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Abstract

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) has revolutionized scientific
research over the past few decades and has provided a unique platform in ongoing technological developments. Undoubtedly,
there has been a bloom chiefly in the field of biological sciences with this emerging technology, and has enabled researchers
to generate critical data in the field of disease diagnoses, drug development, dereplication. It has received well acceptance
in the field of microbial identification even at strain level, as well as diversified field like biomolecule profiling (proteomics
and lipidomics) has evolved tremendously. Additionally, this approach has received a lot more attention over conventional
technologies due to its high throughput, speed, and cost effectiveness. This review aims to provide a detailed insight regarding
the application of MALDI-TOF MS in the context of medicine, biomolecule profiling, dereplication, and microbial ecology.
In general, the expansion in the application of this technology and new advancements it has made in the field of science and

technology has been highlighted.
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Introduction

The progression of modern mass spectrometry has amplified
the perception of entire biological systems by examining
varied sets of biomolecules such as carbohydrates, lipids,
proteins, and amino acids thereby facilitating the char-
acterization and quantification of thousands of proteins,
biologically active metabolites and unique microbial sig-
natures for identifying microbes at genus and species level
(Pomastowski et al. 2019; Wang et al. 2022). The advance-
ment of high resolution mass analyzers like ion cyclotron
resonance analyzer (Campuzano et al. 2020), orbitrap
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analyzer (Worner et al. 2020) and tandem mass spectrom-
etry techniques (Smaoui et al. 2020) has provided structural
information from mass values, in transforming the era of
modern mass spectrometry. The advancement of new instru-
ments, and new data analysis, processing and visualization
tools has enhanced research based on mass spectrometric
analysis (Jang and Kim 2018). This high-tech capability of
MALDI-TOF favors its potential applications in multiple
areas including medical diagnostics, dereplication, biomol-
ecule profiling and microbial ecology

Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF MS) has significantly
improved the potential to identify and differentiate micro-
organisms (Weis et al. 2020). Mass spectrometry is promptly
replacing phenotypic and biochemical analytical approaches
for microbial identification. With the evolution of the soft
ionization techniques, the unique spectral fingerprints can
promptly identify bacteria, fungi and yeast at the genus and
species level with much ease and accuracy (Alizadeh et al.
2021; Tsuchida et al. 2020). This ability has been exten-
sively explored by the microbiologists and has become a
promising tool in clinical microbiology. Compared to tradi-
tional PCR and other immunoassay-based approaches, Yan
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et al. recent work verified the resilience of this technology
to identify new Corona virus efficiently (Yan et al. 2021).
Apart, from this it has also proven a reliable procedure for
identifying microorganisms from many ecosystems (Ash-
faq et al. 2022; Santos et al. 2016; Freitas et al. 2022). The
high throughput profiling using this approach of the diverse
microbial biomolecules can unravel their key function in
ecosystems (Weigt et al. 2018). The ribosomal protein
spectra are microbe specific, as in case of rep-PCR, and
hence these could be a potential tool for dereplication (Bar-
thélemy et al. 2020). Additionally, this technique has also
its application in the accurate identification of organisms
isolated from varied environments such as biofilm habitats
(Gaudreau et al. 2018), cellular phones (Noumi et al. 2020),
spacecraft surfaces (Seuylemezian et al. 2018) and in noso-
comial settings (De Florio et al. 2018). Furthermore, it has
revolutionized the field of disease diagnostics by identifying
the varied mammalian cell types, circulating immune cells
without using cell specific antibodies thus making diagnos-
tic procedures more effective and affordable (Munteanu and
Hopf 2013). MALDI-TOF MS has also shown the potential
results for profiling biomolecules and has led to the identi-
fication of numerous biomarkers for cancer (Sivoiniova et al.
2021) and other diseases (Zawada et al. 2021). It also ana-
lyzes the fingerprints of biological fluids, cells and, tissues
under normal or altered conditions. Biomolecule profiling
reveals the state of health and has a role in identifying differ-
ent microbial species such as mycobacterial, bacterial, yeasts
and viruses (Croxatto et al. 2012; Gonzalo et al. 2020). Here
in this review, we tried to summarize the recent advances
that this technique has brought in numerous scientific fields.
New heights have been achieved in the health sector, ecol-
ogy, disease detection and, diagnostic fields (Fig. 2). The
expansion in the application of this emerging technique has
simplified the hectic procedures of identification of new
microbial strains and issues related to the disease diagnosis,
have been resolved with much ease and cost effectiveness.
The robustness and versatility of this technique makes it
worth to discuss.

Principle of MALDI-TOF MS

MALDI and ESI are common ionization methods employed
in modern mass spectrometry. In ESI, ions are produced
using electron spray, where a high voltage is exerted to a
liquid to generate an aerosol. While as in MALDI, samples
are first co-crystallized with a matrix. The matrix is pref-
erentially composed of small acidic molecules with strong
optical absorption. The ions are created by subjecting the
matrix embedded sample to the laser beam, then desorption
and then ionization. The matrix has a role in absorbing the
laser light energy and induces the vaporization of the analyte
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to produce charged ions (singly charged). The singly charged
ions are accelerated at a fixed potential and are set apart from
one another based on mass to charge ratio (m/z) in the mass
analyzer. The charged analytes are detected and measured
by a detector (Karas and Kriiger 2003; Duncan et al. 2016)

