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In the postgenomic world, matrix-assisted laser desorption-
ionization time-of-flight (MALDI-TOF) spectroscopy has secured
its foothold as one of the best ways to identify potential

protein or peptide drug targets and single-nucleotide polymor-
phisms. Koichi Tanaka of Shimadzu Corp. and Prof. John B.
Fenn of Virginia Commonwealth University shared the 2002 Nobel
Prize in Chemistry for their development of soft ionization
methods in MS analyses of biological macromolecules.

Tanaka’s approach, which has become fundamental in the
standard methods (MALDI and surface-enhanced laser desorp-
tion-ionization) for structural analyses of proteins, DNA, and
carbohydrates, makes it possible to characterize the compo-
nents of biological systems. The laser desorption technologies
on the market today have their foundations in Tanaka’s work.
Another application propelling the success of this technology is
its use in the characterization of intact microorganisms [intact-
cell MALDI-TOF (ICM)]. In 1975, John Anhalt and Catherine
Fenselau, then at the Johns Hopkins Medical Institutions and
University School of Medicine, respectively, first demonstrated
this approach through the generation of mass spectra that were
characteristic of different species of gently heated bacteria.
Now, practically all rapid MS characterization of microorganisms
falls under the umbrella of ICM.

The capacity of soft laser desorption to measure beyond the
limits of laser desorption has elevated it to a prominent status
in biological MS. In laser desorption MS, the measurement
capacity was restricted to low-mass organic samples; the upper

mass limit was 5–10 kDa, a threshold that excludes most proteins
and, indeed, many microorganism biomarkers. However, since the
inception of soft laser desorption in 1987, researchers have
been able to vaporize nonvolatile biological samples from a solid
state directly into the gas phase.

From Genus to Strain
In microbiology, current applications for MS rely on the ability
to register biomarker ions in a broad mass/charge range to pres-
ent a unique and characteristic profile of individual microor-
ganisms. In the original studies by Anhalt and Fenselau, biomark-
er ions were observed in the electron impact spectra, and these
were assigned to diglycerides, ubiquinones, menaquinones, and
other volatile metabolites. Subsequent methods using pyrolysis
of microorganisms took a different approach and combined
heating with various MS techniques.

Over the past 20 years or so, various novel desorption–ioniza-
tion technologies (e.g., plasma desorption, laser desorption, and
fast-atom bombardment) have been assessed for the generation
of biomarker ions from microorganisms. In 1996, several researchers
adopted MALDI and electrospray ionization as an approach, and
the result was a spectrum of protein biomarkers. Electro/nanospray
ionization is problematic, however, as samples of intact cells
tend to clog in the electrospray device and the deconvolution of
the complex assortment of multiply charged proteins is rather
difficult. Thus far, studies have shown that the spectral patterns
obtained can provide characteristic fingerprints, which many work-
ers have shown to result from basic and abundant proteins desorbed
from bacterial cytosol or from viral membranes. Encouraging results
from these analyses indicate that ICM is a highly applicable tech-
nique for a wide range of microorganisms. 

As ionization techniques have evolved and improved, so has
the range of biomarker molecules that can be detected by MS.
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Modifications of the MALDI-TOF
method are allowing researchers to
perform intact-cell analysis.



When evaluating cellular
molecules for their suitabil-
ity as biomarkers, perhaps
the first obvious choice
would be the nucleic acids.
RNA makes up only about
10% of the dry weight of
bacteria and a few percent
of the dry weight of spores.
DNA would clearly represent
the most unique biomark-
er of each microorganism,
although the fact that there
is only one copy per cell
(without amplification)
presents an obstacle. Current
practice is therefore focused
on the characterization of
proteins, which contribute
50% of the dry weight,
distributed among as many
as 6000 molecular species
in bacteria. In avoiding the challenges of extraction, separation,
and amplification, proteins provide the most characteristic biomark-
ers available in the analysis of intact organisms using contem-
porary instrumentation.

Mapped Microbes
A wide variety of microorganisms, or rather their biomarkers, have
been identified using ICM. In 2001, Fenselau and colleagues at
the University of Maryland (College Park) generated positive and
negative ion spectra of proteins desorbed
from Helicobacter pylori 26995 cells, a strain
of the bacteria implicated in the develop-
ment of gastrointestinal ulcers (Figure 1).
The same group detected and characterized
(by their molecular masses) 9 of the 10
structural proteins in adenovirus serotype
5. They also used MALDI-TOF to character-
ize the spores of members of the Bacillus
cereus group, the soil microbe that can
cause food poisoning (Figure 2).

