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Analysis and application of volatile metabolic
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Nosocomial infections caused by Escherichia coli (E. coli) may pose serious risks to patients, and early
identification of pathogenic bacteria and drug sensitivity results can improve patient prognosis. In this
study, we clarified the composition and relative content of volatile organic compounds (VOCs)
generated by E. coli in tryptic soy broth (TSB) using gas chromatography-ion mobility spectrometry (GC-
IMS). We explored whether imipenem (IPM) could be utilized to differentiate between carbapenem-
sensitive E. coli (CSEC) and carbapenem-resistant E. coli (CREC). The results revealed that 36 VOCs
(alcohols, aldehydes, acids, esters, ketones, pyrazines, heterocyclic compounds, and unknown
compounds) were detected using GC-IMS. Besides, the results indicated that changes in the relative
content of VOCs as well as changes in the signal intensity of fingerprints were able to assess the growth
state of bacteria during bacterial growth and help identify E. coli. Lastly, under selective pressure of IPM,
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1. Introduction

Escherichia coli (E. coli) is an important bacterium present in the
intestinal microbiota of vertebrates' and is one of the most
common bacteria in the Enterobacteriaceae family. It possesses
a wide range of virulence factors, such as toxins, adhesins, iron
carriers, and other virulence factors, resulting in a wide range of
pathogenic activities.>® In most cases, it is a common pathogen
that causes urinary tract infections,® diarrhea,” bloodstream
infections, and other illnesses.® In clinical practice, empirical
antibiotic therapy for various diseases caused by E. coli infec-
tions is often an effective therapeutic strategy until the results of
drug sensitivity are clarified. However, inappropriate antibiotic
application strategies can lead to multidrug-resistant E. coli.
Therefore, shortening the reporting time for microbial identi-
fication and drug sensitivity testing has become an important
challenge for microbiologists.

The main resistance mechanism of carbapenem-resistant E.
coli (CREC) includes the production of carbapenem-resistant
enzymes with a predominance of New Delhi metalloenzyme
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volatile fingerprints of E. coli could be employed as a model to distinguish CSEC from CREC strains.

(NDM).” Especially in China, blaxpy accounted for 93% and
97.2% of adult and pediatric CREC, respectively.® Data pub-
lished by the China Bacterial Drug Resistance Monitoring
Network in 2023 demonstrated that the resistance rates of E. coli
to imipenem (IPM) and meropenem (MEM) were 1.9% and 2%,
respectively, compared with 1.1% and 1.4% in 2005, which were
at low levels of prevalence but have shown a slow rising trend.
Notably, CREC infections increase patient mortality and
prolong hospitalization compared to carbapenem-sensitive E.
coli (CSEC) infections®*® and are especially common in intensive
care units (ICU)."

Traditional drug sensitivity tests are mainly based on paper
diffusion and dilution (instrumental methods). However, these
methods are cumbersome and time-consuming and increase
the risk of delayed drug administration to patients. Accordingly,
there is an urgent need for a rapid test to early identify CREC
and related therapeutic measures in the clinic. Historically,
microbiologists have revealed that bacteria have a powerful
ability to produce large amounts of volatile substances™™** and
named them microbial volatile organic compounds (mVOCs).
For example, Streptomyces can produce up to more than 80
volatile organic compounds (VOCs).* In addition, using VOCs
facilitates early identification of carbapenem-sensitive versus
carbapenem-resistant Klebsiella pneumoniae,'® enabling appro-
priate measures to be taken to improve the prognosis of
patients.

Gas chromatography-ion mobility spectrometry (GC-IMS)
combines the excellent separation effect of gas chromatog-
raphy (GC) with the high sensitivity of ion mobility spectrometry
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(IMS). GC-IMS can accurately analyze VOCs without cumber-
some sample pre-treatment, greatly simplifying the analytical
process and has already achieved remarkable results in the
fields of food science'”'® and environmental monitoring." As an
emerging detection technology, GC-IMS has been gradually
applied in the medical field in recent years,* especially in the
rapid detection of pathogenic bacteria and identification of
bloodstream-infected bacteria with certain advantages.*
Currently, few reports are found on the identification of E. coli
strains and the determination of drug sensitivity results by GC-
IMS. Consequently, the present study aimed to identify and
analyze the volatile metabolic profiles produced by CREC and
CSEC by GC-IMS and simultaneously rapidly identify and clin-
ically validate the two, which will provide a reference for
developing rational antibiotic treatment plans.

2. Materials and methods
2.1 Strain acquisition, identification, and sensitivity testing

The E. coli quality control strain (American Type Culture
Collection, ATCC-25922) was purchased from the China General
Microbial Strain Collection and Management Center. The rest
of the strains were isolated from the Clinical Microbiology Unit,
Department of Laboratory Medicine, the Second Affiliated
Hospital of Nanchang University. Among them, CSEC and CREC
were identified as E. coli by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
using ATCC-25922 as the control. The drug sensitivity results of
VITEK® 2 Compact ASTGN16 (biomrieux) or Kirby-Bauer (KB)
test suggested that they were sensitive or resistant to carbape-
nem antibiotics. The minimum inhibitory concentration (MIC)
of IPM was determined according to the standards established
by the Clinical Laboratory Standards Institute (CLSI). Modified
carbapenem inactivation method (mCIM) and EDTA-
carbapenem inactivation method (eCIM) were used to verify
the carbapenemase type, and the drug resistance genes of the
experimental strains were analyzed by next-generation
sequencing technology. A total of 20 CSEC and 20 CREC
strains isolated from clinical specimens were randomly selected
as experimental strains, and all strains were preserved in glyc-
erol broth (15% glycerol) (Solarbio, China) before experiments
and stored in a refrigerator at —80 °C.

