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Abstract: Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) is a robust
analytical technology that has become integral to biomole-
cular research. Since its introduction into microbiology in the
early 2000s, its versatility has enabled a wide spectrum of
applications extending from routine microbial identification
to advanced proteomic profiling, antimicrobial resistance
testing, biomarker discovery, and even historical disease
investigation. In proteomics, MALDI-TOFMS has proven valu-
able for identifying disease-associated proteins, with applica-
tions in oncology, metabolic disorders such as diabetes and
dyslipidemia, neurodegenerative diseases, hemoglobinopa-
thies, and neonatal screening. Additionally, it has facilitated
pharmacokinetic studies by enabling detailed analysis of drug
distribution and metabolism. Despite limitations such as
dependency on reference databases and challenges in distin-
guishing closely related species, ongoing advancements

continue to enhance its accuracy and range. The integration
of MALDI-TOF MS with molecular methods like polymerase
chain reaction further strengthens its diagnostic utility. This
review aims to present recent technological progress while
highlighting the expanding interdisciplinary utility of MALDI-
TOF MS. Emphasis is placed on emerging fields, including
paleopathology, where its potential remains underexploited.
By outlining its evolving capabilities, we propose a conceptual
framework that positions MALDI-TOF MS as a unifying plat-
form capable of driving innovation across diverse scientific
and biomedical disciplines.
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1 Introduction

Over the past two decades, medical diagnostics has wit-
nessed a transformative evolution marked by a growing
demand for rapid, reliable, and cost-efficient tools capable
of accurately identifying pathogens and biomarkers [1].
The increasing burden of infectious diseases, antimicrobial
resistance, and complex multifactorial conditions such as
cancer and neurodegeneration has heightened the need for
sophisticated diagnostic modalities that can provide timely
and actionable information. Traditional culture-based and
biochemical identification methods, while historically foun-
dational, are often slow, labor-intensive, and lack the sensi-
tivity required for modern clinical decision-making [2]. Prior
to the introduction of mass spectrometry (MS) into clinical
workflows, diagnostics relied heavily on time-consuming pro-
cesses that delayed treatment initiation and compromised
patient outcomes [3]. This diagnostic gap underscored a
pressing need for technological innovation – particularly in
the form of analytical platforms that could offer high-
throughput, precise molecular identification with minimal
sample preparation [4].
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MS, originally developed as a tool for fundamental
analytical chemistry, has undergone significant transfor-
mation since its inception in the early 20th century [5].
Initial mass spectrometric technologies were primarily
applied in the fields of physics and chemistry to measure
atomic and molecular masses [6]. However, the landscape
began to shift dramatically with the advent of biological
applications in the latter half of the century [7]. A pivotal
breakthrough came with the development of matrix-
assisted laser desorption/ionization (MALDI) and its cou-
pling with time-of-flight (TOF) analyzers, culminating in
the matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) technique [8].
This innovation provided a soft ionization method suitable
for the analysis of large biomolecules, including proteins
and peptides, without fragmentation. MALDI-TOF MS
rapidly gained traction due to its simplicity, speed, and
suitability for biomolecular profiling [9]. The foundational
work of Karas, Hillenkamp, and Tanaka – recognized with
the 2002 Nobel Prize in Chemistry – was instrumental in
establishing MALDI-TOF MS as a viable tool for life sciences
[10]. Since then, the technique has evolved from a labora-
tory curiosity to a clinical cornerstone in microbial identi-
fication and beyond.

Recent years have witnessed a cascade of innovations
that have elevated MALDI-TOF MS beyond its initial micro-
bial identification capabilities. Technological advance-
ments have improved sensitivity and resolution, enabling
the detection of subtle biomolecular differences and the
quantification of post-translational modifications [11]. Data
processing has also evolved, with artificial intelligence (AI)
and machine learning algorithms now integrated into
spectral analysis workflows, enhancing classification
accuracy and predictive capacity [12]. MALDI-TOF MS
has expanded its utility across diverse biomedical
domains, including proteomics, metabolomics, biomarker
discovery, oncology, pharmacokinetics, and even envir-
onmental microbiology [13]. Its transition from a single-
use diagnostic tool to a multipurpose analytical platform
exemplifies its growing significance. Furthermore, its
role in detecting antimicrobial resistance, characterizing
complex protein profiles, and enabling non-invasive
liquid biopsies underscores its value in precision medi-
cine [14].

Beyond its contemporary clinical applications, MALDI-
TOF MS also embodies a fascinating confluence of histor-
ical and modern science. The technology’s core principles
are deeply rooted in the heritage of analytical chemistry,
where instrument-based identification has long guided
scientific understanding [5]. Today, those foundational

techniques have matured into robust diagnostic strategies
that bridge centuries of knowledge. MALDI-TOF MS illus-
trates this continuity by offering tools that are simulta-
neously informed by traditional mass spectrometric theory
and enabled by modern biomedical imperatives [15]. More-
over, its emerging role in paleopathology – facilitating the
detection of ancient biomarkers and pathogens – high-
lights the method’s capacity to unify historical inquiry
with present-day technological prowess [16]. In doing so,
it strengthens our understanding of disease evolution and
fosters an interdisciplinary dialogue between clinical diag-
nostics and archaeological science.

This review aims not only to present recent technolo-
gical advances in MALDI-TOF MS but also to illuminate its
expanding utility across a wide range of biomedical and
interdisciplinary fields. Moving beyond its established
diagnostic roles, we highlight how MALDI-TOF MS is being
positioned as a versatile analytical platform with transfor-
mative potential – even in areas such as paleopathology,
where its application has been largely underexplored. By
tracing the evolution of its capabilities and demonstrating
its relevance across both contemporary and historical bio-
medical contexts, this review underscores MALDI-TOF MS
as a unifying tool that can bridge diverse scientific disci-
plines. Through this lens, we encourage researchers and
clinicians to consider its applicability not only within con-
ventional boundaries but also in uncharted scientific ter-
ritories where molecular analysis may provide critical
insights. In doing so, we propose a broadened conceptual
framework for how MALDI-TOF MS can inform future dis-
covery and cross-disciplinary integration.

