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Purpose: To systematically analyse and identify volatile organic compounds (VOCs) released by clinical Klebsiella pneumoniae (K.
pneumoniae) during growth via proton transfer reaction—mass spectrometry (PTR-MS), aiming to establish a rapid and accurate
method for differentiating and identifying carbapenem-resistant Klebsiella pneumoniae (CRKP) and KPC and NDM producers.
Methods: Nonrepetitive clinical strains isolated from patient specimens were collected from September 2021 to May 2025. The
strains were subjected to drug susceptibility testing and carbapenemase genotype identification via the VITEK2 system and
polymerase chain reaction (PCR). The clinical strains were incubated in a closed system under the combined pressure of meropenem
(MEM) and carbapenemase inhibitors for 3 h. PTR-MS was used to monitor the inhibition rate of the characteristic VOC ion signal
intensity to obtain drug susceptibility information of KP and carbapenemase type. Characteristic ions were characterized via fast gas
chromatography (FGC)-PTR-MS.

Results: A total of 105 clinical isolates, including 53 carbapenem-susceptible Klebsiella pneumoniae (CSKP) isolates and 52 CRKP
(43 KPC-positive and 9 NDM-positive) isolates, were collected. With MEM, the sensitivity and specificity of PTR-MS for monitoring
CRKP were 98.08% and 100.00%, respectively. In the case of MEM combined with different carbapenemase inhibitors, the assay was
evaluated using a subset of isolates (n=31), comprising 22 KPC-positive and 9 NDM-positive strains. The sensitivity and specificity of
PTR-MS for monitoring single KPC producers were 90.91% and 100.00%, respectively, and those for single NDM producers were
88.89% and 100.00%, respectively (kappa= 0.853 and 0.919 for KPC- and NDM-positive strains, respectively). FGC—PTR-MS
analysis indicated that the VOCs corresponding to these characteristic ions were acetaldehyde, ethanol and acetic acid.
Conclusion: Real-time monitoring by PTR-MS of the dynamic release characteristics of specific VOC ions in the headspace of CRKP
within 3 h under the combined stress of antibiotics and carbapenemase inhibitors can provide important information for rapidly
identifying CRKP and the main clinical carbapenemase types.

Keywords: proton transfer reaction-mass spectrometry, volatile organic compounds, K. pneumoniae, meropenem, carbapenemase
inhibitors

Introduction

Klebsiella pneumoniae (K. pneumoniae) is among the main pathogens that cause hospital-acquired infections. The prolifera-
tion of carbapenem-resistant strains worldwide has elevated them to the status of a critical public health challenge.' The
emergence and spread of carbapenem-resistant Klebsiella pneumoniae (CRKP) have significantly limited clinical treatment
options, leading to a significant increase in patient mortality.” Moreover, CRKP exhibits high transmission ability, rendering it
highly prone to outbreaks and epidemics in hospital environments, especially in intensive care units (ICUs) and among
immunocompromised patient populations.’ Notably, CRKP is exhibiting a rapid evolutionary trend, and the boundary
between CRKP and highly virulent Klebsiella pneumoniae (HvKP) is becoming increasingly blurred. The emergence of
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carbapenem-resistant hypervirulent K. pneumoniae (CR-hvKP) in Asian clinical settings has significantly complicated efforts
to prevent and control CRKP.* The main resistance mechanism of CRKP is the production of carbapenemases,’ but its
population is highly diverse and regionally specific, with significant differences in molecular characteristics and resistance
mechanisms among strains derived from different regions. A genomic epidemiological study of cpKP isolates from multiple
centres in China from 2009 to 2017 revealed that the main genotype of the isolates was Klebsiella pneumoniae carbapenemases
(KPC,375/420,89.29%), followed by New Delhi metallo-p-lactamases (NDM,29/420,6.90%) and imipenem-hydrolysing
MBL (IMP,19/420,4.52%).° Although Teo et al also attributed the primary resistance mechanism of CRKP to the production
of carbapenemases, genomic differences exist, with KPC producers as the most common type (235/497, 40.9%), followed by
OXA-48-like (128/497, 22.3%) and NDM producers (93/497, 16.2%).”

