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Infections caused by antibiotic-resistant bacteria 
are becoming increasingly common worldwide, 
and patients infected with multidrug-resistant 
(MDR) bacteria have longer hospital stays and 
increased morbidity and mortality compared 
with patients infected with susceptible bacteria 
[1–5]. An important risk factor for these poor 
outcomes is the delayed institution of appropri-
ate antibiotic therapy and there is great interest 
in the development of rapid assays to identify 
resistant bacteria [6]. Nucleic acid amplified tests 
(NAATs) targeting genes that confer resistance 
and immunoassays targeting gene products are 
available for the detection of nearly all MDR 
Gram-positive bacteria, such as methicillin-
resistant Staphylococcus aureus, and their use can 
decrease the time needed to identify methicillin-
resistant S. aureus infections and colonization 
leading to improved patient outcomes and 
infection control measures, respectively [7–9]. 

Resistance in Gram-negative rods (GNRs) is 
more complex. b-lactam antibiotics (e.g., peni-
cillins, cephalosporins, carbapenems and mono-
bactams) are the mainstay of empiric therapy for 
infections caused by Gram-negative pathogens, 

and resistance to b-lactams most commonly 
arises from the expression of b-lactamase 
enzymes capable of hydrolyzing and inactivating 
b-lactam antibiotics [10,11]. Among b-lactams, 
carbapenems are most resistant to b-lactamases 
hydrolysis, but carbapenemases capable of 
degrading all b-lactam antibiotics are endemic 
in regions of the USA and throughout the world 
[12,13]. The great genetic and enzymatic diversity 
among GNR-expressed b-lactamases has limited 
the development of rapid tests capable of iden-
tifying carbapenemase-producing organisms to 
better direct therapeutic and infection-control 
interventions. Some clinical microbiology labo-
ratories use NAATs for the detection of Klebsiella 
pneumoniae carbapenemase (KPC), but this 
approach fails to detect other classes of clinically 
significant carbapenemases, for example, NDM, 
IMP, VIM and so on [14–17]. Additionally, the 
modified Hodge test (MHT) may detect expres-
sion of functional carbapenemases and is used by 
some laboratories. However, it adds significant 
time (24–48 h) to detection and is recommended 
only for the detection of KPC by the CDC. For 
these reasons, phenotypic methods that require 
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monitoring bacterial growth in the presence of an 
antibiotic remain the standard of care, but they 
can take up to 18 h after bacterial isolation, dur-
ing which time patients may be on inappropriate 
cephalosporin or carbapenem therapy.

The ideal assay for identifying carbapenemase-
producing MDR GNRs would be both rapid and 
able to detect carbapenem hydrolysis mediated 
by multiple enzyme classes. All b-lactamases 
hydrolyze the b-lactam ring leading to the addi-
tion of H

2
O, adding 18 Da to the molecular 

weight of the compound. MALDI-TOF-MS has 
recently been shown to detect b-lactamase and 
carbapenemase activity from bacteria suspended 
in saline and one LC–MS/MS assay for b-lacta-
mase activity has been described for ampicillin 
[18–22]. We hypothesized that LC–MS/MS, with 
its excellent analytical sensitivity and proven util-
ity for small-molecule detection, could reliably 
detect carbapenemase activity by monitoring for 
the appearance of the hydrolyzed metabolite of a 
carbapenem antibiotic from a complex biological 
matrix. Hydrolysis of each carbapenem depends 
on the relative concentrations of enzyme, drug 
and the corresponding Michaelis–Menten con-
stant, K

m
. Although the use of a cocktail of mul-

tiple carbapenem antibiotics as a substrate in the 
assay is attractive, the presence of multiple sub-
strates for the carbapenemases in the assay will 
lead to competition for enzyme binding. This 
will cause incomplete and/or inconsistent hydro-
lysis and complications in data interpretation. 
Therefore, we focused on optimizing the LC and 
MS/MS conditions, and used ertapenem to illus-
trate detection of carbapenemase activity from 
bacterial isolates suspended in growth media.