2.2 Culture conditions and sample preparation

The enrichment medium used for experiments was Tryptic Soy
Broth (TSB), whose main ingredients were soy peptone extract,
peptone, glucose, and phosphate buffer. All experimental strains
were inoculated on Columbia blood agar plates the day before
and incubated in a 37 °C incubator for 18-22 h. The next day,
single colonies of pure culture were picked and prepared into
a 0.5 McFarland concentration bacterial suspension with sterile
deionized water (ddH,O). The suspension was injected into
a culture tube containing TSB to reach a final concentration of
107 colony-forming units (CFU) mL™'. The whole system had
a total volume of 6 mL, with the blank group receiving an equal
amount of ddH,O as the bacterial suspension. The samples were
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incubated at 37 °C with shaking at 200 rpm. Finally, about 500 uL
of the bacterial culture was taken at different time points and
placed in headspace flasks for GC-IMS analysis. To prevent the
decomposition of IPM, the IPM solution was prepared 10 min
before dosing; consequently, the final concentration of IPM
added to the bacterial culture solution became 0.25 mg mL™*.>2

2.3 Detection principle and equipment parameters

GC-IMS is mainly composed of several parts, such as a capillary
column, ionization source, migration tube, and Faraday disk.
When volatile compounds enter the equipment, they first enter
the capillary column for pre-separation and then enter the
migration tube as individual components. Sample molecules
are ionized to molecules or ions by a tritium source in the
ionization zone of the migration tube before entering the
migration zone through the periodically opening ion gate. High-
purity nitrogen gas enters the migration zone from the drift gas
inlet and moves in the opposite direction to the ions, which, on
the one hand, can blow some unionized molecules out of the
outlet to avoid interference with the detection. On the other
hand, it provides resistance to the movement of the ions,
imparting their better separation. Finally, the ions reached the
Faraday disk in the order of their migration rates from fast to
slow. The time required to traverse the drift tube varied from
short to long. Upon arrival, the ions were detected, and the
peaks were sequentially recorded. This process yielded three-
dimensional spectra, including the retention time (Rt), the
drift time (Dt), and the signal intensity.

The column model used in this study was MXT-WAX, with
alength of 15 m, an inner diameter of 0.53 mm, a film thickness
of 1 um, and a migration tube length of 98 mm. Typically, 500 pL
of the sample to be tested was placed in each headspace vial
before the start of the experiment, closed with a magnetic screw
cap and a septum, and then incubated at 60 °C with shaking at
500 rpm for 3 min, followed by the extraction of 1000 pL of
headspace vials for 10 min. The gas was analyzed for 10 min.
High-purity nitrogen (99.999%) was utilized as the carrier gas.
The IMS drift gas flow rate was always maintained at 150
mL min~ ', and the carrier gas gradient for the whole process was
as follows: 0-1 min: 0-2 mL min~%; 1-3 min: 2-10 mL min™; 3-
10 min: 10-100 mL min~'. Other main parameters were as
follows: T1 drift tube temperature was 45 °C, T2 gas chroma-
tography column temperature was 80 °C, T3 inlet temperature
was 80 °C, T4 and T5 transfer tube temperature was 80 °C,
column temperature was 80 °C, injection needle temperature
was 85 °C, and ionization source was tritium radioactive ioni-
zation source with an average radiation energy of 5.68 keV.

2.4 Data analysis

The analysis was conducted using the accompanying software
VOCal version 0.1.3 in the FlavourSpec® flavor analyzer from
G.A.S., Germany. After the samples were analyzed in a positive
ionization mode, the signal peaks of the volatile components of
the samples were collected, and visual two-dimensional maps
were obtained from their color expression. Using the built-in
library search NIST database of the GC-IMS instrument and
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the IMS database as a reference, volatile compounds were
identified based on the retention index (RI) and drift time (Dt).>®
The volatile compounds were identified using the VOCal soft-
ware. The fingerprints were plotted using the VOCal plug-in
Galerie and the Gallery Plot plug-in for intergroup comparison
of fingerprints, Dynamic PCA 1.4.0 for principal component
analysis (PCA), and nearest neighbor for similarity analysis.
GraphPad Prism 8.3.0 was employed to plot the bacterial growth
curves and the dynamic trends of VOCs using the online tools
bioinformatics (https://www.bioinformatics.com.cn/),
Microsoft Office PowerPoint 2010, and ChiPlot (https:/
www.chiplot.online/) for data visualization. The Mann-
Whitney U test was utilized to compare VOCs between
different groups, and VOCs were considered to be different
between groups when p < 0.05.

3. Results

3.1 Determination of drug sensitivity results of 20 CREC
strains and time points for detecting VOCs

The results of 20 CREC strains to eight antibiotics are presented
in Table 1. According to the drug sensitivity results, the resis-
tance rates for these strains were as follows: cefepime (100%),
piperacillin tazobactam (95%), ciprofloxacin (90%), levofloxacin
(90%), and cotrimoxazole (85%). Additionally, all strains
exhibited MIC values for IPM greater than 4 ug mL ™", indicating
complete resistance to it.

