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Resistance against �-lactam antibiotics is a growing challenge for managing severe bacterial infections. The rapid and cost-
efficient determination of �-lactam resistance is an important prerequisite for the choice of an adequate antibiotic therapy.
�-Lactam resistance is based mainly on the expression/overexpression of �-lactamases, which destroy the central �-lactam ring
of these drugs by hydrolysis. Hydrolysis corresponds to a mass shift of �18 Da, which can be easily detected by matrix-assisted
laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS). Therefore, a MALDI-TOF MS-based assay was
set up to investigate different enterobacteria for resistance against different �-lactam antibiotics: ampicillin, piperacillin, cefo-
taxime, ceftazidime, ertapenem, imipenem, and meropenem. �-Lactamases are enzymes that have a high turnover rate. There-
fore, hydrolysis can be detected by MALDI-TOF MS already after a few hours of incubation of the bacteria to be tested with the
given antibiotic. The comparison of the MS-derived data with the data from the routine procedure revealed identical classifica-
tion of the bacteria according to sensitivity and resistance. The MALDI-TOF MS-based assay delivers the results on the same day.
The approved routine procedures require at least an additional overnight incubation.

The growing number of antibiotic-resistant microorganisms is
an increasing health care problem (7). The rapid detection and

determination of the type of resistance are important prerequisites
for the adequate choice of an efficient antibiotic therapy. Resis-
tance can be based on different mechanisms. These include altered
influx/efflux systems preventing the antibiotic agents from acting
in the cells (6, 14), prevention of the interaction of the antibiotic
agent with the target by alteration of the target binding site (10),
and enzymatic modification or destruction of the activity of the
antibiotic agent (19).

A large group of antibiotics is the group of �-lactam antibiot-
ics. These comprise different antibiotics, such as penicillin deriv-
atives (e.g., ampicillin and piperacillin), cephalosporins with dif-
ferent spectra, monobactams, and carbapenems. Because of their
minimal side effects and their good physiological compatibility,
they are frequently administered. As a result, the development of
resistance against these drugs is a major problem (4). The shared
molecular structure of these antibiotics is the central �-lactam
ring. Targets of �-lactam antibiotics are the periplasmic bacterial
peptidoglycan transpeptidases (9), which are irreversibly de-
stroyed by formation of a dead-end complex impairing cell wall
synthesis. A common resistance mechanism developed by differ-
ent microorganisms is the inactivation of �-lactam antibiotics by
expression/overexpression of �-lactamases, which destroy the
�-lactam ring by hydrolysis (2, 9). The hydrolyzed form is unable
to interact with the transpeptidases and thereby is inactivated.

Usually, resistance is analyzed on the phenotypic level by disk
diffusion assays, the Etest, or automated microbiology systems
such as the Phoenix (BD Diagnostic Systems, Heidelberg, Ger-
many) or the Vitek 2 (bioMérieux, Nürtingen, Germany), which
determine the MIC by monitoring the growth of the bacteria (2,
18). Starting from a pure culture, the disk diffusion assay and Etest
take at least one work day before a result can be stated because an
overnight incubation step is required. Some automated systems

can provide an antimicrobial susceptibility test (AST) report after
a few hours. In the case of Bacteroides fragilis, it was recently shown
that the differentiation between cfiA-negative and cfiA-positive
isolates (cfiA encodes a class B metallo-beta-lactamase) was possi-
ble directly from matrix-assisted laser desorption ionization–time
of flight mass spectrometry (MALDI-TOF MS) profile spectra (13,
20). However, such a clonal differentiation of resistant and sus-
ceptible clones cannot be expected for the majority of bacteria.
Further, a novel MALDI-TOF MS-based assay for the analysis
of �-lactamase activity has been described (3, 8, 11). For the
�-lactam antibiotics, resistance can be easily monitored by
mass spectrometry because hydrolysis of the �-lactam ring by
�-lactamases results in disappearance of the original mass peak
through a molecular mass shift of �18 Da of the antibiotic agent.
In many cases, the hydrolysis is directly followed by a decarboxyl-
ation of the hydrolyzed product, resulting in a further mass shift of
�44 Da from the hydrolyzed form. Since mass spectrometry is de-
signed to determine such mass differences of molecules, a
MALDI-TOF MS-based assay was set up to analyze the hydrolysis
reactions of different �-lactam antibiotics.
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MATERIALS AND METHODS
Bacterial strains and cultivation. Escherichia coli strain DH5� (ATCC,
Germany) was used as a �-lactamase-negative control strain. Clinical
isolates of E. coli (Max von Pettenkofer-Institute, Munich, Germany) clas-
sified by standard methods as �-lactamase-producing strains were em-
ployed as positive controls (5 strains). The extended-spectrum �-lacta-
mase (ESBL) phenotype indicated by automated microbiology systems
(Phoenix and Vitek) was further corroborated by a confirmatory ESBL
test using the Oxoid combination disk method (5). Clinical isolates of
Klebsiella pneumoniae (Max von Pettenkofer-Institute) classified as
carbapenemase-nonproducing or -producing strains by standard labora-
tory methods (e.g., Hodge test) as well as by PCR (kpc gene) were used as
negative (1 strain) or positive (2 strains) controls, respectively. See the
supplemental material for a detailed characterization of the isolates.