The Matrix is usually a crystallized compound, the most
common being cyano-4-hydroxycinnamic acid (CHCA),
sinapinic acid, and 2,5-dihydroxybenzoic acid (DHB) (Hou
et al. 2019; Choi et al. 2019). DHB is mostly used for the
analysis of glycans and glycoproteins as well as often used
for the analysis of peptides. CHCA is used mostly for pep-
tides having a mass range (< 2500 Da), and SA is good for
the analysis of high mass proteins and peptides (> 2500
Da). One of these crystallized molecules is used to make a
solution in a mixture of an organic solvent such as ethanol
or acetonitrile. Highly purified water allow both hydrophilic
and hydrophobic molecules to dissolve in a solution. Tri-
fluoroacetic acid (TFA) is usually added as a counter ion
source to generate [M+H] ions. Mostly matrix compounds
are of low molecular weight and vaporize easily but are large
enough so that they may not evaporate during experimenta-
tion. They are mostly acids and thus act as a proton source
for ionization of an analyte. They absorb laser light either
in the UV or the IR range. The matrix solution is mixed
with the analyte and spotted onto the MALDI plate. The
solvents in the solution are vaporized, leaving only matrix
and analyte molecules.

The laser is targeted at matrix crystals and, absorption
of laser energy takes place first, desorption and then ioniza-
tion occurs during this event. The hot plume generated dur-
ing this process contains many ionized and neutral matrix
molecules, deprotonated and protonated matrix molecules,
nanodroplets etc. The matrix charges the analyte by trans-
ferring the proton to the analyte. An ion obtained after this
process comprises of starting neutral molecule [M] with ions
removed in case of removed proton [M—H]™ or added in
case of added proton [M+H]* and is termed asa quasimo-
lecular ion. MALDI is capable of generating singly or mul-
tiply charged ions ([M+nH]"") based on the laser intensity,
nature of the ion, and the voltage used (Knochenmuss 2006).
Ton yield is measured to range from 107 to 10~/ (Lu et al.
2015). The charged analytes are then detected and measured
by the time of flight (TOF) analyzer (Fig. 1).

Diagnosis

Pathogens identification

Diagnosis of pathogens is important for initiating the admin-
istration of antibiotics and improving treatment outcomes.

Conventional techniques for the diagnosis of microorganisms
use gene sequencing or phenotypic identification methods,
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Fig. 1 Depiction of the basic
principle of MALDI-TOF MS
principle
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Fig. 2 Illustration of various fields where MALDI-TOF MS technique
have been employed

which are time-consuming. Contrastingly, MALDI-TOF MS
is a rapid, low-cost, and reproducible technique that has been
employed to identify pathogens. Based on specific protein
and peptide profiles from cells, MALDI-TOF MS offers dif-
ferential identification of bacteria, Mycobacteria, filamen-
tous fungi, yeast, and protozoan parasites.

In clinical diagnosis, identification of microorganisms is
mainly based on microscopy, biochemical tests, interpre-
tation of phenotypic characteristics, or molecular biology.
These procedures are time-consuming and require expertise.
MALDI-TOF technology permits the identification of large
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variety of microbial species in reduced time with less micro-
bial biomass. Bacterial isolate colonies, picked from agar
medium are smeared in a thin film on MALDI target plate,
overlaid with DHB (for Vitek MS instrument) or CHCA (for
Bruker instrument) and put into a mass spectrometer for data
analysis and identification is carried out by comparing it
with the reference database. Bacterial species with fewer dif-
ferences in their ribosomal protein sequences, such as strains
of Propionibacterium acnes, Stenotrophomonas maltophilia
or streptococcus pneumonia, Shigella spp., and E. coli can
be misidentified by this technique. The accuracy of identi-
fication depends on a number of database entries therefore,
improvement in database entries of characterized species
will permit approximately 100% identification rate for Myco-
bacteria, Neisseria, Salmonella, Clostridia, Campylobacter,
and Helicobacter pylori (Wieser et al. 2012). A study by
Veen et al. (2010) showed the identification of 327 clinical
isolates by using this technique [Van Veen et al (2010)].
This study revealed the identification at genus level to about
95.1% and at the species level to about 85.6%. In another
study by the same group of researchers, where 980 clinical
isolates of yeast and bacteria displayed the correct identifica-
tion to about 92.2% using MALDI-TOF MS. By using this
technique, correct species identification was seen in Entero-
bacteriaceae, gram-negative bacteria, Staphylococci, Strep-
tococci and HACCEK group of bacteria (Haemophilus, Act-
inobacillus, Cardiobacterium, Capnocytophaga, Eikenella
and Kingella) to about 97.7%, 92%, 94.3%, 84.8%, and 84%,
respectively (Singhal et al. 2015).

Yeast colonies are picked and treated with 70% ethanol,
the suspension is pelleted and then dried. After drying, 70%
of formic acid and acetonitrile are used to make a suspen-
sion. Centrifugation isdone, and one microlitre of super-
natant is laid on the MALDI target plate, covered with a
matrix, and then introduced into the mass spectrometer for
analysis. Vitek and Bruker MS contain reference spectra of

@ Springer



280

Proceedings of the Indian National Science Academy (2022) 88:277-291

yeasts like Cryptococcus neoformans strains and many Can-
dida spp. Identification of yeast isolates using MALDI-TOF
MS showed 92.5% accuracy in clinical isolates of Trichos-
poron, Cryptococcus, Candida, Geotrichum, Saccharomy-
ces, Blastoschizomyces spp., and Pichia (Hagen et al. 2015).
Another study, 12 different species were identified from 61
yeast isolates with great accuracy (Singhal et al. 2015).
Similarly, in another study, identification of 24 yeast iso-
lates comprising of 12 different species was reported using
this technique (Bizzini et al. 2010). Bruker and Shimadzu
systems of MALDI-TOF MS and their respective related
databases and software, Saramis and, were tested to identify
yeast species in clinical diagnosis (Bader et al. 2011). Spe-
cies identification was similar for Bruker/Biotyper (97.6%)
and for Shimadzu/Saramis (96.1%) were comparable with
biochemical tests (96.9%). No misidentifications were
reported by Saramis, and fewer misclassifications were seen
with Biotyper as compared to classical approaches. Steven-
son et al. (2010) by using Bruker MALDI-TOF system has
established a library of the spectral databases for 109 yeast
reference strains representing eight genera and 44 species
to assess the ability of MALDI-TOF MS to identify yeast
species rapidly.