By determining the OD value of ATCC-25922 at different time
points, the bacterial growth curve was plotted (Fig. 1). The

Table 1 Antibiotic susceptibilities of CREC strains (n = 20)*
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Fig. 1 Growth curve of E. coli (ACTT-25922).

observed growth patterns of the bacteria over time are as
follows. In the first two hours, the bacteria growth is slow,
indicating a growth stagnation period. From 2 to 5 hours, the
rate of bacterial increase becomes visibly rapid, marking the
exponential growth phase. After 5 hours, the rate of bacterial
proliferation stabilizes as the rates of growth and death
approach a dynamic equilibrium, leading to a stable bacterial
population, known as the stationary phase. Consequently, it is
appropriate to select five time points (3 h-T0, 4 h-T1, 5 h-T2, 6 h-
T3, and 7 h-T4) for exploring VOCs between 3 and 7 hours for
the present study and to compare the differences in VOCs
among different groups at the end of the exponential growth
period of the bacterial proliferation, specifically at the T2 time
point.

MIC (ug mL ™)

Strain Piperacillin Carbapenem
no. Ciprofloxacin Levofloxacin Aztreonam Cefepime Sulfamethoxazole Tobramycin tazobactam Imipenem mCIM eCIM gene
CREC-1 >2 (R) 8 (R) 16 (R) >32 (R) =2(9S) =2 (9S) >128 (R) 8 (R) + + blanpp-1
CREC-2 >2 (R) >8 (R) >16 (R) >32 (R) >4 (R) >8 (R) >64 (R) 4 (R) + + blanpm-1
CREC-3 >2 (R) >8 (R) >16(R) 32(R) >4 (R) =2 () 64 (I) >8 (R) + + blaxpps
CREC4 >2(R) 8 (R) =1 (S) >32(R) >4 (R) >8 (R) >128 (R) 8 (R) + + blanpm-s
CREC-5 >2 (R) 8 (R) =1 () >32 (R) >4 (R) >8 (R) >128 (R) 8 (R) + + blaxpas
CREC-6 >4 (R) 8 (R) 16 (R) >16 (R) >4 (R) =4(S) >128 (R) >8 (R) + + blanpm-s
CREC-7 >4 (R) >8 (R) >32(R)  >16(R) >4 (R) 8 (I) >128 (R) 4 (R) + + blaxpas
CREC-8 >4 (R) >8 (R) >32 (R) >16 (R) >4 (R) 16 (R) >128 (R) 4(R) + + blaxpms
CREC9 >4 (R) >8 (R) 8 (1) >16 (R) >4 (R) =4 () >128 (R) 8 (R) + + blaxpms
CREC-10 >4 (R) >8 (R) >32 (R) >16 (R) =2(S) >16 (R) >128 (R) >8 (R) + + blanpm-s
CREC-11 >4 (R) >8 (R) >32(R)  >16(R) >4 (R) =4 () >128 (R) 4 (R) + + blaxpps
CREC-12 >4 (R) >8 (R) >32 (R) >16 (R) >4 (R) >16 (R) >128 (R) >8 (R) + + blaxpm-s
CREC-13 >4 (R) >8 (R) >32(R)  >16(R) >4 (R) >16 (R) >128 (R) 4 (R) + + blaxpms
CREC-14 >4 (R) >8 (R) >32 (R) >16 (R) >4 (R) 8 (I >128 (R) >8 (R) + + blanpm-s
CREC-15 0.5 (8) >8 (R) =4 () >16 (R) >4 (R) >16 (R) >128 (R) 4 (R) + + blaxpms
CREC-16 >4 (R) 1(S) =4 (S) 16 (R) >4 (R) >16 (R) >128 (R) 4 (R) + + blanpm-s
CREC-17 >4 (R) 8 (R) 16 (R) >16 (R) >4 (R) =4 (8S) >128 (R) >8 (R) + + blaxpms
CREC-18 =0.25(S) 8 (R) 16 (R) >16 (R) =2 (S) =4(S) >128 (R) >8 (R) + + blanpm-s
CREC-19 >4 (R) =0.5 (S) =4 (8S) >16 (R) >4 (R) 8 (I) >128 (R) >8 (R) + + blaxpms
CREC-20 >4 (R) >8 (R) 16 (R) >16 (R) >4 (R) >16 (R) >128 (R) >8 (R) + + blanpm-s

¢ Abbreviations: MIC, minimum inhibitory concentration; CREC, carbapenem-resistant Escherichia coli; S, susceptible; I, intermediate; R, resistant;
mCIM, modified carbapenem inactivation method; eCIM, EDTA-carbapenem inactivation method.
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3.2 Exploring the fingerprints of VOCs in blank bottles,
CSEC, CREC and the relative content of each group at
different time points

Under the established experimental conditions, one strain of
CSEC and one strain of CREC were selected, and each bacterial
strain repeated the same operation six times for the pre-
exploratory experiments (hereinafter). In total, 4 alcohols, 6
aldehydes, 3 acids, 3 esters, 5 ketones, 3 pyrazines, 2 heterocy-
clic compounds, and 10 unknowns were detected using GC-IMS.
The same substance was divided into monomer and dimer
forms according to the drift time, resulting in the detection of
36 VOCs. The changes in the relative content of these 36 VOCs
from TO to T4 in the blank control group, the CSEC group, and
the CREC group are detailed in ESI Table 1, and detailed
information on each substance is demonstrated in Table 2.
Based on the growth curves, we then focused on analyzing
the differences in the relative content of each VOC among

Table 2 Details of all VOCs detected by GC-IMS?
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different groups at the T2 time point. By comparing the blank
control group, there are 34 substances with the same trend of
change in the CSEC and CREC groups, of which the contents of
16 increased and 18 decreased, and only two substances
(acetaldehyde and unidentified-7) had the opposite trend of
change. Notably, by comparing the CSEC group with the CREC
group, only 11 VOCs differed, including alcohols: 3-methyl-1-
butanol-M; aldehydes: acetaldehyde, benzaldehyde (mono-
mer and dimer), 3-methyl-2-butenal; acids: acetic acid; esters:
bornyl acetate, methyl 2-methylbutanoate; heterocyclic:
pyrrolidine-M; unidentified (8 and 10). Detailed data are dis-
played in Table 3. The fingerprints of 36 VOCs among different
groups at the T2 time point are illustrated in Fig. 2A. Obvi-
ously, although CSEC and CREC were divided into different
groups because of different sensitivities to carbapenems, the
fingerprints generated by the two groups showed almost no
significant difference.