Experimental
�� Materials & reagents

Columbia blood agar, MacConkey agar, Muel-
ler-Hinton agar and tryptic soy broth (TSB) 
were obtained from Remel (KS, USA). Disks 
were also from Remel. Formic acid and acetoni-
trile were purchased from Sigma-Aldrich (MO, 
USA). A collection of clinical Enterobacteria-
ceae isolates (Yale-New Haven Hospital, CT, 
USA) and type strains from the American Type 
Culture Collection (ATCC; VA, USA) were 
acquired through appropriate material transfer 
agreements. The clinical strains were selected 
based on their resistance to carbapenem and/or 
extended spectrum cephalosporin antibiotics.

Ertapenem was obtained from the Yale-New 
Haven Hospital pharmacy, reconstituted as 
directed, frozen in aliquots at -70°C, individually 

thawed as needed, and diluted to the indicated 
concentration in TSB. Hydrolyzed ertapenem was 
generated by incubating ertapenem (500 µg/ml) 
with KPC-positive Klebsiella pneumoniae isolate 
ATCC-1705 overnight at 37°C. Complete hydro-
lysis was confirmed by LC–MS/MS. Pure anti-
biotic solutions were used to set-up and optimize 
LC–MS/MS parameters, and proof-of-principle 
experiments were conducted with KPC-produc-
ing (ATCC 1705) and KPC-negative (ATCC 
1706) K. pneumoniae reference strains. Ion-
suppression effects by the matrix (TSB) were 
performed by directly infusing ertapenem and 
hydrolyzed ertapenem at a flow rate of 20 µl/min 
and 5 µl of blank TSB sample injected through 
the UHPLC. No significant ion suppression 
occurred during the retention time window for 
each analyte (Supplementary Figure 1).

�� Antimicrobial susceptibility testing
Phenotypic antimicrobial testing was performed 
as described [23]. Briefly, a 0.5 McFarland (McF) 
bacterial suspension in 0.45% NaCl was pre-
pared from isolated bacterial colonies and spread 
uniformly over Mueller-Hinton agar plates 
(Thermo Scientific, KS, USA). Antibiotic discs 
were dispensed, and plates were incubated for 
16–18 h at 37°C. The sizes of zones of growth 
inhibition were measured and recorded, and sus-
ceptibility was determined according to Clinical 
and Laboratory Standards Institute criteria [23]. 

The MHT to assess for carbapenemase pro-
duction was performed as described [23]. Briefly, 
the ertapenem-susceptible Escherichia coli strain 
ATCC 25922 was streaked as a lawn on Mueller-
Hinton agar. A 10 µg ertapenem disk was placed 
on the inoculated plate, and screen-positive 
isolates were streaked from the disk outward. 
The MHT was interpreted as positive when 
in-growth of the susceptible E. coli strain was 
noted along the path of the experimental iso-
late. The K. pneumoniae ATCC strains 1705 and 
1706 were used as positive and negative controls, 
respectively. MHT results were independently 
read by two experienced observers.

�� Genotypic characterization of bacterial 
isolates
Genomic DNA was prepared from each isolate 
using 1 µl loopful of bacteria suspended in 100 µl 
PrepMan® Ultra (Life Technologies Ltd, Paisley, 
UK) according to manufacturer’s instructions, 
and 5 µl of extracted genomic DNA was added 
to 25 µl of GeneAmp® Fast PCR master mix 
(Life Technologies Ltd) along with primers 
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specific for the amplification of KPC, NDM-1, 
IMP, VIM or OXA (Supplementary Table  1). 
The presence of gene-specific amplicons was 
detected by performing gel electrophoresis 
(Supplementary Figure 2). PCR reactions mixed 
with the TackIt cyan/orange loading buffer were 
run on a 2% agarose gel containing SYBR Safe 
DNA gel stain and visualized using Safe Imager 
2.0. All the chemicals, reagents and the Safe 
Imager were from Life Technologies (NY, USA).