Bacteria were cultivated on Columbia blood agar plates (Heipha, Ger-
many) without selective agents overnight at 37°C. Fresh overnight cul-
tures were employed for the tests.

Hydrolysis assay with plated microorganisms. Ampicillin (Sigma-
Aldrich, Germany; 10 mg/ml in H2O), piperacillin (Sigma-Aldrich, Ger-
many; 1 mg/ml in H2O), ceftazidime (Sigma-Aldrich, Germany; 0.25
mg/ml in 10 mM ammonium hydrogen citrate, pH 7.0 [Fluka, Ger-
many]), cefotaxime (Sigma-Aldrich, Germany; 0.5 mg/ml in H2O), imi-
penem (Sigma-Aldrich, Germany; 0.5 mg/ml in 10 mM ammonium hy-
drogen citrate, pH 7.0 [Fluka, Germany]), ertapenem (MSD, Munich,
Germany; 0.5 mg/ml in 10 mM ammonium hydrogen citrate, pH 7.0
[Fluka, Germany]), and meropenem (AstraZeneca, Wedel, Germany; 0.5
mg/ml in 10 mM ammonium hydrogen citrate, pH 7.0 [Fluka, Germany])
were tested with the different E. coli strains and the different K. pneu-
moniae strains. For inhibition of hydrolysis, the tests were performed in
the presence of clavulanic acid (Sigma, Germany; 0.05 mg/ml), tazobac-
tam (Sigma, Germany; 0.05 mg/ml), or 3-aminophenylboronic acid
(APBA) (Aldrich, Germany; 2 mg/ml). The amount of bacteria filling a
1-�l inoculation loop was resuspended in 10 �l of the antibiotic solution
and incubated at 37°C under agitation for 3 h or for the indicated time.
Subsequently, the tubes were centrifuged for 2 min at 13,000 � g at room
temperature. The cell-free supernatant was analyzed by MALDI-TOF MS.

Preparation of cells for hydrolysis assay from fresh blood cultures.
Blood culture bottles (BD Bactec Plus� Aerobic/F; Becton Dickinson,
Germany) were inoculated with a carbapenemase-sensitive K. pneu-
moniae strain and two carbapenemase-resistant K. pneumoniae strains. Incu-
bation was performed in a Bactec blood culture instrument (Becton Dickin-
son, Heidelberg, Germany) until the culture was flagged as positive. One
milliliter of blood culture fluid was taken from the culture bottle with a sy-
ringe, and cells were isolated using the MALDI Sepsityper kit (Bruker Dal-
tonik GmbH, Germany). Briefly, the blood cells were lysed with solution 1�.
After centrifugation, the cells were washed with washing solution once and
subsequently washed with water-ethanol. The last steps of the protocol were
modified. Washing with the washing solution from the Sepsityper kit was
performed twice instead of once. Subsequently, the isolated bacteria were
directly resuspended in 10 �l of the antibiotic solution instead of water-
ethanol as advised in the kit manual. The following incubation and prepara-
tion were performed as described above.

MALDI-TOF MS analysis. One microliter of the supernatant from the
hydrolysis assay was directly spotted onto a polished steel MALDI target plate.
Dried spots were overlaid with MALDI matrix (10 mg/ml of �-cyano-4-
hydroxy-cinnamic acid [�-HCCA] in 50% acetonitrile–2.5% trifluoroacetic
acid; Bruker Daltonik, Bremen, Germany). After drying of the matrix,
MALDI-TOF MS measurements were performed with a Microflex LT bench-
top mass spectrometer (Bruker Daltonik GmbH, Germany) equipped with a
60-Hz nitrogen laser. Parameter settings have been optimized for the low
mass range (ion source 1 [IS1], 20 kV; IS2, 17.5 kV; lens, 6.5 kV; detector gain,
2,650 V; gating, none). Spectra were recorded in the positive linear mode in
the mass range of 100 Da to 1,000 Da with the maximum laser frequency. For
calibration, an external standard consisting of bradykinin(1-5) (Sigma-
Aldrich, Germany) and bradykinin(1-7) (Sigma-Aldrich, Germany) was pre-

pared in the same way as the antibiotic samples. The HCCA peaks [M � H]�

at 190.05 Da and [2 M � H]� at 379.02 Da, the bradykinin(1-5) peak [M �
H]� at 573.31 Da, and the bradykinin(1-7) peak [M � H]� at 757.40 Da were
employed for calibration.

