities. Analyst 2015, 140, 6544–6552. [CrossRef]
127. Dueñas, M.E.; Carlucci, L.; Lee, Y.J. Matrix Recrystallization for MALDI-MS Imaging of Maize Lipids at High-Spatial Resolution.

J. Am. Soc. Mass Spectrom. 2016, 27, 1575–1578. [CrossRef]
128. Angerer, T.B.; Bour, J.; Biagi, J.L.; Moskovets, E.; Frache, G. Evaluation of 6 MALDI-Matrices for 10 Mm Lipid Imaging and

On-Tissue MSn with AP-MALDI-Orbitrap. J. Am. Soc. Mass Spectrom. 2022, 33, 760–771. [CrossRef]
129. Hankin, J.A.; Barkley, R.M.; Murphy, R.C. Sublimation as a Method of Matrix Application for Mass Spectrometric Imaging. J. Am.

Soc. Mass Spectrom. 2007, 18, 1646–1652. [CrossRef] [PubMed]
130. Yang, J.; Caprioli, R.M. Matrix Sublimation/Recrystallization for Imaging Proteins by Mass Spectrometry at High Spatial

Resolution. Anal. Chem. 2011, 83, 5728–5734. [CrossRef] [PubMed]

http://doi.org/10.3389/fvets.2020.611270
http://www.ncbi.nlm.nih.gov/pubmed/33409299
http://doi.org/10.1007/s00216-022-04006-6
http://doi.org/10.1073/pnas.2023773118
http://doi.org/10.1038/nmeth.4071
http://doi.org/10.1128/mBio.00129-21
http://doi.org/10.1128/mSphere.00569-18
http://www.ncbi.nlm.nih.gov/pubmed/30651403
http://doi.org/10.3892/ijmm.2010.587
http://www.ncbi.nlm.nih.gov/pubmed/21174066
http://doi.org/10.1038/s41385-021-00383-w
http://doi.org/10.1016/B978-0-12-394626-3.00006-5
http://doi.org/10.3390/antibiotics9020059
http://doi.org/10.3390/life12071037
http://doi.org/10.1016/j.tube.2014.11.001
http://doi.org/10.1002/mbo3.1313
http://doi.org/10.1002/jms.3374
http://doi.org/10.1186/s13071-017-2597-3
http://www.ncbi.nlm.nih.gov/pubmed/29301570
http://doi.org/10.1109/TNNLS.2018.2876865
http://www.ncbi.nlm.nih.gov/pubmed/30703038
http://doi.org/10.3390/toxins12110720
http://doi.org/10.1002/mas.21794
http://www.ncbi.nlm.nih.gov/pubmed/35822576
http://doi.org/10.1021/ac4001223
http://www.ncbi.nlm.nih.gov/pubmed/23590404
http://doi.org/10.1021/ac504543v
http://doi.org/10.1021/ac9027388
http://doi.org/10.1039/C5AN01149C
http://doi.org/10.1007/s13361-016-1422-0
http://doi.org/10.1021/jasms.1c00327
http://doi.org/10.1016/j.jasms.2007.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17659880
http://doi.org/10.1021/ac200998a
http://www.ncbi.nlm.nih.gov/pubmed/21639088


Cells 2022, 11, 3900 23 of 23

131. Grujcic, V.; Taylor, G.T.; Foster, R.A. One Cell at a Time: Advances in Single-Cell Methods and Instrumentation for Discovery in
Aquatic Microbiology. Front. Microbiol. 2022, 13, 881088. [CrossRef] [PubMed]

132. Bednařík, A.; Machálková, M.; Moskovets, E.; Coufalíková, K.; Krásenský, P.; Houška, P.; Kroupa, J.; Navrátilová, J.; Šmarda, J.;
Preisler, J. MALDI MS Imaging at Acquisition Rates Exceeding 100 Pixels per Second. J. Am. Soc. Mass Spectrom. 2019, 30, 289–298.
[CrossRef] [PubMed]

133. Egli, A. Digitalization, Clinical Microbiology and Infectious Diseases. Clin. Microbiol. Infect. 2020, 26, 1289–1290. [CrossRef]
134. Egli, A.; Schrenzel, J.; Greub, G. Digital Microbiology. Clin. Microbiol. Infect. 2020, 26, 1324–1331. [CrossRef]
135. Abdelmoula, W.M.; Lopez, B.G.C.; Randall, E.C.; Kapur, T.; Sarkaria, J.N.; White, F.M.; Agar, J.N.; Wells, W.M.; Agar, N.Y.R. Peak

Learning of Mass Spectrometry Imaging Data Using Artificial Neural Networks. Nat. Commun. 2021, 12, 5544. [CrossRef]

http://doi.org/10.3389/fmicb.2022.881018
http://www.ncbi.nlm.nih.gov/pubmed/35677911
http://doi.org/10.1007/s13361-018-2078-8
http://www.ncbi.nlm.nih.gov/pubmed/30456596
http://doi.org/10.1016/j.cmi.2020.06.031
http://doi.org/10.1016/j.cmi.2020.06.023
http://doi.org/10.1038/s41467-021-25744-8

	Modern Microbiology and Current Limitations 
	Mass Spectrometry Imaging: A Picture Is Worth a Thousand Words 
	Where Are We with MALDI Mass Spectrometry Imaging in Microbiology? 
	Microbial and Host-Microbes’ Interactions 
	Biofilms and Microbial Mats Formation 
	Chemical Characterization and Visualization 
	Drug Distribution and Effect 
	Biomarker Identification and Diagnostics 

	How Could It Be Applied to Overcome Current Limitations? 
	Outlooks and Future Challenges for MALDI-Imaging in Microbiology 
	Pragmatic Aspects 
	The Importance of Standardizing Sample Preparation 
	Hardware and Bioinformatic Infrastructure: A Subject of Matter 

	References