Chemical class Compound CAS# Formula MW RI Rt [s] Dt [a.u.]
Alcohols Ethylene glycol C107211 C,HgO, 62.1 1668.2 492.458 1.10179
1-Butanol C71363 C,H100 74.1 1117.3 149.829 1.18152
3-Methyl-1-butanol” C123513 CsH1,0 88.1 1216 187.96 1.48891
1218.9 189.125 1.24111
Aldehydes Acetaldehyde C75070 C,H,0 44.1 701.7 78.843 0.9626
Propanal C123386 C3HsO 58.1 774.8 87.347 1.04836
Nonanal C124196 CyH,30 142.2 1404.3 280.573 1.48176
Benzaldehyde“ C100527 C;HsO 106.1 1532.8 368.971 1.47003
1531.2 367.72 1.15593
3-Methyl-2-butenal C107868 CsHgO 84.1 1217.3 188.489 1.09221
Acids Acetic acid C64197 C,H,0, 60.1 1481.4 330.713 1.15909
Propionic acid® C79094 C;H:0, 74.1 1589.9 416.736 1.26668
1580.6 408.609 1.11349
Esters Ethyl acrylate C140885 CsHgO, 100.1 1015.3 123.315 1.42017
Bornyl acetate C76493 C15H,00, 196.3 1581.3 409.215 1.20781
Methyl 2-methylbutanoate C868575 CeH120, 116.2 1024.4 125.346 1.19505
Ketones Acetone C67641 C3HsO 58.1 823.2 93.49 1.11441
Butan-2-one C78933 C4HgO 72.1 905.8 104.961 1.25031
Cyclohexanone C108941 CeH100 98.1 1309.7 229.283 1.15745
2,3-Pentanedione C600146 CsHgO, 100.1 1071.7 136.468 1.22922
3-Hydroxybutan-2-one (acetoin) C513860 C,H;0, 88.1 1306.1 227.546 1.06994
Pyrazines 2-Methylpyrazine C109080 CsHgN, 94.1 1286.8 218.389 1.08819
2-Ethyl-5-methylpyrazine C13360640 C;H 10N, 122.2 1439.5 302.438 1.19545
2,5-Dimethylpyrazine C123320 CeHgN, 108.1 1337 243.058 1.11647
Heterocyclic compound Pyrrolidine® C123751 C4HoN 71.1 1029.5 126.513 1.04138
1010.2 122.187 1.27592
Unidentified compounds Unidentified-1 Unidentified * 0 1312.1 230.476 1.22964
Unidentified-2 Unidentified * 0 1162.1 166.498 1.2147
Unidentified-3 Unidentified * 0 1116.5 149.54 1.51926
Unidentified-4 Unidentified * 0 1109.8 147.202 1.44227
Unidentified-5 Unidentified * 0 964.4 113.957 1.16912
Unidentified-6 Unidentified * 0 1148.4 161.222 1.07504
Unidentified-7 Unidentified * 0 1145.5 160.126 1.33492
Unidentified-8 Unidentified * 0 1166 168.052 1.03977
Unidentified-9 Unidentified * 0 1180.5 173.87 1.12619
Unidentified-10 Unidentified * 0 1217.3 188.507 1.31139

“ Represents the substance that has two distinct peak positions in the GC-IMS system, with a shorter drift time corresponding to the monomer and
a longer drift time corresponding to the dimer. ® Abbreviations: VOCs, volatile organic compounds; GC-IMS, gas chromatography-ion mobility
spectrometry; CAS#, chemical abstract service registry number; MW, molecular weight; RI, retention index; Rt, retention time; Dt, drift time.
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Fig. 2 (A) Fingerprints of 36 VOCs among different groups at the T2 time point. (B) Principal component analysis and similarity analysis using

VOCs at T2 time point.

3.3 Exploring whether VOCs can be used to distinguish
CSEC from CREC at the T2 time point when IPM is not added

To investigate whether the VOCs detected at the T2 time point
could be used to differentiate the different groups, the three
groups of data were jointly imported into Dynamic PCA for
analysis. The results disclosed that the 36 VOCs could differ-
entiate the bacterial group (CSEC and CREC) from the blank
control group. However, they were unable to further differen-
tiate CSEC and CREC groups. Then, a similarity analysis was
performed to verify the results of PCA analysis, which finally
maintained the inability to effectively differentiate CSEC from
CREC. Subsequently, a similarity analysis was performed on the
above data to verify the results of PCA analysis, which finally
maintained the inability to effectively differentiate between
CSEC and CREC (Fig. 2B).

Further comparison of the relative contents of VOCs in six
sets of parallel samples from the CSEC group and the blank
control group using the U-test reveals that of the 36 substances
detected, 21 differed between the two groups, with 12 rising and
9 falling compared with the blank bottle. By comparing the
relative contents of VOCs in six groups of parallel samples from
CREC and blank bottles, there are also 21 substances with
differences between the two groups, with 13 rising and 8 falling
compared with the blank bottles. Fig. 3A displays the finger-
prints of VOCs with differences in the comparison between
different groups in the T2 time point, and Table 3 demonstrates

© 2024 The Author(s). Published by the Royal Society of Chemistry

the trends of all differences in the VOCs and their relative
contents.

