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  Abstract 

 Very recently a novel method for differentiation of bacteria 
and fungi was developed, that is, identifi cation by means of 
matrix-assisted laser desorption/ionisation-time of fl ight mass 
spectrometry (MALDI-TOF MS). This differentiation relies 
on the exact measurement of species-specifi c protein spectra 
of ribosomal proteins. It is at least as accurate as conventional 
biochemical differentiation methods, but provides results with-
in minutes. In addition to differentiation of bacteria and yeasts 
grown on agar plates, direct identifi cation is feasible from posi-
tive blood cultures as well as from urine samples of patients 
suffering from urinary tract infections. Future developments 
of MALDI-TOF MS for clinical microbiological purposes in-
clude the detection of  β -lactamase and carbapenemase activity 
as well as genotyping of bacteria below the species level.  

   Keywords:    bacterial species;   blood culture;   differentiation; 
  matrix-assisted laser desorption/ionisation-time of fl ight 
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  Content and methodology of microbiological 

diagnostics 

 The fi rst objective of clinical microbiological diagnostics is, 
in patient samples, to identify the pathogens (bacteria, fungi, 
parasites) causing a disease and – in the case of bacteria and 

yeast-like fungi – to determine resistance testing for antimi-
crobial agents (antibiogram). The unequivocal species iden-
tifi cation of pathogens from clinical materials is a central 
task. The classical microbiological diagnosis is based on mi-
croscopy of specimens and the cultivation on nutrient media. 
For more than fi ve decades, primarily biochemical assays 
have been used to differentiate bacteria and fungi, in which 
the sum of the genus and/or species-specifi c metabolic prop-
erties are put together to form a usable diagnostic biochemi-
cal reaction profi le. Major drawbacks of this biochemical 
differentiation principle are the long incubation periods for 
biochemical reactions (6–12 h) and the variability of individ-
ual metabolic characteristics as well as signifi cant ongoing 
cost of the components of the tests. Furthermore, increased 
demands are placed on the expertise and experience of the 
performing laboratory personnel, as a predifferentiation of 
bacteria (e.g., Gram stain, Kligler agar and catalase or oxi-
dase reaction) may be necessary under certain circumstances. 
In recent years a completely new approach for the differen-
tiation of bacteria and fungi has moved from the develop-
ment stage to being a routine method – the identifi cation of 
pathogens by MALDI-TOF MS, or matrix-assisted-laser-
desorption/ionisation-time of fl ight mass spectrometry. This 
mass spectrometric method has, in principle, the potential to 
replace the classical biochemical differentiation methods in 
microbiological diagnostics, because it combines signifi cant 
advantages such as very short analysis times, ease of use and 
automation with low consumable costs, as well as high sen-
sitivity and specifi city  [1] .  

  MALDI-TOF MS-methodological foundations 

 MALDI-TOF MS has been used for several years with suc-
cess in proteome research to determine the mass of proteins 
and peptides and to identify in combination with 1-D and 
2-D gel electrophoresis unknown proteins  [2]  (Figure  1  ). The 
technology is used for mass analysis of chemical compounds 
and is a combination of matrix-assisted laser-desorption/ioni-
sation (MALDI) and time of fl ight (TOF). 

 In the fi eld of clinical chemistry MALDI-TOF MS has 
become an established method for the detection of specifi c 
biomarkers in the diagnosis of tumour diseases, Alzheimer ' s 
disease, rheumatoid arthritis and allergies  [2] . In addition to 
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proteins and peptides, MALDI-TOF MS can also be used to 
detect nucleic acids. 

 Initial experiments to use the mass spectrometric methods 
for the identifi cation of microorganisms were performed in 
1975  [3] . The development of MALDI-TOF MS in the 1980s 
marked the fi rst time relatively large biomolecules could be 
analysed  [4] . Subsequently, work was started to use MALDI-
TOF MS to identify different species of bacteria  [1, 5, 6] . 
These initial studies were characterised by poor reproduc-
ibility of results, and by the dependence of test results on the 
growth conditions and the different culture media. Routine 
use of this method only became possible when the studies of 
low molecular mass ranges ( < 1000 Da) had been moved to 
a mass range between 2000 and 12,000 Da. By refi ning the 
methodology and the software-based analysis, MALDI-TOF 
MS can now be used also in the routine laboratory to differ-
entiate microorganisms. 

