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Abstract

In this study, we evaluate a method for the KPC enzyme detection, using MALDI-TOF MS, for Enterobacterales. A total of
300 clinical Enterobacterales isolates were selected. The collection included 259 carbapenemase-producing (157 KPC and
102 non-KPC) and 41 carbapenemase non-producing isolates. Bacterial proteins were extracted from Mueller—Hinton agar
plates using formic acid, isopropyl alcohol, and water (17:33:50). Samples were prepared with a double layer of synapinic
acid. Analyses were performed using a Microflex LT mass spectrometer (Bruker Daltonics) and flexAnalysis 4.0 software
(Bruker Daltonics). Statistical analyses were performed using SPSS Software. A distinctive peak at m/z 28,643-28,731
was found in all 157 KPC-producing isolates, and it was consistently absent in the 143 KPC non-producing group. KPC-
producing peak intensities ranged from 77 to 3893. Considering an intensity cutoff value > 120 for the presence of KPC, this
methodology presented 98.09% and 97.90% of sensitivity and specificity, respectively.
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Introduction

Infections caused by carbapenem-resistant Enterobacterales
(CRE) have become a public health problem in recent dec-
ades due to, among other reasons, their remarkable dissemi-
nation capacity. Besides, infections caused by CRE are often
related to therapeutic failures, being associated with high
morbidity and mortality rates [1, 2].

Production of class A carbapenemase is the most impor-
tant mechanism of carbapenem resistance in many regions
of the world. The most relevant enzyme of this class is KPC
(Klebsiella pneumoniae Carbapenemase), with KPC-2
standing out [3-5]. As carbapenemase genes can spread
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clonally or by horizontal gene transfer, rapid and accurate
detection of CRE is critical not only for therapeutic strate-
gies, but also for infection control purposes [6—8].

Resistance to carbapenems is identified through standard
susceptibility testing but additional testing is required to
identify carbapenemase production. Currently recommended
methods for detecting carbapenemases in Enterobacterales
are the following: (i) combination disk testing, (ii) biochemi-
cal (colorimetric) tests, (iii) carbapenem inactivation method
(CIM), and (iv) the detection of carbapenemase activity by
MALDI-TOF MS [9]. Unfortunately, these methods are
time-consuming or are not able to define the carbapenemase
type.

The incorporation of the MALDI-TOF MS technology in
the clinical microbiology laboratories has been a revolution-
ary breakthrough for the bacterial identification. Another
promising use of the MALDI-TOF technology is the direct
detection of a specific enzyme, such as a carbapenemase,
through the analysis of the profile of proteins [10-12].
Therefore, in this study, we evaluated a methodology using
MALDI-TOF MS to detect the KPC enzyme among Entero-
bacterales grown in solid culture medium.
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Materials and methods
Bacterial isolates and B-lactamases characterization

A total of 300 clinical Enterobacterales isolates (Table 1)
collected between 2018 and 2021 from patients attending
at a tertiary hospital in Porto Alegre city, southern Brazil,
were selected for this study. The collection included 41 car-
bapenemase non-producing isolates, as well as 259 CRE
from which 151 were KPC producers, 84 NDM, 16 OXA-
48-like, 6 KPC/NDM co-producers, and 2 NDM/OXA-48-
like co-producers. The enzyme detection was performed by
high-resolution melting-PCR, as previously described [13],
for the presence of blaygpc, blaypm.1» blages, blagxa.as,
blayp, and blayyy, genes. Bacteria species were identified
by MALDI-TOF Vitek MS (bioMérieux).