Data analysis. The acquired MALDI-TOF MS spectra were analyzed
with the software Flexanalysis 3.3 (Bruker Daltonik GmbH, Germany).
Spectra were smoothed (algorithm, SavitzkyGolay; width, 0.2 m/z; cycles,
1) and baseline subtracted (algorithm, TopHat). Peaks were manually
selected with the following parameter settings: peak detection algorithm,
centroid; signal-to-noise threshold, 2; relative intensity threshold, 0%;
minimum intensity threshold, 100; peak width, 0.2 m/z; height, 80%;
baseline subtraction, TopHat. Only peaks belonging to the corresponding
antibiotic drug and the respective degradation products were labeled.
Since no automated data evaluation was available at this time, the classi-
fication of susceptible, intermediate, and resistant was done by estima-
tion. For this, the peak intensities of the nonhydrolyzed forms were com-
pared to the intensities of the hydrolyzed forms. Strains were classified as
presumably susceptible if the intensity distributions of the nonhydrolyzed
and the hydrolyzed forms were similar to those for the negative control.
Strains were classified as resistant if the intensities of the hydrolyzed forms
represented 80% or more of the intensities of the nonhydrolyzed and the
hydrolyzed forms. Strains showing an intensity distribution between that
of the negative control and the 80% distribution were appraised as pre-
sumably intermediate. The number of analyzed strains was not sufficient
to draw more precise cutoffs.

Routine assay. The MICs of the antibiotics were determined by em-
ploying the Epsilometer test. In brief, Etest strips (bioMérieux, Nürtingen,
Germany) were placed on 85-mm Mueller-Hinton agar plates (BD Diag-
nostics Systems) which had been inoculated with 0.5 McFarland standard
suspensions of test isolates. All plates were incubated at 35°C for 20 to 24
h before being examined. The MIC was determined to be the value at
which the elliptical growth margin intersected the Etest strip. The evalu-
ation of resistance was performed according to the current CLSI guideline
M100-S21 for aerobic bacteria (5a).

RESULTS
Analysis of penicillin derivatives with different E. coli strains.
The MS spectrum corresponding to the supernatant derived from
E. coli DH5� after incubation with ampicillin for 3 h revealed the
molecular peak of ampicillin [M � H]� at 350.1 Da and the cor-
responding sodium adducts [M � Na]� at 372.1 Da and [M �
2Na]� at 394.1 Da. In contrast, the spectra of the supernatants of the
�-lactamase-producing strains revealed clearly decreased intensities
of the molecular peak of ampicillin and the corresponding adducts.
Additional peaks at 367.9, 389.9, 411.8, and 324.0 Da appeared to
correspond to the hydrolyzed form of ampicillin, its sodium adducts,
and the hydrolyzed, decarboxylated form of ampicillin, respectively.
The different ampicillin forms and the appropriate masses are listed
in Table 1. Comparison of the spectra revealed a slight spontaneous
hydrolysis of ampicillin also for E. coli DH5�. Performing the hydro-
lysis assay with �-lactamase-producing E. coli strains in the presence
of the �-lactamase inhibitor clavulanic acid demonstrated the inhi-
bition of hydrolysis and the conservation of the nonhydrolyzed forms
of ampicillin. Figure 1 shows representative spectra of the hydrolysis
and the inhibition of hydrolysis of ampicillin for the ampicillin-
sensitive E. coli strain DH5� and an ampicillin-resistant strain, re-
spectively. Except for the control strain E. coli DH5�, all E. coli strains
tested showed resistance against the penicillin derivative ampicillin.
The K. pneumoniae control strain 32199 showed intermediate hydro-
lysis behavior. The other K. pneumoniae strains showed the resistance
pattern.

Comparable results were achieved for the hydrolysis of pipera-
cillin and the inhibition of hydrolysis by the �-lactamase inhibitor
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tazobactam. In contrast to ampicillin, piperacillin more strongly
tends to form sodium adducts, resulting in an almost undetectable
molecular peak [M � H]� for piperacillin (517.9 Da) and in the
[M � Na]� peak (539.9 Da) as the main form detected for the
nonhydrolyzed forms. Incubation of piperacillin with �-lacta-
mase-producing strains resulted in the detection of the hydro-
lyzed forms [Mhydr. � H]� at 535.9 Da, [Mhydr. � Na]� at 557.9
Da, and [Mhydr. � 2Na]� at 557.9 Da. Compared to ampicillin, the
hydrolyzed form of piperacillin seems to be more stable, and only
a very small peak for the hydrolyzed decarboxylated form [Mhydr./