2 Review methodology

This review, although not systematic, follows specific meth-
odology. A meticulous research was conducted in data-
bases like PubMed, Scopus, and Web of Science, using rele-
vant keywords such as “MALDI-TOF MS,” “MALDI-TOF MS
in paleopathology,” “MALDI-TOF MS in medicine,”
“MALDI-TOF MS in microbiology,” “MALDI-TOF MS bio-
markers,” and other related. In addition, the reference
list of identified articles was examined for further sources.
Inclusion criteria involve articles with full-text availability.
The title and abstracts of the articles were assessed.
Although formal quality appraisal tools were not
employed, all relevant limitations, such as confounding
bias, were acknowledged for transparency reasons. The
key findings of the included articles are summarized to
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showcase in a narrative way the capability and potential
MALDI-TOF MS in medical and non-medical fields.

3 MALDI-TOF MS operation
principles

MALDI-TOF MS is a powerful analytical technique exten-
sively employed in proteomics, microbiology, and clinical
diagnostics for the rapid identification and characterization
of biomolecules. The technique combines soft ionization
with high-resolution mass analysis, enabling the detec-
tion of high-molecular-weight, fragile molecules such as
proteins, peptides, and polymers while minimizing frag-
mentation [17]. The method relies on the use of a crystal-
line matrix that absorbs laser energy to facilitate the
ionization of the analyte, which is then analyzed based
on the time it takes to accelerate through a flight tube
under vacuum [17]. In more detail, bacterial detection
using MALDI-TOF MS proceeds as follows: some bacterial
samples, like Gram-positive bacteria, need to be prepared
before extraction [18]. On the other hand, Gram-negative
bacteria can be identified directly by MS, a technique
called direct cell profiling [19]. During MALDI-TOF MS
analysis, samples are mixed or coated with an energy-
absorbent matrix solution that ensnares and co-crys-
talizes them when dried [20]. When the matrix is
irradiated with a laser beam (typically a nitrogen laser
at a wavelength of 337 nm or a neodymium-doped
yttrium-aluminum-garnet laser [Nd:YAG laser] at a wave-
length of 355 nm), it absorbs its energy, generating ions
that charge the analytes in the sample [20].

Matrix is an organic molecule that can absorb radia-
tion and scatter gas molecules effectively. Common
matrices include 2,5-dihydroxybenzoic acid, α-cyano-4-
hydroxy-trans-cinnamic acid, and sinapinic acid [17]. The
ions produced are accelerated by an electric field based on
their mass-to-charge ratio (m/z) and are measured by the TOF
mass analyzer. When a TOF fails to detect the target analytes
in a complex mixture, a second TOF is incorporated, so that
tandemmass analysis is performed [17]. A typical mass range
m/z of 2–20 kDa is used, which corresponds to ribosomal and
gatekeeping proteins. After TOF analysis, the peptide mass
fingerprint (PMF) of the sample is produced and the PMF of
an unknown organism or biomarker is compared to known
database PMFs [19]. Those databases are provided by the
Bruker and the Shimadzu systems and are expanding along
with the machine’s increased use providing even more spe-
cific results [21]. Due to its speed, sensitivity, and minimal

sample preparation requirements, MALDI-TOF MS has
become an indispensable tool in both research and clinical
laboratories.

4 Conventional applications of
MALDI-TOF MS in medical
sciences

MALDI-TOF MS has emerged as a powerful analytical plat-
form with remarkably diverse applications across the med-
ical sciences. Its versatility lies not only in its ability to
deliver rapid and highly accurate molecular identification,
but also in its adaptability to a wide range of clinical
contexts – from pathogen detection and antimicrobial
resistance monitoring to biomarker discovery, drug meta-
bolism studies, and even veterinary diagnostics (Figure 1).
This broad utility underscores its potential to replace or
complement traditional diagnostic methods, improve
patient outcomes through faster clinical decision-making,
and expand precision medicine approaches. The following
sections aim to demonstrate how the wide-ranging appli-
cations of MALDI-TOF MS are redefining standards in
modern healthcare by providing robust, scalable, and
cost-effective solutions across multiple disciplines.

4.1 Clinical microbiology

4.1.1 Identification of bacteria

One of the strengths of MALDI-TOF MS is its ability to work
well with a range of different types of microbes that are
usually challenging to detect using traditional methods. It
has been very successful in identifying many types of bac-
teria: Gram-positive, Gram-negative, anaerobe, and myco-
bacteria, as well as in fungi species, too. MALDI-TOF MS
was used to distinguish Lactobacillus plantarum by obser-
ving 34 protein markers [22]. Similarly, it has proven to
be highly accurate in differentiating between related
strains of clinical Streptococci, with researchers success-
fully identifying 99 distinct species through this approach
[23]. The detection of tuberculosis through mycobacteria
analysis depends heavily on MALDI-TOF MS because it
can identify Mycobacterium tuberculosis [24]. The tech-
nique has also demonstrated a remarkable 95.7% accuracy
in identifying anaerobic bacteria, which are often difficult
to cultivate [25].
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Furthermore, MALDI-TOF MS has played a role in dif-
ferentiating Gram-negative bacterial rods like those
belonging to the Enterobacteriaceae group, including
Escherichia coli. Research conducted by Almuzara et al.
demonstrated the system’s precision in recognizing species
obtained from patients with cystic fibrosis [26]. Addition-
ally, Acinetobacter species have been accurately identified
through the utilization of expanded databases [27]. In the
field of microbiology, this approach has proven to be very
reliable in distinguishing between species of Staphylococci,
making traditional coagulase tests unnecessary. Carbonelle
et al. found a 97% accuracy rate in identifying coagulase-
negative Staphylococci (CoNS) using the Bruker BioTyper
database [28]. Meanwhile, Spanu et al. achieved a 99%
precision rate when identifying subspecies, highlighting
its cost-effectiveness compared to DNA sequencing [29].
While some inconsistencies still exist, improvements in
reference databases and spectral matching algorithms
are gradually addressing these issues.