�� Detection of carbapenemase activity 
using MS
Isolated bacterial colonies were selected from 
freshly grown overnight cultures streaked on 
blood agar and suspended to 0.5 McF in 2.0 ml 
of TSB containing 4  µg/ml ertapenem. The 
resulting mixtures were capped and incubated 
at 37°C for the indicated periods of time, after 
which 0.3 ml aliquots were removed and mixed 
with 0.6 ml of acetonitrile in microcentrifuge 
tubes. After 30 s of vigorous mixing, the solu-
tions were centrifuged at 16,000 × g for 2 min 
to pellet bacteria and precipitate proteins. An ali-
quot of 100 µl of the supernatant was then mixed 
with 500 µl of deionized water for LC–MS/MS 
analysis. 

Sample analysis was performed using a Promi-
nence UFLCXR LC system (Shimadzu, MD, 
USA) coupled to an AB Triple Quad™ 5500 
MS/MS (AB Sciex, MA, USA) detector. 5 µl of 
the above prepared solutions were injected onto 
a Kinetex pentafluorophenyl column (2.6 µm, 
100 Å, 50 × 3 mm; Phenomenex, CA, USA) 
equilibrated with 10% acetonitrile plus 0.1% 
formic acid at 40°C and separated using a 
0.6-min gradient from 10 to 25% acetonitrile 
plus 0.1% formic acid. The mobile phases A 
and B were deionized water and acetonitrile, 
respectively, both supplemented with 0.1% 
formic acid. The binary flow gradient profile is 
shown (Figure 1C). The 5500 Triple Quad mass 
spectrometer was used in positive ion mode. MS 
voltages and energies were manually tuned by 
infusion of 0.1 µg/ml solution of each analyte in 
10% methanol with 0.1% of formic acid, with 
an integrated syringe pump using Analyst 1.6 
software (AB Sciex, MA, USA). The IonSpray 
Voltage was maintained at 5000 V and the tem-
perature of the turbo-V source was set at 600°C. 
Air was used as the nebulizer gas (GS1) at a pres-
sure of 50 psi and the heater gas (GS2) was set 
to 50 psi. Nitrogen was used as the curtain gas 
at a pressure of 30 units and as the collision gas 
at 7 arbitrary units. The MS/MS analysis was 

performed using the SRM mode of operation, 
and by monitoring the protonated molecular 
ions of ertapenem and hydrolyzed ertapenem. 
The dwell time for each transition was set at 
30 ms. SRM transitions for each analyte and 
their respective settings were as follows: 
n	Ertapenem – Q1 mass: 476 m/z ; Q3 mass: 

432  m/z ; declustering potential: 70  V; 
entrance potential: 10  V; collision energy: 
12 V; and collision cell exit potential: 18 V; 

n	Hydrolyzed ertapenem – Q1 mass: 494 m/z; 
Q3 mass: 450  m/z ; declustering potential: 
70 V; entrance potential: 10 V; collision energy: 
13 V; and collision cell exit potential: 17 V.

Results
�� Identification of ertapenem & hydrolyzed 

ertapenem SRMs
We first determined the optimal tuning param-
eters for the detection of intact ertapenem and its 
hydrolyzed form on the AB Triple Quad™ 5500 
MS/MS system (AB Sciex). Using the analyst 
software version 1.6, we manually tuned source 
and MS/MS parameters by infusion of 0.1 µg/ml 
solution of ertapenem in 10% methanol with 
0.1% of formic acid, with an integrated syringe 
pump. The published SRM used for ertapenem 
in positive ESI mode was 476→432 m/z, and we 
also identified this precursor/product ion pair as 
the optimal SRM (Figure 1A) [24].