decarb. � H]� at 492.0 Da was detectable. Again, a spontaneous
hydrolysis was also observed for the control strain E. coli DH5�
and in the inhibition setups employing tazobactam (Fig. 2). Table
1 gives a summary of the peaks and the corresponding molecular
structures. The analysis results for the different strains tested are
listed in Table 2. Additionally, the corresponding results of the
routine assay are shown. For ampicillin, no difference was ob-
served between the MALDI-TOF MS analysis and the routine
Etest. Similar results were obtained for piperacillin and the inhi-
bition of its hydrolysis by tazobactam by the two different meth-
ods. An exception was observed for one E. coli strain, which was
classified as “presumptive intermediate” by MALDI-TOF MS and
“resistant” by the routine procedure, and for the K. pneumoniae
control strain which was classified as “presumably intermediate”
by MALDI-TOF MS and “sensitive” by the Etest.

Analysis of cephalosporins with different E. coli and K.
pneumoniae strains. The hydrolysis of the cephalosporins cefo-
taxime and ceftazidime by different E. coli and K. pneumoniae
strains was analyzed. The molecular peak of cefotaxime ([M �
H]� 456.1 Da) was detectable in the spectrum derived from E. coli
DH5�. For cefotaxime, no sodium adducts were found in the
spectra. Analyzing the lower mass range of the spectra revealed
that cefotaxime seems to be very labile under MALDI-TOF con-
ditions. At the distance of �60 Da, a peak was observed at 396.0
Da, corresponding to the elimination of the acetyl group of cefo-
taxime. Additionally, a small peak at �18 Da (414.1 Da) from the
deacetylated form was detectable, indicating a slight spontaneous
hydrolysis of the deacetylated form. Incubation of cefotaxime
with resistant strains resulted in the disappearance of the molec-
ular peak at 456.1 Da, but no hydrolysis product of the whole
cefotaxime corresponding to a peak of �18 Da (474.1 Da) could
be observed. Two additional peaks at 445.0 Da and 460.9 Da ap-
peared in the spectra derived from the cephalosporin-resistant
bacteria. The corresponding molecular structures have not been
identified so far. Further, all spectra derived from resistant bacte-
ria revealed a clear disappearance of the peak at 396.0 Da (the
deacetylated, nonhydrolyzed form) and an increase of the peak at
414 Da corresponding to the hydrolyzed, deacetylated form of
cefotaxime. An additional peak at 369.9 Da was observed, which
represents the deacetylated, hydrolyzed, and decarboxylated form
of cefotaxime. Inhibition of hydrolysis of cefotaxime was per-
formed in the presence of clavulanate. The peaks at 369.9 Da,
445.0 Da, and 460.9 Da, which are products/indicators of hydro-
lysis, disappeared or were clearly reduced. In contrast, the peaks at
456.1 Da and 396.1 Da were detectable again. Representative spec-
tra are shown in Fig. 3A to C. The different forms of cefotaxime
and the corresponding masses are listed in Table 1. Considering
the observed peak pattern, a clear differentiation between
cefotaxime-resistant and -sensitive bacteria was possible. The re-
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sults obtained by MALDI-TOF MS were concordant with the re-
sults obtained by the Etest (Table 2).

The analysis of ceftazidime ([M � H]� 547.6 Da) after incu-
bation with sensitive and resistant bacteria revealed similar results
(Fig. 3D to F). After incubation of ceftazidime with sensitive bac-
teria, only the molecular peak of ceftazidime (547.7 Da), and no
sodium adducts, was detectable. In the lower mass range at a dis-
tance of �79 Da, a peak at 468.7 Da was visible, corresponding to
the elimination of the pyridine ring of ceftazidime. After incuba-
tion of ceftazidime with resistant bacteria, no hydrolysis product
of the complete ceftazidime molecule could be detected, but hy-
drolysis of the pyridine-eliminated molecule was detectable at
[M � H]� 486.6 Da. Further, the additional elimination of the
carboxyl group (�44 Da of the pyridine-eliminated, hydrolyzed
form) was detectable at [M � H]� 442.6 Da. Inhibition of the
�-lactamase activity by clavulanic acid resulted in the preservation
of the peaks at 468.7 Da and 547.7 Da. Table 1 gives a summary of
the different forms of ceftazidime and the corresponding masses.
From the characteristic peak pattern, a differentiation between
ceftazidime-sensitive and ceftazidime-resistant bacteria was pos-
sible. The comparison of the results obtained with the MALDI-

TOF MS measurements with the results obtained with the ap-
proved routine method revealed an almost complete match
(Table 2). An exception was observed for one E. coli strain, which
was classified as “resistant” by MALDI-TOF MS and as “interme-
diate” by the Etest.