Finally, the Veen diagram (Fig. 3B) was employed to analyze
the 12 content-increasing VOCs and 9 content-decreasing VOCs
in the CSEC group compared to the blank control group versus
the 13 content-increasing VOCs and 8 content-decreasing VOCs
in the CREC group compared to the blank control group. The
results indicated that, among all content-increasing VOCs, 1-
butanol, which was unique to the CREC group, existed outside
the 12 intersections. Among all content-decreasing VOCs,
benzaldehyde-M and 2-methylpyrazine were unique to CSEC,
and unidentified-4 was unique to CREC. The content change
curves of the above four specific VOCs from TO to T4 are pre-
sented in Fig. 3C. Finally, PCA was performed again using these
four substances to explore their ability to differentiate between
CSEC and CREC, and the results suggested that the two groups
remained indistinguishable from each other (Fig. 3D).

3.4 Exploring whether IPM addition can distinguish CSEC
from CREC using VOCs at the T2 time point

To explore the effect of adding IPM on the emission of VOCs
from each group of bacteria, IPM was added during the TO
period (so that the final concentration of IPM in the whole
system was 0.25 mg mL~'). ESI Table 2 demonstrates the
changes in all detected VOCs for each group of samples in the
TO-T4 time period after adding IPM. Although no new VOCs

RSC Adv, 2024, 14, 25316-25328 | 25321
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(A) T2 period U test indicates differences in the fingerprints of VOCs in CSEC and CREC groups compared to the blank control group. (B)

Veen diagram to find the specific substances present in all VOCs with increasing and decreasing content. (C) The pattern of change of the four
specific substances in TO-T4. (D) Principal component analysis of CSEC and CREC using the four specific substances mentioned above.

were generated when IPM was added, only the content of certain
VOCs was changed. Table 4 demonstrates more intuitively the
VOCs with differences between CSEC + IPM and CREC + IPM in
the T2 period. In total, 27 differentiated VOCs were detected
among 36 detected VOCs, imparting an increase of 16 differ-
entiated VOCs compared to only 11 differentiated VOCs detec-
ted in the comparison of CSEC and CREC without IPM.
Compared to the CSEC + IPM group, 10 of the 27 differential
VOCs decreased (ethyl acrylate, cyclohexanone, methyl 2-
methylbutanoate, 2,3-pentanedione, nonanal, pyrrolidine-D,

25322 | RSC Adv, 2024, 14, 25316-25328

ethylene glycol, butan-2-one, benzaldehyde-D, acetaldehyde)
and 17 VOCs increased (unidentified-8, pyrrolidine-M,
unidentified-10, 2-ethyl-5-methylpyrazine, unidentified-9, 3-
methyl-1-butanol-D, unidentified-1, bornyl acetate, 1-butanol,
acetic acid, 3-hydroxybutan-2-one (acetoin), unidentified-3,
propanal, propionic acid-D, unidentified-4, unidentified-5, 3-
methyl-2-butenal) in the CREC + IPM group.

Fig. 4A further displays the fingerprints of the blank control,
CSEC, and CREC groups after IPM addition at the T2 period.
Remarkably, the most obvious change was in the CSEC group,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The relative content of VOCs at the T2 time point after IPM addition by CSEC and CREC®

CSEC + IPM (T2)

CREC + IPM (T2)

Label mean + SD (n = 6) mean =+ SD (n = 6) Variation P

Ethyl acrylate 1417.25 + 97.71 201.43 £ 69.79 Down 2.5943 x 10
Unidentified-8 2493.5 £ 302.12 5863.61 £ 274.64 Up 1.9299 x 10~°
Pyrrolidine-M 399.24 + 34.69 716.74 + 17.06 Up 2.0255 x 107°
Unidentified-10 381.58 £ 30.86 730.34 + 32.3 Up 3.3251 x 10~°
2-Ethyl-5-methylpyrazine 17.09 + 2.76 89.56 + 8.96 Up 3.6544 x 107°
Cyclohexanone 451.97 £ 39.32 169.56 + 7.13 Down 8.7687 x 10~ °
Unidentified-9 392.07 £ 20.7 977.77 + 97.87 Up 5.3767 x 10°®
Methyl 2-methylbutanoate 1171.33 £ 29.97 895.05 + 41.47 Down 1.1631 x 1077
3-Methyl-1-butanol-D 777.74 £ 40.38 1129.12 + 74.04 Up 1.3184 x 10°°
Unidentified-1 83.26 £ 5.19 279.77 + 53.22 Up 4.1343 x 10°°
Bornyl acetate 376.96 £ 100.43 765.26 + 35.41 Up 4.4298 x 10°°
1-Butanol 920.52 £ 30.03 1454.23 £ 153.1 Up 7.8301 x 107°
2,3-Pentanedione 32.88 £ 4.13 17.45 + 2.33 Down 1.2124 x 107°
Acetic acid 3793.23 £ 671.73 5684.85 £ 153.49 Up 5.2036 x 107>
Nonanal 218.85 £ 67.62 37.12 £+ 3.36 Down 6.2727 x 10°°
3-Hydroxybutan-2-one (acetoin) 265.9 £ 33.7 424.49 £ 52.26 Up 9.5421 x 107°
Pyrrolidine-D 815.98 &+ 67.87 627.43 + 38.91 Down 0.0002
Unidentified-3 189.92 + 20.9 776.88 + 256.79 Up 0.0002
Ethylene glycol 85.41 + 13.8 51.78 + 5.88 Down 0.0003
Propanal 118.63 + 5.93 141.43 + 8.3 Up 0.0003
Propionic acid-D 585.02 4 122.89 1021.79 + 149.56 Up 0.0003
Butan-2-one 2015.94 £+ 71.14 1365.89 £ 312.65 Down 0.0006
Unidentified-4 240.1 £+ 12.68 332.8 £ 45.25 Up 0.0007
Unidentified-5 7499.96 £ 398.37 11 070.2 £ 2100.91 Up 0.0022
Benzaldehyde-D 154.56 & 29.98 110.22 £+ 10.22 Down 0.0065
3-Methyl-2-butenal 41.79 £ 2.6 48.3 £5.38 Up 0.0236
Acetaldehyde 294.95 + 22.59 268.4 + 12.58 Down 0.0306

