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Abstract: The available literary data suggest the general applicability and benefits of the Matrix-assisted
laser desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS) in the field of micro-
biological identification. Due to its high reliability, MALDI-TOF might generally be the alternative to the
thel6s-rRNA sequence-based and serological-based methods. The essence of the technique is to map the
unique protein pattern of microbes that contributes to characterizing a wide variety of microorganisms,
including bacteria, fungi, and viruses. With its application, the well-known bacterial and fungal species
can be quickly identified, thus saving time in clinical diagnostics. In recent years, new protocols have
appeared for directly identifying pathogenic strains from patient samples (blood, urine, feces), a major
milestone in healthcare applications. On the other hand, these applications only have reliable results un-
der certain conditions (homogeneous infection, adequate cell count, appropriate separation technique).
This review aims to introduce and summarize those developments that have been enabled for routine
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mined based on their distinctive microscopic and macroscopic shapes [1]. Although the
reliability of more recently applied genomic methods, such as 16S rRNA gene sequence
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trix) that can absorb the excess laser energy used for ionization [3]. The analytes are em-
bedded in the crystal of the matrix, which transfers the laser energy to the macromolecules
of the analyte [4]. During the process, the macromolecule-matrix complexes from the test
sample are released (desorption phase), and then the resulting molecular ions are deliv-
ered to the analyzer under high vacuum and accelerating voltage (Figure 1).
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Figure 1. Overview of the investigation process. The sample-matrix complex is evaporated and ionized
by laser irradiation. The ions are accelerated in an electric field and drift in a field-free pathway under a
vacuum. During the flying, a separation between low-mass and high-mass ions occurs. The flight time
depends on the length of the flight path, the ion's mass, its energy, and the value of charges.

The first description of using MALDI mass spectrometry technology for bacterial bi-
omarkers was published in 1975 [5]. Still, it took a long time to introduce this technology
in routine microbiology. Over and above in 2004, the first complete database for bacterial
identification was reported [6]. At the same time, it was quickly recognized that this tech-
nique is also suitable for examining the unique protein pattern of microbes [7]. The matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS)
is now a widely used technique to characterize a wide variety of microorganisms, includ-
ing bacteria, fungi, and viruses [8]. A multicenter evaluation study of the MALDI-TOF MS
system for identifying gram-negative bacteria was performed, including a total of 2.263
isolates representing 23 genera and 61 species. The study showed that the MALDI-TOF
MS system correctly identified 99.8% at the genus and 98.2% at the species level [9]. Spanu
et al. evaluated the use of MALDI-TOF MS for identifying the most relevant species of
Staphylococcus, using the rpoB gene sequencing method as a reference. Correct species
identification was achieved in 99% of strains until the subspecies level [10]. Handal et al.
aimed to evaluate the reliability of identification by MALDI-TOF MS compared to 16S
rRNA sequencing of the most common clinically relevant anaerobic bacteria, including
Bacteroides spp., Clostridium spp., Prevotella spp., Fusobacterium spp., and gram-positive
anaerobic cocci. Authors reported that the MALDI-TOF MS correctly identified about 95%
of the anaerobes to the genus level, and 87% to the species level, with identification errors
mainly among the non-fragile Bacteroides spp. and the gram-positive anaerobic cocci.
MALDI-TOF proved to be a successful method for identifying anaerobes [11]. MALDI-
TOF MS, which can measure peptides and other compounds to analyze their complex
mixture, is an ideal method for measuring non-purified extracts and intact bacterial cells
(Biotyper). It is a rapid, accurate, and cost-effective way of microbial characterization and
identification compared to classical and molecular ways. During the measurement, mass
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spectral fingerprints generate from the sample's protein content, unique signatures for
each microorganism at the species level (Figure 2).
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Figure 2. Workflow of sample preparation and profile analysis by MALDI-TOF Biotyper. (A) Sam-
pling from the colony, (B) Preparation on MALDI Target plate, (C) Instrumental measurement, (D)
Generating mass spectra, (E) Calculating MALDI-TOF profile spectra. During the measurement, the
generally known peaks are identified, and their pattern is compared with the reference list in a da-
tabase.

Since the MALDI-TOF MS is a suitable, rapid, and low costs technique with the ca-
pability of analyzing a high sample volume simultaneously, it can be the alternative to
conventional biochemical and molecular identification systems in laboratories. Although
the reliability of the identification results of microbial cultures is remarkable, it is still un-
clear how efficient the MALDI is in the case of diagnostic purposes. Is it possible to di-
rectly identify a large number of microbes in the samples, for example, milk, blood, urine,
or feces? Another question: does the spectral analysis have the potential for strain typing
in investigating the spread of pathogens?