Currently, laboratory identification of CRKP relies mainly on traditional microbiological methods,® such as drug
sensitivity and modified carbapenem inactivation (mCIM) tests, as well as molecular biological techniques, such as
polymerase chain reaction (PCR) detection targeting carbapenemase genes such as blaxpc and blaypy.” Although these
methods provide high sensitivity and specificity, they are limited by their complex operation, long detection times, and
high cost, which hinders their ability to meet the clinical need for the rapid diagnosis of CRKP. Especially at the early
stage of infection, delayed diagnosis can easily lead to empirical antibiotic use or irrational use, thereby exacerbating the
spread of drug-resistant bacteria. Given the severe situation of CRKP and the shortcomings of classic detection methods,
the development of new detection methods that are rapid, accurate, convenient, and cost effective is urgent.

In recent years, many studies have revealed that volatile organic compounds (VOCs) exhibit significant application

12,13 and clinical

potential in multiple fields, such as environmental monitoring,'®'" bacterial species identification,
disease diagnosis.'*'> In the field of microbial research, analytical methods that are based on VOCs have provided
new research ideas for antibiotic sensitivity testing, and the application value of volatile metabolites in drug sensitivity
tests is becoming increasingly prominent. Researchers have used gas chromatography—ion mobility spectrometry (GC—
IMS) to analyse the characteristic metabolic spectrum of 3-hydroxy-2-butanone under imipenem stress, and the results
indicate that this method can be used to identify CRKP early.'®

Proton transfer reaction-mass spectrometry (PTR-MS) is a technique with high sensitivity and real-time online
detection capabilities that has been widely applied in fields such as food safety and public security.'”'® Via the use of
PTR-MS, Wang et al systematically profiled VOC release during Pyrus communis ripening. Their work enabled the
rapid, nondestructive discrimination of maturity stages, providing a valuable tool for optimizing harvest timing and
minimizing economic losses. In recent years, PTR-MS has also shown significant application potential in medical
research.'®'*2% For example, Xu et al successfully applied this technology to monitor the characteristic VOCs released
by common pathogens of ventilator-associated pneumonia, and through the analysis of the differences in characteristic
VOC spectra, they accurately identified 6 common pathogens.'® The above studies indicate that PTR-MS technology
offers significant advantages in the real-time monitoring of bacterial VOCs and construction of chemical fingerprint
diagrams and has broad application prospects.

In this study, PTR-MS was used to monitor the dynamic changes in the intensity of characteristic VOC ion signals
released by CSKP and CRKP under meropenem (MEM) pressure, the differences in the characteristic ion signal
intensities of the two strains under antibiotic stress conditions were compared, and their metabolic response character-
istics were preliminarily revealed. Furthermore, in conjunction with the results of a carbapenemase inhibition test, the
carbapenemase type in CRKP was identified. The aim was to establish a rapid CRKP identification method that is based
on real-time analysis of VOCs and provide a new experimental basis and technical support for the early clinical
differentiation of CRKP, KPC and NDM producers.

Materials and Methods

Source of Bacteria
A collection of 105 K. pneumoniae isolates was obtained from the Second Affiliated Hospital of Anhui Medical
University and Anhui Provincial Chest Hospital between September 2021 and May 2025. On the basis of the results
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of drug sensitivity and PCR tests, the isolates comprised 53 CSKP isolates and 52 CRKP isolates (43 KPC-positive
strains and 9 NDM-positive strains).

The inclusion criteria for the study strains were blood cultures or bacterial cultures from other sites of hospitalized
patients with K. pneumoniae, and the drug sensitivity test verified the diagnostic criteria for CSKP/CRKP; the exclusion
criterion was the occurrence of mixed infections with two or more types of bacteria found in the same specimen. The
CRKP group was defined as the strains that were resistant to at least one carbapenem drug (ertapenem MIC > 2 ug/mL,
imipenem MIC > 4 pg/mL, or meropenem MIC > 4 ng/mL).