“ p: CSEC + IPM vs. CREC + IPM, variation: changes in VOCs in CREC + IPM using CSEC + IPM as a reference. ° Abbreviations: VOCs, volatile organic
compounds; IPM, imipenem; SD, standard deviation; CSEC, carbapenem-sensitive Escherichia coli; CREC, carbapenem-resistant Escherichia coli; M,

monomer; D, dimer.

while the least obvious change was in the CREC group, and the
above trend continued until the end of the study. The reason for
this is that after adding IPM at TO, the bacteria in the CSEC
group were Kkilled, while those in the CREC group were not
killed because of their resistance to IPM. This is corroborated by
the comparison between Fig. 4A and 2A in fingerprints.

Subsequently, PCA was again utilized to further explore
whether IPM addition could differentiate CSEC from CREC. The
results demonstrated that IPM addition could effectively
differentiate between the blank control, CSEC, and CREC
groups (Fig. 4B). The results of similarity analysis also
confirmed that IPM addition could differentiate the groups, as
detailed in Fig. 4B.

3.5 Expanded sample analyses of IPM addition distinguish
CSEC from CREC at the T2 period

Twenty CSEC and CREC strains isolated from clinical patient
specimens were collected, and three parallel experiments were
conducted for all strains under the same experimental condi-
tions. This results in the relative VOC contents of 60 CSEC and
60 CREC groups, and the abundance of VOCs for all clinical
strains is given as a heatmap (Fig. 5A). Notably, the clinical
strains also did not produce new VOCs. Compared to the 27
differential VOCs detected in the six parallel samples explored

© 2024 The Author(s). Published by the Royal Society of Chemistry

in the preliminary stage, the inter-group differences between
the clinical strains in CSEC and CREC groups became more
pronounced with IPM addition. This is attributed to the
increase in the sample size, with the number of differential
VOCs reaching 31. All the differential VOCs are presented in
Table 5, of which the top 10 most differential substances are
unidentified-3, unidentified-4, 2-ethyl-5-methylpyrazine, 1-
butanol, unidentified-1, benzaldehyde-D, 3-hydroxybutan-2-one
(acetoin), 3-methyl-1-butanol-M, pyrrolidine-D, 2,5-dime-
thylpyrazine. Finally, PCA was applied to verify the differentia-
tion status of the clinical strains in the T2 period (Fig. 5B), and it
can be observed that IPM addition can effectively differentiate
CSEC strains from CREC strains.

4. Discussion

Antibiotic therapy remains an effective way of treating bacterial
infections, and to avoid resistance to inappropriate antibiotic
treatment, accurate identification of the causative organisms
and drug susceptibility testing are required. Existing microbial
identification and drug susceptibility tests are still based on
traditional methods, which increase the number of bacteria by
enriching for a long period of time to achieve the minimum
detection level. This prolonged process may miss the optimal
time for patients to be treated, whereas the active development

RSC Adv, 2024, 14, 25316-25328 | 25323
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Table 5 The relative content of VOCs of clinically sensitive and carbapenem-resistant strains at T2 time point after IPM addition®

RSC Advances

CSEC + IPM (T2)

CREC + IPM (T2)

Label mean =+ SD (n = 60) mean + SD (n = 60) Variation P
Unidentified-3 247.7 + 14.53 103.59 + 14.53 Down 2.4537 x 10°%
Unidentified-4 276.98 + 30.73 146.92 + 36.43 Down 6.1508 x 10~ *?
2-Ethyl-5-methylpyrazine 91.72 + 14.87 39.05 + 23.32 Down 1.4973 x 10 %®
1-Butanol 1359.2 & 195.29 923.04 + 171.84 Down 1.7076 x 10 **
Unidentified-1 136.6 + 24.1 208.43 + 35.65 Up 2.3258 x 107>*
Benzaldehyde-D 300.78 + 129.69 91.29 + 43.31 Down 7.3440 x 10”2
3-Hydroxybutan-2-one (acetoin) 323.36 + 40.05 415.06 £ 52.81 Up 3.9770 x 10 *°
3-Methyl-1-butanol-M 621.79 + 43.92 542.45 + 38.02 Down 8.4541 x 107*°
Pyrrolidine-D 1368.49 + 167.57 1043.92 + 182.01 Down 8.2665 x 10 '*
2,5-Dimethylpyrazine 356.32 + 27.14 409.73 + 34.76 Up 5.8263 x 107'°
Unidentified-9 672.5 + 136.84 884.46 + 112.39 Up 1.0586 x 10~ *°
Unidentified-10 599.35 + 63.86 700 + 61.7 Up 1.5105 x 10~ **
Pyrrolidine-M 415.82 + 73.63 515.25 & 58.63 Up 3.6534 x 10"
Propionic acid-D 625.25 + 115.74 452.59 + 158.77 Down 4.4050 x 10~
Nonanal 135.76 + 35.06 82.92 + 51.67 Down 1.5385 x 10°°
Acetaldehyde 293.12 + 27.69 264.31 + 34.92 Down 1.9456 x 10°°
Benzaldehyde-M 545.88 + 83.24 483.48 £ 62.94 Down 9.4168 x 10°°
Butan-2-one 960.75 + 48.67 1024.58 + 100.83 Up 2.2391 x 107°
Unidentified-8 4255.55 + 435.6 4655.55 + 580.52 Up 3.9900 x 107°
Acetic acid 5529.08 4 529.18 5913.92 + 547.58 Up 0.0001