 Since the MALDI-TOF mass spectrometry is a very sensi-
tive method, only a small amount of the pathogen (bacteria, 
ranging from 10 4  to 10 6  CFU) has to be applied to the MALDI 
sample plate (target) for analysis (Figure  2  ). To embed this 
sample, for example, a 1    µ L matrix solution is applied and 
dried. In the process, the matrix (cinnamic or benzoic acid 
derivates) co-crystallises with the pathogen on the steel sur-
face of the target plate, which carries 12 – 160 assay areas. 
The loaded target plates are introduced into the measuring 
chamber of the mass spectrometer, which is under continu-
ous high vacuum conditions. In order to maintain these con-
ditions, vacuum pumps are in use, which pump out the air 
introduced during the loading process. In the evacuated mea-
suring chamber, the individual assay areas are addressed and 
parts of the sample are vaporised explosively through a num-
ber of short laser pulses together with the matrix. This causes 
an ionisation of the pathogen proteins that are accelerated as 
analytes in the electric fi eld of a high voltage source (10 – 30 
kV). The time of fl ight to impact of the analytes on the detec-
tor is measured accurately in the high vacuum conditions. 

Both the degree of ionisation and the mass of the proteins 
determine the time of fl ight of the proteins and produce a 
characteristic spectrum for each pathogen, which is a kind of 
mass spectrometric fi ngerprint. For identifi cation purposes, 
it is mainly the mass spectrum of positively charged ribo-
somal proteins between 2 and 12 kDa that is used, which 
provides very stable and meaningful spectra (Figure  3  ). 
These are hardly infl uenced by the growth conditions of the 
microorganisms. 

 The spectra measured by the instrument are adjusted and 
synchronised fully automatically with reference databases, 
which contain a large number of spectra of medically rele-
vant isolates. The database synchronisation can be automated 
by new algorithms and take place in near real-time  [7, 8] . 
This yields a very short turnover time until a positive result 
is obtained. If only one sample is to be measured, it is pos-
sible to obtain, from the application of the sample and within 
5-7 min, a species identifi cation. If a fully-loaded target plate 
with 96 isolates is to be loaded with samples and measured, 
times of less than an hour from the application of the fi rst 
sample to the measurement of the last isolate are possible. 
The software comparison of the measured spectrum with the 
spectra stored in the database can, of course, never produce 
perfectly identical measured values. Therefore, the software 
generates a numerical value (score-value), which indicates the 
validity of the differentiation result (Figure  4  ). Furthermore, 
the software gives the best result (best match) and even more 
results in order to facilitate the plausibility check (Figure  4 ). 
The measured results can be fed directly into the laboratory 
computer system via a computer connection.  

  Use of MALDI-TOF mass spectrometry 

in microbiological diagnostics  –  pathogen 

differentiation of culture media 

 Studies comparing MALDI-TOF MS-based and conven-
tional, biochemical differentiation of bacteria and yeast-like 
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 Figure 1    Principle of MALDI-TOF MS-based identifi cation of proteins and peptides. 
 The sample and/or the bacterial or fungal culture with the proteins therein (analytes, shown as blue, pink and purple spheres) are applied to the 
target plate together with the matrix (green spheres). After fi ring the laser, the desorbed proteins are accelerated in an electric fi eld. Then, the ana-
lytes are separated in the drift path by charge and mass. By determining the time of fl ight of each analyte, characteristic mass spectra are created.    
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fungi have documented a high validity of the MALDI-TOF 
results. A retrospective study  [9]  of 1116 isolates of bacteria 
mainly encountered in a clinical microbiological laboratory 
setting showed a correct identifi cation by MALDI-TOF MS 
in 95.2 %  of cases. In another recently published prospective 
study it has been shown  [10]  that of 1660 bacterial isolates 
from 109 different species, 84.1 %  were identifi ed correctly 
at species level by MALDI-TOF MS. At this point, still miss-
ing database entries in several studies have been blamed for 
unsuccessful identifi cation. 

