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Abstract
Rapid and accurate antimicrobial susceptibility testing (AST) of bacterial infections can improve patients’
outcome. In this study, 29 Klebsiella pneumoniae strains isolated from sputum specimens from ICU
patients at the Jiading Central Hospital were compared using D2O-Raman AST and traditional AST (Vitek
2). The analysis time was 4–4.5 h for a complete D2O-Raman AST result. Compared with the Vitek 2, the
results of D2O-Raman spectroscopy showed good agreement for susceptibility and resistance (S/R), with
a concordance of 89%. Most discrepant results were observed for intermediate and susceptible
categories, as 10% of isolates labeled as intermediate and susceptible by Vitek 2 were almost all
categorized as resistant by D2O-Raman spectroscopy. Moreover, discriminant factor analysis of our D2O-
Raman results led to successfully discriminating the type of resistance. In addition, we evaluated the
behavior of clinicians in adjusting antibiotic therapies according to routine AST results. For 9 out of 10
patients, antibiotic therapy was adjusted after the reporting of AST results. With some improvements,
D2O-Raman spectroscopy provides an accurate and rapid preliminary AST result and may have at least a
potential clinical bene�t for patients.

Introduction
Bacterial infection is one of the major causes of human disease, and antibiotics have been developed for
killing bacterial pathogens[1]. However, the number of bacteria resistant to broad-spectrum antibiotics is
increasing because of antibiotic misuse and abuse, posing a great threat to human health[2]. Rapid and
accurate characterization of bacterial susceptibility to antibiotics is therefore urgently needed for guiding
correct and effective antibiotic therapy in patients with serious infections.

Klebsiella pneumoniae, a Gram-negative bacterium, is one of the most important causes of nosocomial
infections[3]. Klebsiella pneumoniae is also the most common multi-drug-resistant bacteria[4]. This
bacterium can cause pneumonia, urinary system infection, peritonitis, sepsis, and other diseases in
patients[5]. Especially for patients in the ICU ward, due to the serious disease of these patients, the
immune system is often compromised. If a patient infected with Klebsiella pneumoniae does not receive
effective treatment, it can affect the patient’s life[6]. Thus, the faster information on bacterial
susceptibility to antibiotics is available, the faster the patients’ treatment can be optimized, minimizing
the risk of developing antibiotic resistance as well as use of costly pharmaceuticals. This potentially
saves the patients’ life and reduces their irreversible lone-term side effects.

Heavy water (D2O)-based single-cell Raman micro-spectroscopy (D2O-Raman) combining Raman
microspectroscopy with heavy water (D2O) has been demonstrated for quantitative assessment of the
metabolism-inhibiting effects of drugs[7]. Raman shift at the C-D (carbon–deuterium vibration) band
around 2040–2300 cm− 1, which has been considered a universal biomarker for general metabolic
activity, has been used to probe bacterial responses to different drugs by simple adding heavy water
(D2O) to samples[8]. In addition, based on the metabolic activity, the minimum inhibitory concentration
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(MIC-MA) has been proposed for evaluating the metabolism-inhibiting e�cacy of drugs. Furthermore, this
method is able to detect “nongrowing but metabolically active” (NGMA) cells, which can lead to many
latent or recurring infections[9]. Despite this progress, D2O-Raman spectroscopy has not been established
as a reliable and rapid AST tool for clinical applications. Here, we tested 29 Klebsiella pneumoniae
isolates from ICU patients with antibiotics resistance in conditions as close as possible to a real clinic
using commercially available antibiotics at the same concentration and preparation as those used in
clinical treatments. The results showed that, compared with the Vitek 2, the results of D2O-Raman
spectroscopy showed good agreement in terms of susceptibility and resistance (S/R), with a
concordance of 90%. Moreover, discriminant factor analysis (DFA) of these D2O-Raman results were
successful for discriminating the type of resistance. These promising results highlight the potential of
this technique for faster determination of bacterial susceptibility to certain antibiotics.

Materials And Methods

Bacterial samples and preparation
The 29 Klebsiella pneumoniae strains used in this study were all isolated from sputum specimens from
ICU patients. Prior to D2O-Raman investigation, their antimicrobial susceptibility was detected by
Vitek2/Disk diffusion. The antimicrobial susceptibility pro�les for a range of antibiotics are summarized
in Table 1.

Each bacterial strain was grown in MH medium to an optical density (OD600) of 0.5. The bacterial
concentration at this OD was diluted 1:200 using MH medium, then 5 µl of this solution was added to pre-
prepared antibiotics sensitivity cultures at 35°C with 150 rpm shaking for 2 h. After incubation with 66 µl
of heavy water for another 1 h, the bacterial solution was centrifuged and washed with sterile water three
times. After the last time, the supernatant was aspirated, and 50 µL of sterilized deionized water was
added to the pellet, and 2.5 µL of each sample was dropped on the chip for Raman testing.