The Identification of Mycobacterium tuberculosis is
generally carried out through antigen detection and PCR.
Identification of M. tuberculosis by MALDI-TOF MS has
been observed to decrease turn-around time, cost and labor
compared to nucleic-acid-based methods. Before identifica-
tion, Mycobacterium species require sample processing so
to deactivate the pathogen. Inactivation is followed by soni-
cation, which causes cell disruption. A study reported the
correct identification approx 88.8% at the Genus level and
82.2% at the species level (Machen et al. 2013). However, for
closely related strains, misidentifications can occur, such as
for M. tuberculosis, M. africanum, M. bovis and M. micro-
tiand for M. abscessus, M. bolletiiand M. massiliense, for
which reference mass spectra databases are not fully avail-
able (Lotz et al. 2010; Kodana et al. 2016).

For fungal colonies, 75% ethanol solution is used, cen-
trifuged, and suspended in acetonitrile and formic acid.
Supernatant is centrifuged and laid on MALDI target plate
(Schulthess et al. 2014). Various clinical fungi are distin-
guished by using MALDI-TOF MS, which mainly include
Fusarium, Penicillium, Aspergillus, and dermatophytes (Sin-
ghal et al. 2015). First study where fungal identification was
made by using MALDI-TOF MS was carried out by Wel-
ham et al. (2000); Giebel et al. (2010). Three fungal species,
Scytalidiumdimidiatum, Trychophyton rubrum, and Penicil-
lium spp. displayed distinct spectral fingerprints that permit
the accurate distinction between species (L’Ollivier and
Ranque 2017). Using this approach, fungal spores were used
to identify various Penicillium species (Reeve et al. 2019).
In another study, 12 species of Penicillium were correctly
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identified by MALDI-TOF in which fungal samples were
resuspended in trifluoroacetic acid/acetonitrile solvent prior
to this analysis (Hettick et al. 2008b). By using the same
extraction method Hettick et al. (2008a, b) got mass spec-
tral fingerprints of 12 Aspergillus species, and five strains
of Apergillus flavus furthermore, the results communicated
that 12 species of Aspergillus were 95% accurately identified
at the strain level. However, Hettick et al. (2008a, b) found
that this approach could not discriminate between Aspergil-
lus niger and A. chevalieri (Hettick et al. 2008a, b). Another
study showed that different species of Aspergillus sp., could
be identified by their spores (Rodrigues et al. 2011). The
characterization of various Fusarium spp. has also been
observed by MALDI-TOF MS in many studies. A study
where nine Fusarium spp. having 62 isolates were subjected
to both MALDI-TOF MS and molecular identification.
Using the Biotyper database, 13 isolates of five Fusarium
spp. were correctly identified to about 92%, four Fusarium
strains were not identified and one Fusarium sp. namely F.
pseudonygamai was misidentified and this was due to the
absence of reference spectra in database (Marinach-Patrice
et al. 2009). By analyzing spores of five Fusarium spp.
(mycotoxin-producing), MALDI-TOF MS was successful
in correct identification with high reproducibility (Passarini
et al. 2013). Dermatophytes such as Arthrodermabenhamiae,
Trychophyton tonsurans, T. interdigitale and T. rubrum were
identified by using Saramis database (Singhal et al. 2015).
A study revealed that MALDI-TOF MS was used to
detect human herpesviruses from various biological
specimens (Singhal et al. 2015). It has been investigated
that MALDI-TOF MS combined with antibody magnetic
nanoparticles was suitable for the diagnosis of influenza
viruses (Dinali et al. 2017). This technique is also applied
to screen virus subtypes, suggesting a better technique f or
the early diagnosis of influenza viruses. This assay detects
the intrinsic physical properties of molecules. MALDI-
TOF MS, in association with multiplex PCR has been
used for analyzing eight human enteric viruses such as
poliovirus, norovirus, astrovirus, echovirus, coxsackievi-
rus, reovirus, and hepatitis E virus (Piao et al. 2012). This
technique has a sensitivity that ranges from 100 to 1000
copies/reaction and determines that this method could be
used for the detection of co-infections with several viruses.
MALDI-TOF MS has been used to diagnose foot, hand
and mouth disease that are caused by enteroviruses such
as echovirus, poliovirus and coxsackievirus A and B (Peng
et al. 2013). The diagnosis of these pathogens assists in
thorough surveillance of enteroviruses to simultaneously
comprehend the molecular epidemiology of enteroviruses
analyzing various genotypes. The main advantage of this
approach is the detection of several genotypes simulta-
neously, pioneering new potentialities for the diagno-
sis and discovering epidemiological and pathological
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characteristics. Reports suggested that MALDI-TOF MS
has been used for the detection of Hepatitis B virus (HBV)
and Hepatitis C virus (HCV), and identified all eight HBV
genotypes (Camarasa and Cobo 2018). Due to prolonged
treatment with antiviral therapy, some mutations in HBV
may cause lamivudine resistance. This method has been
suitable for detecting YMDD mutants (Abbaszadeh et al.
2018). MALDI-TOF has also been used to study genotypes
of these viruses and detect the sequence variations in the
target genome. In another study, this approach determines
the mutations of influenza A (HS) viruses for monitoring
purposes (Camarasa and Cobo 2018) (Fig. 2).