2. Approach to the Methodological Concept

In recent years, MALDI-TOF MS can be found in routine laboratories and utilized as
an alternative approach for identification. During the preparation process, the sample can
practically be picked up with a sterile toothpick and prepared on a target plate, which
should be covered with 1 pL formic acid. When dried, it is overlayed with 1 uL a-HCCA
(a-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid) matrix
solution and left to dry again [12]. After the crystallization of the matrix-analyte mixture
on the target plate, it is bombarded with short laser pulses, usually from a UV/Vis laser.
The matrix absorbs the laser energy, leading to the desorption of the analytes, which are
then vaporized and ionized into the gas phase. This matrix-assisted desorption and ioni-
zation of analytes lead to the formation of predominantly singly charged sample ions. The
desorbed and ionized molecules are first accelerated by an electrostatic field and then
ejected through a flight tube subjected to a vacuum until they reach the detector. The time
of flight (TOF) required to reach the detector depends on the mass (m) and charge (z) of
the analyte and is proportional to the square root of m/z [13]. Thus, bioanalytics with dif-
ferent m/z that make up a complex sample is separated according to their TOF, creating a
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mass spectrum characterized by both m/z and ion intensity, corresponding to the number
of ions. Based on this mass spectra information, a characteristic fingerprint can be rec-
orded of organic matter that can be investigated typically between 2000 and 20,000 m/z.
In this range, the signal-to-noise ratio is very stable and easily detectable [14]. Generally,
MALDI produces singly charged (z = 1) ions, so the m/z value of the analyte corresponds
to its mass plus cation adduct. [15].

3. Identification reliability of MALDI-TOF

For the past few years, MALDI-TOF MS has been used to identify various microor-
ganisms, for example, Gram-negative rods (e.g., Escherichia coli and other members of the
Enterobacteriaceae family) [16], Gram-positive cocci (e.g., Staphylococcus aureus and Strepto-
coccus) [17], and, some Gram-positive rods (e.g., Bacillus cereus) [18]. Many extensive stud-
ies assessing the ability of MALDI-TOF MS to identify bacterial strains isolated from clin-
ical samples have been published. The first one showed that, at the species level, MALDI-
TOF MS accurately identified 84.1% of the 1,660 strains tested [19]. A retrospective study
by Eigner et al. [20] on 1116 routine isolates representing the main bacterial groups en-
countered in the clinical microbiology laboratory showed 95.2% correct identification by
MALDI-TOF MS.

Cherkaoui et al. (2010) [21] evaluated the two main MALDI-TOF MS systems, Bruker
and Shimatzu, in a comparative study with 720 bacterial isolates under routine clinical
laboratory conditions. The isolates were analyzed in parallel on both devices according to
the manufacturer's default recommendations. The MALDI-TOF MS results were com-
pared with conventional biochemical identification tests, and discordant results were re-
solved with 165 rRNA gene sequencing. The Bruker MS system gave high-confidence
identification for 680 of 720 isolates (94.4%), whereas the Shimadzu MS showed a high-
confidence identification for 639 isolates (88.8%). These results also showed that only 6/680
(0.9%) of the Bruker and 3/639 (0.5%) of the Shimadzu identifications gave an incorrect
high-confidence identification at the species level. All the high-confidence MS identifica-
tions were accurate at the genus level. In addition, Bruker's Biotyper software package has
identified 9 (69%) and the Shimadzu Corporation Axima Assurance system coupled with
the SARAMIS database 5 (38%) of 13 isolates that were not identified by conventional
phenotyping methods.

4. Detection of Infection Directly from Blood Culture by MALDI-TOF

Bloodstream infection, septic shock, and endocarditis represent severe diseases with
important mortality and morbidity. Blood culture represents the best way to establish the
etiology of such infections and to guide antimicrobial treatment. This is important since
rapid and appropriate antimicrobial therapy is pivotal to reducing poor outcomes [22].
Indeed, the fatality rate was 20% for bloodstream infection patients treated with appro-
priate therapy and 34% for patients treated with inappropriate therapy [23].