Initial evaluation of fungal cells and
spores and single-celled parasites has
been made by MALDI MS. In 2000, Matthew
Magnuson and colleagues at the U.S.
Environmental Protection Agency (Cincin-
nati, OH) assessed Cryptosporidium parvum,
a pathogen that can cause opportunistic
infections in immunocompromised hosts.
In 2001, Fenselau’s group observed that a
high proportion of peaks in the MALDI spectrum of Saccharomyces
cerevisiae correlated with the molecular masses of proteins predict-
ed from its genome. Investigators found that to obtain a MALDI
spectrum from these microorganisms, a lysis step, such as expo-
sure of the sample to a strong organic acid, is needed. 

From Petri Dish, Air, and Water 
Sample collection can prove challenging, as the microorganisms
might have to be amassed from environments as diverse as air,

physiological fluids, food,
and soil. The simplest and
most reproducible method
involves collecting a single
colony from bacteria
cultured on an agar plate,
which is then directly
deposited onto the sample
plate or support before
matrix is incorporated and
MALDI analysis performed.
This method enables the
introduction of a constant
amount of matrix to a
distinct sample volume,
resulting in more repro-
ducible MALDI spectra.

Analyzing airborne
microorganisms by MS is
more difficult. Several
strategies are being devel-
oped, including the direct

sampling of aerosolized vegetative bacterial cells and spores
through an atmospheric pressure inlet system in an ion trap mass
spectrometer. Several laboratories have analyzed single-particle
bioaerosols by concurrently applying the matrix and pulsing the
308-nm excimer laser along the particle’s trajectory at a set
distance. Particle impactors have also been used to concentrate
aerosol particles of selected sizes from large volumes of air in a
short period and “spray” them onto videotape. The matrix is
added, and the sample spot on the videotape is then run in to

the mass spectrometer. Although this
process does not allow for control of
sample:matrix ratios and background
contamination, it is still the closest to
commercial use. 

Combining bioaffinity surfaces with
MALDI has been effective for the concen-
tration and analysis of microorganisms in
solution. After samples of wastewater and
urine, for example, have been incubated
with the affinity surface, washing removes
salts and contaminants that remain uncom-
plexed. Exposing the affinity complex to
acid releases the antigen for direct MALDI
analysis. Antibodies, both components of
the lectin–carbohydrate binding pair, and
cell-wall binding antibiotics can all be used
for the bioaffinity surface. In 2001, A. J.
Madonna and colleagues at the Colorado
School of Mines (Golden) coated commer-

cially available magnetic beads with polyclonal antibodies raised
against Salmonella choleraesuis. Before MALDI analysis, the captured
bacteria were released from the immobilized antibodies, and the
subsequently desorbed biomarkers were characterized by MS. 

Sample Preparation
The sample preparation step is critical in optimizing the sensi-
tivity, reproducibility, and mass accuracy of MALDI analysis. Factors
such as the choice and concentration of the matrix, the organ-
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FIGURE 1: Microbe MALDI. MS spectra of proteins charged both positively
and negatively provide characterization of Helicobacter pylori. The proteins
were desorbed directly from bacteria placed on the sample plate. (Adapted
with permission from Demirev, P. A.; et al. Anal. Chem. 2001, 73, 5725–5731.)

50

25

0
4000 6000 8000 10,000

100

75

Positive ions

4308
5208

5247

5529

6061

6895
6931

7377

7682

8465

8972

9113

10,056

10,393

10,509

50

25

0
4000 6000 8000 10,000

100

75

m/z

Negative ions

4306

5419

5527

6929

7680

8322

8969

9110

9620

10,389

Re
la

ti
ve

 in
te

ns
it

y

Tools of the Trade

To perform ICM, Fenselau’s team and other
labs participating in the DARPA-funded
(U.S. Defense Advanced Research Projects
Agency) project use the Shimadzu MALDI
4, the N2 laser that rasters linearly across
the sample using a delayed extraction
pulse. More recently, Fenselau’s team has
been working with Shimadzu’s Axima
to exploit its curved field reflectron for
postsource decay. In most cases, spectra
were derived from the average of 100
consecutive laser shot traces, generated
from the beam linearly rastering across
the entire sample well.



ic solvent used, and the
sample deposition technique
can strongly influence the
spectrum profile. MALDI,
however, is tolerant to the
presence of buffers, and in
the identification of micro-
organisms, no sample clean-
up step is needed before
analysis. A cell wall disrup-
tion step might be neces-
sary, however, following
sample collection, particu-
larly for protein biomarkers.