Sample preparation for MALDI-TOF MS

Protein extraction was performed according to Figueroa-
Espinosa [11] with modifications. Colonies were obtained
from Mueller—Hinton (Sigma-Aldrich and Newprov) agar
plates, without antibiotics, previously incubated overnight at
37 °C. First, a loopful of bacterial colonies (4 to 5) was sus-
pended in 300 pL of distilled water and vortexed for 30 s at
room temperature, and 900 pL absolute ethanol was added.
The suspension was vortexed for 30 s and centrifuged at
13,000 rpm (16,060 X g) for 2 min at room temperature. The
supernatant was discarted and the pellet was re-suspended
in 100 pL of extraction solvent (formic acid—isopropyl alco-
hol-water, 17:33:50 v/v). Extraction solvent was prepared
and used within 1 week. The suspension was vortexed for
30 s and centrifuged for 2 min at 13,000 rpm (16,060 x g)

Table 1 Carbapenemase genes

. P Result of HRM-PCR (n) Species n %
and species distribution of the

isolates included in this study blaKPC (151) Citrobacter freundii 1 0.7%
Escherichia coli 5 3.3%

Enterobacter hormaechei 1 0.7%

Enterobacter sp. 4 2.6%

Klebsiella pneumoniae 120 79.5%

Serratia marcescens 20 13.2%

blaKPC + blaNDM (6) Klebsiella pneumoniae 6 100.0%
blaNDM (84) Citrobacter freundii 1 1.2%
Enterobacter cloaceae 2 2.4%

Escherichia coli 3 3.6%

Enterobacter hormaechei 7 8.3%

Enterobacter sp. 10 11.9%

Klebsiella oxytoca 2 2.4%

Klebsiella pneumoniae 54 64.3%

Morganella morganii 2 2.4%

Providencia stuartii 1 1.2%

Serratia marcescens 2 2.4%

blaNDM Klebsiella pneumoniae 1 50.0%
+blaOX A-48like (2) Providencia stuartii 1 50.0%
blaOXA-48like (16) Citrobacter freundii 1 6.3%
Enterobacter hormaechei 2 12.5%

Enterobacter sp. 9 56.3%

Klebsiella pneumoniae 3 18.8%

Klebsiella sp. 1 6.3%

Non-carbapenemase producers (41) Escherichia coli 1 2.4%
Enterobacter hormaechei 2 4.9%

Enterobacter kobei 1 2.4%

Enterobacter sp. 5 12.2%

Klebsiella aerogenes 3 7.3%

Klebsiella oxytoca 5 12.2%

Klebsiella pneumoniae 21 51.2%

Serratia marcescens 3 7.3%
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at room temperature. The clean supernatant extract was
reserved for MALDI-TOF analysis.

Target spot loading

The sample was prepared with the double layer sinapinic
acid (SA) method [11]. The first layer was composed of 0.7
pL of SA saturated solution, which was placed onto MALDI
target spots and dried at room temperature. For the second
layer, the protein extracts previously obtained were mixed
1:1 with SA 10 mg/mL solution in acetonitrile (30:70 v/v)
and 0.1% trifluoroacetic acid in water. One microliter of this
sample/matrix mixture was deposited onto the spot contain-
ing the first layer. Samples were dried at room temperature
and then analyzed by MALDI-TOF MS. Each sample was
analyzed in triplicate, loaded once in three different spots (3
spectra per sample). Both SA solutions were prepared and
used within 48 h.

Spectra acquisition

The mass spectrum was obtained using the Microflex LT
mass spectrometer, with flexControl 3.4 software (Bruker
Daltonics). The parameters were configured as follows: lin-
ear positive ion mode within the mass range of 17,000 Da
to 50,000 Da; spectrometer ion source 1, 20.08 kV; ion
source 2, 18.16 kV; lens 6.03 kV; pulsed ion extraction
550 ns; detection gain, 2803 V; sample rate and electronic
setting 0.50 GS/s. It was used a laser frequency of 60 Hz and
laser power range between 60 and 85%. Each spectrum was
obtained after 100 shots per spot.

Data were automatically acquired using autoXecute mode
and the spectrum was analyzed using flexAnalysis 3.4 soft-
ware [11]. Before each run, the spectrometer was externally
calibrated using Protein Standard II Calibration Mix (Bruker
Daltonics).