Bacterial Drug Sensitivity Test and Genotype Characterization of Strains

All the experimental strains were subjected to in vitro drug sensitivity tests using a VITEK2 fully automatic microbial
identification system (Bruker, Germany) and a drug sensitivity analysis system (Bio-Merieux, Inc., France). The drug sensitivity
results were strictly interpreted according to the latest standards of the Clinical and Laboratory Standards Institute (CLSI).?' To
detect the five major carbapenemase genes (blaxpc, blanpm, blapp blaymv, and blagxa.ag), specific primers (Sangon, China;
Table 1) were employed for PCR amplification (Supplementary Tables 1 and 2),** with the resulting products separated via 1%

agarose gel electrophoresis (120 V, 30 min) and visualized under a gel imaging system (Supplementary Figure 1).

Bacterial Culture
One strain was selected from each of the CSKP and CRKP groups and used as the model strain to explore the
experimental conditions. First, prior to experimentation, the bacterial strains were subcultured on Columbia blood agar
plates and incubated overnight at 37 °C to ensure robust growth. The fresh colonies from the above cultures were used to
prepare bacterial suspensions and added to tryptic soy broth (TSB; Hopebio, China) culture bottles (total volume 10 mL;
bacterial concentration 10® CFU/mL), which were sealed tightly and incubated at 37 °C and 200 rpm under oscillation.
The blank medium was used as the background. PTR-MS was used to continuously monitor the dynamic changes in
headspace VOCs of KP under different culture conditions. The time point of KP culture initiation was set to TO, and
continuous detection was conducted until 9 h (T9), with each group of experiments repeated 3 times. After reproducible
initial results were obtained, the effectiveness of the method was systematically verified on the basis of clinical strains.
To assess the impact of MEM on CSKP and CRKP, bacterial suspensions were exposed to MEM (Macklin, China) at a
final concentration of 4 pg/mlL starting at time point TO. In addition, to evaluate the effects of carbapenemase inhibitors on the
release of headspace volatile gases from CRKP, MEM and the carbapenemase inhibitors vaborbactam (VAB, Aladdin, China)
at a final concentration of 4 pg/mL and a bacterial concentration of 10’ CFU/mL* and ethylenediaminetetraacetic acid
(EDTA, Sangon, China) at a final concentration of 0.05 mM and a bacterial concentration of 10° CFU/mL** were added at the
TO time point, and a blank medium was adopted as the background. All experimental operations were carried out strictly

Table | Antimicrobial Resistance Gene Detection Primers

Primer name | Primers Sequence (5'-3') Product Size(bp)

blaypc Forward, TGTCACTGTATCGCCGTC 1009
Reverse, CAGTGCTCTACAGAAAACC

blanpm Forward, GCAGCTTGTCGGCCATGCGGGC | 782
Reverse, GGTCGCGAAGCTGAGCACCGCAT

blaymp Forward, GAAGGCGTTTATGTTCATAC 587
Reverse, GTACGTTTCAAGAGTGATGC

blaoxa.4s Forward, GCGTGGTTAAGGATGAACAC 438
Reverse, CATCAAGTTCAACCCAACCG

blayim Forward, GTTTGGTCGCATATCGCAAC 389
Reverse, AATGCGCAGCACCAGGATAG
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according to the established experimental protocol for the strains to ensure the consistency of the experimental conditions and
comparability of the results.

Quantitative and Qualitative Analysis of Characteristic lons
The headspace VOCs of the strains were identified using a PTR-MS device. The PTR-MS parameters were as follows:
ion source voltage, 420.1 V; reaction chamber pressure, 0.912 mbar; drift tube temperature, 70 °C; detection mass range,
m/z 20-29, m/z 33-36 and m/z 38—150; residence time, 1 s; settling time, 0.1 s; and injection flow rate, 10 mL/min.
The characteristic ions were quantitatively analysed using FGC—PTR-MS."® The instrument was configured with a
TG-624SILMS column (30 m x 0.53 mm X 3 pum). The inlet, transfer line, and column temperatures were set at 120 °C,
70 °C, and 70 °C, respectively. Separation was achieved under a constant nitrogen carrier gas flow of 10 mL/min, with
eluting compounds subsequently analysed by mass spectrometry.