Biomarker detection for disease diagnosis

Currently, biochemical tests use chemical reagents to diag-
nose disease biomarkers. However, these diagnostic proce-
dures often suffer from negatives or false positives in the
presence of other biological compounds in the body fluids.
These shortcomings may be overcome by mass spectro-
metric approaches to detect the disease biomarkers in bio-
logical fluids. For the characterization of large biomole-
cules, the fluid is generally diluted in different ratios while
mixing with the matrix (Yamazaki et al. 2020; Anderson
et al. 2012). Biomolecule profiling gives an insight into
physiological, developmental, and pathological changes in
the body (Wei et al. 2021). Principal component analysis
(PCA) is usually involved in identifying differences in the
patterns of biomolecules between samples. In association
with MALDI-TOF/MS, each mass spectrum is defined by a
point in 2D or 3D PCA plots, where similar characteristics
in mass spectra are clustered (Jiang et al. 2019; Lasch and
Noda 2017). Using proteomic tools like MALDI-TOF/TOF
combined with 2D electrophoresis, the protein expression
profiles of different stages of Ovarian cancer (OC) and the
normal ovarian epithelium tissues have been studied. For
e.g. the expression of gila maturation factor beta (GMGB)
was analyzed using MALDI-TOF combined with 2D elec-
trophoresis. The results revealed that the expression of
GMFB was significantly increased in advanced stages of
OC compared to normal or early stages of malignancies
(Zuo et al. 2014). This technique has been fruitful in iden-
tifying wide variety of proteins and peptides predictive
biomarkers thus paving way to develop effective personal-
ized cancer therapies (Sargent et al. 2005). Another study
carried by Andresen et al. (2021) concluded MALDI-TOF
MSI as a promising and innovative diagnostic tool in pros-
trate cancer. The study confirmed specific differences in
the lipid metabolism of cancerous and non-cancerous epi-
thelium, and stroma tissue types thus providing diagnostic
and prognostic biomarkers for prostate cancer (Andersen
et al. 2021)

Dereplication

The MALDI-TOF MS facilitates the identification of new
diversity of microorganisms and also dereplication of a
multitude of isolates. Dereplication refers categorizing of
unknown bacterial isolates by identifying similar isolates
at a specific taxonomic level (Yamazaki et al. 2020) and
analyzing the multitude of microorganisms present in a
specific habitat. It classifies bacterial isolates at the spe-
cies, subspecies and strain level (Abbaszadeh et al. 2018).
The advantage of using MALDI-TOF MS over other tech-
niques is that it produces a protein fingerprint that per-
mits the algorithm-driven pattern of spectra based on the
absence or presence of peaks (Dice coefficient, Pearson
product-moment correlation coefficient) (Demirev and
Sandrin 2016). On the other hand, spectra analysis can
be done using a curve-based algorithm without including
peak, using Pearson product-moment correlation coeffi-
cient. Various studies have revealed the role of MALDI-
TOF MS in identifying the microorganisms at the strain
level (Santos et al. 2016). A study where 456 bacterial
isolates were isolated from sponges, (marine) and were
recognized at the strain level using MALDI-TOF MS.
For instance, from marine sponges, a bacteria, namely
Pseudoalteromonas, was isolated and was differentiated
by MALDI-TOF MS spectra (Stets et al. 2013). Using
phenotypic markers, MALDI-TOF MS differentiate every
closely related species with high accuracy. A study using
MALDI-TOF MS in association with the Dice similarity
coefficient was effectively used to categorize isolates of E.
coli from avian, bovine and, canine sources (Santos et al.
2016). In another study different strains of Arthrobacter
were identified using the Pearson coefficient. Various
species and strains of Bacillus spores were differentiated
by using MALDI-TOF MS (Santos et al. 2016; Wenning
et al. 2014). Burkholderia pseudomallei isolated from six
clinical and five environmental isolates were grouped by
using this technique (Niyompanich et al. 2015). Besides
that, source-specific markers of clinical and environmen-
tal B. pseudomallei were assessed. ClinPro Tools (CPT)
software allows access to mass spectrometry data for
rapid and comprehensive evaluation and to mine potential
biomarkers in complex protein profiles. Out of 10 mass
ions, 6 were specified as environmental-identifying bio-
marker ions, whereas the rest were assigned as clinical-
identifying biomarker ions. MALDI-TOF MS was used
to describe the grouping of bacteria capable of degrading
alkylphenol polyethoxylate. These isolates were analyzed
using MALDI-TOF MS, PCR-RFLP and gyrB sequence.
MALDI-TOF MS, and gyrB yielded similar results and
differentiated isolates based on their potency to degrade
the compound (Ichiki et al. 2008). Halophytic prokaryotes
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isolated from solar saltern sediments were also categorized
using MALDI-TOF MS. In this study, clustering of mass
spectra was done and was separated into groups delineated
using the Jaccard algorithm (peak based) (Spitaels et al.
2016; Munoz et al. 2011). MALDI-TOF MS was also used
as a dereplication tool in analyzing the Burkholderiacal-
edonica isolated from soil (Verstraete et al. 2014). Bacte-
rial isolates were assessed for novel carotenoids by using
MALDI-TOF MS (Stafsnes et al. 2013). A distance cutoff
valve of 500 was set for delineation of mass spectral clus-
ters, and it was observed that not all species were deline-
ated appropriately. Ghyselinck et al. (2011) studied the
comparison of taxonomic resolution of (GTG)5-PCR fin-
gerprinting and MALDI-TOF MS in an analysis of potato
rhizosphere isolates and aimed to differentiate between
strains based on the reproducibility of both techniques
by assessing some of the isolates in triplicate (Spitaels
et al. 2016; Ghyselinck et al. 2011). Doan et al. (2012)
studied the comparison of MALDI-TOF MS and (GTG)s-
PCR for the dereplication of LAB isolates from the meat,
sequence analyses using the pheS gene were done for pre-
cise identification of strains (Doan et al. 2012). Applica-
tion of MALDI-TOF MS for dereplication of beer spoilage
isolates; 348 isolates were recovered from different types
of beer cultured onto different growth media and under
different conditions (Wieme et al. 2014). In another study
where bacterial and yeast isolates were taken from fer-
mented lambic beer and dereplicated using the database.
Delineation of MALDI-TOF MS clusters were done, and
identification of the representative isolates of each clus-
ter was carried out by using 16SrRNA sequence analysis
for bacteria, 26SrRNA sequence analysis for yeasts, and
housekeeping genes for both groups. The MALDI-TOF
MS-based dereplication combined with sequence analysis-
based, identification was predominant for the differentia-
tion of microbial community (Spitaels et al. 2014). In a
similar study, where 1300 yeast and bacterial isolates were
dereplicated and identified by MALDI-TOF MS (Spitaels
et al. 2015). The mass spectra obtained were then used for
the construction of the database. The application of this
technique showed that the isolates with comparable mass
spectra were grouped together to represent one species,
but this classification did not always prove to be reliable;
sometimes, completely different clusters may also stand in
for the same species. A study demonstrated that MALDI-
TOF MS effectively categorized environmental isolates
of E. Coli than rep-PCR and can discriminate between
strains (Santos et al. 2016). This technique determines
a large spectrum of proteins and differentiates between
closely related species and group organisms at subspe-
cies level (Grenga et al. 2019). A study suggested that
some isolates belonging to various genera such as Bacil-
lus, Stenotrophomonas, Pseudomonas, and Rhodococcus
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were grouped and were differentiated upto strain level by
using MALDI-TOF MS however, rep-PCR failed to pro-
duce such results (Ghyselinck et al. 2011). MALDI-TOF
MS can classify serotypes of Listeria monocytogenes in
three lineages (Ojima-Kato et al. 2016), differentiated
subspecies of Francisellatularensis (Regoui et al. 2020)
as well as discriminated the strains of Legionella (Blanco
et al. 2021). Tanigawa et al. (2010) used mass spectral
analysis of ribosomal proteins to distinguish between dif-
ferent Lactococcus species and subspecies. The results
discriminated the L. lactis subsp. cremoris from L. lactis
subsp. Lactis in a more reliable way than any technique
before (Tamang et al. 2016).