While no purified hydrolyzed ertapenem is 
commercially available, intact ertapenem sponta-
neously hydrolyzes when incubated overnight at 
37°C as reconstituted according to the Invanz® 
product insert in H

2
O. This solution was used 

for identification and tuning MS parameters for 
the hydrolyzed metabolite of ertapenem. The 
major compound found in this solution was 
the hydrolyzed (+18 Da) form of ertapenem; 
no other major reaction products were found. 
No SRMs for hydrolyzed ertapenem are pub-
lished, but the primary product ion detected 
for hydrolyzed ertapenem also demonstrated 
the loss of 44 Da. Thus, the final SRM used 
for the detection of hydrolyzed ertapenem was 
494→450 m/z (Figure 1B).

�� Development of the LC method
A 0.6-min gradient from 10 to 25% acetonitrile 
plus 0.1% formic acid using a Kinetex pentafluo-
rophenyl (2.6 µm, 100 Å, 50 × 3 mm) column at 
40°C, with 10% acetonitrile plus 0.1% formic 
acid as the mobile phase, was chosen for opti-
mal retention and separation of intact (retention 
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time = 1.23 min) and hydrolyzed ertapenem 
(retention time = 0.95 min; Figure 1C & D). 

LC–MS/MS demonstrates excellent sensitiv-
ity and linearity for the detection of small mole-
cules, and we observed a linear range of detection 
of 500-fold for unhydrolyzed ertapenem rang-
ing from 20 to 10 µg/ml (Figure 2A). Because 
hydrolyzed ertapenem of known concentration 
is not commercially available, we had to per-
form serial dilutions of hydrolyzed ertapenem 
in TSB to determine its linearity of detection. 
Using these LC–MS/MS conditions, hydrolyzed 
ertapenem was detected with excellent linearity 
across a 32-fold dilution series (Figure 2B). 

�� Detection of ertapenem hydrolysis 
within 20 min
We performed a time-course study to compare 
the appearance of hydrolyzed ertapenem in stan-
dard 0.5 McF suspensions of ertapenem-resistant, 

non-carbapenemase-producing K. pneumoniae 
strain ATCC-1706, and ertapenem-resistant, 
KPC-2-producing K. pneumoniae strain ATCC-
1705 (Figure 3). Even in the short period of time 
required to inoculate and sample the inoculated 
tubes, hydrolyzed ertapenem was consistently 
detected in KPC-expressing bacteria at the ‘t = 0’ 
time point. Hydrolyzed ertapenem levels were 
increased at 20 min in the presence of KPC-2 
activity, and intact ertapenem was completely 
absent after 40 min of incubation. Addition-
ally, nonspecific hydrolysis was insignificant for 
the carbapenemase-negative bacteria even after 
extended 18 h incubation.

Carbapenemase activity and expression could 
vary substantially by enzyme subtype, host spe-
cies and individual clinical isolate, among other 
factors. To determine specificity of this assay, 
each isolate was subjected to PCR testing for 
carbapenemase and ESBL genes, conventional 
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antibiotic-susceptibility testing by disk diffusion 
testing, the MHT for phenotypic carbapenemase 
expression, and our MS-based rapid assay for car-
bapenemase activity. Representative chromato-
grams are shown in Figure 4. Visual inspection of 
all chromatograms revealed excellent assay speci-
ficity; hydrolyzed ertapenem was detected only in 
isolates positive for carbapenemase gene expres-
sion (Table 1). To define objective and quantita-
tive interpretive criteria for carbapenemase-posi-
tive isolates, we calculated the ratio of hydrolyzed 
ertapenem peak area and intact ertapenem peak 
area after 1 h of incubation. All of the isolates that 
tested negative by the MHT and lacked carbapen-
emase genes by PCR had ratios ≤0.03, while all 
of the isolates that were phenotypically or geno-
typically positive for carbapenemase expression 
had ratios ≥0.10. Receiver–operator analysis of 
the internal intensity ratio, using the MHT as 
the gold standard, revealed an optimum ratio 
threshold of 0.05, which provided a sensitivity 
and specificity of 100% for the sample set and 
estimated 95% confidence intervals for the true 
sensitivity and specificity of the assay of 81–100% 
and 84–100%, respectively. Interestingly, one E. 
coli strain that was negative by PCR for all car-
bapenemase genes tested was carbapenem-resis-
tant phenotypically, and tested positive by both 

the MHT and MS assay. Additionally, ATCC 
strain BAA2146, a K. pneumoniae isolate that is 
positive for NDM-1, was also positive by the MS 
assay. 