In most cases, a strong
acid is sufficient for cell wall
disruption, being added
before or simultaneous to
the addition of the matrix
solution. Acetic, trifluo-
roacetic, or formic acids have
been used historically.
Methanol and ethanol improve the sample stability. An array of
physicochemical methods has been assessed for their ability to
enhance biomarker signals, such as corona plasma discharge,
lyophilization cycling, and ultrasonication.

Matrix composition and layering are factors worth consider-
ing when choosing the optimum matrices for detecting certain
biomarkers. In 2000, Fenselau’s group found that 2,4-dihydroxy-
benzoic acid was more appropriate for the detection of lower-
mass secondary metabolites such as cyclic lipopeptides. Protein
biomarkers are best detected using matrices composed of α-cyano-
4-hydroxycinnamic acid or sinapinic acid. 

Fenselau’s group also found that several factors, including a
topologically irregular sample, the type of matrix, the sample:matrix
ratio, laser fluence, and localized repetitive laser irradiation,
contributed to peak broadening and mass accuracy.

Instrumentation
MALDI-TOF technique is based on the irradiation of a matrix of
crystals formed by suitable small organic molecules. Typically, a
voltage of 20 kV is placed on the sample plate behind the
source, and a laser pulse forms the ions. This results in energy
transfer and desorption, producing gas-phase matrix and sample
molecule ions. A mass analyzer must then transmit the gas-phase
ions to generate a mass spectrum. In most TOF mass spectrom-
eters, the process of ion formation, separation, and detection
occurs in high vacuum. The differentiation of ions is based on
the time that it takes them to fly through the flight tube. After
acceleration, ions travel at different speeds according to their
mass/charge ratios—the larger the ion, the slower its velocity
and the longer it takes to make its trajectory.

TOF mass analyzers can interface with pulsed laser sources and
have been used to detect intact microorganisms for more than a
decade. The TOF capacity also offers the possibility of rapid analy-
sis, tandem MS, and miniaturization. In addition, the MALDI-
TOF combination favors desorption and analysis of both positive
and negative ions from the same sample. Two groups have
investigated the effect that ion mode has on the characteriza-
tion methods of intact microorganisms and found that detecting

ions of both polarities allows
a better calibration of the
biomarker ion spectra and
increased specificity.

Other types of mass
analyzers have successful-
ly been coupled with laser
desorption in the charac-
terization of microorgan-
isms, including Fourier-
transform ion cyclotron
resonance, quadrupole-TOF,
and quadrupole ion trap. 

Benefits and
Applications
The research conducted thus
far is testimony to the eager
attention ICM is receiving
from pharmaceutical compa-
nies, regulatory agencies, and
research organizations. With

the speed, sensitivity, tolerance to contaminants, and broadband
capability offered by ICM, their attention is most definitely warrant-
ed. Accessories currently in development, such as the Shimadzu-
Biotech Intact Cell MALDI software, can reduce chemical and elec-
tronic noise, enhancing reproducibility even further. In this way,
individual replicates can be combined to produce a single repre-
sentative spectrum, allowing the automatic interpretation of large
amounts of data. 

Although currently used mainly in a research and develop-
ment setting, ICM could be useful for many applications. Moni-
toring of air quality is possible with this technique for compli-
ance with workplace safety regulations and as a potential
counterterrorism measure. 

Combining MALDI MS with bioaffinity surfaces could also deter-
mine water quality. MALDI-TOF has been used to screen drugs
for bacterial contaminants and could play a similar role in food
safety testing. Monitoring biomarker ions in intact cells has also
enabled the discrimination between antibiotic-sensitive and resist-
ant strains of Staphylococcus aureus.
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FIGURE 2: Species spectra. These MALDI spectra illustrate that five species
of Bacillus spores can be characterized by their desorbed small acid soluble
proteins. (Figure courtesy of Bettina Warscheid, University of Maryland.)
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