In situations where it is unclear which particular organs are affected, blood cultures
are useful for obtaining information concerning the infecting organism. The use of
MALDI-TOF MS for identifying bacteria requires a bacterial abundance above a certain
threshold; therefore, this method is often used after confirming colony formation. How-
ever, in cases where speed is particularly essential, it is possible to perform MS-based ID
directly using a culture solution as soon as the blood culture is considered positive. This
is one of the most promising technologies currently available for identifying microbial
pathogens directly from positive blood culture bottles [24,25] and has considerable signif-
icance as a rapid diagnostic method, reaching a positive predictive value of 60-80% for
different species of microorganisms [26]. Differentiating microorganisms from host cells
is a critical step for successful ID, and several laboratory-developed and commercially
available protocols have been reported for this purpose, as reviewed elsewhere [27,28].
The following are representative examples of laboratory-developed test protocols: (1)
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stepwise sedimentation of blood cells and microorganisms [29]; (2) low-speed centrifuga-
tion for removing blood cells, followed by an additional lysis procedure [28]; (3) removal
of blood cells using serum separator tubes [30]; (4) saponin use [31]. At the same time,
there are three commercial protocols currently available: the Sepsityper® kit (Bruker Dal-
tonics, Bremen, Germany) [32], the VITEK® MS blood culture kit (bioMérieux, Budapest,
Hungary) [33], and the rapid BACpro® II kit (Nittobo Medical Co., Tokyo, Japan) [34,35].
In clinical samples, multiple proteins may be present in high quantities that do not come
from bacteria, such as hemoglobin in blood cultures; therefore, pretreatment steps, such
as the separation of blood cells, are required to recover the bacterial cells selectively [28].
Quick bacterial ID by MALDI-TOF MS on blood culture material enables rapid admin-
istration of relevant treatment to the patient, resulting in decreased time spent in intensive
care units and length of hospitalization [36-38].

Maier et al. (2008) analyzed 54 clinical samples directly from blood cultures, which
resulted in 41 identifications (75.9%), while two additional samples were correctly identi-
fied but with a reliability score below the given threshold for species identification. Three
sample identifications were discordant on the species- but identical on the genus level,
while eight blood cultures (14.8%) did not allow a successful direct identification [39].

5. Detection of Infection Directly from Urine by MALDI-TOF

Recent studies aimed at applying MALDI-TOF MS technology directly on urine sam-
ples suggested promising results if the urine contains more than 100,000 CFU/mL [40]. To
improve the sensitivity of MALDI-TOF MS when performed directly on clinical samples,
specific protocols based on membrane filtration and magnetic separation to collect the
bacteria and obtain an enriched solution for MS were employed that have improved the
detection sensitivity of MALDI-TOF MS to 1000 CFU/mL [41]. Notably, urinary tract in-
fections (UTIs) are humans' most frequent type of bacterial infection. In a study of 220
urine samples in which monomicrobial bacterial growth was higher than 105 CFU/mL,
the organism could be identified to the species level in 202 of the samples (91.8%) [42].
Veron et al. compared three ID methods (differential centrifugation, urine filtration, and
5 h bacterial cultivation on solid culture media) based on their ability to identify bacteria
and their potential as a routine tool for microbiology laboratories [43]. A higher propor-
tion of correct MALDI-TOF MS bacterial ID was obtained through filtration (78.9%) and
the culture-based method (84.2%) compared with centrifugation (68.4%) [40].

In another experiment, Schwarz et al. (2008) analyzed 37 urine samples [44]. In 33
cases, the analysis resulted in identifications that were confirmed by serological tests as
well. Four samples found to contain two microorganisms after culturing were not identi-
fied by the direct MALDI approach. The complete direct identification process took about
one and a half hours from preparation to analysis. Thereby, the time required for identi-
fication was shortened by at least 24h compared to traditional culture-dependent proce-
dures. These results demonstrated that a short culture step is a straightforward and effi-
cient sample preparation method, enabling the fast and reliable ID of uropathogens by
MALDI-TOF MS.

6. Detection of Milk Microbial Contamination by MALDI-TOF

MALDI-TOF MS has been applied in the field of veterinary medicine as well.
MALDI-TOF MS is becoming more commonplace for the genus- and/or species-level iden-
tification of bacteria isolated from milk samples and, in some laboratories, has replaced
conventional biochemical methods.