Acquisition and analysis of single-cell Raman data
For quanti�cation of the extent of deuterium incorporation, C-D ratio, which was de�ned as the
percentage of the integrated spectral intensity of the C-D band, was calculated by comparing the sum of
the C-D band with the predominant C-H band (2800 − 3100 cm− 1). MICs were determined when the C-D
ratio of the samples with antibiotics showed no signi�cant difference relative to that of a negative control
using Tukey’s HSD test (p < 0.01).

Patient clinical information
For each patient included in this study, medical records, the empiric antibiotic therapy, and antibiotic
therapy after AST results were retrospectively assessed. The date and time of every modi�cation in
antibiotic therapy was collected and compared. The effect of AST results on the antibiotic therapy of
each patient was retrospectively discussed with a panel of microbiologists and clinicians.
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Statistical analysis
All data were analyzed in R (version 3.4.3). Statistical comparisons were performed using Wilcox test, and
p < 0.05 was considered signi�cant. Principal component analysis (PCA) and DFA were used to
distinguish antibiotic susceptibility.

Results

Tracking deuterium incorporation in Klebsiella pneumoniae
via single-cell Raman spectroscopy
Klebsiella pneumoniae is one of the most important causes of nosocomial infections. Here, we tested the
general applicability of the D2O-Raman method for assessing bacterial metabolic activity. We started by
probing the sensitivity of bacterial growth to the D2O level in culture medium. For this, a broad C-D Raman

band at 2040–2300 cm− 1 emerged, which followed by a Raman shift of the original C-H peak at 2800–
3100 cm− 1. No visible C-D band was observed in D2O-free cultures (Fig. 1). The batch calculations of C-D
ratios (CD/(CD + CH)) were used to determine S/R.

Establishing D2O-Raman as a rapid and accurate method for
AST
One of the key issues in applying D2O-Raman for rapid AST is its consistency with growth-based S/R
clinical interpretive criteria. To seek an appropriate antibiotic treatment by D2O-Raman, ensuring a rapid
and reliable AST, three susceptible and three resistant Klebsiella pneumoniae strains that were previously
con�rmed by Vitek2 and disk diffusion, were incubated with ampicillin (Amp), gentamicin (GM), and
levo�oxacin (LEV), respectively, in D2O media for different times. These antibiotics have different
mechanisms against bacteria. Amp and GM act against bacteria through inhibiting the synthesis of
bacterial cell wall components and proteins, respectively[10, 11]. LEV is a bacteriostatic, which acts by
preventing bacterial DNA synthesis and replication[12]. At an incubation time of 1 h, with increasing
antibiotic doses, the C-D ratios of susceptible Klebsiella pneumoniae in response to all three antibiotics
decreased (Figs. 2B and C), while that of three resistant strains remained unchanged. From the
corresponding C-D Raman bands (Fig. 2A), a susceptible strain could not be seen while a resistant strain
still displayed a clear C-D band.

Comparison of D2O-Raman AST and Vitek 2
For antibiotic susceptibility testing, traditional methods are mostly based on MIC, which is de�ned as the
minimal dose under which no visible bacterial growth can be detected. The MICs of 10 Klebsiella
pneumoniae isolates were assessed by both the Vitek 2 Automated Microbiology System and D2O-
Raman spectroscopy.
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In total, �ve samples showed total agreement in their results compared with the Vitek 2 AST system
(Table 2). Except for one sample that had �ve discordant antibiotics, the other samples had only one or
two discrepancies. The average concordance rate was 89% between the two methods. The major
discrepancy was shown most in the intermediate and susceptible categories, as 10% of isolates labeled
as susceptible or intermediate by Vitek 2 were all categorized as resistant by D2O-Raman spectroscopy.

Under the microscope, these discrepant isolates could be observed to have a small amount of normal or
elongated bacteria (Fig. 3). Raman detection found that these bacteria had deuterium peaks, indicating
that, although the concentration of antibiotics inhibited the proliferation of these bacteria, the remaining
bacteria still had strong metabolic activity, indicative of NGMA cells.

