JOURNAL OF FOOD AND DRUG ANALYSIS 27 (2019) 404—414

)z
>

FDA

Available online at www.sciencedirect.com

journal homepage: www.jfda-online.com

ScienceDirect

Review Article

Current status of MALDI-TOF mass spectrometry in =

clinical microbiology

Check for
updates

Tsung-Yun Hou “%¢, Chuan Chiang-Ni %%, Shih-Hua Teng %"

@ Division of Rheumatology/Immunology/Allergy, Department of Internal Medicine, Wan Fang Hospital, Taipei

Medical University, Taipei, Taiwan

® Division of Allergy, Immunology and Rheumatology, Department of Internal Medicine, School of Medicine, College
of Medicine, Taipei Medical University, Taipei, Taiwan

¢ Division of Rheumatology/Immunology/Allergy, Department of Internal Medicine, Tri-Service General Hospital,
National Defense Medical Center, Taipei, Taiwan

4 Department of Microbiology and Immunology, College of Medicine, Chang Gung University, Taoyuan, Taiwan

¢ Graduate Institute of Biomedical Sciences, College of Medicine, Chang Gung University, Taoyuan, Taiwan

f Molecular Infectious Disease Research Center, Chang Gung Memorial Hospital, Taoyuan, Taiwan

& Bruker Taiwan Co., Ltd., Taipei, Taiwan

ARTICLE INFO

Article history:

Received 28 June 2018

Received in revised form

11 January 2019

Accepted 18 January 2019
Available online 31 January 2019

Keywords:

Antibiotic susceptibility testing
MALDI-TOF MS

Mass spectrometry
Microbiology

Microorganism identification

ABSTRACT

Mass spectrometry (MS) is a type of analysis used to determine what molecules make up a
sample, based on the mass spectrum that are created by the ions. Mass spectrometers are
able to perform traditional target analyte identification and quantitation; however, they
may also be used within a clinical setting for the rapid identification of bacteria. The
causative agent in sepsis is changed over time, and clinical decisions affecting the man-
agement of infections are often based on the outcomes of bacterial identification. There-
fore, it is essential that such identifications are performed quickly and interpreted
correctly. Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometer is one of the most popular MS instruments used in biology, due to its rapid
and precise identification of genus and species of an extensive range of Gram-negative and
-positive bacteria. Microorganism identification by Mass spectrometry is based on identi-
fying a characteristic spectrum of each species and then matched with a large database
within the instrument. The present review gives a contemporary perspective on the
challenges and opportunities for bacterial identification as well as a written report of how
technological innovation has advanced MS. Future clinical applications will also be
addressed, particularly the use of MALDI-TOF MS in the field of microbiology for the
identification and the analysis of antibiotic resistance.
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1. Introduction

Mass spectrometry (MS) identifies and quantifies molecules by
analyzing the mass-to-charge ratios (m/z) of molecular ions.
The mass spectrum within the mass spectrometer can be
interpreted to determine the identity of different molecules
within a sample. Mass spectrometers directly analyze any
ionized susceptible biological molecule. The success of MS is
only possible because of several important discoveries,
including the electrospray ionization (ESI) discovered by John
Fenn and matrix-assisted laser desorption/ionization (MALDI)
discovered by Koicihi Tanaka [1,2].

MALDI has the benefit of requiring less pre-analysis work-
up, as samples are mixed with a chemical matrix followed by
the generation of ions. MALDI time-of-flight (TOF) MS com-
bines two technologies as the MALDI source and the TOF
mass. Since its conception, this tool has revolutionized the
method of microorganism identification in clinical microbi-
ology laboratories, as it is a rapid, high throughput, low-cost
and efficient system. One of the major advantages of using
MALDI-TOF MS is the time saved, as bacterial identification
may be performed in less than an hour as opposed to 24—48 h.
This time is critical for patients with an underlying autoim-
mune disease or immunocompromised individuals [3].

The Antibiotic Sensitivity Test (AST) is another key piece of
information that affects clinical treatment. It is also desirable
to develop a fast and reliable method for detecting drug
sensitivity using MALDI-TOF MS. Several AST detection prin-
ciples are being developed and tested, such as (1) the detection
of drug-resistant strain biomarkers; (2) mass spectrometric
detection of antibiotic degradation; and (3) the detection of
stable (non-radioactive) isotope-labeled amino acids etc.
Nonetheless, these methods need further improvement to
have the opportunity to apply to routine testing [4—6].

The present review discusses the background of the
MALDI-TOF MS technique in detail, including sample prepa-
ration and workflow. It then be presented the applications of
MALDI-TOF MS microbial identification in the clinic, the pro-
duction of virulence factors for subtyping, and the presence of
antimicrobial resistance. In addition, the current limitations
and potential usage of MALDI-TOF MS in future daily clinical
practice are discussed.