Methyl 2-methylbutanoate 1352.97 + 134.6 1248.39 + 155.82 Down 0.0001
Acetone 9675.73 + 58.24 9781.19 + 210.76 Up 0.0003
Unidentified-6 410.63 £ 127.9 327.76 & 134.64 Down 0.0008
2,3-Pentanedione 22.55 £ 3.57 24.84 + 4.13 Up 0.0016
Unidentified-5 13 065.33 + 364.08 12602.23 + 1121.11 Down 0.0029
Unidentified-2 667.31 + 236 543.1 £ 250.61 Down 0.0061

Ethyl acrylate 427.9 + 145.81 541.76 & 289.51 Up 0.0075
3-Methyl-2-butenal 4811 4 7.6 53.35 + 13.32 Up 0.0092
3-Methyl-1-butanol-D 1206.69 + 53.29 1164.28 £ 120.01 Down 0.0137

Bornyl acetate 429.63 £ 90.79 491.07 £ 169.18 Up 0.0146
Cyclohexanone 145.15 + 15.34 155.76 + 31.63 Up 0.0211

“ p: CSEC + IPM vs. CREC + IPM, variation: changes in VOCs in CREC + IPM using CSEC + IPM as a reference. © Abbreviations: VOCs, volatile organic
compounds; IPM, imipenem; SD, standard deviation; CSEC, carbapenem-sensitive Escherichia coli; CREC, carbapenem-resistant Escherichia coli; M,

monomer; D, dimer.

of rapid and effective tests can help doctors designate a rational
drug plan and reduce the burden on patients.

Recently, identifying bacteria using various emerging tech-
nologies for volatile metabolites produced by bacteria has
become a new trend. Gas chromatography** and high-
performance liquid chromatography* are unsuitable for clin-
ical use because of their high operational requirements and
relatively complex pre-treatment. Electronic nose methods?® are
not highly sensitive and have no analytical capability for
chemical compositions. GC-IMS technology—characterized by
high sensitivity, selectivity, and rapid analysis, shows signifi-
cant advantages in the detection of VOCs, and its unique ion
mobility spectrometry analysis enables more accurate separa-
tion and identification of VOCs in complex mixtures. In addi-
tion, the non-destructive detection characteristic of GC-IMS
technology ensures the integrity of the samples, thus avoiding,
to a certain extent, the detection errors caused by chemical
changes during sample processing. Although most of the
studies proved that GC-IMS technology has made great contri-
butions in the food*” and environmental®® fields, there are also
studies confirming that GC-IMS can utilize specific mVOCs for

© 2024 The Author(s). Published by the Royal Society of Chemistry

the E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa
differentiation in mixed culture mode.?” The good performance
of mVOCs in identifying bacterial species has successfully
promoted their application in antibiotic susceptibility testing.
In this study, we utilized the GC-IMS technique to side by side
reflect the state of bacterial life activities and identify E. coli
using VOCs produced during bacterial proliferation as
a medium. With the addition of IPM and the application of PCA,
similarity analysis, and other analytical methods, it is possible
to differentiate between CSEC and CREC. To the best of our
knowledge, this is the first work to report that the GC-IMS
technique can effectively differentiate between carbapenem-
sensitive and drug-resistant Escherichia coli based on VOCs.
These findings not only provide new insights into under-
standing the metabolic adaptation mechanisms of Escherichia
coli, but also lay the foundation for the development of rapid
antibiotic susceptibility testing methods. More importantly, our
findings are expected to enable faster diagnostic information
for physicians and reduce unnecessary antibiotic use, thereby
reducing healthcare costs.
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Pseudomonas putida can utilize benzaldehyde dehydrogenase
to reduce benzaldehyde to NADPH as an alternative energy
source.** Throughout the five aldehydes detected in this study,
the concentrations of nonanal and benzaldehyde (monomer and
dimer) were higher in the blank bottles than in the groups con-
taining the other two. With IPM addition, the levels in the CREC
group were lower than those in the CSEC group. Consequently,
we conjecture that nonanal and benzaldehyde may be used as an
energetic substance that is ingested in the proliferation phase of
the bacterium. This seems to confirm that aldehydes can be
utilized for survival during the metabolism of E. coli.

Acetone has been shown to be closely associated with
bacterial growth and metabolism.** Although acetone is
considered to be a VOC-specific to E. coli** and was successfully
detected in this study, it did not greatly contribute to the pre-
exploratory phase, either when distinguishing between E. coli
and blank vials or when distinguishing between CSEC and
CREC after IPM addition (Tables 3 and 4). Indole, which is
converted from tryptophan by tryptophanase,® is usually
considered to be the specific VOC of E. coli.**** However, indole
was undetected in this study, possibly due to the lack of tryp-
tophan in the medium we used. However, it has been confirmed
that Staphylococcus aureus,* Klebsiella pneumoniae, and Acine-
tobacter baumannii®*® release indole. Consequently, individual
VOCs have limited ability to characterize different strains of
bacteria. Besides, it is of great significance to explore the
combined detection of multiple products to improve sensitivity
and specificity of the VOCs determination method.?”