 Own validation studies of the MALDI-TOF MS system 
(Bruker Daltonik) in comparison with biochemical differ-
entiation systems (BD Phoenix TM , API  ®  -bioM é rieux) and 
any subsequent sequencing of 16S-rDNA/28S-rDNA have 
yielded comparable results. In 1200 prospectively studied 
isolates, including 370  Enterobacteriaceae , 300 non-fermen-
ters, 110 other Gram-negative bacteria, 320 Gram-positive 
isolates and 100 yeast-like fungi, a concordant result was 
achieved between MALDI-TOF MS and biochemical dif-
ferentiation in 93.5 %  of cases. In 3 %  of the cases, biochemi-
cal differentiation was superior, in 3.5 %  of the cases, the 
MALDI-TOF MS method provided a more accurate result 
when the 16S rDNA sequencing, which was also carried 

out, was considered a gold standard. In many cases where 
the MALDI-TOF MS analysis yielded poorer results, only 
the relevant reference spectra of the isolates had not been 
deposited in the database yet. Meanwhile, by creating new 
reference spectra and corresponding extensions of commer-
cial databases, it was possible largely to close the diagnostic 
gap. Unlike biochemical test systems, the MALDI-TOF MS 
system is an open system, in which the database can also 
be extended by the user independently. Through appropri-
ate additions to the reference spectra of the databases, it 
was possible to achieve a nearly 100 %  identifi cation rate 
of Neisseria  [11] , clostridia  [12] , mycobacteria  [13] , sal-
monella  [14] , viridans streptococci  [15]  and  Helicobacter 
pylori   [16] . While the MALDI-TOF MS system provides 
comparably good results in comparison to biochemical test 
systems in the differentiation of enterobacteria, staphylo-
cocci and streptococci, it shows clear advantages in the dif-
ferentiation of Gram-positive rods  [17] , anaerobes and some 
non-fermenters  [18, 19] . Particularly with those pathogens 
that are characterised by long culture times, MALDI-TOF-
based diagnostics has yielded clear time advantages, which 
have drastically reduced the time to obtain differentiation 
results in the lab. 
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 Figure 2    Workfl ow .
 (A) Subculturing of bacterial colonies from the agar plate. (B) Application of a bacterial colony and matrix on the target. (C) Measurement in 
MALDI-TOF. (D) Measurement result as a spectrum. (E) Germ identifi cation by automatic synchronisation of the spectrum with the database.    
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 Figure 3    Mass spectrum of a  Candida glabrata  sample. 
 In the measured range 4000 – 8000 Da, characteristic mass peaks can be seen, which represent predominantly ribosomal proteins. The pattern 
of such a spectrum is compared with the appropriate database entries by means of MALDI evaluation software.    
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 Figure 4    The results of the database comparison can be displayed in tabular form and sent to the laboratory computer automatically. 
 Here the results are assigned a numerical value for the validity of differentiation ( “ score ” ) in order to document the validity of the identifi ca-
tion result.    

 MALDI-TOF MS has already been used successfully by 
various groups to differentiate yeast-like fungi and moulds. 
It was shown that 96 %  of 250 clinical Candida isolates 
from 15 species could be identifi ed correctly by means of 

MALDI-TOF MS  [20] . In two prospective studies to iden-
tify yeast-like fungi, the rates of correct differentiation results 
were similarly high  [21, 22] . Far fewer data are available for 
the differentiation of moulds such as  Aspergillus ,  Penicillium  
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and  Fusarium  or dermatophytes  [23 – 27] . The different condi-
tions of moulds with the formation of mycelia and conidia and 
correspondingly different protein patterns within an isolate 
complicate MALDI-TOF MS identifi cation  [28] . Therefore, 
some adjustments to the measurement and evaluation must 
be made before the MALDI-TOF measurement of mould is 
fully suitable for routine operations. Since MALDI-TOF dif-
ferentiation is based on cultivated fungi and the cultivation of 
dermatophytes is very time consuming, it remains to be seen 
whether MALDI-TOF diagnostics can prevail in this area. 
Many routine laboratories do not offer a diagnosis of derma-
tophytes, especially as the clinical relevance of accurate iden-
tifi cation is low in many cases (e.g., athlete ' s foot). 