The clinical microbiology field has experienced a
transformation through MALDI-TOF MS as this technology
provides rapid and precise pathogen identification across
different uses. The technique allows fast bacterial
pathogen detection in periprosthetic joint infections (PJIs)
achieved in hours instead of the typical days required by

traditional culture methods. The sensitivity of the tech-
nique improves through sonication methods, which
remove bacteria from biofilm-covered prosthetic implants,
thus increasing detection success rates [30]. The MALDI-
TOF MS assays for alpha-defensin in synovial fluid provide
a fast diagnostic solution for PJIs because they produce
results in about 20 min, which helps doctors make intrao-
perative treatment choices.

The application of MALDI-TOF MS extends beyond ortho-
pedic uses because it helps identify both uncommon and dif-
ficult-to-culture pathogens. The identification of Helicobacter
cinaedi in immunocompromised patients becomes possible
through MALDI-TOF MS which enables immediate antimicro-
bial therapy. The technique allows researchers to distinguish
gastric Helicobacter species through their distinct protein pat-
terns leading to better diagnostic accuracy [31]. The combina-
tion of cost-effectiveness and high-throughput capabilities
establishes MALDI-TOF MS as an ideal tool for environmental
monitoring within cleanroom settings to identify Bacillus spe-
cies and related microbes. The system’s quick processing fea-
tures enable its use in regular surveillance operations which
maintain contamination control in critical environments [32].
The wide range of applications and high efficiency of MALDI-
TOF MS demonstrates its essential position in present-day
diagnostic procedures.

Figure 1: Conventional applications of MALDI-TOF MS in medical sciences.
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4.1.2 Identification of COVID-19 and other viruses

When it comes to virology, in 2019 the world faced a health
crisis with the emergence of coronavirus disease of 2019
(COVID-19) caused by the virus called severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). Initially, doc-
tors used methods like polymerase chain reaction (PCR) for
the diagnosis but in 2020, Nachtigall et al. came up with a
method using MALDI-TOF MS analysis of nasal swabs,
which showed an impressive accuracy of 93% in identi-
fying cases from a sample size of 362, including both posi-
tive and negative cases [33]. Yan et al. extended their
research by using MALDI-TOF MS to examine blood sam-
ples from individuals with COVID‐19 symptoms compared
to COVID-19 patients and healthy individuals [34]. They
developed a model that demonstrated 99% accuracy along
with 98% sensitivity and 100% specificity. Additionally, in
2020, Wang et al. applied PCR-MALDI-TOF MS to detect
SARS-CoV-2 nucleic acids. In their study, sputum and phar-
yngeal swab samples were analyzed for two specific genes
[35]. The study revealed that SARS-CoV-2 detection by
PCR-MALDI-TOF MS had high accuracy, sensitivity, and
specificity and could be used in clinical settings to improve
SARS-CoV-2 nucleic acids testing efficiency. At the end of
2021, Zhao et al. developed a novel strategy of a MALDI-
TOF-based multiplex PCR mini-sequencing technique to
identify SARS-CoV-2 variants [36]. Nine mutant types of
SARS-CoV-2 variants were detected, and high specificity
and an accuracy of 100% were achieved among 20 clinical
verification samples. In 2022, Han et al. reported a Y-struc-
ture-induced rolling loop amplification method combined
with MALDI-TOF MS for nucleic acid detection of SARS-
CoV-2 with high specificity and velocity [37]. Compared
with the real-time PCR test, which was the gold standard
for SARS-CoV-2 early diagnosis approved by the World
Health Organization (WHO), the PCR-MALDI-TOF MS-based
assay had superior performance in the discrimination of
SARS-CoV-2 variants [17,38].

MALDI-TOF MS was not considered the diagnostic gold
standard of COVID-19. MALDI-TOF MS has shown promise
in detecting SARS-CoV-2, but studies have indicated that its
sensitivity may not consistently match that of reverse tran-
scription polymerase chain reaction (RT-PCR). For
example, an exploratory study using MALDI-TOF MS on
saliva samples achieved an accuracy of 85.2%, which,
although significant, may not be sufficient for primary
diagnostic purposes [39]. In addition, implementing
MALDI-TOF MS for viral detection would require signifi-
cant investment in equipment and training. Given the
urgency of the pandemic, using existing RT-PCR infrastruc-
ture was more feasible for timely mass testing. In addition,

MALDI-TOF MS was used for detecting various viruses like
polioviruses and respiratory viruses which have indicated
its potential as a supporting tool for traditional virological
diagnostics [7]. Recent investigations have also delved into
the integration of MS with machine learning to improve the
speed and cost-effectiveness of diagnosing infections. The out-
comes have shown promising advancements in accuracy, fol-
lowing model refinement [40]. MALDI-TOF MS has proven to
be successful in distinguishing viruses, like herpes simplex
virus and human papillomavirus accurately in clinical vir-
ology. This method has also been effective in differentiating
hepatitis B and C viruses along with influenza viruses and
human immunodeficiency virus [41].

4.1.3 Identification of fungi

MALDI-TOF MS has also shown its effectiveness in identi-
fying fungi, like yeasts and molds in environments success-
fully. This method allows precise identification of fungal
types at a reasonable cost by comparing the mass spectra
of unknown samples with established databases con-
taining known fungal spectra. Since its incorporation into
the field of mycology, MALDI-TOF MS has greatly enhanced
the capability to distinguish closely related yeast species
like those found in the Candida complex. These species are
often challenging to differentiate using biochemical tech-
niques [42]. Numerous research studies have emphasized
the effectiveness of MALDI-TOF MS in identifying both
yeasts and filamentous fungi. However, having access to
databases is crucial for this identification process [43].
Recent progress has also enabled the use of MALDI-TOF
MS in identifying filamentous fungi like dermatophytes,
which usually present obstacles due to their intricate cell
walls and varied shapes [43]. Through enhancements to the
databases utilized by MALDI-TOF MS studies, MALDI-TOF
MS has become a valuable tool for precisely recognizing
various fungal infections [42].