2. MALDI-TOF MS based microorganism
identification and sample preparation

2.1. MALDI-TOF MS overview

MS is used to detect the m/z ratio and MALDI-TOF MS provides
a rapid, accurate, and sensitive spectra of the bio-analytes
within a sample. MALDI is an ionization technique in which
a matrix absorbs energy from ultraviolet lasers to create ions
from large molecules with minimal fragmentation. The m/z
ratio can be determined by the TOF of the ions which the
detector measure TOF of ions to calculating masses of ions
(Fig. 1). The a-Cyano-4-hydroxycinnamic acid (HCCA) and 2,5-
dihydroxybenzoic acid are MALDI matrices used for various
microbial analysis. For microorganism identification,

positively charged peptides/proteins with a molecular weight
between 2000 and 20,000 m/z are used. The sequence and size
of ribosomal proteins are highly conserved among different
bacterial species, and therefore be used to identify individual
types of bacteria. Individual mass peaks are used for micro-
organism identification and provide valuable information for
the fingerprinting of bacteria. To enable rapid, accurate, easy
and reliable microorganism identification, the new MS system
was designed with a highly automatic operational workflow
and analysis process [3,7,8].

2.2. Sample preparation

The majority of bacterial samples are separated and grown on
a solid agar medium, and a single colony is then selected and
smeared directly as a thin film on a MALDI target. However,
Mycobacterium spp. and filamentous fungi usually require
multi-step extraction methods to ensure the quality of bio-
logical proteome, which improves the spectrum and identifi-
cation confidence. For cases with increased clinical urgency,
direct pathogen identification may be performed from bio-
logical samples. Many types of body fluids may be required
further purification to separate the pathogen from the host
cells, peptides, and proteins. Preparation methods and iden-
tification workflows for different biological samples are
needed to be optimized for the MALDI-TOF MS analysis (Fig. 2).

2.2.1. General preparation within a clinic

Ideally, an easy, rapid and robust sample preparation method
would be the best for use within a clinical setting. Intact-cell
MS, also known as whole-cell MS (WCMS), is a method of
acquiring microorganism protein profile data by MALDI-TOF
MS [7]. Microorganisms from a single colony of bacteria or
yeast are smeared as a thin film directly onto a MALDI target
plate. A total of 1 ul HCCA matrix solution (prepared with 50%
acetonitrile and 2.5% trifluoroacetic acid in pure water) is then
dropped onto the smear. This solvent is able to extract pro-
teins from the most of bacteria for MALDI-TOF MS
measurement.

Some bacteria are encased by glycocalyx or a capsule layer,
including Mycobacterium spp. and certain yeast species; this
means their internal proteins cannot be easily extracted by
the matrix solution. The ethanol-formic acid (FA) extraction
method is suggested to use for these samples to generate
high-quality spectra for identification and further analysis [9].
One loop of bacteria is resuspended in 300 ul pure water and
mixed with 900 ul pure ethanol to inactivate the microorgan-
isms by vortex well in seconds. High-speed centrifugation is
performed for 2 min and the supernatant is carefully
removed. A total of 20—50 ul 70% FA is added and mixed well,
then an equal amount of pure acetonitrile is added and mixed
by vortex for several seconds. A bacteria pellet is formed by
high-speed centrifugation for 2 min and 1 ul of the superna-
tant is applied to the MALDI target. After air dry, the sample
was covered with 1 ul HCCA matrix solution for measuring.

2.2.2. Liquid samples

Positive blood cultures (BC) and various other body fluids are
primarily liquid samples. Positive BCs may include blood cells,
culture materials and resin or charcoal. Removal of blood cells
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Fig. 1 — MALDI-TOF MS methodology. The sample is co-crystallized with the matrix on the sample target and to be desorbed
and ionized by the MALDI ion source (e.g. ultraviolet laser). The ion molecules, including the microbial peptides/proteins,
are accelerated by the electric field into the TOF analyzer. All the ions are separated by TOF in accordance with the m/z ratio

and a mass spectrum.

and proteins derived from the host and culture media is key to
prepare sample for MALDI-TOF MS. There are several ap-
proaches for direct bacterial identification from positive BC by
MS. Low speed centrifugation for 10 min is used for the
removal of blood cells, then the supernatant, which includes
the bacteria, is taken for further high-speed centrifugation
[10,11]. Detergents, such as saponin and sodium dodecyl sul-
fate (SDS), have also been used for the lysis of blood cells.
Eukaryotic cells may be lysed, but prokaryotic cells are not
affected by low concentrations of detergents. These treat-
ments reduce the duration of low-speed centrifugation step
required to remove host cells [11,12]. A CE-IVD (Conformité
Européene In Vitro Diagnostics) labeled blood culture sample
preparation kit can also be used for direct microorganism
identification from 1.5 ml BC positive broth [13]. The purified
bacteria would then be further processed by the FA extraction
protocol prior to MALD-TOF MS analysis.

