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ABSTRACT: The mode of action of antibiotics can be broadly

classified as bacteriostatic and bactericidal. The bacteriostatic ’ ""!3:’__

mode leads to the arrested growth of the cells, while the b o

bacteriocidal mode causes cell death. In this work, we report the 2o 4 5

applicability of deuterium stable isotope probing (DSIP) in | 8
(=

combination with Raman spectroscopy (Raman DSIP) for
discriminating the mode of action of antibiotics at the community ﬁ
-
l
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level. Escherichia coli, a well-known model microbe, was used as an
Wavenumber (cm™)

organism for the study. We optimized the concentration of
deuterium oxide required for metabolic activity monitoring
without compromising the microbial growth. Our findings suggest
that changes in the intensity of the C—D band in the high-
wavenumber region could serve as a quantifiable marker for determining the antibiotic mode of action. This can be used for early
identification of the antibiotic’s mode of action. Our results explore the new perspective that supports the utility of deuterium-based
vibrational tags in the field of clinical spectroscopy. Understanding the antibiotic’s mode of action on bacterial cells in a short and
objective manner can significantly enhance the clinical management abilities of infectious diseases and may also help in personalized
antimicrobial therapy.

Bl INTRODUCTION norfloxacin and ciprofloxacin are bactericidal (BC) in nature,
while chloramphenicol and tetracycline are bacteriostatic
(BS).”” These antibiotics are used for the treatment of many
infectious diseases; for example, norfloxacin is used to treat

The widespread usage of antibiotics without a prescription and
contamination caused by antibiotic residues are pushing the
world to the antimicrobial resistance-based serious public

health issue.' ™ The bactericidal and bacteriostatic efficacy of acute diarrhea, complicated urinary tract infections (UTIs),
antibiotics plays a major role in guiding the treatment and gonococcal urethritis; ciprofloxacin is effective in treating
strategies for bacterial infections. Understanding the differ- UTTs, gall bladder infections, serious gastrointestinal infections,
ences in the modes of action of antibiotics assists in identifying eye infections, gonorrhea; chloramphenicol is effective as
the right antibiotic. Bactericidal antibiotics operate by inducing conjunctivitis eyedrops, ointment for surgical wounds;
microbial cell death. It may occur via disruption of the cellular tetracycline is used for the treatment of many bacterial
structures, such as cell walls, and other important metabolic infections including acne vulgaris."~"> This broad binary
functions. In contrast, bacteriostatic antibiotics inhibit cell classification system of antibiotics varies in different organisms
growth or division without causing immediate cell death. with corresponding concentrations.” In our study, we have

Having said that, bacteriostatic antibiotics also can kill bacteria
at higher doses.” The mode of action of antibiotics is also
concentration-dependent. Commonly used bactericidal anti-
biotics are fluoroquinolones and f-lactam, whereas bacterio-
static antibiotics are chloramphenicol, tetracyclines, trimetho-
prim/sulfamethoxazole, linezolid, macrolides, and clindamy-
cin.”® Despite their extensive antimicrobial activity,
bacteriostatic antibiotics often inhibit the growth of microbes,
thus they work synergisticallgl with the host’s immune system
to get rid of the microbes.””" Treating the patient with this
class of antibiotics does not require intensive monitoring.” In
our study, we have used different antibiotics, among which

used Escherichia coli to evaluate the efficacy of these antibiotics.
E. coli are found in the gastrointestinal tract of humans and are
rarely infectious unless the host immune system or barriers of
the gastrointestinal area are compromised. However, some of
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Figure 1. Identifying optimal deuterium concentration on E. coli cells. (A) Growth profile at different concentrations of D,O in culture medium
with incubation time points. (B) Average Raman spectra of E. coli cells cultured in different D,O abundance. (C) Plot showing relation between
ratiometric CD/CD+CH intensity percentage with D,O abundance in the culture medium (shaded area shows the standard deviation).

the E. coli strains that are pathogenic cause infections, such as
diarrhea, urinary tract infections, meningitis, and sepsis.lé

The existing gold standard method to differentiate between
bactericidal or bacteriostatic activity of antibiotics is through
optical density measurements.'” Another well-known techni-
que is the kill experiment, which involves estimating the colony
counts on agar plates measuring the microbial cell density.” In
addition, visual inspection for determining the eflicacy of
antibiotics is performed using the disk diffusion method and
spread plate method.'® Even though these methods are highly
reliable, early detection and biomolecular information cannot
be achieved through these techniques. Furthermore, just
detecting/identifying cells does not necessarily indicate that
the cells are metabolically active or viable. Polymerase chain
reaction-based antibiotic susceptibility tests are genotypic
methods which are used for faster screening of resistance
genes and are culture-free methods but are not suitable for
classifying the efficacy of antibiotics on bacterial species.'”’

Deuterium oxide (D,0) or heavy water is used as the source
of the vibrational probe in the culture medium to substitute the
hydrogen ("H) atom with deuterium (*H/D) in the cellular
biomass. When D is substituted in the carbon—hydrogen (C—
H) bond, it gives a unique prominent peak in the Raman silent
region, which can act as the spectral metabolic activity marker.
This also leads to the appearance of other unique biomolecular
peaks.”** The deuterium stable isotope probing methodology
with heavy water as the probing source for the microbial study
was introduced by Berry et al. for identifying and sorting active
microbes.”’ The appearances of new deuterated peaks that are
red-shifted arise due to the isotopic effect, i.e., the substitution
of H by D leading to an increase in the reduced mass of the
molecular bond owing to a decrease in wavenumber.”>*"**
This C—H/D biomolecular substitution occurs due to the
rapid intracellular biocatalytic exchange between D of D,0O and
H atom of nicotinamide adenine dinucleotide phosphate
(NADPH) which is redox active.””** Previously, Bernatova et
al. reported the use of Raman spectroscopy for investigating
the action mechanism of bactericidal and bacteriostatic action
based on DNA and protein signals in the Raman bio
fingerprint region (600—-1800 cm™) of Staphylococcus
epidermis.”