MALDI-TOF MS provides an affordable option for iden-
tifying bacteria and fungi compared to the lengthy and
costly process of broad-range PCR followed by sequencing.
The use of MALDI-TOF MS allows for the identification of
colonies in just a few minutes without the need to deter-
mine beforehand if the sample is bacterial or fungal,
making it an effective method for clinical applications
[44]. However, a notable drawback of MALDI-TOF MS is
its requirement for pre-treatment of the sample, especially
when dealing with fungi, molds, and Mycobacteria. This
step not only consumes time but also calls for experienced
staff and inflates the overall expenses of the diagnostic
procedure. The effectiveness of MALDI-TOF MS in this
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context remains unclear and thus it is not commonly used
in labs for cases like an athlete’s foot [45].

Nonetheless, MALDI-TOF MS has proven to be very
effective in distinguishing between kinds of yeast and fungi
species, as researchers found that 96% of Candida isolates
from 15 different species were correctly identified using
this method [46]. Moreover, two recent studies have also
reported accuracy rates in yeast identification through
MALDI-TOF MS, since it outperforms other conventional
phenotypic methods of identifying yeast organisms by
accurately telling apart various species like Candida dubli-
niensis and albicans as well as Cryptococcus neoformans
and gattii along with other Candida complexes [44,47,48].
However, there is still little data available on how well it
can differentiate molds like Aspergillus, Penicillium,
Fusarium, and dermatophytes, as it was in 2017 when the
first global database of fungi was created, which contained
over 11,000 reference spectra from 938 fungal species, such
as Aspergillus, Trichophyton, or Microsporum [49].

4.2 Establishing biomarkers

Cancer diagnosis and prognosis account for a large propor-
tion of MALDI-TOF MS-based clinical disease diagnoses
(Table 1). For example, many studies have reported the
use of MALDI-TOF MS in distinguishing ovarian cancer
from healthy controls. Cancer antigen 125 (CA125) is one
of the two biomarkers for the diagnosis of recurrence and
treatment response in ovarian cancer [17]. CA125 alone can
predict ovarian cancer up to 9 months before diagnosis;
however, it is not a specific cancer antigen, and it might be
regulated by other benign gynecological diseases as well.
Periyasamy et al. suggested that solid-phase extraction
before MALDI-TOF MS analysis can improve the sensitivity
of a diagnosis model to differentiate serous adenocarci-
noma (a common type of epithelial ovarian cancer) and

healthy controls [50]. Swiatly et al. proposed that the com-
bined usage of isobaric tags for relative and absolute quan-
tification (iTRAQ)-based quantitative proteomic analysis
and MALDI-TOF MS can improve the differentiation of
benign and malignant tumors in ovarian cancer [51].

The MALDI-TOF MS technique has been used for the
early diagnosis and prognosis of many other cancers
including prostate cancer (PCa), liver cancer, multiple mye-
loma, breast cancer, pancreatic cancer, osteosarcoma, lung
cancer, and colorectal cancer, too. In 2019, Long et al. pro-
posed a MALDI-TOF MS-based approach for the diagnosis
of multiple myeloma by detecting Bence-Jones proteins in
human urine samples [52]. Combined with machine
learning, it can be a useful screening tool of the disease
[53]. In 2020, Sun et al. applied the technology of MALDI-
TOF MS serum peptide fingerprinting to pre-diagnose PCa
[22]. Recently, MALDI-TOF MS fingerprinting was further
applied to discover lipid PCa biomarkers in urine samples
from 121 PCa patients and 18 healthy controls [17]. Scien-
tists have also achieved the identification of breast cancer
gene 1 (BRC1) and breast cancer gene 2 (BRC2) copies
through MALDI-TOF MS in 2023 which demonstrated better
sensitivity than targeted next-generation sequencing at
equivalent cost [54]. The exosome fingerprinting method
using MALDI-TOF MS showed excellent sensitivity for pan-
creatic cancer detection which indicates its potential as a
monitoring tool for this cancer type [55]. The same tech-
nique has also been applied to the diagnosis of osteosar-
coma using non-invasive liquid biopsy [37]. Li et al. used
MALDI-TOF MS to analyze serum samples and proposed
multiple candidates for lung cancer biomarkers to evaluate
chemotherapy effectiveness [56]. Researchers have also
used MALDI-TOF MS to analyze UTP23 protein which pro-
motes colorectal cancer progression thus demonstrating its
value in cancer research [57].

On the mature foundation of MALDI-TOF MS finger-
printing technology, many other samples have been used
for biomarker discovery and cancer diagnosis, especially

Table 1: Diagnostic applications of MALDI-TOF MS

Cancer type Application of MALDI-TOF MS References

Ovarian cancer Distinguishing OC from healthy controls [17,50,51]
Prostate cancer Early diagnosis and biomarker discovery [17,22]
Multiple myeloma Diagnosis through Bence-Jones protein detection in urine and screening by machine learning [52,53]
Melanoma Biomarker discovery using exosomes and predicting progression [17,58]
Osteosarcoma Differentiating with/without lung metastasis [37]
Breast cancer Detection of BRC1 and BRC2 genes [5,54]
Lung cancer DNA methylation as a biomarker and other biomarkers [17,59]
Colorectal cancer Analyzation of UTP23 protein [57]
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exosomes isolated from body fluids. In 2019, Zhu et al. used
MALDI-TOF MS to analyze exosomes extracted from the
serum of melanoma patients and healthy donors and
demonstrated that the mass fingerprinting of blood-
stream-circulating exosomes can be used for cancer diag-
nosis and monitoring [58]. In 2021, Han et al. successfully
used MALDI-TOF MS to analyze serum exosomes from
patients with osteosarcoma with and without lung metas-
tasis and healthy controls [37]. In 2021, cells collected from
the surface of suspected skin areas were used by Zhu et al.
to detect melanoma and predict skin disorder progression
[58]. Non-invasive sampling is another advantage of this
study considering the benign method of obtaining cells
from the skin surface [17]. DNA methylation is another
potential biomarker for several cancers with close related-
ness to tumorigenesis, development, and cell carcinogen-
esis. Ehrich et al. used the method to quantify methylation
differences between normal and neoplastic lung cancer
tissue samples [59].