Discrimination of 13 Klebsiella pneumoniae isolates
According to the results of our antibiotic susceptibility testing, another 13 Klebsiella pneumoniae isolates
were divided into antibiotic-resistant (R) (containing 5 isolates), antibiotic-intermediate (I) (containing 3
isolates) and antibiotic-susceptible (S) (containing 3 isolates), based on AST results from Vitek2/disk
diffusion. Differences in intensities were not clearly visible between these 13 strains (Fig. 4A). Next, PCA
and DFA were performed. The score plots of PCA and DFA illustrated that the antibiotic susceptibility
could only be distinguished by DFA (Figs. 4B and C). Moreover, these results suggest that Raman
spectroscopy has the ability to discriminate and predict antibiotic susceptibility, even though these
strains were genetically very close.

Clinical data
Clinical data regarding the antibiotic therapy in 10 different patients are summarized in Table 3. For nine
patients, the clinician was in�uenced by the AST result to adjust the therapy used. Of all patients that
were switched based on AST results, the antibiotic therapy was de-escalated in 68% of these cases (6/9).
The reason that the AST result did not have an impact on the antibiotic therapy was based on the
resistance pro�le of the microorganisms observed or due to other patient characteristics. For one sample,
the reason for not adjusting the antibiotic therapy was that the empirical antibiotic therapy was effective.
Although the AST results had a signi�cant impact on the antibiotic therapy used, there were still some
inconsistencies. For the 14th, 28th, and 39th samples, the AST results from Vitek 2 categorized the
strains as susceptibility or intermediate susceptibility to Ceftazidime, Piperacillin, and Imipenem,
respectively. Unfortunately, these antibiotic therapies were not effective. However, all these were
categorized as resistant by D2O-Raman spectroscopy. The reason may be NGMA cells or others unknown
factors.

Discussion
In recent years, D2O-Raman methods have been reported to be used for identi�cation of antibiotic
resistance through measuring the cellular metabolic activity in response to antibiotic treatment at the
single-cell level[13]. In principle, compared with other stable isotopes such as C13, D2O uptake is more
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sensitive and rapid[14]. Moreover, dead cells are unable to form C-D bands in the presence of D2O, which
allows researchers to distinguish them from NGMA cells[15]. Previous studies have focused on its rapid
abilities for monitoring phenotypic responses by bacteria in response to antibiotic treatment[16].

This study provides strain-speci�c identi�cation at clinically relevant infection levels. Twenty-nine
Klebsiella pneumoniae isolates from sputum samples of ICU patients were included in this study. In a
comparison of the results from the Vitek2 Automated Microbiology System and Raman-D2O
spectroscopy for interpretation of antibiotic susceptibility, most of the antibiotics had moderate to perfect
agreement between these two methods, with a coincidence rate of about 89%. The major discrepancy
was in the intermediate and susceptible categories, as 10% of isolates labeled as intermediate or
susceptibility by Vitek 2 were all categorized as resistant by D2O-Raman spectroscopy. From a clinical
standpoint, reclassifying antibiotic susceptibility from intermediate or susceptibility to resistant is unlikely
to adversely affect a patient, as it simple removes it from being a therapeutic consideration.

Moreover, we demonstrated the use of Raman spectral information in identifying bacterial cell type.
Interestingly, the 13 Klebsiella pneumoniae isolates could be well distinguished by DFA. The accuracy of
the predictions here demonstrates the ability of Raman spectroscopy to produce �ne grain, reliable,
phenotypic signatures for the characterization of antibiotic resistance even if strains are closely related.

In order to assess the potential clinical impact of our D2O assay, we evaluated the behavior of clinicians
in their prescribed adjusting antibiotic therapies based on AST results. We showed that the AST result
from our D2O assay had greater potential impact for optimizing antibiotic therapies. We intend to
continue our research with an enlarged database, and to expand this study to include different types of
bacteria, leading to a method that offers the potential for clinical implementation.
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Figure 1

D2O-Raman spectra of cells incubated with MH culture medium treated with heavy water without
antibiotic treatment.
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Figure 2

D2O-Raman spectroscopy detects susceptible and resistant Klebsiella pneumoniae strains. (A) C-D bands
of susceptible and resistant strains after 1-h incubation with different concentration antibiotics. (B, C) C-D
ratios of susceptible and resistant strains after 1-h incubation with different concentrations of antibiotics.
(Wilcox test, compared with a negative control,* P < 0.05, NS. not signi�cant.)

Figure 3

The morphology of Klebsiella pneumoniae collected by Raman-microscopy. (A) Normal isolate. (B)
Susceptible isolate. (C) Resistant isolate. Scale bar: 10 µm.
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Figure 4

Label-free measurement of 13 Klebsiella pneumoniae isolates and discrimination of strains. (A) Raman
spectra of 13 Klebsiella pneumonia isolates. (B) Discrimination of strains by discriminant factor analysis
(DFA). (C) Discrimination of strains by principal component analysis (PCA).
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