The sensitivity of MALDI-TOF MS for bacterial identifica-
tion is ~10*—~10° CFU (colony-forming unit) of Escherichia coli
[14,15]. The sensitivity and pure culture requirement of this
method depends on the type of specimen. A urine sample
could be used directly for bacteria identification. The urine
sample undergoes flow cytometry to confirm the presence of
bacteria. Then 4 ml of the positive urine sample undergoes
low-speed centrifugation (2000xg) for 30 sec to remove

leucocytes and epithelium cells. The supernatant then un-
dergoes high-speed centrifugation (15,500xg) for 5 min and
the bacteria are collected. The pellet is treated with FA for the
extraction of bacterial protein prior to MALDI-TOF MS analysis
[15]. There are previous reports of using cerebrospinal fluid
(CSF) for rapid pathogen identification in patients with bac-
terial meningitis. A total of 500 pl CSF was used for the
microbiological diagnosis; 100 ul 13% SDS was added to the
CSF and vortexed for 10 sec, then centrifuged at 13,000xg for
2 min. The pellet was resuspended in 1 ml pure water and
centrifuged at 13,000xg. The washed bacterial pellet was
treated with FA for protein extraction prior to MALDI-TOF MS
analysis [16—18].

2.2.3.  Mycobacterium

In recent decades, the mycobacterium genus has undergone a
large taxonomic reversion and there are currently more than
190 recognized species (bacterio.net/mycobacterium.html;
Dec. 2018). The pathogenic Mycobacterium tuberculosis complex
(MTC) causes tuberculosis (TB) and presents a serious public
health issue worldwide. In 2016, 10.4 million people con-
tracted TB, and 1.7 million died from the disease [19]. A
number of non-TB mycobacteria (NTM) are also well-
established pathogens and there is an increased risk of
infection in immunocompromised individuals [20].
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preparation protocol for their rapid identification.

Identification of mycobacteria could be improved by the
MALDI-TOF MS method as it has increased speed, accuracy,
and is more economic compared with conventional methods.
Regarding the slow growth time of Mycobacterium spp., the
conventional biochemical identification, depending on the
species, usually takes 7—21 days for the biochemical reaction
completely after the colony was formed. In contrast, MALDI-
TOF MS technology can get the identical result in hours after
the colony applied for the sample preparation. Both the Bruker
MALDI Biotyper (MBT, Bruker Daltoniks GmbH; Billerica, MA,
USA) and Vitek MS (bioMérieux Inc., NC, USA) have their own
protocol for mycobacteria identification. Inactivation of the
mycobacterium species is one of the critical points in sample
handling. Bruker uses heat inactivation for 30 min in a 95 °C
heat block, while bioMérieux applied vortex mixing at
3000 rpm (Vortex Genie 2 [Scientific Industries] with MoBio
Vortex Adaptor) for 10—15 min with silica beads in 70%
ethanol. The bacteria mass is vortexed with silica beads for
1 min in pure acetonitrile or 10—15 min in 70% ethanol. After
the mechanical disruption caused by the vortex step, the
sample is sequentially treated with an equal amount of 70%
FA and pure acetonitrile. A total of 1 ul of the extract is drop-
ped onto the MALDI target, dried and covered with 1 ul HCCA
matrix [21].

2.2.4. Filamentary fungi
A number of different cultivation conditions and extraction
methods have been reported for filamentary fungi. The MALDI

Biotyper workflow suggests that Sabouraud liquid broth
should be cultivated with continuous rotation. Fungi culti-
vated on Sabouraud gentamicin-chloramphenicol agar plates
are also widely used within laboratories, where they are
usually incubated for 72 h at 27 °C. Part of the mycelium is
harvested and subjected to modified FA extraction. A total of
300 pl pure water and 900 pl pure ethanol are added to the
fungal samples and mixed well in a 1.5 ml tube. After centri-
fugation at 13,000xg for 10 min, the supernatant is removed
and air dried for 1 h. The dried samples were incubated for
5 min in 20-50 ul 70% FA. Then equal amounts of pure
acetonitrile were added for 10 min incubation before the
samples were dropped onto the MALDI target for analysis
[22,23].