Analysis of carbapenems with different K. pneumoniae
strains. The hydrolysis of the carbapenems ertapenem, mero-
penem, and imipenem by different K. pneumoniae strains was
investigated. After incubation of ertapenem ([M � H]� 476.5 Da)
with a carbapenem-sensitive strain, the molecular peak at 476.8
Da and different adduct peaks were detectable. The main peak of
the spectrum at 498.7 Da corresponds to the single sodium adduct
of ertapenem. The peaks at 514.7 Da, 520.7 Da, 536.8 Da, and
542.7 Da correspond to [M � K]�, [M � 2Na]�, [M � Na � K]�,
and [M � 3Na]�, respectively. Carbapenem-resistant K. pneu-
moniae strains completely hydrolyzed ertapenem. The resulting peak
pattern corresponds to the hydrolyzed form [Mhydr. � H]� at 494.7
Da, the hydrolyzed sodium adduct [Mhydr. � Na]� at 516.6 Da, the
hydrolyzed double sodium adduct [Mhydr. � 2Na]� at 538.7 Da, the
hydrolyzed, decarboxylated form [Mhydr./decarb. � H]� at 450.7, its
sodium adduct [Mhydr./decarb. � Na]� at 472 Da, and the hydrolyzed,

FIG 1 (A and B) MALDI-TOF MS spectra of ampicillin after incubation with the �-lactamase-negative E. coli strain DH5� (A) and a �-lactamase-producing
strain (B). (C) Inhibition of hydrolysis by a �-lactamase-producing strains was performed in the presence of clavulanic acid. Peaks corresponding to the
nonhydrolyzed form of ampicillin are highlighted in gray. Peaks corresponding to the hydrolyzed form of ampicillin are indicated with an arrow.
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decarboxylated potassium adduct [Mhydr./decarb. � K]� at 488 Da
(Fig. 4A and B). The completely different peak patterns resulting
from carbapenem-sensitive and carbapenem-resistant strains facili-
tated the unambiguous identification of carbapenemase-positive
strains (Table 1). Analysis of the strains with the approved routine
Etest revealed an identical evaluation (Table 2). Inhibition of the car-
bapenemase activity was demonstrated by performing the assay in the
presence of APBA (Fig. 4C).

The incubation of meropenem in the presence of a
carbapenemase-sensitive strain resulted in the detection of the mo-
lecular peak [M � H]� at 384.5 Da and the sodium adducts [M �
Na]� at 406.5 Da and [M � 2Na]� at 428.5 Da (Table 1). Additional
peaks at 401.4 Da and 423.4 Da could not be assigned to a known
molecular structure of meropenem (Fig. 4D). After incubation of
meropenem with carbapenemase-resistant K. pneumoniae strains,
the peaks corresponding to the nonhydrolyzed forms of meropenem
disappeared, but no hydrolysis products (expected [Mhydr. � H]� at
402.5 Da, [Mhydr. � Na]� at 424.5 Da, and [Mhydr. � 2Na]� at 446.5
Da) were detectable under the conditions employed (Fig. 4E). For
meropenem, the disappearance of the molecular peaks at [M � H]�

384.5 Da, [M � Na]� 406.5 Da, and [M � 2Na]� 428.5 Da correlates
with the presence of a carbapenem-resistant bacterial strain. Apply-

ing this criterion, the MALDI-TOF MS-based evaluation matched
the results of the approved routine assay (Table 2). The inhibition set
up with APBA conserved the sensitivity pattern, verifying the pres-
ence of a carbapenemase (Fig. 4F).

Incubation of imipenem in the presence of a K. pneumoniae
carbapenemase-sensitive strain resulted in a spectrum containing
only the molecular peak for imipenem ([M � H]� 300.4 Da)
(Table 1). No further salt adducts were detectable. After hydrolysis
by carbapenemase-positive strains, this peak disappeared, and no
additional peaks appeared under the conditions employed (ex-
pected [Mhydr. � H]� at 318.4 Da). Also, the lower mass range did
not contain any peaks corresponding to a fragment of the hydro-
lyzed form of imipenem (Fig. 4G and H). The presence of a car-
bapenemase was confirmed by the inhibition of the hydrolysis
reaction by APBA (Fig. 4I). Similar to the case for meropenem, the
identification of carbapenemase-positive strains was based only
on the disappearance of the molecular peak of imipenem.
Nevertheless, the MALDI-TOF MS-based assay and the Etest de-
livered the same classification of carbapenemase-negative and
carbapenemase-positive strains (Table 2).