Data analysis

KPC peak interpretation was performed searching for a peak
closer to the value expected for the enzyme, as determined
by Yoon [12] (28,707 to 28,730 Da). Two parameters were
taken into consideration: the presence of the KPC peak and
its relative intensity of the ions [arbitrary units (a.u.)] after
the spectra were baseline subtracted and smoothed. Sensi-
tivity, specificity, positive predictive value, and negative
predictive value were calculated considering the results of
HRM-PCR [13] as reference. Mann—Whitney test and the
area under the curve (AUC) of the ROC curve were also
performed in order to confirm that the peak found is KPC.
Statistical analyses were performed using SPSS Statistics
(PASW Statistics, version 18.0.3).

Results and discussion
Protocol modifications

Initially, we follow the protocol established by Figueroa-
Espinosa [11]. After preliminary tests, some modifications
became necessary, both in protein extraction and MALDI-
TOF parameters, in order to obtain clearer KPC peaks and
closer to KPC mass values described elsewhere [11, 12].

For protein extraction, different centrifugation speeds
were tested. Figueroa-Espinosa [11] used 17,000 X g; how-
ever, we observed that this speed resulted in a very com-
pacted pellet in the microtube bottom which made difficult
the extraction, resulting in poor visualization of the peak.
A lower speed, 13,000 rpm (16,060 x g), was tested which
proved to present better results of peak visualization.

The main parameters adjusted in MALDI-TOF were
pulsed ion extraction and laser power. The pulsed ion
extraction used by Figueroa-Espinosa [11] was 260 ns.,
while, more recently, Yoon [12] used 1200 ns. We evalu-
ated the parameters above and an intermediate value of
550 ns. When using a pulsed ion extraction of 260 ns, the
peaks were close to 28,400 Da. With 1200 ns, the peaks
were close to 28,600 Da and presented some background
noise in the mass spectra. Best results were obtained with
pulsed ion extraction of 550 ns, from which the KPC-pro-
ducing isolates showed clear peaks close to 28,700 Da and
less background noise.

Regarding laser power, Figueroa-Espinosa [11] used
a range of 80-100%. Since a high laser power tends to
decrease lifetime of the laser, we tested lower values to
improve cost-effectiveness and found a satisfactory laser
power of 60-85%. Also, to improve cost-effectiveness
of the method and reduce spectra acquisition time in our
study, the spectra were obtained after only 100 shots per
spot, which proved to be sufficient for clear peak results.
Figueroa-Espinosa [11] used 800 shots/spot and Yoon [12]
used 400 shots/spot.

The m/z range and intensities of KPC peaks

Based on Yoon [12], we searched for KPC peak around
28,718 Da. For analysis, after spectra were baseline sub-
tracted and smoothed, by visual observation, all 157 KPC-
producing isolates presented a peak at 28,643-28,731 m/z,
with arithmetic mean + SD of 28,688 +20 (95%
CI=28,685-28,691).

Statistical results showed a non-normal distribu-
tion by Shapiro—Wilk normality test (statistical sig-
nificance considered when p <0.050; p-value <0.001).
Then, Mann—Whitney U test was applied, confirming a
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significant difference (p <0.050; p-value <0.001) for the
KPC peak selected in each spectrum when both groups
(KPC producers and non-producers) were compared. The
area under the curve (AUC) of the ROC curve (Fig. 1)
for this specific peak was 0.996. Moreover, the boxplot
(Fig. 2) showed the difference of intensities related to the
KPC peak of KPC producers and non-producers.

KPC peak intensities ranged from 77 to 3893, with a
median value of 380. KPC non-producing isolates, despite
not having any peak by visual observation, had intensity
ranging from 13 to 217 over the same m/z range, with a
median value of 56. The presence and absence of KPC peak
can be observed in Fig. 3. Since intensities varied among
KPC isolates, we aimed to set a cutoff value to determine
whether the isolate is positive or negative for KPC produc-
tion using ROC curve analysis (Fig. 1).