Discussion
We have provided proof-of-concept experiments 
for an LC–MS/MS method that rapidly detects 
carbapenemase activity among a set of highly 
resistant Enterobacteriaceae. The results shown 
clearly demonstrate: 

n	The predicted 18 Da change in drug molecu-
lar weight associated with the addition of H

2
O 

is readily detected at physiologic levels in 
bacterial growth broths;

n	KPC-expressing bacteria rapidly hydrolyze 
ertapenem within 20 min and statistically sig-
nificant hydrolysis is detectable in all isolates 
within 60 min;

n	There is no significant hydrolysis of ertapenem 
detectable after 18 h incubation in TSB or 
after 60  min in the presence of ESBL-
producing bacteria;

n	Results can be obtained with a straightforward 
protocol easily implemented in clinical 
laboratories. 
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Our sample set contains a clinical E. coli isolate 
that is carbapenem-resistant and MHT-positive; 
yet, the responsible enzyme remains unidenti-
fied despite extensive genetic testing for the five 
predominant carbapenemase gene families. This 
finding highlights the value of phenotypic resis-
tance testing over genetic approaches, as a rapid 
NAAT for common carbapenemase genes would 

not have identified this organism as carbapenem-
resistant. Phenotypic growth in the presence of 
drug detects resistance regardless of mechanism 
and remains the gold standard for susceptibility 
testing, but, despite the development of rapid 
reading protocols on some automated antibi-
otic-susceptibility testing platforms, it typically 
requires 8–12 h of growth after the isolation of 
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a pure organism. Our assay has the potential 
to detect all carbapenemase-mediated resistance 
within 1–2 h of isolation or, potentially, even 
sooner. 

For our study set, the degree of ertapenem 
hydrolysis during the incubation period varied 
for individual isolates, as indicated by a range of 
internal intensity ratios from 0.1 to >2000 for the 
positive isolates. This variation in enzyme activity 
could arise from expression of different enzyme 
isoforms, differing enzyme expression levels, and/
or the presence of other species- or isolate-spe-
cific factors. Calculation of a peak area ratio for 
hydrolyzed ertapenem to intact ertapenem at 1 h 
(Table 1) was found to be an effective surrogate for 
complete hydrolysis seen at 4 h (data not shown) 
for all training-set isolates. As more diverse organ-
isms and enzymes are tested, the calculation of 
a quantitative peak area ratio will be critical to 
maintain statistically valid interpretive criteria. A 
future clinical validation study will provide addi-
tional information that is not possible with the 
training set alone. Enzymes expressed by different 
bacterial species may hydrolyze carbapenems at 
a faster or slower rate than those in the training 
set. Different bacterial species may have metabo-
lites that interfere with the detection of specific 
precursor and product ions through ion suppres-
sion, similar mass and so on. Other unanticipated 
interferences must also be excluded.