Identification of carbapenemase-positive K. pneumoniae
strains from fresh positive blood cultures. The rapid detection of

FIG 2 (A and B) MALDI-TOF MS spectra of piperacillin after incubation with the �-lactamase-negative E. coli strain DH5� (A) and a �-lactamase-producing
strain (B). (C) Inhibition of hydrolysis by a �-lactamase-producing strains was performed in the presence of tazobactam. Peaks corresponding to the nonhy-
drolyzed form of piperacillin are highlighted in gray. Peaks corresponding to the hydrolyzed form of piperacillin are indicated with an arrow.
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�-lactam-resistant bacteria from positive blood cultures is an im-
portant issue because the decision for an adequate therapy is ur-
gently needed for patients with sepsis. The hydrolysis of erta-
penem by different K. pneumoniae strains derived from positive
blood cultures was investigated. In the case of a resistant K. pneu-
moniae strain, the amount of bacteria isolated from 1 ml of fresh
blood culture was sufficient for hydrolyzing ertapenem within 3 h
of incubation. Figure 5A to C represent the spectra derived from
the incubation of ertapenem with a carbapenem-sensitive K.
pneumoniae strain and two carbapenem-resistant K. pneumoniae
strains isolated from a fresh blood culture, respectively. The char-
acteristic peak pattern, which was described above for the discrim-
ination of carbapenemase-positive and carbapenemase-negative
plated bacteria, was also found for bacteria from fresh positive
blood cultures. An exception was the peak at 450.5 Da, which was
detectable in all spectra. This peak corresponds to the mass of the
hydrolyzed, decarboxylated form of ertapenem. In the case of the
isolation of bacteria from fresh positive blood cultures, the spec-
trum of the carbapenem-sensitive strain also comprised a peak at
this mass position. Therefore, it was not considered for the classi-
fication of spectra derived from blood cultures. The spectrum of
the sensitive strain comprises the [M � H]� molecular peak of

ertapenem at 476.6. Da and the corresponding adduct peaks at
498.7, 514.6, 520.6, 536.7, and 542.6 Da for the single sodium
adduct, the single potassium adduct, the double sodium adduct,
the potassium sodium adduct, and the triple sodium adduct, re-
spectively. These peaks were not detectable in the spectra derived
from carbapenem-resistant bacteria. In contrast, the peaks repre-
senting the different hydrolysis products were found at 472.6,
488.6, 494.7, 516.6, 538.7, and 554.7 Da, corresponding to the
hydrolyzed decarboxylated sodium adduct, the hydrolyzed decar-
boxylated potassium adduct, the hydrolyzed product, the hydro-
lyzed single sodium adduct, the hydrolyzed double sodium ad-
duct, and the hydrolyzed potassium sodium adduct, respectively.
The peak at m/z 450.5 Da in spectra from positive blood cultures
probably resembles an unspecific background signal derived from
the blood culture.

DISCUSSION

The MALDI-TOF MS-based analysis of bacteria according to their
presumable resistance/susceptibility against �-lactam antibiotics
is a novel approach, which has recently been applied for the anal-
ysis of the hydrolysis of ampicillin, ertapenem, and meropenem by
different bacterial strains (3, 8, 11). In contrast to the approved

FIG 3 MALDI-TOF MS spectra of cefotaxime (A to C) and ceftazidime (D to F) after incubation with the �-lactamase-negative E. coli strain DH5� (A and D)
and a �-lactamase producing strain (B and E). Inhibition of hydrolysis by a �-lactamase-producing strains was performed in the presence of clavulanic acid (C
and F). Peaks corresponding to the nonhydrolyzed form of the respective antibiotic are highlighted in gray. Peaks corresponding to the hydrolyzed form of the
respective antibiotic are indicated with an arrow.
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routine assays, which determine the bacterial growth in relation to
the exposure to the antibiotic, the MALDI-TOF MS-based ap-
proach directly analyzes the underlying enzymatic reaction of the
�-lactamase on the molecular level. Therefore, this assay is much
faster, and interpreted results are already available after about 4 h.
The results of the hydrolysis of the carbapenems demonstrate that
this time can be reduced. The optimal incubation time will have to
be determined after standardization of the assay. Preliminary ex-
perience indicates that an incubation time of 1 h might be suffi-
cient, delivering interpreted results already after 2 h. A prerequi-
site for the applicability of this assay is the presence of a
�-lactamase, which is responsible for the resistance. Other mech-
anisms, such as changed porins or upregulation of the efflux
pumps, are not detected.