 Unlike in the early stages of mass spectrometric differ-
entiation of pathogens, today ’ s MALDI-TOF MS-based 
examination is largely independent of the nature of the cul-
ture medium. As a result, apart from standard culture media 
like blood and chocolate agar, selective culture media like 
McConkey agar or XLD agar can also be used for differ-
entiation  [6] . As the identifi cation of isolates requires very 
little culture material, sometimes colonies of (sub-)cultures 
that arise after a few hours of incubation will do. In this 
way, mixed cultures can be converted to pure cultures and 
may be identifi ed on the same day. The investigated colo-
nies, however, should be as fresh as possible (not more than 
48 h), because with increasing age of the colonies, the ribo-
somal proteins of the bacteria become degraded. As a result, 
MALDI-TOF MS spectra tend to be weaker and less differ-
entiated, which can lead to diffi culty in data comparison and 
to poorer differentiation results. 

 In most cases, MALDI-TOF MS differentiation of bacte-
ria can be carried out without sample preparation by simply 
spreading the bacteria colony on the target plate. Some patho-
gens that have a stable cell wall (e.g., yeast-like fungi) may 
require a short extraction step to render the ribosomal pro-
teins available for analysis. For this purpose, for example, the 
colony to be tested is placed in 80 %  ethanol, centrifuged and 
then resuspended in formic acid and acetonitrile. The result-
ing supernatant is applied to the target plates after centrifu-
gation. Through this extraction step, it is usually possible 
to generate spectra that are clearer and more complex by 
multiple factors, which then allow for a successful database 
search. After cleaning and disinfection with 70 %  ethanol, 
the target plate can immediately be used again for further 
measurements. 

 Since the MALDI-TOF MS analysis so far does not allow 
for routine antibiotic or antimycotic resistance testing of iso-
lates, conventional manual, semi-automatic or automatic pro-
cedures will continue to be necessary over the medium term. 
The MALDI-TOF MS system used for differentiation, how-
ever, can easily be combined in routine operations with manu-
al and automatic resistance testing methods. An integration of 
the MALDI-TOF MS analysis with the laboratory computer 
system using uni- and bi-directional communications, how-
ever, is already feasible and has been implemented in some 
larger diagnostic centres in their routine operations. Thus, the 
differentiation results can be sent online to the machine for 

resistance testing and be used by it to interpret the resistance, 
or resistance mechanisms.  

  Use of MALDI-TOF mass spectrometry 

in microbiological diagnostics  –  direct 

identifi cation of pathogens from positive 

blood cultures 

 Early on, attempts were made to utilise MALDI-TOF MS for 
the differentiation of bacteria and fungi directly from posi-
tive blood cultures  [29] . The problem with this application is 
that large amounts of proteins in the patient ’ s blood cells ob-
scure the detection of specifi c bacteria and fungal proteins. 
Several research groups have developed as a result different 
sample preparation protocols, which separate bacteria from 
the host proteins either by way of differential centrifugation 
or cell lysis methods  [30 – 32] . The studies on direct detec-
tion show proper identifi cation rates at the species level of 
75 %  – 95 %   [33, 34] . Many of the centrifugation methods are 
either time consuming, and diffi cult to reconcile with the 
routine workfl ow of diagnostic laboratories, or not effi cient 
enough. Lysis procedures are currently favoured. With this 
fast purifi cation process, it is possible to achieve correct 
identifi cations in 86 %  of cases within 30 min. Apart from 
the diffi culties of delimitation of  Streptococcus pneumoniae  
and  Streptococcus   mitis / oralis , no false results have been 
documented in connection with direct blood cultures. Many 
studies require an adaptation of the MALDI-TOF score 
thresholds for the validation of the results of blood culture 
differentiation. The reason is that even measurements with 
lower score values that are assessed for the measurement 
of bacterial colonies as being not suffi ciently valid do yield 
correct results in connection with direct blood culture iden-
tifi cation  [32] .  

  Use of MALDI-TOF mass spectrometry in 

microbiological diagnostics  –  pathogen 

detection directly from patient samples 

(urine samples) 