3. Classification and identification of
microorganisms

Clinical microbiology laboratories serve as a key partner to
clinicians in the treatment of infectious disease, particularly
in the identification of microorganisms from clinical speci-
mens. The identification of bacterial species can guide the
selection of appropriate antibiotics. With the aid of antimi-
crobial susceptibility testing, physicians can determine which
antibiotics are effective and which enables the successful
control of infection. A wide range of clinical microbial isolates
with different culture conditions will be efficiently and
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accurately identified by MALDI-TOF MS technology (Table 1).
Therefore, a rapid and accurate methodology for antimicro-
bial identification is vital for managing antibiotic treatment.

3.1. Identification from culture plates

The clinical application of MALDI-TOF MS in the identification
of microorganisms primarily comes from culture plates. Using
this method, a small amount of microbial biomass (10*-10°
bacteria) can yield the bacterial identification of a large variety
of species in a few minutes. Bacterial colonies are handpicked
from agar culture plates with a sterile tip, then smeared onto a
ground steel MALDI target plate, which has a highly regular
and fine structure for facilitating homogenous preparations.
The samples are dried and a small amount of matrix, such as
HCCA, is added to co-crystallize with the bacterial sample on
MALDI target, then the sample is introduced into the mass
spectrometer for data acquisition.

Comprehensive comparison studies have evaluated the
reproducibility and accuracy of MALDI-TOF MS. In 2010, a
study compared a MALDI-TOF MS device with traditional
biochemical tests routinely used for the identification of bac-
terial species. A high-confidence correct identification was
found in 99.1% of cases [24]. Another study evaluated the

overall correct identification rate in coagulase-negative
staphylococci as 93.2% [25]. In 2011, a study demonstrated
that MALDI-TOF MS is reliable (accuracy, 99.3%) in identifying
various staphylococci species, and may be considered equiv-
alent to the standard method of rpoB sequence-based identi-
fication [26]. In 2012, a study reported the correct identification
rates of MALDI-TOF MS are 94.9% and 83,4% at genus (39
genera) and species (102 species) level, respectively from 296
strains covering Gram-positive and -negative bacteria [27].
Another study suggested that MALDI-TOF MS is the method of
choice for the identification of Campylobacter and related mi-
croorganisms compared with other commercial systems [28].
For Gram-negative bacteria evaluation, there are 2263 clinical
significant species can be analyzed by MALDI-TOF MS identi-
fication. Faron et al. showed that MALDI-TOF MS system
correctly identified 99.8% (2258/2263) to genus and 98.2%
(2222/2263) to species level of all isolates from multiple cen-
ters [29]. In addition, Garner et al. showed the identification of
anaerobic Gram-negative isolates was 91.7% to the species
level and 92.5% of the isolates to the genus level [30]. For
Gram-positive bacteria evaluations, a multi-center evaluation
of MALDI-TOF MS was used to identify 1146 isolates of Gram-
positive aerobic bacteria, including 13 genera and 42 species.
Rychert et al. showed 92.8% (1063/1.146) correct identification

Table 1 — References of the evaluation of MALDI-TOF MS identification in clinical microorganism isolates.
Study

Percentage (No.) organisms

Description of isolates of study

correctly detected by MALDI-TOF MS

Genus level

Species Level

Gram negative bacteria
Faron et al., 2015 [29]
Gamer et al., 2013 [30]
Gram positive bacteria
Rychert et al., 2013 [31]
Gamer et al., 2013 [30]
Anaerobic bacteria
Garner et al., 2013 [30]
Yeast and mold

Wang et al., 2016 [46]
Chao et al,, 2014 [47]
Chen et al., 2013 [45]
Becker et al., 2014 [49]

Gautier et al., 2014 [50]

Mycobacterium
Wilen et al., 2015 [21]

Rodrigues-Sanchez et al., 2015 [44]
Chen et al., 2013 [45]

Blood culture positive bottles
Chien et al., 2016 [36]

Arroyo et al., 2017 [13]

Chen et al., 2013 [11]
Kok et al., 2011 [35]

99.8% (2258/2263)
92.5% (357/386)

95.5% (1094/1146)
92.5% (245/265)

92.5% (602/651)

a

n.a.

94.9% (93/98)
n.a.

n.a.
87.3% (89/102)

89.6% (327/365)
92.5% (37/40)
94.0% (188/200)

97.8% (177/181)
100% (358/358)
100% (195/195)
100% (163/163)

98.2% (2222/2263)
91.7% (351/386)

92.8% (1063/1146)
91.7% (243/265)

91.2% (591/651)

98.8% (2651/2683)
92.5% (185/200)
74.5% (73/98)
95.4% (372/390)

98.8% (1094/1107)

89.2% (140/157)

88.8% (111/125)
62.8% (64/102)

72.1% (263/365)
82.5% (33/40)
91.5% (181/200)

81.8% (148/181)
78.5% (281/358)
67.7% (132/195)
91.4% (149/163)

2263 clinical isolates of aerobic Gram-negative bacteria.
386 isolates of anaerobic Gram-negative bacteria.