Furthermore, MALDI-TOF MS can potentially be used
for neonatal screening for various diseases, such as phe-
nylketonuria, homocystinuria, maple syrup urine disease,
and sickle cell anemia. Kim et al. found that parylene
matrix chips in combination with MALDI-TOF MS are an
approach to testing babies for metabolic conditions, such
as phenylketonuria and maple syrup urine disease [60].
Despite some challenges in the extracting efficiency
encountered in this process, the technique demonstrates
consistency and accuracy levels rendering it a valuable
asset for precise diagnosis in medical facilities [60]. In a
pilot screening study for sickle cell anemia that took place
in France, researchers managed to differentiate between
heterozygous fetal hemoglobin (F), sickle hemoglobin (S),
and hemoglobin E (FSE), fetal hemoglobin (F), sickle hemo-
globin (S), and hemoglobin O-Arab (FSO-Arab) and β-thalas-
semia trait (S-β+) samples and heterozygous fetal hemoglobin,
adult hemoglobin, and sickle cell hemoglobin (FAS) and
homozygous fetal hemoglobin (F) and hemoglobin S (FS)
samples [61]. Furthermore, a prospective study in 2024 con-
cluded that the sensitivity and specificity of the method
reached 100% [62]. The MALDI-TOF MS system allows the
detection of fetal hemoglobin (Hb-F) variants and exact diag-
nosis and classification of β-thalassemia which assists in
personalized treatment of β-thalassemia [63]. Furthermore,
researchers have developed an MS/MS Hemo kit for the
detection of sickle cell anemia with almost 100% sensitivity
and specificity [64]. MALDI-TOF MS was proven to be a cost-
and time-effective asset that enabled its approval for
screening populations [61].

Biomarkers for diabetes mellitus are also targets of
MALDI-TOF MS. Meng et al. identified six peptides linked

to diabetes mellitus type 2 that can differentiate patients
from healthy controls with an accuracy of 82.20%, a sensi-
tivity of 82.50%, and a specificity of 77.80% [65]. The dis-
tinction between type 1 and type 2 diabetes can also be
achieved, as MALDI-TOF MS can detect the quantities of
C-reactive protein, which represents the amount of insulin
in the body [66]. In 2021, Zawada et al. attempted to further
investigate the protein profile of type 1 diabetes patients
with certain characteristics (increased adipose tissue,
decreased control of the disease, and chronic complica-
tions) and concluded that increased levels of C3, C4, and
fibrinogen should be taken into consideration when it
comes to the disease [67]. Recent studies have shown that
MALDI-TOF MS technology shows promise for individua-
lized diabetes treatment and diabetic microangiopathy
genetic factor investigation [68]. MALDI-TOF MS has been
proven useful in recent studies for detecting protein-
related molecules linked to hyperlipidemia, which demon-
strates its potential as a biomarker for disease diagnosis
and research [69].

Alzheimer’s disease (AD) is a neurodegenerative dis-
ease and in the early phase of its discovery, AD biomarkers,
cerebrospinal fluid (CSF), a proximal fluid, was often stu-
died. According to a review, the most characteristic AD
biomarkers in CSF are β-amyloid (βA), tau protein, and
phospho-tau [70]. In 1993, the first study of targeted βA
proteomics found multiple βA isoforms in CSF with the
use of MALDI-TOF MS [71]. In 2018, Nakamura et al. found
a new composite biomarker, βA precursor protein (APP), to
predict positive or negative brain βA based on MALDI-TOF
MS analysis, illustrating the high performance of plasma
biomarkers in brain βA burden prediction and AD diag-
nosis [72]. In 2021, Shimadzu released a MALDI-based amy-
loid mass spectrometry with a centiloid system (amyloid
MS CL system) for testing the levels of amyloid peptides in
the blood that are associated with AD [17]. The application
of MALDI-TOF MS as a screening tool for spinal muscular
atrophy and for identifying biomarkers of neuropathic
pain has been proposed [73,74]. MALDI-TOF MS is nowa-
days capable of identifying novel biomarkers for Hashi-
moto thyreoiditis and osteoarthritis, too [75,76].

4.3 Detection of antibiotic resistance

MALDI-TOF MS has proven effective in detecting antibiotic
resistance. Its quick and accurate detection abilities offer
information for care and community health measures.
MALDI-TOF MS plays a role in enhancing antimicrobial
susceptibility testing by swiftly detecting resistance
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mechanisms compared to the conventional methods – pro-
viding results up to 24 h earlier than usual methods would
offer. This technology can pinpoint resistance through
approaches such as analyzing compounds and examining
antimicrobial molecules, changes in bacterial cell wall,
ribosomal RNA methylation, and mutations. Its applica-
tions are diverse, including detection of carbapenemase
activity within 2 h and identifying colistin resistance by
studying lipid A biomarkers [7]. Some of the accomplish-
ments of this method include targeting B lactamases and
methicillin-resistant Staphylococcus aureus in addition to
the carbapenemase gene (cfiA gene) in Bacteroides fragilis
and vancomycin-resistant Enterococcus [77–79]. In 2018,
Zhu and colleagues altered the material used in MALDI-
TOF MS testing to analyze extended-spectrum β-lactamase-
producing E. coli, multidrug-resistant Pseudomonas aeru-
ginosa, and methicillin-resistant S. aureus using intact
bacteria [58].

4.4 Study of drug metabolism

MALDI-TOF MS is a valuable tool in research that aids
accurately and sensitively in examining drug substances
and their byproducts in biological samples and in compre-
hending the processes related to absorption, distribution,
metabolism, excretion, and toxicity. Its use has become
widespread for examining how drugs are distributed
within tissues without the requirement of labeling them
specifically. This helps localize and measure drug compo-
nents accurately with resolution in pharmacokinetic inves-
tigations [80,81]. This method enables scientists to chart the
spread of drugs and their byproducts in tissues and gain
insight into the effects and potential dangers of the medi-
cation [80].