The measurements of the small antibiotic molecules required
an optimization of the instrument settings to obtain sufficient
resolution and sensitivity. For calibration of the spectra, a special
calibration standard was developed to cover the mass range of
interest. Here, it has to be considered that during the MALDI
process a proton is added to the molecules, resulting in an increase
of the molecular mass by 1 Da. The large deviation of the observed
mass of meropenem (382.975 Da) and its adducts from the ex-
pected mass (meropenem [M � H]� � 384.5 Da), found by Hra-
bak et al. (8), might be explained by insufficient calibration. The

data of Burckhardt and Zimmermann (3) also showed poor cali-
bration, which might be due to the one-point calibration employ-
ing the matrix peak at 379 Da, which is located outside the mass
range of interest (ertapenem mass [M � H]� 476.5 Da). The exact
calibration of the mass spectrometer applied in this study enabled
a measurement with a mass accuracy of less than 0.5 Da.

Our data demonstrate that this approach is applicable for the
analysis of different classes of �-lactam antibiotics and �-lacta-
mase inhibitors. The hydrolysis of the central �-lactam rings of the
�-lactam antibiotics leads to a molecular mass shift of �18 Da,
which is a huge mass difference in the mass range of the antibiotics
and can be easily detected by mass spectrometry. Further molec-
ular reactions can lead to additional defined molecular mass peaks
specific for the respective antibiotic. Depending on the antibiotic
drug, different molecular forms and adduct formations are detect-
able in the spectra. The minimal change in the mass spectrum after
hydrolysis of a �-lactam antibiotic was the disappearance of the
molecular peak and its salt adducts. On the other hand, to make
the analysis more reliable, it is preferable not only to monitor the
disappearance of a mass peak but also to observe the correspond-
ing products which are generated through hydrolysis or by subse-
quent reactions.

For the penicillin derivatives ampicillin and piperacillin, the
single sodium adducts (�22 Da, through replacement of a proton

FIG 4 MALDI-TOF MS analysis of carbapenems after incubation with a carbapenem-sensitive K. pneumoniae strain (A, D, and G), with a carbapenem-resistant
K. pneumoniae strain (B, E, and H), and with a carbapenem-resistant strain in the presence of the carbapenemase inhibitor APBA (C, F, and I). (A, B, and C)
Conversion of ertapenem. (D, E, and F) Reaction of meropenem. (G, H, and I) Disappearance of the molecular peak of imipenem after incubation with a
carbapenemase-resistant K. pneumoniae strain and the conservation of this peak in the presence of APBA. Incubation times were 20 min for ertapenem, 15 min
for meropenem, and 10 min for imipenem. Peaks corresponding to the nonhydrolyzed form of the respective antibiotic are highlighted in gray. Peaks corre-
sponding to the hydrolyzed forms of the respective antibiotic are indicated with an arrow.
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[�1 Da] by sodium [�23 Da]) and the double sodium adducts
(�44 Da) of both the molecular peak and the hydrolyzed form
were detected. The hydrolyzed form of ampicillin was labile and
tended to decarboxylate, resulting in a mass shift of �44 Da cal-
culated from the mass of the hydrolysis product. The decarboxy-
lated form did not form any sodium adducts. The corresponding
peak of the hydrolyzed, decarboxylated form of piperacillin was
very small. In the case of the cephalosporins, the adduct formation
was weak (cefotaxime) or not detectable (ceftazidime). Further,
the molecular structures of the cephalosporins were not stable
under the MALDI-TOF MS conditions used, resulting in a partial
elimination of an acetyl group and a pyridine group for cefo-
taxime and ceftazidime, respectively. The hydrolysis products of
the cephalosporin immediately eliminated the mentioned groups.
The resulting fragments did not form any salt adducts but tended
to eliminate a carboxyl group, detectable by a mass shift of �44

Da. The carbapenem ertapenem showed spectra comparable to
those of the penicillin derivatives. In contrast to the penicillin
derivatives, ertapenem also formed potassium and sodium/potas-
sium adducts. After hydrolysis, ertapenem formed single sodium
and double sodium adducts. The hydrolyzed form of ertapenem
showed strong decarboxylation and subsequent single sodium
and potassium adduct formation. Imipenem did not form any
adducts, resulting in the detection only of the molecular peak after
incubation with carbapenem-sensitive bacteria. The incubation
with carbapenem-resistant bacteria led to the complete disappear-
ance of any imipenem-derived peak. The reason for this could be
that the hydrolysis products were very labile, and/or the hydrolysis
products and the resulting fragments might be difficult to be ion-
ized, which is a prerequisite for MALDI-TOF MS. Further, the
hydrolysis products and possible fragments might bind the cellu-
lar structures and therefore not be detectable in the cellular super-

FIG 5 MALDI-TOF MS spectra after incubation of ertapenem with different K. pneumoniae strains isolated from fresh blood cultures. (A) Carbapenem-
sensitive strain. (B and C) Carbapenem-resistant strains. Peaks representing the nonhydrolyzed form of the respective antibiotic are highlighted in gray. Peaks
corresponding to the hydrolyzed forms of the respective antibiotic are indicated with an arrow.
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natant. Similar results were obtained for meropenem under the
conditions used. In contrast to that of imipenem, the molecular
structure of meropenem formed single and double sodium ad-
ducts. These findings are in concordance with recently published
data (8).