Data Analysis

Statistical analysis was conducted using SPSS 27.0, and P<0.05 indicated a statistically significant difference. GraphPad
Prism 10.1.0 and Origin Lab 2024 were used for plotting. The experimental results were of independent samples with a
nonnormal distribution. Comparisons of differences in VOCs between groups were performed using the Mann—Whitney
U-test. The sensitivity and specificity were calculated using a 2x2 contingency table (PTR-MS and PCR results), and the
consistency was assessed on the basis of Cohen’s kappa. The VOCs were quantitatively analysed by referring to the
NIST mass spectrometry database (https://webbook.nist.gov/chemistry/name-ser/).

The creation of a principal component analysis (PCA) score chart facilitated the observation of sample aggregation and
dispersion. The PCA plug-in in Origin Lab was used for PCA statistical analysis. The selection of principal components was
based on the scree plot test and the contribution rate of variance (Supplementary Table 3 and Supplementary Figure 2).

Results
Continuous Monitoring of VOCs in the Headspace of K. pneumoniae via PTR-MS

The PTR-MS detection results are presented as m/z values. First, the characteristic ion signals of VOCs released by K.
pneumoniae under different culture conditions were investigated. The inclusion criteria for characteristic ions were as
follows: (1) ions with an average signal intensity of less than 1000 cps after subtraction of the medium background were
filtered out and (2) the ion signal intensity of the bacterial headspace VOCs increased over time. PTR-MS revealed
information on a total of 126 m/z. After individual analysis, 6 characteristic ions (m/z 27, 44, 45, 46, 47, and 61) were
ultimately determined.

The VOC signal intensity of the blank culture medium remained stable over time (Figure 1A-F). The signal
intensities of m/z 27, 44, 45, 46, 47, and 61 in the CSKP and CRKP groups significantly increased over time and
were greater than 1000 cps. Among them, the signal intensities of m/z 44, 45, 46, and 47 peaked after 3 h of culture and
remained relatively stable (Figure 1B—E). When MEM was added at TO, the headspace VOC release trends of the CRKP
group and non-MEM-supplemented group were similar, but the signal intensity of characteristic VOC ions in the CSKP
group significantly decreased compared with that in the non-MEM-supplemented group and did not increase over time
(Figure 1A—F). The PCA results indicated that at 3 h of culture, the CSKP group and the MEM-supplemented CSKP
group separated in terms of the first principal component, and this characteristic remained stable during the subsequent
culture periods (Figure 2C—F). The MEM-supplemented CRKP group and the CRKP group remained overlapping, and
no separation occurred (Figure 2A—F). On the basis of the above results, the subsequent analysis focused mainly on the
changes in the signal intensities of the 6 characteristic ions (m/z 27, 44, 45, 46, 47, and 61) at the T3 time point.

MEM Affects the Signal Intensity of the Characteristic VOC lons of K. pneumoniae
When MEM was added, the signal intensity of characteristic VOC ions in the CSKP group was significantly inhibited,
with an inhibition rate of >80%, while the signal intensity of characteristic ions in the CRKP group was not significantly
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Figure | Curve graph showing the time variation of VOCs ion signal intensity of clinical strains with or without MEM. CSKP and CRKP were cultured in TSB medium with
and without MEM respectively, with the blank medium serving as the background. The signal intensities of characteristic ions (m/z 27 (A), 44 (B), 45 (C), 46 (D), 47 (E) and
61 (F)) were continuously monitored by PTR-MS from 0 to 9 hours.

inhibited, some characteristic ions increased in signal intensity. The significant difference in the inhibition rate of signal
intensity occurred between the two groups (P<0.001) (Figure 3).