1146 isolates of aerobic Gram-positive from multicenter.
265 isolates of anaerobic gram Positive bacteria.

651 isolates anaerobic bacteria.

2683 clinical isolates of yeast.

200 clinical isolates of yeast.

98 Clinical isolates of yeast.

390 clinical mold isolates.

760 customized reference spectra.

1107 clinical mold isolates (107 distinct species).
2832 customized reference spectra.

157 mycobacterial isolates (including 16 isolates of M.
tuberculosis).

125 non-toberculosis mycobacterial (NTM) isolates.
102 mycobacterial isolates.

405 blood culture (BC) positive samples.

365/405 monomicrobial growth BC samples.
40/405 polymicrobial growth BC positive samples.
200 isolates of Gram-negative bacilli from
monomicrobial growth of BC positive samples.
181 monomicrobial growth BC positive samples.
358 monomicrobial growth BC positive samples.
195 Gram-positive isolates

163 Gram-negative isolates

® Not applicable.
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to species level and 95.5% (1094/1146) to the genus level [31].
Furthermore, Garner et al. showed that the identification of
anaerobic Gram-negative isolates was 90.9% to the species
level and 92.5% to the genus level [30]. In the group of anaer-
obic bacteria identification, MALDI-TOF MS identification
showed 91.2% (591/651) exhibited the correct identification at
the species level and 92.5% were correctly identified at the
genus level of the 651 analyzed isolates [30]. MALDI-TOF MS
has been used for the rapid identification of bacteria from
positive BC bottles after a short incubation time of 5.5 h on
solid media, with an accuracy rate of 82.3% [32]. Not only the
high accuracy but the time saving is improved in MALD-TOF
MS technology compared with conventional methods.

Therefore, MALDI-TOF MS is considered a highly accurate,
appropriate method for high-throughput microbial identifi-
cation from culture plates, and is a powerful clinical tech-
nique that supersedes the previous conventional biochemical
or molecular identification systems.

3.2.  Identification from positive blood culture (BC)

MALDI-TOF MS can be performed directly for identifying
bacterial isolates in BC [33]. In a previous study, 584 positive
BCs were tested and 562 were found to contain unique bac-
terial species [34]. Another study using the MALDI Biotyper
revealed that the positive identification at genus and species
level was 97.8% in 181 mono-microbial cultures [11]. However,
some major problems remain. When there is a mixture of
species in BC, only one bacterial species is identified and false
identification can occur. In addition, it does not allow for the
identification of certain microorganisms, including Viridans
Streptococci and encapsulated microorganisms, such as Kleb-
siella pneumoniae and Haemophilus influenza. The components
of human blood can cause interference or generate noisy
spectra when BC broth is analyzed directly. Therefore, pre-
processing of the BC broth is important to decrease interfer-
ence and to concentrate the bacteria. To solve these problems,
the MBT Sepsityper™ kit was developed. In one study inves-
tigating the Sepsityper™ kit, more Gram-negative organisms
(100% for genus and 91.4% for species level) were accurately
identified than Gram-positive organisms (100% for genus and
67.7% for species level). Difficulties for anaerobic bacteria,
alpha-hemolytic streptococci, and polymicrobial
informed [35]. Arroyo et al. showed 200 isolates of Gram-
negative bacilli from monomicrobial growth positive blood
cultures were identified by MALDI-TOF MS directly. It identi-
fied 94% (188/200) and 91% (181/200) to the genus and species
levels [13]. In addition, Chien et al. demonstrated MALDI-TOF
MS successfully identified bacteria and fungi in 405 positively
flagged blood culture bottles directly. 365 monomicrobial
growth were correctly identified to the species (72.1%) or
genus (89.6%) level. The remaining 40 polymicrobial growth
showed 82.5% (33/40) of the isolates were correctly identified
to the species level and 92.5% (37/40) to the genus level [36].
Pretreatments to remove non-bacterial proteins are a pre-
requisite for the successful application of MALDI-TOF MS in
patient-derived BCs. For the timing from positive blood cul-
ture alarm to microorganism identification result only take a
half hour and more than 80% of the BC positive sample can get
a confidence microorganism identification result. By the

were

traditional workflow, the positive blood culture sample needs
to be separated on an agar plate and culture overnight or
longer, with different microbial species/strains. When getting
the bacterial mass, the biochemical method was used for the
identification. The new workflow can use 1 ml of blood culture
positive broth directly, without the bacteria culture step via a
30 min sample preparation and MALDI-TOF MS identification.
Compared with the time of conventional and MALDI-TOF MS
identification of positive blood culture sample, it saves the
time of biochemical reaction around 24—48 h or longer [37]. A
CE-IVD certificated sample preparation kits and software are
available for medical laboratory application.