 The quick and easy identifi cation of pathogens by means of 
MALDI-TOF from the culture can only partially be trans-
ferred directly to patient samples. This is fi rst and foremost 
due to the method itself, which detects pathogen proteins 
and produces characteristic spectra. Samples obtained di-
rectly from a patient, such as sputum, blood or cerebrospi-
nal fl uid, however, contain much of the patient ’ s protein and 
only relatively little of the pathogen. Thus, it is hardly pos-
sible to separate the individual spectra and fi lter out those of 
pathogens. In addition, in many materials one encounters a 
more or less complex normal fl ora, whose signals must be 
separated from the pathogens. In materials naturally low in 
protein, with high pathogen load and lack of normal fl ora 
such as urine, it is still possible to carry out direct analyses 
successfully  [35] . For this purpose, the samples are fi rst cen-
trifuged slowly to pellet leukocytes. The second step then 
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involves a quick centrifugation to separate the pathogens. 
After another washing step with distilled water, the patho-
gens are purifi ed suffi ciently to be analysed successfully by 
means of MALDI-TOF MS. Since urinary tract infection is 
caused in most cases only by a predominant pathogen, only 
few problems arise with mixed spectra. With such protocols, 
larger studies achieved correct identifi cation rates of 91.8 %  
to the species level directly from urine (bacterial load sig-
nifi cantly  > 10 5  CFU/mL)  [35] . Thus, the diagnosis by means 
of MALDI-TOF is a real alternative to lengthier and more 
expensive culture-based methods, especially if done on an 
outpatient basis with no resistance testing.  

  Use of MALDI-TOF mass spectrometry 

in microbiological diagnostics  –  advantages, 

opportunities and limitations 

 The MALDI-TOF MS-based pathogen identifi cation as 
stated above is based on the analysis of mostly ribosomal 
proteins. Therefore, the differentiation patterns resemble 
those of the 16S-rDNA sequence comparisons. As a result 
of this, the MALDI-TOF MS method is not able to separate 
microorganisms that are genetically very closely related. 
This is clinically signifi cant, for example, in  Shigella  sp. and 
 Escherichia coli  or  S. pneumoniae  (pneumococci) and rep-
resentatives of the  S. oralis / mitis  group. In these cases, the 
use of biochemical supplementary tests, antigen-detection or 
molecular methods continues to be necessary. On the other 
hand, the MALDI-TOF MS analysis makes apparent the 
shortcomings of conventional species differentiation based 
on metabolic reactions, whose selectivity may be limited by 
the loss or gain of metabolic properties. This is the reason 
why the comparison between biochemical and molecular and/
or MALDI-TOF MS-based differentiation produces in a few 
cases discordant results based on different methodological 
approaches. The enormous gain in time, the high accuracy 
and easy automation of the MALDI-TOF-MS analysis are the 
main advantages of this method in routine laboratory work. 
A single system for identifying the various groups of bacte-
ria and yeast-like fungi can be used; a preliminary examina-
tion of the isolates is not required. Since the differentiation 
results are available after just a few minutes and on the day of 
the fi rst material reading, that is, 12–24 h after receipt of the 
sample, valuable interim or preliminary reports can be shared 
much earlier with the other doctors treating the patient. 

 Another advantage of the MALDI-TOF MS method is that 
the reference spectra of new isolates can be integrated into the 
system by the user both as regularly commercially available 
database updates and also internally at the lab. A feasible op-
tion may also include a  “  public domain  ”  where MALDI-TOF 
users can store spectra. Accordingly, pathogen groups or spe-
cies not suffi ciently represented in the database so far could 
be added continuously. One must only ensure that only valid 
audited spectra can actually be entered in the database, since 
otherwise the identifi cation quality may suffer. 

 The disadvantage of the MALDI-TOF MS analysis has 
been that the direct detection of pathogens from patient 

samples is very diffi cult and therefore almost always re-
quires a preculture. Although there are promising initial 
MALDI-TOF MS studies to determine bacterial resistance 
to  β -lactam antibiotics and carbapenems, so far MALDI-
TOF MS studies have not allowed for signifi cant obser-
vations on the sensitivity of isolates to anti-infectives in 
routine operations. Nor should it be expected that in future 
MALDI-TOF MS can be used to obtain a complete antibi-
otic resistance profi le of bacterial isolates with respect to 
different substance classes. The mechanisms are too differ-
ent and the expression of individual resistance factors is too 
low for that. 

 The cost of MALDI-TOF MS analysis equipment suitable 
for routine diagnostics, including computers and software 
with an integrated database, currently comes to €180,000 to 
€200,000 and is still relatively high. By contrast, the operat-
ing costs of  < 50 cents per analysis are very small. In addi-
tion, a high sample throughput can be achieved with only one 
device. In the near future it is expected that improvements in 
semiconductor laser technology will lead to longer service-
able life and also speed up the possible pulse bursts. This 
would speed up the operation further and reduce the running 
costs. 