Additionally, Swales et al. demonstrated the utility of
MALDI-TOF MS in cassette dosing strategies, which enable
the simultaneous administration and analysis of multiple
drugs in preclinical pharmacokinetic studies [81]. This
method decreases animal testing while boosting biodistri-
bution analysis throughput which leads to more efficient
drug discovery processes. MALDI-TOF MS works together
with drug efficacy study implementation and liquid extrac-
tion surface analysis MS imaging techniques to provide
complete drug distribution detection and analysis. Herkt
et al. utilized MALDI-TOF MS for the pharmacokinetic
study of antisense oligonucleotides [82]. The technique
enabled the identification and measurement of therapeutic
oligonucleotides in biological samples with a focus on
plasma analysis. This is crucial for the advancement of

treatments that target materials like antisense oligonucleo-
tides for ailments such as cardiac hypertrophy. MALDI-TOF
MS is also utilized for examining how drugs bind to pro-
teins and analyzing metabolites in pharmacokinetics. This
contributes to the identification of drug–protein connec-
tions, the monitoring of drug stability, and the interactions
with molecules during the distribution and metabolism
stages of pharmacokinetics [82].

In general, MALDI-TOF MS greatly improves the accu-
racy of research by delivering detailed and simultaneous
identification of medications and their byproducts in bio-
logical samples without labels. This aids in improving com-
prehension of how drugs act in the body, resulting in
informed choices throughout the drug development. The anti-
oxidant and anticancer effects of natural extracts, such as
those from Verbascum thapsus, have been explored using
MALDI-TOF MS, further demonstrating its relevance in phar-
macological studies and reinforcing the technique’s capability
to analyze complex biological samples and contribute to drug
development [83]. Additionally, recent researches in herbal
medicines have utilized MALDI-TOF MS to illustrate signaling
pathways related to drug action [84].

4.5 Proteomics

MALDI-TOF MS has undergone advancements in its use for
proteomics over the years. Initially, in 2006, it became a
tool for quickly identifying proteins in large quantities [85].
By 2007, advancements in high-performance systems
improved its sensitivity and speed, making it a popular
choice for studying proteins and peptides in proteomic
research, and in 2011, bacterial species were identified
through protein profiling [86]. This method became a prac-
tice in microbial diagnostics leading to 2015 when these
advancements were further expanded to benefit the health
field by aiding in the identification of bacteria and enhan-
cing the understanding of antimicrobial resistance [85,87].
In 2016, and beyond that time frame, especially in 2018 and
2022, MALDI-TOF MS technology made progress in
exploring proteomics with a specific focus in mind, incor-
porating MALDI Fourier transform ion cyclotron
resonance for an in-depth view of proteins in tissues to
facilitate studies into the spatial distribution of proteins
within intricate diseases, like cancer and cystic fibrosis
[87]. Further enhancements occurred when the method
was employed for pathogen identification and biomarker
discovery purposes. This involved analyzing proteins and
utilizing bioinformatics for more precise diagnostics
[85,86]. In conclusion, MALDI-TOF MS has made significant
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contributions in the field of proteomics, ranging from basic
protein identification to innovative uses in spatial proteo-
mics and the discovery of pathogen biomarkers.

4.6 Veterinary medicine

Veterinary medicine also recognizes MALDI-TOF MS as a
valuable diagnostic tool. The analysis of fungus detection
combined with antimicrobial resistance testing and biofilm
formation evaluation and heart disease biomarkers can be
detected using MALDI-TOF MS [88–90]. The combination of
MALDI-TOF MS with human pathogen databases through
web applications enables precise detection of animal
fungal infections [91]. The application of human pathogen
databases in veterinary medicine demonstrates both the
necessity and capability for interdisciplinary MALDI-TOF
MS use to expand its functionality beyond current data-
base constraints.

5 Expanding the application
horizons of MALDI-TOF MS: A
prism into paleopathology

MALDI-TOF MS has transitioned from an experimental
concept to a practical application in paleopathology
(Table 2), (Figure 2). MALDI-TOF MS provides proteomic
analysis through its stable molecular framework because
PCR-based methods depend on the fragile and often
degraded nucleic acids [17]. The method works best in
extreme environmental settings because it recovers DNA
when other methods fail [92].

In 2010, MALDI-TOF MS was used in a study to detect
the presence of ancient mycolic acids from archaeological

bone samples. It appeared to be a high-throughput and
highly sensitive method for the molecular analysis of
paleopathological remains infected by the M. tuberculosis.
This was the first time that MALDI-TOF MS was demon-
strated as a useful technique in the field of paleoanthropo-
logical investigations [93].

In 2011, the first study to show that the MS-based protein
analysis of ancient proteins is a powerful technique for paleo-
pathological examinations was executed with the identifica-
tion of ancient mycobacterial proteins on infected and
morphologically “healthy” human skeletal remains. Several
mycobacterial proteins have been extracted and identified by
MALDI-TOF MS from archaeological human skeletal remains
since then [94,95]. It is worth mentioning, too, that given
previous studies, MALDI-TOF MS not only successfully iden-
tifies ancient mycolic acids and proteins but also distin-
guishes M. tuberculosis from Mycobacterium leprae.
According to the researchers, even though it has not been
used in ancient bones, it is time to examine bones with evi-
dence of leprosy and positive ancient DNA with the use of
MALDI-TOF MS [96].