Biomolecule profiling

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry is an approach that involves rapid and
high-efficiency screening of ions that are generated from
molecules when subjected to ionization detected in biologi-
cal samples, including crude extracts and intact cells (Clark
et al. 2013; Cho et al. 2015). MALDI-TOF MS profiling
identifies the most intense low molecular mass molecular
ions (< m\z 20,000) and doesn’t directly identify the pro-
teins. MALDI-TOF MS profiling leads to identifying sev-
eral biomarkers and records fingerprints of biological fluids,
cells, and tissues under normal or altered conditions. It has
emerged as a powerful technique in the field of microbiolog-
ical diagnostics, identifying a wide spectrum of pathogenic
microbes for example, clinical, mycobacterial (Oswald-
Richter et al. 2012), bacterial (Patel 2015), viruses (Calde-
raro et al. 2014), environmental yeasts (Agustini et al. 2014)
and entomopathogenic soil fungi (Lopes et al. 2014). New
frontiers have been explored besides microbial species level
identification, such as direct identification of pathogens from
positive blood cultures, subtyping, and drug susceptibility
detection (Alizadeh et al. 2021)

Protein profiling

Mass spectrometry provides a sensitive technique, higher
throughput, and is very reproducible. MALDI-TOF MS is
an important technique for the identification of microorgan-
isms by identifying proteins. A study identified Bacillus
spore species by MALDI-TOF/TOF MS using a top-down
approach. Fragmentation of protein spore biomarkers and
their identification by comparing their spectra with a ref-
erence database. Recognition of protein spore biomarkers
enabled the identification of bacillus spore species such as
Bacillus cereus and Bacillus globigii (Abbaszadeh et al.
2018; Jeong et al. 2014). Identification of various spore pro-
teins were done and used to characterize various Bacillus
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species. MALDI-TOF MS can also be used to detect meta-
bolic pathways and new functional genes. For instance,
MALDI-TOF, in combination with two-dimensional electro-
phoresis (2-DE), provides an understanding of the metabo-
lism of Synechocystis sp. PCC 6803 (Kurian et al. 2006;
Tabandeh et al. 2012).

MALDI-TOF MS can also be applied to map the proteins
of an ecosystem. Microorganisms alter their protein expres-
sion profiles when they are subjected to changes in environ-
mental variables. A study was conducted where proteomic
approaches were employed to study the protein expression
profiles of microbial communities (Santos et al. 2016). 2-DE
in combination with MALDI-TOF, was used to determine
the alteration in protein expression of Shewanellaoneidensis
MR-1 (Santos et al. 2016).