Carbon Penicillinase Inhibitors Affect the Signal Intensity of Characteristic VOC lons
of CRKP

On the basis of the results of the previous experiments, this section focuses on monitoring and analysing the key characteristic
ion signals at 3 h after the addition of MEM and the corresponding enzyme inhibitors. After 3 h of closed culture in MEM, the
signal intensities of the characteristic ions of the KPC- and NDM-positive strains were not significantly inhibited (Figure 4).
The combination of VAB reduced the signal intensity of the characteristic ions of KPC-positive strains by more than 75%
(Figure 4A). PCA revealed that after VAB was added to the KPC-positive strains, they could be effectively distinguished from
those using MEM alone, while different drug treatments did not significantly affect the signal intensity of the characteristic
ions of NDM-positive strains (Figure 5A). Similarly, the addition of EDTA significantly inhibited the signal intensity of the
characteristic ions of NDM-positive strains (Figure 4B), and PCA revealed that after EDTA was added to NDM-positive

Infection and Drug Resistance 2025:18 hetps: 6595



Teng et al

A ° '
1h H CRKP B ®  CRKP
® CRKP+MEM 2h 29/, CRKP+MEM
4_
A cskp -
¥ CSKP+MEM|
—~ 24 - ]
5 v -
S MY N “ne ®
A v, ° Am A
N 0 = A | :
g . . gy :
o & A A
-2 3 u A
_1_
_4_
-2 -10 -8 -6 -4 -2 0 2 4 8 10 -6 -4 -2 0 2 4 6
PC1 (67.3%) PC1 (92.3%)
D 2.0
c || ® crkp B CRKP
3 'S 5h
® CRKP+MEM 154 ® CRKP+MEM
1.04| A4 cskp s A CskpP
1.0
V¥ CSKP+MEM A, V¥ CSKP+MEM
0.5 A oo (*
§ A ;\? 0.5 ot
N % ) =
S 0.0 = 2o 8 = 3 -
N 47 Y . o 00 o e Y
O Yy . ° [&] [ ® A
o L] ] a mleoy A A
-0.5 -0.5 i 8
-1.0 -1.04
-1.51 -1.5
-6 -4 -2 0 2 4 -4 -2 0 2 4
PC1 (96.0%) PC1 (97.3%)
Eh B CRKP th B CRKP
1.0 J
® CRKP+MEM 27/ ® CRKP+MEM
A CskpP A CskpP
054 ¥ CSKP+MEM . 4 1LY CSKP+MEM s
- A
N L4 =y A i A
< 00 — 7T N7 0 st
N . N o — o
8 = [] 8 wv L :
:.ﬁ v °
-0.5 ° ° "
-
_1_
_1_0_
: : - : -2 : : .
-6 -4 -2 0 2 4 -6 -4 -2 0 2

Figure 2 PCA based on volatile metabolites of CSKP and CRKP strains with or without MEM exposure at different culture times. CSKP and CRKP were cultured in TSB with or
without MEM, metabolic profiles were monitored by tracking the signal intensities of specific volatile organic compound ions (m/z 27, 44, 45, 46, 47, 61), with blank medium as the
background control. PCA was performed using the first two principal components to show the dynamic metabolic profiles of CSKP and CRKP strains at selected time points (Ih

PC1 (97.4%)

(A), 2h (B), 3h (C), 5h (D), 7h (E), and %h (F)), which were chosen for a representative overview of the process.

strains, the strains could be effectively distinguished from using MEM alone, while KPC-positive strains did not indicate the

above changes (Figure 5B).