3.3.  Identification directly from patient urine

Urinary tract infections (UTIs), including cystitis (infection of
the bladder/lower urinary tract) and pyelonephritis (infection
of the kidney/upper urinary tract) are among the most com-
mon types of clinical bacterial infections. Prompt diagnosis
and treatment are important as patients with acute, compli-
cated UTIs. Therefore, reducing the time taken for microor-
ganism identification can be important, and this may be
achieved by direct analysis of urine samples. One study
showed that utilization of 4 ml urine sample for centrifuging
at low speed to remove the leukocytes, and then at a high
speed to collect the bacteria. The pellet was washed and
applied directly to the MALDI-TOF MS plate. Microorganism
identification was 91.8% and 92.7% at the species and genus
level, respectively [15]. Another study revealed that MALDI-
TOF MS was able to reliably identify bacteria directly in
urine samples at concentrations as low as 10° colony forming
units/ml [38]. These results indicate that MALDI-TOF MS is an
accurate method of urinary bacterial identification and may
be used more expansively in the future.

3.4.  Mycobacterium identification

Mycobacteria are one of the primary types of pathogens
causing a serious public health problem globally [39]. Myco-
bacterium is a genus of Actinobacteria, which comprises over
190 known species. M. tuberculosis is the pathogen which
causes the most morbidity in humans. In recent years, the
incidence of diseases due to NTM infection has escalated, this
is due to the increasing numbers of patients with autoimmune
diseases and immunocompromised individuals [40].

The gold standard for M. tuberculosis diagnosis is a culture
of bacterium isolated from human secretions, such as
sputum, bronchoalveolar lavage, or pleural fluid and confir-
mation by smear microscopy. However, the identification of
the Mycobacterium species is challenging due to their long
incubation time for each step of culture and biochemical re-
action (7 to more than 21 days). Other diagnostic tools,
including sputum acid-fast bacilli smear stains, are less sen-
sitive than culture. Thus, faster and more accurate methods of
Mycobacterium identification are required to improve patient
outcomes. Recently, sequencing and probing methods have
been used for bacterial identification. Nucleic acid hybridiza-
tion (NAH) or nucleic acid amplification testing are helpful for
the rapid diagnosis (24—48 h) of organisms belonging to the
MTC in patients with suspected TB.
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In one study comparing the use of MALDI-TOF MS with
NAH, it was observed that MALDI-TOF MS identified 100% of
the M. tuberculosis strains correctly; however, only 38.5% of the
NTM strains were identified by NAH [41]. MALDI-TOF MS has
been demonstrated to have a high sensitivity for the identifi-
cation of MTC in a clinical laboratory, and reduces the iden-
tification time (45 min) with fewer costs [41]. Although MALDI-
TOF MS is the most cost-effective and fastest method of MTC
identification, NTM are becoming increasingly important
clinically, and the identification of NTM using MALDI-TOF MS
should be investigated further. A method proposed from the
study might be able to reduce the incidence of misidentifica-
tion of Mycobacterium avium complex (MAC) by MALDI TOF MS.
Some closely related species have similar spectra and cannot
be separated by MALDI-TOF MS technology. For example,
Mycobacterium chimaera and Mycobacterium intracellulare are
often difficult to be distinguished from each other. However,
M. intracellulare are significantly more likely to be associated
with a pulmonary infection compared with M. chimaera. The
precise identification between M. intracellulare and M. chimaera
within MAC can be helpful in clinical significance. This study
performed subtype processing by extending the MALDI
spectra analysis to enable the accurate identification of M.
intracellulare and M. chimaera [42]. It is also difficult to distin-
guish bacteria within the Mycobacterium abscessus complex
such as Mycobacterium massiliense (M. abscessus subspecies
bolletti) and M. abscessus (Sensu Stricto). The different bacterial
subtypes present different antibiotic resistance phenotypes
and their precise, rapid identification can be useful for the
administration of the correct antibiotics. A report showed that
M. massiliense can be accurately separate from M. abscessus
with using the genetic algorithms [43]. MALDI Biotyper has an
updated mycobacterium library in 2017, which includes 164
species; however, a wide range of NTM details remain unre-
ported. For the evaluation of Mycobacterium species, Wilen
et al. evaluated the efficiency of MALDI-TOF identification by
157 mycobacterial isolates (including 16 Mycobacterium tuber-
culosis isolates) and showed the 89.2% (140/157) reliable iden-
tification. Another study, Rodrigues-Sanchez et al. used 125
non-tuberculosis mycobacterial (NTM) isolates to evaluate the
MALDI-TOF MS identification [44]. There are 88.8% (111/125)
correctidentification at the species level with a score above 1.7
[21]. Chen et al. MALDI-TOF MS generated reliable identifica-
tion for 87.3% (89/102) and 62.8% (64/102) clinical mycobacte-
rial isolates at the genus and species levels from the solid
culture media, respectively [45].