Alteration in disease-associated protein expression can
decrease or increase in the amount of expression of protein
to change in the posttranslational modifications on specific
protein (Rodriguez-Pifieiro et al. 2006; Soucek et al. 2006)
Protein phosphorylation and glycosylation have received
more attention as their role as a source of biomarkers in
early stages cancer (Thomas et al. 2021). Glycoproteins
like PSA in prostate cancer, CA125 in ovarian cancer, and
Her2/neu in breast cancer are clinical biomarkers and are
therapeutic targets in cancer (Costa 2017; Badr et al. 2014).
MALDI-TOF MS has been used in the serum and plasma
proteomic patterns of ovarian cancers. Four potential ovar-
ian cancer serum biomarkers have been identified namely
kininogen-1, complement 3, transthyretin inter-alpha-trypsin
inhibitor heavy chain H4 (Swiatly et al. 2017). Analysis
revealed the role of MS-based glycomic profiling of serum in
diagnosing oesophageal adenocarcinoma (Dong et al. 2018).
Profiling of serum phosphorylated peptides by MALDI-TOF
MS is used to detect hepatocellular carcinoma. The expres-
sion of peptides was different between healthy and patient
individuals (Hu et al. 2009). MALDI-TOF MS technique
revealed that degAla-FPA acts as a biomarker for gastric
cancer; furthermore, the changes in protein glycosylation
identified the serum of patients help in the early diagnosis
of this disease. Another study by Gomes et al. (2013) using
MALDI-TOF MS showed the identification of circulating
proteins, displaying abnormal glycans, and furnished the
presence of serum proteins carrying altered O-glycosylation
in patients with lesions of gastric carcinoma (Gomes et al.
2013). MALDI-TOF MS is also important for protein profil-
ing and early diagnosis of the bladder (Meng et al. 2013),
gastric (Dai et al. 2016), and colorectal cancers (Zhu et al.
2013; Pietrowska et al. 2012). Another study revealed that
MALDI-TOF was able to differentiate between malignant
and normal states of organs by serum protein profiling and
to detect colorectal cancer (de Noo et al. 2006). This tech-
nique identified the serum protein patterns that show high
specificity and sensitivity in identifying bladder cancer

patients (Frantzi et al. 2015). MALDI-TOF MS spectra of
tissue biopsies can be used to analyze cancer-associated
biochemical changes. Normal gastric and oesophageal tis-
sues produce spectra characterized by increased calgranulins
levels. MALDI-TOF spectra of lipids and polypeptides dif-
ferentiate between the normal esophagus and oesophageal
adenocarcinoma and between the normal stomach and gas-
tric cancer (Singhal et al. 2013). MALDI-TOF MS identified
10 membrane-associated proteins are highly expressed in the
invasion group of lung cancer (Chen et al. 2012).

MALDI-TOF MS has been used for the plant metabo-
lite profiling (Amorim-Carrilho et al. 2014). No database
regarding protein profiles of plant organs or tissues under
physiological states is available. The application of this tech-
nique in plant proteomics is in discovering protein markers.
Identifying protein markers can help breeders select culti-
vars better acclimatized to a variety of abiotic and biotic
stresses or in diverse developmental stages.

Lipid profiling

Lipid profiling involves the detection of lipid distributions in
living beings. The quantitative (May et al. 2012) and qualita-
tive (Nollet and Toldra 2012) variations in the lipid profiles
of various organisms have been employed to differentiate
microorganisms. MALDI-TOF MS has resulted in the analy-
sis of biological families like oligonucleotides, peptides, and
lipids and plotted in 2D graphs based on drift time and m/z
ratio. With this approach, 2D graphs have been produced
in which lipids were separated from peptides (Bush et al.
2012). A study revealed that phospholipid’s mixtures were
analyzed and allowed for 2D separation based on their ion
mobility and m/z ratio which mainly was because of to radyl
chain length, cationization of discrete species, and degree of
unsaturation (Cajka and Fiehn 2016). Using MALDI-TOF/
TOF MS, studies have been conducted on Sphingolipids and
glycerophospholipids in rat brain tissue for the structural
characterization of different lipid-like sphingomyelin and
Phosphatidylcholine species in tissues (Lee et al. 2012).
Structural information facilitating the identification of acyl
groups of phosphatidylcholine species was furnished by
mass spectral peaks. Studies by (Miiller et al. 2015) showed
that, by using negative ion mode, lipid species such as phos-
phatidylserine (PS), phosphatidylethanolamine (PE), phos-
phatidylinositol PI and sphingomyelin (SM) were identified
in rat brain. MALDI-ion trap MS has been used for lipid
studies based on MS? and MS? data, and PS, PC, SM, and
cerebroside species from sciatic and spinal cord nerve tissue
were identified (Garrett et al. 2007; Aichler and Walch 2015)

Phosphoinositides are phospholipids with inositol as one
of the groups a head group. They have a role in cell signal-
ing, cytoskeletal dynamics, membrane trafficking and cal-
cium homeostasis (Martini et al. 2014). MALDI-TOF-MS
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has been used to analyze phosphatidylinositols in murine
brain extracts (Schneider 2015). Through ESI-MS, com-
position of fatty acids in lysophosphoinositides in plasma
from ovarian cancer were analyzed (Zhang et al. 2015).
The tandem mass spectrometer (MS/MS) in combination
with collision-induced dissociation can analyze and quan-
tify phosphoinositides that are less abundant with a degree
of unsaturation and fatty acid composition (Balla 2013).
Another experiment revealed the profiling of phospholipids
from rat brain tissue and an overlay of two spectra of the cer-
ebral caudate-putamen of the brain with DHB matrix with
cesium (red area) and without cesium (blue area) in positive
ion mode. Depending on the drift time of lipid species due to
head group, radyl chain, and cationization, 22 phospholipid
species were identified, including PEs, PIs, PCs, PSs, and
SMs (Cajka and Fiehn 2016).