Verification of the Diagnostic Value of VOC lons as Features
After MEM was added, the sensitivity for the CRKP strains was 98.08%, indicating favourable specificity (100%) for the
CSKP strains. Under the conditions of MEM combined with VAB treatment, both the sensitivity (90.91%) and specificity

PC1 (92.7%)
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Figure 3 Inhibition rates of characteristic VOC ion signals in CSKP and CRKP strains after 3 hours of MEM exposure. CSKP and CRKP were cultured for 3 hours in TSB
broth with or without 4 ng/mL MEM (using blank medium as a background), after which the inhibition rates of characteristic ions (m/z 27(A), 44(B), 45(C), 46(D), 47(E), and
61(F)) were monitored and statistically analyzed (Inhibition rate (%) =[(signal intensity without MEM - signal intensity with MEM) / signal intensity without MEM]x 100%;
P < 0.001).

(100%) for the NDM-positive strains were suitable In the presence of MEM combined with EDTA treatment, both the
sensitivity (88.89%) for NDM-positive strains and specificity (100%) for KPC-positive strains were good (Table 2).

Qualitative Analysis of Characteristic lons via FGC-PTR-MS

The characteristic ions were quantitatively analysed via FGC—PTR-MS. When the ion at m/z 47 was used as an illustrative
example, its retention time in the headspace gas of K. pneumoniae matched that of an authentic ethanol standard (Aladdin,
China), as shown in Figure 6. This correspondence allowed the ion to be unambiguously identified as ethanol. The remaining 5
characteristic ions released by K. pneumoniae were subsequently identified (Table 3). The m/z 27 signal was identified as the
fragment ion of acetaldehyde (m1/z 45), with a retention time of 18.6 s. The signal changes at m/z 44 and 46 were also confirmed
to be related to acetaldehyde, and the retention time of acetic acid (m/z 61) was 31.0 s.

Discussion
In recent years, the global prevalence of CRKP has posed a severe challenge for clinical anti-infective treatment. Its high
mortality rate and rapid transmission ability urgently necessitate efficient detection methods.>*> In this study, PTR-MS
technology was used to quantitatively analyse the VOCs produced by K. pneumoniae under MEM pressure in a 3-h
sealed culture process. The results revealed that the signal intensities of 6 characteristic VOC ions were significantly
correlated with the sensitivity of the strain to carbapenem drugs. On the basis of these characteristics, we successfully
achieved rapid differentiation between CSKP and CRKP and further combined carbapenemase inhibitors to identify
KPC- and NDM-producing bacteria. The method demonstrated satisfactory sensitivity and specificity.

Furthermore, FGC-PTR-MS was used to precisely identify the characteristic ions, and the key VOCs related to
carbapenem drug sensitivity were determined to be acetaldehyde, ethanol, and acetic acid. Although these VOCs are not

2627 the changes in their dynamic abundance patterns under MEM pressure have significant

specific to K. pneumoniae,
discriminatory significance. Under nonantibiotic conditions, the VOC spectra of CRKP and CSKP were similar;

however, under MEM pressure, significant differences were observed in the spectra of the two strains, suggesting that
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Figure 4 Scatter plot of the inhibition of ion signals in CRKP strains after 3-hour exposure to different treatments. KPC-positive CRKP and NDM-positive CRKP were
cultured in TSB (control), TSB with 4 pg/mL meropenem (MEM), or TSB with MEM plus a carbapenemase inhibitor (VAB(A) or EDTA (B)). The inhibition rate for each of six
characteristic ions (m/z 27, 44, 45, 46, 47, 61) was calculated as (Inhibition rate (%) = [(Signal intensity in Control — Signal intensity in Treatment) / Signal intensity in Control]
% 100%, Control: TSB broth without MEM; Treatment: TSB with MEM alone or MEM combined with inhibitors, using blank medium as background). Each scatter point in
panels (A) and (B) represents the inhibition rate of a single characteristic ion under the specified condition.