In 2023, Plasmodium falciparum was successfully iden-
tified in contemporary blood samples, facilitating research
for other subspecies on a clinical basis [97]. However,
beforehand, in 2017, Inwood J. had already written a thesis
intending to create a method for the detection of P. falci-
parum infection [98]. A combination of three techniques
was used: electron microscopy, X-ray diffraction, and
MALDI-TOF MS and for the first time, detection of hemo-
zoin in ancient remains was carried out. Hemozoin is a
biomolecule produced by all Plasmodium species and is a
promising biomarker for the identification of malaria both
in living blood samples and ancient skeletal remains [98].
Although MALDI-TOF MS has not been used yet for the
detection of Yersinia pestis in paleopathological findings,
it has nevertheless been successfully used in modern clin-
ical samples [68,99]. Antibodies of Y. pestis have been
detected in ancient dental pulp using immunological

Table 2: Summary of palaeopathological research with MALDI-TOF MS

Samples Trait identified References

Archaeological bone samples Mycobacterium tuberculosis [93]
Morphologically “healthy” human skeletal remains Mycobacterium tuberculosis [94]
Skeleton that presented evidence of tuberculous spondylitis in the Roman Period Mycobacterium tuberculosis [95]
Ancient, fragmented skeleton with osteogenic sarcoma/various infected and
morphologically “healthy” human skeletal remains

Osteosarcoma and Mycobacterium
tuberculosis

[102]

Coprolite in a closed Medieval barrel 15 different bacterial species of
intestinal flora

[101]

Skeletal remains from indigenous Caribbean people Plasmodium falciparum [98]
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techniques instead [100]. A coprolite found in 1996 inside a
closed medieval barrel in the Namur region of Belgium
underwent a multi-level analysis which included micro-
scopy, culture, MALDI-TOF MS identification of colonies,
and metagenomic analysis to determine the intestinal
microbiome. The MALDI-TOF MS identification revealed
15 different bacterial species [101]. The MALDI-TOF MS
use expanded successfully in 2014 from contemporary
samples to the identification of protein biomarkers for
osteosarcoma from a 2,000-year-old female skeleton exca-
vated from Hungary. Up to 60 proteins were detected,
among which many related to oncogenesis. The same study
also managed to identify protein biomarkers of M. tuber-
culosis [102].

6 Translating the applications of
MALDI-TOF MS beyond medicine

The aquaculture industry has adopted MALDI-TOF MS as a
powerful identification tool as it provides faster results at
lower costs than traditional bacterial identification

techniques. The identification process of V. anguillarum
together with rainbow trout pathogens Aeromonas salmo-
nicida, Flavobacterium psychrophilum, Yersinia ruckeri,
Streptococcus agalactiae, Streptococcus iniae, Aeromonas
hydrophila, and Aeromonas veronii can be achieved
through an efficient and cost-effective alternative method
using MALDI-TOF MS [24,25,57,58]. MALDI-TOF MS has
gained widespread acceptance in species-level identifica-
tion and antibiotic resistance testing of aquatic pathogens
during the last 10 years [103]. Indeed, with the use of
MALDI-TOF MS, mussel foot proteins with strong adhesive
properties were identified [104]! The implementation of
MALDI-TOF MS technology has brought substantial
improvements to food quality control and safety assess-
ment procedures as well. The detection system based on
MALDI-TOF MS has been implemented to verify Mozzarella
di Bufala Campana cheese authenticity while protecting
consumer safety [105]. The analysis of broiler chicken
breast meat through MALDI-TOF MS during refrigerated
storage revealed the progressive growth of Pseudomonas
species numbers throughout storage time [106]. Addition-
ally, MALDI-TOF MS has assisted in bacterial pesticide ana-
lysis to study their operational mechanisms and evaluate

Figure 2: Non-medical applications of MALDI-TOF MS.
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their potential to contaminate food products and detect
remaining residues [107].

7 Future directions and current
limitations of MALDI-TOF MS

In recent years, advances in MS have transformed micro-
bial diagnostics, with MALDI-TOF MS emerging as a com-
pelling alternative to traditional molecular methods.
Specifically, MALDI-TOF MS offers an alternative to PCR,
a standard method in today’s clinical and research praxis,
with the advantages of speediness, cost efficiency, and ease
of sample preparation [108]. Regarding the identification of
substances or microorganisms in clinical scenarios, MALDI-
TOF MS has proven valuable for making quick decisions
about patient care needs [109], since it can pinpoint an isolate
in 6min while PCR usually requires more time due to its
amplification steps and potential sequencing requirements.
Moreover, MALDI-TOF MS is a budget-friendly option as it
can cut costs by up to 32% in contrast to traditional techni-
ques because of its inexpensive supplies and simplified pro-
cedure, particularly suited for extensive clinical microbiology
labs, unlike PCR, which demands expensive materials and
machinery [44]. MALDI-TOF MS has also benefits when it
comes to preparing samples because it can pinpoint patho-
gens directly from samples without the requirement of cul-
turing them first [18,44]. This proves to be particularly advan-
tageous not only for diagnostics but for reducing sample
damage, as well, especially when dealing with precious
ancient samples. While PCR outshines in detecting hard-to-
culture organisms and spotting resistance genes, MALDI-TOF
MS is progressing in this realm by detecting proteins linked to
resistance-like strains that produce carbapenemase [14].
MALDI-TOF MS stands out as a choice for quick and
budget-friendly identification of microbes compared to PCR,
which shines in genetic analysis and detecting resistance fac-
tors [44,110].

Beyond microbial identification, MALDI-TOF MS is
gaining traction as a multifaceted tool in both clinical
and research environments, offering applications that
extend well into antimicrobial stewardship and disease
biomarker discovery. Interestingly, MALDI-TOF MS gener-
ally provides precise microorganism identification that
outperforms conventional biochemical and molecular
techniques in terms of speed, cost-effectiveness, and
convenience [108]. It plays a key role in combating the
escalating threat of antimicrobial resistance by swiftly pin-
pointing antibiotic resistance and identifying different

microbial species with accuracy and efficiency in crucial
situations [111]. Additionally, the ability of MALDI-TOF MS
to support susceptibility testing by identifying resistance
mechanisms early on compared to traditional approaches
highlights its crucial role in combating resistant infections
[112]. In the field of proteomics, MALDI-TOF MS has made
progress in identifying proteins linked to diseases like
cancer and diabetes. This advancement has improved
our knowledge of disease processes and opened up possi-
bilities for personalized medical treatments [68]. Notably,
it is excelling in discovering biomarkers of promising new
diagnostic methods for various illnesses. Through offering
in-depth profiles and analysis data from MALDI-TOF MS,
technology is not just beneficial for early detection pur-
poses but also enables more accurate disease prognosis
and monitoring capabilities to be established.