In this initial application of LC–MS/MS 
to the detection of carbapenemase activity, we 
have restricted our analysis to Enterobacteria-
ceae. In our institution, KPC is currently the 
dominant carbapenemase isoform, similar to 
the rest of the USA, and KPC is predominantly 
isolated from Enterobacteriaceae. Ertapenem 
was chosen for its high sensitivity to KPC-
mediated hydrolysis and its use in the MHT, 
which served as our standard for comparison. 
However, MDR GNRs also include important 
non-Enterobacteriaceae such as Pseudomonas 
aeruginosa and Acinetobacter baumannii. These 
organisms are intrinsically resistant to ertape-
nem owing to non-carbapenemase mechanisms 
and, thus, ertapenem is not US FDA approved 
for the treatment of infections caused by non-
Enterobacteriaceae. Additionally, different 
families of carbapenemases are expressed more 
frequently by non-Enterobacteriaceae. There-
fore, ertapenem is likely a suboptimal choice 
for an MS-based carbapenemase assay targeting 
MDR non‑Enterobacteriaceae, justifying their 
exclusion from the current study.

Several papers have described therapeutic drug-
monitoring assays for ertapenem [25–28] and a simi-
lar approach for detection of enzyme-mediated 
hydrolysis of b-lactam antibiotics using MALDI-
TOF instruments, which are currently being used 
in clinical microbiology laboratories for bacterial 
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Figure 4. Representative chromatograms obtained by LC–MS/MS analysis of ertapenem hydrolysis by various bacterial 
strains. Each panel shows chromatograms for ertapenem (blue trace) and hydrolyzed ertapenem (red trace) obtained by performing 
the ertapenem hydrolysis assay for 1 h using the indicated bacterial strains. (A) ATCC-700603 (ESBL-positive, KPC-negative control 
Klebsiella pneumoniae), (B) clinical KPC-positive Klebsiella oxytoca isolate, (C) clinical KPC-positive Serratia marcescens isolate, 
(D) ATCC-BAA2146 (NDM-1-positive K. pneumoniae), (E) clinical KPC-positive K. pneumoniae isolate, and (F) clinical KPC-positve 
Escherichia coli isolate.
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identification [18–21]. We propose that the use 
of LC–MS/MS described here offers multiple 
advantages over MALDI-TOF for the detection 
of carbapenemase activity. Publications describ-
ing MALDI-TOF for the detection of carbapen-
emase activity report using unusually high drug 
concentrations, which is presumably required for 
adequate detection. By contrast, LC–MS/MS 
allows analysis of drugs at levels similar to thera-
peutic concentrations and those currently used 
in microbiology laboratories for FDA-approved 
antibiotic-susceptibility testing methods [23]. 
Additionally, published MALDI-TOF methods 
utilize aqueous buffer or normal saline to suspend 
and incubate bacterial colonies instead of standard 
growth media. Again, this is presumably required 
to reduce background MS signals owing to the 
abundance of small molecules found in bacterial 
growth broths, which is not a problem with the 
method presented here due to a combination of 
chromatographic separation and SRM detection. 
Finally, although not a concern during analysis 
of abundant bacterial colonies, future testing of 
primary specimens would likely require a degree 
of growth enrichment, which would be difficult 
to accomplish in the absence of growth media. 

LC–MS/MS is widely utilized for the quan-
titative analysis of small molecules in biologic 
specimens. Specific identification of molecules 
of interest is assured by a combination of chro-
matographic retention time and SRM detection. 
For toxicology testing and therapeutic drug 
monitoring, a minimum of three identifiers or 
their equivalent are required by multiple regu-
latory agencies and represent standard practice 
in the field [29]. Additionally, effective retention 
of ertapenem and its hydrolyzed metabolite on 
a chromatographic column, in order to sepa-
rate them from salts, other polar molecules and 
amphiphilic lipids, reduces the risk of ionization 
interferences affecting ion quantitation. Accurate 
quantitation will be further assured by the future 
incorporation of isotope-labeled compounds as 
internal standards. The ability to reliably and 
reproducibly quantitate the intensity ratio for 
hydrolyzed ertapenem relative to the parent drug 
has allowed us to statistically validate a defined 
threshold for distinguishing positive from neg-
ative results. Simplistic, straightforward and 
objective criteria for judging assay results will be 
essential for effective utilization of this method 
in a routine clinical microbiology laboratory. By 
contrast, mass spectra generated with MALDI-
TOF carbapenemase assays are more complex, 
often requiring multifactorial interpretation 

criteria that may not be sufficiently robust for 
routine clinical use.