the observed changes in VOCs resulted mainly from the metabolic responses of bacteria under carbapenem antibiotic
stress rather than differences in the inherent metabolic background between the strains, thereby reflecting their drug
resistance phenotypes. Studies have shown that the acetaldehyde dehydrogenase-encoding gene is widely present in
various bacteria and that different bacterial species may exhibit specific patterns of acetaldehyde metabolism and
release.'® Notably, high-yielding ethanol-producing Klebsiella pneumoniae (HiAlc Kpn) is associated with the occur-
rence of various diseases. For example, 91.2% of KP strains isolated from patients with respiratory system diseases can
produce ethanol. The endogenous ethanol produced by HiAlc Kpn can induce oxidative stress damage in lung tissue and
interfere with the function of neutrophils, thereby promoting bacterial immune evasion and increasing host susceptibility
and lung tissue damage.?® On the other hand, through animal experiments, Li et al reported that HiAlc Kpn can utilize the
2,3-butanediol fermentation pathway to generate high levels of endogenous ethanol.’ This metabolic characteristic has
been further confirmed to be related to the pathogenesis of nonalcoholic fatty liver disease, indicating that HiAlc Kpn
may be a potential pathogenic factor for this disease.

The detection system established in this study provides significant advantages over traditional microbiological
methods. First, the use of this method significantly reduced the detection time, facilitating the identification of CRKP
and its drug resistance genes within a few hours. Antibiotic susceptibility testing (AST), which is commonly used in
clinical settings abroad and domestically, takes 18-24 h and cannot be used to detect drug resistance genes.*® Although
the newly launched Carba NP test exhibits high sensitivity and specificity and is a rapid, simple and cost-effective
method for detecting carbapenemase phenotypes,’! its interpretation has the limitations of being highly subjective and
prone to interference from colour transition intervals. In contrast, PTR-MS technology can achieve continuous sample
injection and automated data analysis and may demonstrate better detection efficiency and result in consistency in large-
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Figure 5 PCA of the bacterial metabolic response to MEM and inhibitor combinations after 3-hour exposure. The score plot resolves the distinct metabolic profiles of KPC-
and NDM-positive CRKP strains following 3-hour culture in TSB with no drug, 4 pg/mL meropenem (MEM), or MEM combined with a carbapenemase inhibitor (VAB(A) or
EDTA (B)). Metabolic profiles were derived from six characteristic volatile organic compound ions (m/z 27, 44, 45, 46, 47, 61), using blank medium as a background control,

and analyzed via PCA based on the first two principal components.

scale sample screening scenarios. Rapid diagnosis helps with early clinical intervention, optimizing strategies for
antibiotic use, improving patient prognosis and reducing the spread of drug-resistant bacteria. Previously, studies have
applied VOC analysis to the field of antibiotic susceptibility testing.** >* Li et al used GC-IMS and reported that after 5 h
of culture under imipenem pressure, the VOC spectra of CRKP and CSKP significantly differed.”® Dixon et al used GC—

Table 2 Results of PTR-MS Analysis for K. pneumoniae, KPC/NDM-Positive CRKP

Scheme Total, n Experimental Control Sensitivity, Specificity, Kappa
Group Group n (%) n (%)

Meropenem Added® 105 CRKP CSKP 98.08 (51/52) 100.00 (53/53) 0.981

Meropenem and VAB Added® 31 KPC-positive CRKP NDM-positiveCRKP 90.91 (20/22) 100.00 (9/9) 0.853

Meropenem and EDTA Added® 31 NDM-positive CRKP KPC-positive CRKP 88.89 (8/9) 100.00 (22/22) 0919

Notes: *Positive determination: After adding MEM, the inhibition rate of any 5 characteristic VOC ion signal intensities is less than 40%; Positive determination: After
combining MEM with carbapenemase inhibitors, the inhibition rate of any 5 characteristic VOC ion signal intensities is greater than or equal to 40%. This table demonstrates
the performance of the PTR-MS method in classifying strains pre-confirmed by PCR as KPC-positive (n=22) and NDM-positive (n=9).
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Figure 6 Example diagram for qualitative analysis of m/z 47. Using FGC-PTR-MS to monitor the retention time at m/z 47 of the ethanol standard ((A) Aladdin, China) and K.
pneumoniae (B), the retention times of both were consistent. Therefore, it can be concluded that the VOC represented by m/z 47 is ethanol.
Note: *Retention time.