Lipid profiling of six basidiospores species; Agaricus-
bisporus, Auriacularia auricula, Hypsizygusmarmoreus,
Pleurotusostreatus, Lentinus edodes, and Volvriellavolvacea
were carried out by MALDI-TOF MS. Results revealed that
phosphatidic acid (PA) and phosphatidylcholine (PC) were
dominant lipid components detected almost in all basidi-
ospores. Other phospholipids like PS, PE, and PG were
observed in most spores. Diacylglycerol was detected in A.
bisporus, A. auricular, and P. ostreatus and triacylglycerol
was only observed in H. marmoreus. These results showed
the species-specific lipid profiles of fungal spores and can be
used to discriminate between fungal spores (Li et al. 2013).

Cholesterol is an important part of biological membranes
besides membrane proteins and glycerophospholipids. As
far as determining the cholesterol by MALDI-TOF MS is
concerned, less data is available because these metabolites
are determined easily either by enzymatic kits or by lig-
uid chromatography (LC) coupled to MS. For cholesteryl
esters, very few studies have been done in which DHB was
used as MALDI matrix (Leopold et al. 2018). In another
study apolar lipid constituents like diacylglycerol (DAG),
Triacylglycerol (TAG), sterols, and cholesteryl esters were
determined by MALDI-TOF MS (Holcapek et al. 2015). A
study by Zaima et al. showed that cholesterol linoleate and
cholesterol oleate in human and mouse lipid-rich regions
were determined by imaging mass spectrometry using DHB
as a matrix (Zaima et al. 2011).

Microbial ecology

Microorganisms are ubiquitously present and almost occupy
all environments where macroscopic life exists. These rep-
resent the sole inhabitant of the extreme environs as well.
Although minute in size, their immense diversity regulates
the major ecological functions and thus are intimately asso-
ciated with environmental sustainability. As per the data
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generated from the metagenomic and cultivation—-independ-
ent studies, it has been revealed that the majority portion of
this enormous diversity is yet unknown. Thus to exploit their
ecological capacities to the fullest and to understand their
function new strategies are being employed. MALDI-TOF-
MS has gained a lot of popularity pertaining to its affordabil-
ity and applicability especially in microbial ecology (Patil
et al. 2015; Tong et al. 2015). The applications of this tech-
nique in the environmental remediation research, microbial
diversity studies, and proteomic and metabolomic studies
have been discussed as under:

Bioremediation research

Bioremediation is regarded as a promising approach to elim-
inating or reducing hazardous waste from the environment
(Ullah et al. 2015). The application of MALDI-TOF-MS in
this research area mainly focuses on the screening and iden-
tifying the site-specific microbes for the degradation if vari-
ous chemical compounds. Evaluating the various microbes
for the degradation process is based on their global protein
expression (Sharma et al. 2019), which eventually enables
the researchers to employ highly potential microorganisms
for the remediation process. Numerous researches have been
done to identify numerous microbes involved in the deg-
radation of various contaminants. For example, different
bacterial species were isolated from the soils contaminated
with biphenyls, and pesticides. The identification of bac-
terial sp. up to species level was achieved using MALDI-
TOF-MS, technique, and the results concurred with the
16SrRNA genotyping results (Lovecka et al. 2015; Uhlik
et al. 2011). Different enzymes and the proteins involved
in the catalysis of contaminants have been identified using
the MALDI-TOF-MS technique. A study carried out by
(Tomas-Gallardo et al. 2006) identified specific proteins in
Rhodococcus sp. which is involved in the degradation of
phthalate and protocatechuic acid (PCA). Furthermore, in
another study membrane proteome of Acinetobacter radi-
oresistens S13 was profiled by the 2-DE/MALDI-TOF-MS
technique, and the results confirmed the expression of novel
proteins expressed only during aromatic pollution (Pessione
et al. 2003). MALDI-TOF-MS has allowed researchers to
study and identify the protein involved in the biotransforma-
tion. For example (Wilmes et al. 2008), was able to identify
the proteins involved in the chemical transformation in the
mixed culture activated sludge system; the proteins screened
have been identified essential in phosphorus removal. In
another study, three bacterial species, Bacillus cereus,
Bacillus sonorensis and Pseudomonas stuztzeri have been
identified using the MALDI-TOF-MS technique in the soils
heavily contaminated with the oils in the extreme climatic
condition of the Qatar Gulf area (Al-Kaabi et al. 2018).
Likewise, the MALDI-TOF-MS technique was employed to
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identify bacteria isolated from copper contaminated environ-
ments of Sassego Mine, Brazil. The 16Sr DNA method was
also used for identification purposes. The results confirmed
the MALDI-TOF-MS technique as an effective tool for the
identifying bacteria isolated from copper-contaminated sites
(Avanzi et al. 2017). In a recent study from the saffron soils
of the Kashmir Himalaya region, four lead tolerant bacte-
rial species were identified using MALDI-TOF-MS and 16S
rRNA genotype sequencing, namely Staphylococcus equo-
rum, Staphylococcus warneri, Bacillus safensis, and Bacil-
lus thuringiensiswith B. thuringiensis as the highest metal
sequester (65.3%) and S. warneri was observed as the least
metal sequester (52.8%) (Nazir et al. 2020).