3.5.  Yeast and fungi identification

Yeast and fungal infections are common complications in
immunosuppressed patients and therefore they are associ-
ated with therapies for autoimmune diseases, hematologic
malignancies, hematopoietic cell transplantation and solid
organ transplantation. Invasive candidiasis is a common
central venous catheter-associated infection, and invasive
pulmonary Aspergillosis can result in pneumonia, fever, pleu-
ritic chest pain and hemoptysis symptoms. Due to the high-
cost and time-consuming nature of conventional phenotypic
methods used for yeast and fungi identification, the applica-
tion of MALDI-TOF MS in routine clinical examination has

been recently supported. For example, Wang et al. showed
that 41 distinct species were identified by MALDI-TOF MS from
2683 clinical yeast isolates. The correct identification of all the
yeast isolates is 98.8% (2651/2683) [46]. Chao et al. showed
92.5% (185/200) identification rate with 200 clinical yeast iso-
lates [47]. Furthermore, Chen et al. applied 98 clinical isolates
of yeast to evaluate the identification rate of MALDI-TOF MS,
and results showed that 74.5% (73/98) was identified to species
level and 94.9% (93/98) to genus level [45]. Therefore, MALDI-
TOF MS is less expensive and simpler than the current DNA
based gold standard method of identification [9,48].

For filamentous fungi, Becker et al. showed MALDI-TOF MS
correctly identified 95.4% of isolates at the species level [49].
Gautier et al. examined the identification of clinical mold
isolates from patients with aspergillosis, fusariosis and
mucormycosis. The study created 2832 reference spectra,
corresponding to 347 species of mold to improve the identifi-
cation of mold. Next, this workflow identified 1094 of 1107
(98.8%) clinical mold isolates, corresponding to 107 distinct
species, superior to morphological identification (78.2%) [50].
Furthermore, in one study using an extended in-house data-
base, MALDI-TOF MS appeared to obtain more accurate
identifications of filamentous fungi [51]. Compared with
biochemical techniques, MS is easier, faster, cheaper, more
accurate and allows for the identification of closely related
species. Continuous extension of the library is essential for
the maintenance of enhanced reliability of MS in the future.

4. Antimicrobial susceptibility testing

MALDI-TOF MS microbial identification technology is
frequently used within clinical microbiology laboratories.
Furthermore, MALDI-TOF MS is also used for antimicrobial
susceptibility testing (AST). Many scientists have designed
various methods to analyze AST using MALDI-TOF MS. The
majority follow one of the three approaches listed below.

4.1.  Detection of antibiotic degradation

This approach primarily determines the g-lactam antibiotic
resistance. Resistance to B-lactam antibiotics is mainly due to
B-lactamase expression, which hydrolyses the g-lactam ring
and inactivates the antibiotic's activity. The hydrolysis of a -
lactam ring by g-lactamase corresponds to the addition of a
Water molecular, and this reaction leads to an 18 Da mass
change, which can be easily detected by MALDI-TOF MS.
Clinical isolates of model E. coli strains were used to develop
the method. The model strains were treated with many
different types of g-lactam antibiotics [52], then the clinical
species were tested to determine the AST result of each strain.
A study showed that MALDI-TOF MS can detect the carbape-
nem hydrolysis product, which created with carbapenemase.
This demonstrates the potential of rapid g-lactam antibiotic
resistance testing by MALDI-TOF MS [53]. The method was
also applied to BC positive samples for direct detection of
carbapenemase activity. This enables a faster decision to be
made on which antibiotic treatment to administer and speeds
up the implementation of infection control measures [54]. An
important study showed that in certain cases low enzymatic
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activity or delayed enzyme expression could lead to a false-
negative result. The extension of incubation time to 4 h
could help avoid these mistakes [55].

4.2. Specific biomarker discovery for detecting antibiotic
resistant strains

Samples prepared in the same way as for microorganism
identification by MALDI-TOF WCMS (whole cell mass spec-
trometry) may be used for biomarker detection of antibiotic
resistant strains. Some specific signals can be detected in cfiA-
positive Bacteroides fragilis strains. cfiA is encoded by a class B
metallo-g-lactamase, which confers resistance in B. fragilis to
all g-lactam antibiotics, including carbapenems; almost 100%
of carbapenem-resistance Bacteroides strains are cfiA positive
[56,57]. Methicillin-resistant Staphylococcus aureus (MRSA) is a
critical issue in public health and hospital hygiene in most
countries worldwide. The ability to rapidly identify MRSA
would be a critical improvement within healthcare. Many
studies have shown a signal at 2415 m/z is a small peptide
PSM-mec encoded on three SCCmec cassettes, is highly asso-
ciated with MRSA [58]. There are many different mechanisms
of methicillin-resistance in S. aureus, and the 2415 m/z signal
is shown in 37% of MRSA. Although the sensitivity is low, the
specificity is high (>98%), which indicates that this peak still
has value in clinical applications without any additional
sample preparation and cost [59].