MS technology to analyse the topological VOC spectra of ampicillin-resistant and ampicillin-sensitive Escherichia coli
treated with different concentrations of ampicillin for 6 h, enabling the differentiation of the above resistant and
susceptible bacteria.** Compared with previous studies, the overall detection period was reduced in this study, which
may be attributed to the intervention strategy of adding MEM at the beginning of the experiment, and the real-time
monitoring advantage of PTR-MS technology also provided notable support for rapid data acquisition. In addition,
exhalation VOC detection has significant advantages in terms of detection speed, noninvasiveness, and simultaneous
multi-index analysis. This detection method has also been studied for use in early disease screening and shows promising
potential in clinical applications.>>® However, its promotion still faces many challenges, such as the detection results
being easily affected by diet, drug intake, and the surrounding environment. The existing detection technologies have
high professional requirements for operators, including regular instrument calibration and maintenance. Nevertheless,
with the increasing application of PTR-MS in the medical field and the continuous improvement in clinical VOC
detection guidelines, the operation process is projected to be simplified, and human errors can be reduced through the
development of fully automatic sample input-result output equipment, thereby promoting the large-scale clinical

application of this technology.

Table 3 Putative Identities of Characteristic lons

m/z Possible Substance RI?(s) CAS Formula | Molecular Weight | PA® (k] mol™')
27 Acetaldehyde (fragment) | 18.6(18.6) | 75-07-0 | C2H40 44.053 768.5
44 Acetaldehyde 18.6(18.6) | 75-07-0 | C2H40 44.053 768.5
16.4
45 Acetaldehyde 18.6(18.6) | 75-07-0 | C2H40 44.053 768.5
46 Acetaldehyde 18.6(18.6) | 75-07-0 | C2H40 44.053 768.5
16.4
47 Ethanol 19.8(19.8) | 64-17-5 | C2H60O 46.07 776.4
6l Acetic Acid 31.0(31.0) | 64-19-7 | C2H402 60.052 783.7

Notes: *FGC-PTR-MS chromatographic retention time, bacterial headspace (standard reagent); ®According to the NIST mass spectro-
metry database, query the proton affinity potential (PA value) of the substance corresponding to the substance, and the PA value of the
substance should be higher than that of water (691 k] mol™').
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Although the initial data showed a positive trend, the current experimental study included only clinical isolates from
two hospitals and did not cover all resistance mechanisms. The number of research centres is small, making evaluating
the stability and repeatability of this method under different laboratory conditions difficult. Owing to the possible
differences in detection processes, sample handling methods, and resistance spectra among various medical institutions,
further verification of the universality of this method is needed through multicentre cooperation. CRKP exhibits genetic
diversity and regional distribution characteristics. Different regions may encompass different CRKP epidemic strains
with genetic differences. For example, some studies have reported that the typing of clinical isolates mainly includes
blaoxa.as and blapgp,’ and some CRKP strains may also mediate resistance through nonenzymatic mechanisms such as
membrane pore protein deﬁciency.38 This study focuses mainly on KPC- and NDM-positive CRKP. Therefore, the small
sample size and the focus on only the main genotypes may lead to overestimation of the sensitivity and specificity of the
detection method. Moreover, more clinical samples (such as respiratory specimens and blood samples) should be
included, more resistance gene targets (such as blagxa.4s and blapp) should be integrated, and their sensitivity in
mixed infections or low-bacterial-load samples should be evaluated.

Conclusion

The new rapid detection method developed in this study exhibits a satisfactory application potential for identifying
CRKP, including KPC- and NDM-positive CRKP. Preliminary verification revealed that this method has good specificity,
sensitivity, and timeliness and has important clinical application potential. However, the current sample size is small, and
because this study only focused on the main genotypes, further verification of its reliability through larger-scale,
multicentre clinical studies is needed. In the future, through systematic and comprehensive validation studies, this
method is expected to become an important tool for the rapid diagnosis and resistance monitoring of CRKP, providing
strong support for curbing the spread of drug-resistant bacteria.
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