The application of MALDI-TOF MS technology in paleo-
pathology opens new possibilities to study ancient diseases
through different perspectives. The technology demon-
strates its versatility through its ability to detect pathogens
including M. tuberculosis and P. falciparum [98,102]. The
examination of samples combined with historical disease
trend analysis enables scientists to understand pathogen
evolution while revealing their complex host-pathogen inter-
actions across time. The example of plasmodium identifica-
tion for paleopathological purposes before clinical purposes
demonstrates how MALDI-TOF MS expansion across multiple
fields accelerates its development [100]. Researchers from
paleopathology and clinical microbiology who share common
targets can achieve faster mutual discoveries through colla-
borative work. The field of comparative proteomic epide-
miology shows great promise because it allows scientists to
study evolutionary patterns by matching ancient pathogen
spectra with modern equivalents [16]. The validation and
optimization of protocols require essential collaboration
between archaeological sciences and biomedical labs particu-
larly for sample preparation and preservation assessment
and database enrichment.

Although MALDI-TOF MS has become a gold standard in
routine microbial identification and is increasingly imple-
mented in clinical and research settings, it remains relatively
underrecognized outside specialized laboratories when com-
pared to other diagnostic technologies, such as PCR and next-
generation sequencing [7]. This may be partly due to its
relatively recent integration into clinical workflows, the
requirement for specialized instrumentation and technical
expertise, and the misconception that its applications are
limited to microbiology [7]. Nevertheless, MALDI-TOF MS
offers remarkable advantages, including rapid turnaround
time, cost-effectiveness, and the ability to analyze a wide
variety of biological samples with minimal preparation
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[113]. Importantly, it is not without its limitations. The perfor-
mance of the technique is highly dependent on the quality
and comprehensiveness of reference spectral databases,
which currently lack sufficient representation of rare, fasti-
dious, or unculturable organisms [113]. Moreover, the system
still struggles to distinguish between closely related species
and subspecies, as exemplified by the ongoing difficulty in
differentiating Shigella species from E. coli [114,115]. Hygiene
concerns and the risk of contamination may also be relevant
in certain settings, although these are manageable through
standardized cleaning protocols [116].

Despite these challenges, these limitations are not
intrinsic to the technology and can be progressively
addressed through continuous use, interdisciplinary colla-
boration, and expanded database curation. A key future
direction lies in the enhancement of reference databases
through the inclusion of high-quality spectra from diverse
biological sources, contributed by a wide network of labora-
tories across multiple disciplines. In parallel, improvements
in bioinformatics tools, including machine learning algo-
rithms for pattern recognition, are expected to refine species-
and strain-level discrimination. Furthermore, the potential of
MALDI-TOF MS extends well beyond microbial diagnostics.
Its versatility is increasingly demonstrated across diverse
scientific domains such as paleopathology, environmental
microbiology, aquaculture, oncology (e.g., detection of
tumor-specific antigens), and biomarker discovery. These
interdisciplinary applications underscore the need for stra-
tegic investment and broader recognition of MALDI-TOF MS
as a central analytical platform. Its cost-effectiveness and high
throughput make it especially attractive for use in resource-
limited settings and large-scale screening programs.

MALDI-TOF MS is being positioned as a versatile ana-
lytical platform with transformative potential – even in
areas such as paleopathology, where its application has
been largely underexplored. By tracing the evolution of its
capabilities and demonstrating its relevance across both con-
temporary and historical biomedical contexts, this review
underscores MALDI-TOFMS as a unifying tool that can bridge
diverse scientific disciplines. Through this lens, we encourage
researchers and clinicians to consider its applicability not
only within conventional boundaries but also in uncharted
scientific territories where molecular analysis may provide
critical insights. In doing so, we propose a broadened concep-
tual framework for how MALDI-TOF MS can inform future
discovery and cross-disciplinary integration. To maximize
its potential, MALDI-TOF MS should be adopted in parallel
with established molecular techniques such as PCR, at least
during the transition phase, to ensure diagnostic reliability
and to facilitate the validation of its expanded use. As cumu-
lative datasets grow and cross-disciplinary spectral overlap

increases, the reliability and discriminatory power of the
technique are expected to improve significantly.

Ultimately, the future of MALDI-TOF MS depends on
sustained research, institutional support, and integration
into routine workflows across various scientific and clin-
ical domains. With targeted funding, enhanced inter-
laboratory collaboration, and technological advancements,
many of its current drawbacks can be overcome. This will
not only strengthen its diagnostic utility but also unlock
new avenues for research and innovation, making
MALDI-TOF MS a cornerstone of precision diagnostics in
the years to come.

8 Conclusions

MALDI-TOF MS has emerged as a transformative analytical
platform with broad applicability across diverse scientific
domains. Its ability to deliver rapid, accurate, and cost-
effective molecular identifications has revolutionized
clinical microbiology and is now gaining traction in fields
previously considered outside its traditional scope, such as
paleopathology. This review highlights the evolving cap-
abilities of MALDI-TOF MS, tracing its development from
a diagnostic tool in contemporary medicine to a key asset
in historical biomolecular research. By demonstrating its
relevance across both modern and ancient biomedical con-
texts, we position MALDI-TOF MS as a unifying technology
that can bridge disciplinary divides. As advancements in AI
integration, direct-from-sample processing, and bioinfor-
matics continue to enhance its clinical utility, MALDI-TOF
MS is also poised to redefine the analytical possibilities in
paleoproteomics. However, realizing its full potential
requires addressing current limitations, particularly the
need for standardized spectral databases, improved taxo-
nomic resolution, and refined protocols for handling
minute or degraded samples. We advocate for a conceptual
shift in how this technology is perceived – encouraging its
adoption not only within established diagnostic frame-
works but also in underexplored scientific frontiers.
Thereby, MALDI-TOF MS may become a cornerstone for
future discovery, innovation, and interdisciplinary
integration.
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