 The introduction of automatic cleaning systems of the 
ion source ( “ source heating ” ) can lengthen the intervals for 
routine cleaning and thus help to reduce maintenance costs 
and maintenance-related failures. In one study, the cost of 
MALDI-TOF MS identifi cation was calculated to a quarter 
of the corresponding biochemical studies  [10] . Here, the au-
thors have included consumables, salaries of employees and 
equipment depreciation over a 5-year period. Similar cost 
reductions are reported in another study  [36] . No doubt, the 
issue of cost reduction must be examined separately for each 
laboratory environment; statements derived from studies are 
not always fully transferable.  

  Future applications of MALDI-TOF mass 

spectrometry in microbiological diagnostics 

 Currently further MALDI-TOF MS applications are being de-
veloped for clinical microbiological diagnostics. On the one 
hand, it is attempted to use the technology for the determina-
tion of selected antibiotic resistances, such as the detection 
of penicillin-binding protein PBP2a in MRSA  [37]  or de-
fi ned  β -lactamase types in  Enterobacteriaceae . On the other 
hand, development work is focused on the direct detection of 
pathogens from patient samples. There are also studies to see 
whether the MALDI-TOF MS method may be used in future 
for genotype analysis to clarify epidemiological issues. In a 
way similar to the known restriction fragment length poly-
morphism (RFLP) typing, mass spectrum typings are used 
that are similarly characteristic of strains. 

 MALDI-TOF MS has already been used to differentiate 
between methicillin-resistant  Staphylococcus aureus  isolates 
(MRSA) and methicillin-sensitive (MSSA) ones  [38, 39] . 
This did not involve detecting the MRSA typical penicillin-
binding protein PBP2a, but rather examined the patterns of 
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cell wall proteins. Thus, the clonality of  S. aureus  isolates can 
be shown, but not all isolates of a  “ typical ”  MRSA clone are 
actually also MRSA (e.g., loss of PBP2a). It is not surpris-
ing therefore that even confl icting data have been published 
 [40, 41] . 

 A promising approach for the identifi cation of resistance to 
 β -lactam antibiotics is the MALDI-TOF MS-based detection 
of cleavage products of  β -lactam antibiotics and carbapen-
ems from the infl uence of corresponding bacterial enzymes, 
 β -lactamases and carbapenemases. Through the infl uence of 
these enzymes, the  β -lactam or penem ring in the molecule of 
the respective antibiotics is cleaved by hydrolysis. This cor-
responds to the addition of an H 2 O molecule and subsequent 
decarboxylation and/or addition of Na. After 1 – 3 h of incu-
bation of the antibiotic with a suspension of the test strain, 
MALDI-TOF MS can be used to show the change in mass of 
the antibiotic molecule present and thus to represent the effect 
of bacterial enzymes in the test antibiotic. In this way, resis-
tance to various penicillins, cephalosporins and carbapenems, 
such as meropenem and imipenem, can already be demon-
strated (ECCMID 2011, Poster, Sparbier et al.). 

 Further developments are moving to MALDI-TOF MS 
being used to type bacterial isolates below the species level 
in order to make epidemiological observations on individual 
patient or environmental isolates. The objective in this is to 
carry out individual strain typing by way of discrete differ-
ences in the spectra obtained, and thus to render superfl uous 
time-consuming and costly molecular tests (PCR, PFGE). 

 Of great interest, particularly for laboratories with a high 
sample throughput, is the development of processing lines. 
In addition to creating agar plates and liquid media, incu-
bation processes and digital photography of the overgrown 
agar plates for diagnosis are components of this new strategy. 
Meanwhile, several companies have integrated MALDI-TOF 
MS into this concept, where robots pick up colonies from 
agar plates and apply them to MALDI target plates. But this 
development is still in its infancy.  

  Conclusions 

 The currently commercially available diagnostic MALDI-
TOF MS solutions enable automated germ differentiation 
of cultured bacteria and fungal species. Overall, MALDI-
TOF MS-based procedures can be counted on to produce 
signifi cant changes and improvements in diagnostic micro-
biology. The clinical evaluation of the data collected by an 
experienced specialist in microbiology, virology and epide-
miology of infectious diseases gains a high priority in this 
process.    
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