The interpretation and evaluation of the spectra require expert
knowledge, but after the assignment of peaks and the definition of
a sensitivity pattern and a resistance pattern, classification of bac-
teria becomes quite easy. Additional efforts to suppress the strong
adduct formation could further improve the assay, because these
adducts reduce the sensitivity of the measurements and result in
complex spectra.

For standardization and automation of assay evaluation, dif-
ferent approaches depending on the molecular products appear-
ing after hydrolysis of the �-lactam ring might be useful. For the
detection of ampicillin-resistant strains, the quotient of the sum of
all peak areas belonging to the nonhydrolyzed forms and of the
sum of all peak areas belonging to the hydrolyzed forms was �1
for all sensitive strains and �1 for all resistant strains (data not
shown). For imipenem and meropenem this evaluation approach
was not applicable because no hydrolysis products could be de-
tected. Another approach for standardization might be the quan-
titation of the nonhydrolyzed and hydrolyzed forms by employing
a spiked standard and the subsequent determination of a calibra-
tion equation (1).

Comparison of the classification results obtained by the
MALDI-TOF MS-based approach and the approved routine
method revealed identical results. The concentrations necessary
for the MALDI-TOF MS detection are about 1,000-fold above the
concentrations used for the routine assay. Nevertheless, this has
no impact on the classification results. The reason for this might
be that the amount of antibiotic per bacterial cell is important and
not the absolute concentration. The routine assay usually employs
about 104 cells per plate. For the MALDI-TOF MS-based assay, at
least 107 cells per 10 �l were used (the exact cell numbers have not
been determined). Further, it is not necessary for the MALDI-
TOF MS-based assay that the cells stay alive, as long as the
�-lactamase is active.

Verification and classification of �-lactam resistance are usu-
ally done by the inhibition of growth of resistant bacteria caused
by the �-lactamase inhibitors. The format of the MALDI-TOF
MS assay allowed for the simple testing of inhibition of the
�-lactamase activity. Inhibition of ESBL activity was demon-
strated for the antibiotic/inhibitor combinations ampicillin/cla-
vulanic acid, piperacillin/tazobactam, cefotaxime/clavulanic acid,
and ceftazidime/clavulanic acid. Using the respective antibiotic/
inhibitor combinations, the described sensitivity patterns of the
corresponding antibiotics were observed for resistant bacteria.
Thereby, the presence of a �-lactamase of the ESBL type was con-
firmed. Inhibition of carbapenemases was performed with APBA.
The use of the combinations ertapenem/APBA, imipenem/APBA,
and meropenem/APBA inhibited the hydrolysis of ertapenem,
imipenem, and meropenem by carbapenem-resistant bacteria, re-
spectively.

Additionally, the MALDI-TOF MS-based assay was also appli-
cable for the detection of resistant cells from fresh positive blood
cultures. After an optimized isolation of the bacterial cells from
the blood culture, the hydrolysis of ertapenem by carbapenem-
resistant bacteria was shown. In contrast to the spectra derived
from plated bacteria, the spectra derived from carbapenem-

sensitive K. pneumoniae strains from blood cultures comprised a
peak at 450 Da. A peak at this position also appeared in the resis-
tance pattern. No other peaks belonging to the resistance pattern
were detected. Therefore, it can be assumed that the peak at 450
Da in the spectrum from a blood culture-derived analysis was a
contamination from the blood culture and should not be consid-
ered for classification. This has to be kept in mind when an algo-
rithm for automated data analysis is created. Especially, for posi-
tive blood cultures it is very important to quickly identify the
microorganisms and to get information about possible resis-
tances. MALDI-TOF MS provides quick identification (12, 15–
17), and the MALDI-TOF MS-based resistance assay facilitates the
rapid detection of �-lactamase-mediated resistance. Using the re-
spective antibiotics/inhibitor combinations, differentiation and
confirmation of the underlying �-lactamase also are possible. This
will support the early start of an appropriate antibiotic therapy.

The MALDI-TOF MS-based �-lactamase assay might also be
useful in the pharmaceutical area. Since the incubation time is
drastically reduced, results regarding �-lactamase activity are
available after a few hours. Therefore, this assay may speed up the
development of novel �-lactam antibiotics and �-lactamase in-
hibitors and may save costs.

Further validation of this MALDI-TOF MS-based resistance
assay will be necessary before it is applied for diagnostic use. Par-
ticularly, different bacterial species with different types of
�-lactamases should be investigated. Additionally, strains with
only low expression levels of �-lactamase have to be investigated,
and the classification results should be carefully compared with
the results of the approved routine procedures.
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