Proteomics and metabolomics

MALDI-TOF-MS has been proved as a high-throughput
technique as it enables the screening of novel proteins thus
acting as an important tool in environmental proteomics
aiding in the characterization and identification process
(Toby et al. 2016). For instance, a study carried out by
Demirev et al. (2005) resulted in identifying intact Bacil-
lus spore species, namely Bacillus globigii and Bacillus
cereus (Toby et al. 2016). Fragmented ion spectra of whole
protein biomarkers were studied using this technique and
by comparing it to the proteome database, the results were
obtained. Several other studies employ the MALDI-TOF-MS
technique to identify a wide variety of proteins expressed
during stress conditions. For example, work carried out
by Heim et al. (2003), used the MALDI-TOF-MS tool and
identified twenty-five proteins expressed in Pseudomonas
putida during iron limitation conditions. In another study,
2-DE MALDI-TOF MS/MS technique was utilized, and dif-
ferentially expressed proteins were identified in the bacte-
rial community when exposed to cadmium stress (Franzosa
et al. 2015). There has been extensive literature support-
ing the MALDI-TOF-MS and proteomic studies; however,
this technique serves as an important tool in metabolomic
studies as. This approach is highly fruitful in studying the
bioremediation processes. It is very necessary to analyze
the metabolic pathway and identify the catabolic byproducts
thus determining the potential of different microorganisms
in degrading a contaminant (Lellis et al. 2019). A study car-
ried out by Edward and Kennedy (2005) screened more than
100 metabolites from E. coli using this technique (Zenobi
2013). Similarly, in another study, MALDI-TOF-MS was
used to study the pigment composition for the identification
and characterizations of bacterial sp. The results furnished
by this study identified bacteriochlorophyll a and homologs
of bacteriochlorophyll c, a characteristic feature of Chlo-
robiumtepidum thus indicating its presence (Morgan-Kiss
et al. 2009).

Detection of pathogenic microbes

The pathogenic bacteria and fungi represent a constant
threat to the terrestrial and aquatic biodiversity, including
crops. It is crucial to detect and identify the pathogenic
microbes for proper diagnostic and disease management
procedures, for which MALDI-TOF-MS serves as an effec-
tive tool. For instance, Puccinia triticina causing wheat leaf
rust (a notorious pathogen of wheat worldwide) has been
studied using a proteomic approach (Kosovi et al. 2014).
Similarly, MALDI-TOF-MS technique has been proven a
reliable tool in detecting numerous plant pathogens like
Serpulalacrymans, S. himantioides, Coniophoraputeana,
C. marmorata, Antrodiavaillantii, and A. sinuosa (Driss-
ner and Freimoser 2017). Also, it has been regarded as a
rapid and easy technique compared to genotype sequenc-
ing method to identify species-specific profiling of Candida
sp. (Reddel et al. 2019). Moreover, this technique was also
found effective in the identification and discrimination of
eight polypore species of genre Fomitopsis, Rhodofomes,
Fomes, and Ganoderma in, Czech Republic (Pristas et al.
2017). It has also successfully aided in the identification of
two closely related Vibrio sp., V. furnissii and V. fluvialis,
both representing human pathogen associated with the con-
sumption of contaminated seafood and contaminated water
(Schirmeister et al. 2014). The identification of water-borne
pathogens, chiefly Helicobacter pylori, Salmonella typhimu-
rium, Yersinia enterocolitica, Legionella pneumophila, and
Campylobacter jejuni was achieved by the MALDI-TOF-
MS technique, and the results were confirmed by 16STRNA
sequencing (Lee et al. 2014).

Biotyping

MALDI-TOF-MS finds its application in microbial biotyp-
ing chiefly to elucidate the bacterial taxonomy, differentia-
tion, and characterization (Sandrin et al. 2013) with more
accuracy and ease when compared to 16SrRNA genotyp-
ing. A study carried out by (Dieckmann et al. 2005) iso-
lated and differentiated Pseudoalteromonas sp. from marine
sponges and characterized them even if they differed only by
1 bp out of 400 bp or by 3—4 bp out of 1500 bp. The results
obtained by MALDI-TOF-MS spectra were more resolved
when compared to conventional genotype sequencing. Simi-
larly, in another study MALDI-TOF-MS tool differentiated
at least thirty Vibrio strains isolated from two waste water
treatment plants (Eddabra et al. 2012). Furthermore, a study
carried out by (Crossay et al. 2017), performed MALDI-
TOF-MS proteomic biotyping technique to identify Arbus-
cular mycorrhizal fungi (AMF, Glomeromycota) important
for the plant growth. The results furnished that the nineteen
isolates belonged to fourteen genera and five families also,
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the intraspecific differentiation was revealed for majority of
species.

Future perspectives

MALDI-TOF MS has become a popular tool for micro-
bial identification in clinical, microbiological laboratories.
This approach has also been used as a dereplication tool in
other microbiological fields. A commercial database sys-
tem permits the identification of isolates or strains during
dereplication, but due to a lack of reference databases for
a few isolates or strains, many or most species/strains fail
to identify. For such species and isolates, commercial data-
bases will need to be broadened with an appropriate number
of reference strains to enable the identification of isolates
during dereplication studies. The accuracy and quality of
spectra can be affected by sample preparation methods,
the type of material analyzed and the matrix components.
Improving sample-processing procedures and enhancing, the
spectral database leads to highly reliable outcomes for the
identification of microbes. The development of new sample
processing methods and newer algorithms will enhance the
MALDI-TOF MS applications. Dereplication of microor-
ganisms at the strain level demands further studies. Flexible
algorithms are needed to filter out common peaks and focus
mostly on differential peaks in the spectra. For biomarker
characterization, consistent analysis, accurate quantification,
and analytical reproducibility requires further improvement
for better analysis.
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