When IPM was not added, there was little difference in the
content of mVOCs between CSEC and CREC strains. In contrast,
with IPM addition at the TO period, the difference in the relative
content of mVOCs between the groups became more
pronounced. For the mVOCs with significantly decreased
content, we hypothesized that it might be due to bacterial
death, which terminated the whole metabolic process. For this
hypothesis, we considered it by comparing the seven VOCs of 3-
methyl-1-butanol-D, acetic acid, propionic acid-D, bornyl
acetate, and unidentified-8, 9, and 10 in ESI Table 1 with ESI
Table 2.7 Firstly, these seven substances were found in the CSEC
group without adding the IPM in the CSEC group, the relative
content of their VOCs increased in the T0-T4 time period, but
after the addition of IPM at the TO time point, imipenem would
bind to penicillin-binding proteins on the cell membrane of
CSEC, preventing the normal function of transketolase, which
led to the blockage of cell wall synthesis, which in turn caused
the bacterial cell wall to become weak, and the bacterial cell
eventually ruptured under the action of osmotic pressure which
leads to bacterial death.*® Due to the termination of bacterial
growth and metabolic processes at TO, the relative content of
the above seven VOCs stagnated at TO, and remained
unchanged or relatively decreased during the subsequent
detection process. Among them, acetic acid* and propionic
acid*® were also shown to be VOCs closely related to the growth
state of Escherichia coli. Therefore, for these substances, we
believe that these mVOCs are closely linked to CSEC. Similarly,
for mVOCs with significantly increased content, it might be due
to bacterial death, which continuously accumulated nutrients
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in the TSB medium that were not consumed by the bacteria. As
a result, the relative content of mVOCs was detected to be
higher.

Notably, the monomer and dimer of four substances were
detected in this study. Neither the 3-methyl-1-butanol monomer
nor the dimer was affected by the selective pressure of IPM. The
content of 3-methyl-1-butanol in both CSEC and CREC
increased significantly compared with that of the blank control
group (Tables 1 and 4). This indicates that they are more stable
and are closely linked to E. coli. However, it was not possible to
confirm these are specific VOCs for E. coli because it has been
confirmed that Klebsiella pneumoniae can decompose leucine
through the Ehrlich pathway to produce 3-methyl-1-butanol.*
Although the detection technology and the detection content of
mVOC:s differ, considering that Klebsiella pneumoniae and E. coli
both belong to the Enterobacteriaceae family, and their meta-
bolic pathways may not be very different, we are more inclined
to consider 3-methyl 1-butanol as a volatile metabolite closely
correlated with Enterobacteriaceae bacteria.

However, it has to be recognized that different growth envi-
ronments can have important effects on the growth and
metabolism of bacteria. In this study, we used TSB as the
culture medium for Escherichia coli, mainly from the following
considerations: firstly, TSB is a nutrient-rich medium contain-
ing a variety of nutrients required for the growth of microor-
ganisms, such as proteins, carbohydrates, vitamins, and
minerals, and so on. This comprehensiveness ensures the rapid
growth of microorganisms in a suitable environment, which is
conducive to the stable production and detection of VOCs.
Secondly, TSB is one of the commonly used culture media in
microbiology research, which is especially suitable for the
culture of aerobic and partially anaerobic bacteria. Its wide
application implies that its composition and performance have
been widely verified as a basic medium for the study of VOCs,
and a large number of studies have applied TSB medium to
successfully identify different bacterial strains.*>** In addition,
this study is a preliminary exploratory experiment with a large
number of unknowns, whereas TSB medium, as a widely used
medium, is open and standardized in its formulation and
preparation methods, which ensures reproducibility and rela-
tive certainty of the experiment. Whether comparing data
within our lab or with other research organizations, the use of
TSB ensures consistency in experimental conditions. Finally,
compared to some special or customized media, TSB is rela-
tively low cost and easy to obtain, which is especially important
in large-scale experiments or long-term studies. This also gives
us an insight into the future direction of our research: focusing
on analyzing the variation of bacterial VOCs in different growth
media to study the diversity and specificity of VOCs present in
specific microbial species.

5. Limitations

Although we conducted a preliminary study on the identifica-
tion of carbapenem-sensitive and carbapenem-resistant E. coli
using GC-IMS, we have to admit that there are still some limi-
tations. First, the number of experimental strains used was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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relatively small and originated from a single center. The enzyme
types of the identified CREC were not further identified. In
addition, due to the imperfection of the database, 10 substances
could not be identified.

6. Conclusions

In this study, the VOCs produced by bacteria were analyzed
using the GC-IMS technique. Changes in the relative content of
VOCs and the signal intensity of the fingerprints were used to
assess the growth status of bacteria during the bacterial growth
process and help identify E. coli. The advantages of this tech-
nique, such as rapid detection, real-time analysis, and no need
for complex pre-treatment of the samples, allowed us to
demonstrate for the first time that E. coli volatile fingerprinting
can be employed as a model to distinguish CSEC from CREC
strains. We intend to improve the experimental technique and
collect more strains from multiple centers to increase the reli-
ability of the results with the ultimate goal of rapidly identifying
CSEC and CREC and even determining the enzyme type of
CREC.
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