Wilson et al. (2019) [45] cultured milk samples submitted from a commercial dairy
farm from recently calved cows or clinical mastitis cases. They identified 181 isolates using
conventional biochemical testing, MALDI-TOF MS, and 16S ribosomal DNA sequencing
analysis. The positive agreement among all three diagnostic methods was 94%, with 95%
to 98% between each pair of methods. The overall (including negative agreement) agree-
ment among all 3 methods ranged from 97% to 100%. The results of the present study
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suggest that when identifying pathogens at the genus or species level, conventional cul-
ture followed up with either secondary biochemical testing or MALDI-TOF MS is of prac-
tical value. For milk quality and udder health monitoring or research, any of the 3 meth-
ods is a valuable tool for genus-level identification of bacteria isolated from dairy cow
milk [45]. In another experiment, Pukancikova et al. (2016) reported that the dominant
microbial genus of raw cow milk was Pseudomonas. Besides that, microbial genera Aer-
omonas, Candida, Corynebacterium, Enterococcus, Hafnia, Kocuria, Kytococcus, Lactococcus, Mi-
crococcus, Raoultella, Acinetobacter, Citrobacter, and Sphingobacterium were presented and
identified in raw milk as well. The main producers of spoilage enzymes were Candida
inconspicua, Kocuria rhizophila, Raoultella ornithinolytica, Acinetobacter johnsonii, and
Citrobacter braakii [46]. They isolated 30 (6 psychrophilic, 11 mesophilic, and 4 thermo-
philic) pure cultures from raw cow milk on MRS and MPA agar plates identified by
MALDI-TOF MS. The 9 isolates, differing in micro and macroscopic properties after cul-
tivation on MRS and MPA plates, were identified as the same species. Based on that, the
microbiota of raw milk can typically contain several species, which draws attention to the
risk of false identification results.

7. Utilization of MALDI-TOF in the Detection of Anaerobic Bacteria

Anaerobic bacteria exist as part of the normal flora in the human intestinal tract, oral
cavity, and urogenital tract [47]. They can cause infectious diseases due to impairment of
the microenvironment and/or immune system. Anaerobic infection can also be induced
by deep wounds accompanied by facultative anaerobes and aerobic bacteria invasion. In-
vasive anaerobic infections are life-threatening, and the mortality rate of anaerobic bacte-
remia is high as 40% [48]. Thus, the accurate and fast identification of anaerobic bacteria
is pivotal to prompt antimicrobial treatments. Conventional anaerobe identification meth-
ods are cumbersome, time-consuming, and costly. It requires long-term cultivation (not
less than 24 h) to obtain enough inocula. In addition, the identification work is complex,
including colony traits, colony morphology, and staining results. Meanwhile, it is difficult
to identify rare or newly identified species using conventional phenotyping methods and
commercial kits [49]. Real-time, fast, high-throughput, high-sensitivity, high-selectivity,
and low cost have been the goals analysts pursue in modern analytical science.

A study was conducted by Lau et al. (2014) with 28 anaerobic genera included and
assessed critically using two currently available MALDI-TOF MS systems [49]. It is known
that anaerobes are more difficult to be identified in clinical laboratories [50]. However,
using MALDI-TOF MS, the overall identification accuracy of anaerobic bacteria was 92%
at the genus level in 28 included articles with 6685 various anaerobes isolates. These re-
sults indicate that MALDI-TOF MS is a qualified method for the accurate and rapid iden-
tification of pathogenic anaerobes. At the same time, it was noticed that the identification
property of MALDI-TOF MS against common anaerobe isolate species was variable.
Among them, the correct rate was more than 80% for 18 anaerobic genera (Bacteroides spp.,
Lactobacillus spp., Parabacteroides spp., Clostridium spp., etc.), 60-80% for 6 anaerobic gen-
era (Fusobacterium spp., Eggerthella spp., Actinobaculum spp., Atopobium spp., Anaerococcus
spp., Flavonifracter spp.), and lower than 60% for the other four anaerobic genera (Eubac-
terium spp., Bilophila spp., Butyricimonas spp., Porphyromonas spp.). Discrepancies in the
correct identification rates might be due to the difficulty of obtaining satisfactory spectra
from some species, such as Mogibacterium timidum or Actinomyces georgiae, and partly due
to the limit of uncommon anaerobe species spectra in commercial reference libraries.
Therefore, it is increasingly important to update the database of various anaerobic species,
especially those lacking or poorly represented in the current version [51].
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8. Summary of Possible Advantages and Limits of Microbial Identification by
MALDI-TOF