Table 2 shows different cutoff values evaluated. For our
isolates, the intensity cutoff value > 120 for the KPC peak
presented high sensitivity (98.09%), specificity (97.90%),
and accuracy (98%) results, with 3 false positives and 3
false negatives. Therefore, isolates with intensity > 120
were defined as KPC producers. Yoon [12] decided for an
intensity cutoff of 110, having a sensitivity and specificity
of 98.1% and 99.5%, respectively. Figueroa-Espinosa [11]
did not use the intensity cutoff criteria.

Considering the intensity cutoff > 120, among 157 KPC-
producing isolates, we identified 3 false-negative results, all
K. pneumoniae, which presented intensities of 77, 111, and
118. The false-positive results included Klebsiella oxytoca

@ Springer

Fig.2 Box plot showing median (line in the middle) and interquar-
tile range calculated from the intensities of the 28,688 Da peak in the
KPC positive and negative strains. Points above the whiskers show
the outliers. x and y axes show m/z values and intensity (in arbitrary
units, a.u.), respectively

(HRM negative; n=1), Escherichia coli (NDM; n=1), and
Serratia marcescens (HRM negative; n= 1), with intensities
of 142, 158, and 217, respectively. All false-positive and
false-negative results were repeated and confirmed. Note-
worthy, it is important to highlight that even with the KPC-
positive isolates presenting the characteristic peak of KPC
and with KPC-negative isolates not presenting, as visual
interpretation may be subjective, we believe it is important
to define a criterion of analysis, such as the intensity of the
peak.

Figueroa-Espinosa [11] had no false-positive or negative
results, with 100% sensitivity and specificity; however, the
intensity cutoff was not applied. Yoon [12] used an intensity
cutoff (> 110 for KPC-positive) and detected 2 false-posi-
tives (1 Providencia stuartii and 1 Proteus mirabilis) and no
false-negative results.

The methodology we tested to detect the KPC presence
by MALDI-TOF MS directly from bacterial colonies had
better results when compared to other methodologies used
for the same purpose. The boronic acid synergy test presents
only 72% and 88% of sensitivity and specificity, respectively,
for the detection of KPC-producing isolates in addition to
other disadvantages such as time-consuming and variabil-
ity in sensitivity/specificity among different species [9, 14,
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15]. Carba-NP and other similar methods presented 100%
of specificity but only 84% of sensitivity and it is not able to
identify the carbapenemase type [9, 15—17]. Another alter-
native is the carbapenem inactivation method, which pre-
sented sensitivity of 97% and specificity of 99%, but it takes
around 18 h to get the results after bacterial growth and has
variable performance in different studies [9, 15, 16, 18, 19].

More recently, MALDI-TOF MS has been used for the
indirect detection of carbapenemases by a method of car-
bapenem hydrolysis. The latter needs a turn-around-time
of up to 4 h after bacterial growth and presents a sensitiv-
ity of 77-100% and specificity of 94-100% [9, 14, 20, 21].

Nevertheless, difficult interpretation and doubtful results for
enzymes that weakly hydrolyze carbapenems or are weakly
expressed limit the use of the carbapenem hydrolysis meth-
odology [15, 16].

In addition to the high sensitivity and specificity, the
methodology tested in this study also has a low cost of con-
sumables per sample (< $1.00) [14]. The method is rapid
and easy to perform as after the growth of the isolate on
solid culture medium, the extraction, target spot loading and
spectra acquisition can be performed in less than 20 min per
sample, leading to a turnaround time of approximately 1 h
for the KPC detection.
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Conclusions

The method we evaluated is able to detect KPC-type carbap-
enemase from colony quickly, efficiently and with low cost,
in addition to being easy to be implemented in the routine of
clinical microbiology laboratories. Rapid detection of KPC
can reduce morbidity and mortality rates, also decreasing
clonal and horizontal transfer of carbapenem resistance
genes, contributing to decreased antimicrobial resistance.

As other methodologies have been described for direct
detection of KPC enzyme [11, 12], our study contributes
on stablishing a protocol with high sensitivity and specific-
ity, demonstrating that it must generally be adapted for each
equipment and/or laboratory.
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