4.3.  Phenotypic antibiotic resistance analysis of bacterial
strains

This method is similar to the phenotypic observation of
antibiotic resistance in microorganisms. The advantage of this
method is that it is faster than conventional technology, as it
only requires 2—3 h incubation. In principle, it can be used to
detect any mechanism of antibiotic resistance by optimizing
the growth of microorganisms in the presence of antibiotics
[60]. When microorganisms are incubated with antibiotics,
they are grown in medium containing isotopically labeled
amino acids. Only resistant, growing microorganisms are able
to incorporate the labeled amino acids. The de novo biosyn-
thesis of proteins by resistant isolates with labeled, heavy
amino acids reveals different protein profile spectra for sus-
ceptible and resistant isolates. By comparing the resistant
profile spectra with the standard spectra, the AST results can
be determined in hours [61,62].

5. Subtyping strategy by MALDI-TOF MS
peptide/protein profile

The conventional biochemical bacteria identification provides
only the results of the species. MALDI-TOF MS can be used to
obtain the protein profile of the strain. Using the protein
profile, there is a chance to detect phenotype-related bio-
markers, such as drug-resistant strains, or similar species
identification. The Subtyping's strategy is to use the protein
profile to obtain the subtype information using the same
protein profile after the strain identification results. It can be

applied to the identification of drug-resistant strains or the
accurate identification of a bacterial species complex.

The preclinical antibiotics-resistance strain detection can
be applied to methicillin-resistant S. aureus (MRSA) strains [5].
Most of the cfiA positive B. fragilis strains are carbapenem
resistant [63]. A blaxpc positive related signal is highly corre-
lated with K. pneumoniae carbapenem resistance strain, which
produces K. pneumoniae carbapenemase (KPC) [6]. The accurate
identification of a bacterial species complex could be used to
Listeria monocytogenes group (including L. monocytogenes, Lis-
teria ivanovii, Listeria innocua, Listeria welshimeri, Listeria seeligeri
and Listeria grayi) show only slight differences in genetic and
proteomic profile levels [64].

6. Current limitations of microorganism
identification by MALDI-TOF MS

At present MALDI-TOF MS is unsuitable for the differentiation
of Shigella and E. coli [65], Bordetella pertussis and B. bronchio-
septica, Achromobacter xylosoxidans and A. ruhlandii, as well as
Bacteroides nordii and B. salyersiae. The Enterobacter cloacae
complex is a group of six very closely related species (E.
asburiae, E. cloacae, E. hormaechei, E. kobei, E. ludwigii, and E.
nimipressuralis) with similar resistance patterns, which are not
yet differentiated [66]. In addition, pneumococci, viridans
streptococci and encapsulated microorganisms, such as K.
pneumoniae and H. influenza can be misidentified by MALDI-
TOF MS. Most of these bacterial species can be identified
with the utilization of the reference spectra. However, a small
number of these strains that have a very similar genetic
background or wide diversity inter-species cannot be distin-
guished by the mass spectrometry signal and to obtain high-
confidence identification results. Furthermore, the precise
identification of NTM is not feasible at present. For filamen-
tous fungi, the primary limitation of MALDI TOF MS identifi-
cation is limited by the reference spectrum. Continuous
upgrades of spectral databases and optimal sample enrich-
ment within the MALDI-TOF MS system will increase its
power and potential applications.

7. Conclusion

MALDI-TOF MS is an emerging technology and has been
recently used for the identification of microorganisms. It is a
high-throughput, cost-effective method with a high degree of
accuracy. This is especially important for routine clinical
microbiology, as the results could come directly from positive
BCs, urine or other biological fluids, as well as subcultures on
agar plates and broth media. The reliability and accuracy of
MALDI-TOF MS have been verified in a number of studies, and
the precision of microorganism identification is critically
dependent on the number of database entries. Therefore,
continuous updating of the reference database is indispens-
able for the advancement of performance. Further database
refinements in the MALDI-TOF MS system allow for the rapid
identification of antibiotic resistance characteristics and reli-
ability, as well as the direct identification of pathogens in
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urine samples and BCs. This technique has significant po-
tential in diagnostic laboratories in the future.
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