As with any of the commercially available microbial identification systems, the
MALDI-TOF MS has its advantages and disadvantages (Table 1). The system can identify
a broad spectrum of bacteria, including Gram-positive and Gram-negative [52]. Still, Spec-
tral interference can occur due to the presence of endospores of bacteria like Bacillus spe-
cies. To overcome this, 24-h cultures should be used [53]. Pathogen fungi can be identified
via MALDI-TOF mass spectra, with the contribution of processing software and spectral
database of reference strain [54]. Contrary to bacteria, fungal cells are larger, and their cell
wall is more rigid, so modified approaches had to be developed as regards the procedure
of sample preparation, selection of a proper matrix compound, and sample deposition
techniques [55]. The MALDI-TOF MS provided a high rate of species-level identifications
for anaerobic isolates from clinical samples, while the rate of unidentified Gram-positive
has been reduced. However, these results still pinpoint the need to include further refer-
ence spectra from this bacteria group in future reference libraries versions [56]. In some
cases, because of given the accuracy of MALDI-TOF for bacterial identification, this tech-
nology is directly applied to some clinical samples, such as blood [38], urine [38], and milk
[45]. The major limitation of the wide application is the number of bacteria in the blood
[57] and urine [58] samples. To circumvent these difficulties, some procedures, such as the
separation of blood and filtration for urine, are available. The bacterial count in the milk
samples directly affects the ability of MALDI-TOF to correctly identify the bacteria [59].

Table 1. Summary of possible microbial mechanisms requiring attention during the MALDI-TOF
MS examination.

Diagnostic Sample  Advantages of MALDI- TOF Limitation of MALDI-TOF Directions for Use
Identification of pure cultures

S f ti bility distorts Itisi tant t ine 24-

Gram* bacteria  High-confidence identification [52] pote IOFmation abtiity CIstorts T 1s important fo examine
the mass spectrum [53] h culture.

Cultures that are older than

24 h can also be examined.

Gram- bacteria  High-confidence identification [52] -

An extra exploration proce-
dure is required during sam-
ple preparation.

The species in the library can be re- Difficult to extract the eukary-

Fungi liably identified [54] otic riboprotein [55]

High-confid identification (If
Anaerobic culture .1g confidence 1 . entt 1ca. ion ( - Depends on the Gram type.
it is not spore-forming species) [56]
Direct identification from biological samples
Possible to detect bloodstream in- It is necessary for bacterljal T}.le sepa.ratlon of blood cells
Blood culture fection [38] abundance above a certain is required to recover the
threshold [57] bacterial cells selectively.

A membrane filtration or

Possible to detect urinary tract in- magnetic separation-based

Urine fections directly [38] Above 107 cell.ml [58] collection or enrichment of
the pathogen.

Direct identification from samples It is rare for only one microbe to Confirmation of the result is

Milk be present above the detectable recommended by DNA se-

is possible [45] threshold [59] quencing or culturing.

9. Conclusions

The reduction of microbial-origin diseases has become a current topic. Effective med-
ical treatment requires extensive use of rapid diagnostic methods. The MALDI-TOF tech-
nique seems to be suitable for identifying the microorganisms causing the symptoms.
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However, in some cases, it has to be coupled with other analytic methods to reach suffi-
cient results for measuring the incubation period and spread investigation. Regarding the
objective of the present review, we have highlighted the benefits and some drawbacks of
the MALDI-TOF application in microbial identification. The available literature data indi-
cates that the quality of extracted proteins is highly dependent on the extraction method,
in which there are significant differences. Identifying prokaryotic bacteria is easy and pro-
vides reliable results (they are closely related to the 16s-rRNA sequence outcomes), while
describing eukaryotic microbes, such as yeasts and molds, often encounters obstacles. The
main reason for this is the complexity of eukaryotic cells, which is reflected in the variety
of ribosomal proteins. To separate them, the flight time provided by linear TOFs is suffi-
cient only under certain conditions. Though the MALDI-TOF is normally reproducible,
there are examples of variable results. For example, the different properties and individ-
ual mass spectrometer instruments, the matrix, and other solvent content, the preparation
protocol, the culture conditions (medium, temperature, and the age of the colony), and
the strain's biological variability. The direct detection of microbes from environmental
samples by MALDI-TOF is a great opportunity for both clinical-, and veterinary diagno-
sis, environmental conditions, and the food industry, whereas omitting the breeding of
pure cultures from samples shortens the assay time by at least 24 h. In addition, sample
preparation can be automated, enabling the metadata analysis of clinical or food samples.
This concept includes automatic inoculation of the sample on culture media, as well as
automated cultivation and growth detection of sample cultures. The next aim is to have
the colonies automatically picked and differentiated to the species level. Although
MALDI-TOF MS has only recently been introduced to microbiological diagnostics, inno-
vations and new developments show promising future applications in many cases; for
example, separation techniques in typing the isolates, which would enable the acquaint-
ance of some harmful or beneficial strains.
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