We recognize that the assay presented here 
will not detect carbapenem resistance arising 
from nonenzymatic mechanisms such as efflux 
pumps and porin mutations. Nevertheless, we 
expect that the introduction of a rapid assay to 
detect carbapenemase activity in bacterial isolates 
will have significant, beneficial clinical impact. 
The negative consequences of hospital-acquired 
infections with MDR bacteria on patient out-
comes, length of stay and hospital costs are all 
well-established [1–3]. Furthermore, each day that 
appropriate antibiotic therapy is delayed due to 
unrecognized resistance results in increased 
morbidity and mortality for affected patients, 
and increased institutional costs [30]. Carbapene-
mases are frequently plasmid-encoded and easily 
transferable between GNRs, even across species, 
and this contributes to their well-described abil-
ity to cause outbreaks within healthcare facilities 
[31]. Although the current MS-based assay has 
the potential to significantly aid the identifica-
tion of such outbreaks, we anticipate that the 
ability of LC-coupled triple-quadrupole MS to 
effectively analyze specific compounds in com-
plex biological samples will allow extension of 
the current work to primary patient specimens 
and epidemiologic monitoring, which is where 
the greatest clinical impact will be realized.

Future perspective
With increased attention being given to the ever 
increasing threat of antibiotic-resistant bacterial 
(‘superbug’) infections and a lack of effective 
treatment, we believe that development of rapid 
tests that can be easily performed in the clinical 
laboratory will become an integral part of clinical 
management of patients with hospital-acquired 
infections. Additionally, the availability of diag-
nostic tests developed using the LC–MS/MS and 
MALDI-TOF platforms combined with the ease 
of use and application support provided for the 
instruments will allow efficient adoption of these 
platforms in the clinical laboratory. Meaningful 
progress will be made in the development of MS-
based diagnostic tests, and novel, companion or 
replacement assays that increase sensitivity, speci-
ficity and/or shorten the time of other existing 
diagnostic tests.

Supplementary data
To view the supplementary data that  accompany this paper 
please visit the journal website at: www.future-science.
com/doi/suppl/10.4155/BIO.12.310
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Executive summary

Background

�� Currently, the diagnosis of carbapenem-resistant infections relies on measuring bacterial growth in the presence of drug and requires 
48–96 h, during which patients are treated empirically.

�� Rapid diagnostic tests, including nucleic acid amplified tests (NAATs) and antigen-based measurement of expressed carbapenems, suffer 
from low sensitivity and specificity.

Experimental

�� A novel LC–MS/MS assay that detects parent and hydrolyzed metabolites of ertapenem by carbapenemases expressed in clinical isolates 
is introduced.

Results

�� Analysis of ertapenem hydrolysis by known American Type Culture Collection strains that express Klebsiella pneumoniae carbapen-
emase and NDM-1, along with ESBL-expressing strains as controls, were used to design and test assay parameters.

�� Sensitivity and specificity of the assay were determined by testing characterized clinical isolates and comparing results with those from 
novel NAAT, modified Hodge test and the gold-standard Kirby–Bauer test.

�� Using receiver-operator curve analysis of the metabolite:parent ratio, objective diagnostic interpretive criteria for  
carbapenemase-positive isolates were established.

Discussion

�� The LC–MS/MS assay has several highlights, including high sensitivity and specificity, easy sample preparation, 15-min hands-on time, 
2-min MS run time, detection of carbapenemase activity by novel carbapenemases, and 100% correlation with the modified Hodge test 
and NAATs.
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clinical microbiology laboratory.
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development of a similar application, but suffers from a lack of sensitivity, specificity and defined objective diagnostic criteria.

Conclusion
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establishing diagnostic criteria. The finalized assay can then be submitted for US FDA approval.
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