In this study, we propose an alternate combinatorial route
based on the principles of Raman spectroscopy and deuterium
isotope labeling for identifying the metabolic activity of
bacterial strain E. coli under the influence of bacteriostatic
and bacteriocidal activity of antibiotics. Understanding the
mode of action of antibiotics can assist in the clinical
management of infectious diseases by customizing the patient’s

antimicrobial therapy requirements. This method has the
hidden potential for clinical translation for determining the
nature and the concentration-dependent activity of antibiotics
thereby reducing treatment time.

B METHODOLOGY

Bacterial Growth and Treatment Conditions. The
bacterial strain Escherichia coli was used. It was cultivated in a
growth culture medium (M9 minimal medium — Sigma-
Aldrich) agar plate and incubated at 37 °C. A single colony
from the culture plate was inoculated in the broth medium and
incubated at 37 °C and 120 rpm on the rotational shaker.
From the overnight culture, reinoculation was done in the
culture medium (M9 minimal medium — Sigma-Aldrich) with
different concentrations of deuterium oxide (0%, 1%, 5%, 10%,
20%, 40%, 50%, and 100%). The growth profile was
determined using ODgy, value using Epoch 2 microplate
spectrophotometer at different incubation time points at 0, 1,
2,4, 8, 12, and 24 h (2X). Following the overnight culture, the
culture medium was reinoculated with and without antibiotics.
The working concentration of antibiotics used in the study was
optimized by studying the growth curve, which included the
static and kill curves, referring to the previous literature.”*®*’
Antibiotics namely norfloxacin (Tokyo Chemical Industry),
ciprofloxacin, tetracycline, and chloramphenicol (Sisco Re-
search Laboratories) were used. The growth profile was
determined by measuring the ODgy, value with the
aforementioned procedure.

Sample Preparation. To determine the optimal D,O
concentration, aliquots were taken at 18 h post inoculation
from bacterial culture with different D,O concentrations. The
cells were centrifuged at 7000g for S min, and the pellets were
washed twice with phosphate buffer saline (PBS, Sisco
Research Laboratories) to remove the media traces. Cell
pellets were mounted on an ethanol-washed CaF, window and
air-dried. The washed cell pellets from an overnight culture
were resuspended in the growth medium supplemented with
40% D,0, with and without antibiotics. Post inoculation, the
aliquots were collected at different time points such as 0, 1, 2,
4, 8, 12, and 24 h. Cell pellets were mounted on an ethanol-
washed CaF, window and air-dried as per the procedure
mentioned previously.

Raman Data Acquisition and Multivariate Analysis.
For acquiring Raman spectra, WITec Confocal Raman Micro
spectrometer alpha 300 access was used. The system had a 532
nm laser source and 100X objective with a 0.8 numerical
aperture. Raman spectra were collected at different spots on
the cell pellet and each spectrum was averaged over 10
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accumulations with an exposure time of 10 s in the spectral
range of 200 to 3200 cm™'. The acquired spectral data were
preprocessed using MATLAB R2021b software. The raw data
were smoothened and Savitzky Golay filtered. It was baseline
corrected with a third-order polynomial and unit normalized.
The CD/CD+CH ratiometric percentage was calculated by
taking the normalized integrated intensity of the carbon
deuterium (2070—-2300 cm™') and carbon hydrogen (2800—
3100 cm™') band in the high wavenumber region. The
principal component analysis was performed in MATLAB
R2021b software using preprocessed spectral data. All spectral
plots and figures were generated using Origin Pro 2023b
software, and the PCA score plot was generated using Orange
software.

B RESULTS AND DISCUSSION

Identifying Optimal Deuteration Level for Tracking
Cellular Metabolic Activity. It has been well established in
previously reported studies that the C—D band acts as a
prominent Raman metabolic activity spectral marker for
cells.”>*"~*° For validating the feasibility of the growth of E.
coli in D,O-labeled culture medium, microbial cells were grown
in different concentrations at 0%, 1%, 5%, 10%, 20%, 40%,
50%, and 100%. Postinoculation, optical density measurements
were performed at different time points; 0, 2, 4, 6, 8, 12, and 24
h. The growth curve is shown in Figure 1A. In the growth
profile, the low abundance of D,O concentration, with 1%, 5%,
10%, 20%, and 40% in the culture medium, had a similar
pattern when compared to the growth profile of cells grown in
control culture media (0% D,0). However, with the increase
in D,0 abundance from 50% to 100%, the corresponding
growth profile also changes evidently. This retarded growth
curve is probably due to toxicity at higher D,O concentrations.

Hydrogen (H) bonds play an important role in the
biomolecular structure, function, and interaction. Previously
reported studies have reported that the substitution of H with
D affects the hydrogen bond, disruption of OH/D group
orientation and change in symmetry, lipid—protein inter-
actions, protein denaturation process, and lipid bilayer.”>*°~**
At these concentrations, the stationary phase was found to be
reached earlier, suggesting that a higher D,O abundance has a
negative effect on the growth of the microbial cells.

These observations provided evidence that the optimal
concentration for microbial growth in the presence of D,0O
should be in the range of 1% to 40%. However, this optimal
concentration may vary in different strains. After analyzing the
growth profile at different D,O concentrations, the next step of
the analysis was to determine the preferable D,O percentage
for ensuring a proper detectable signal intensity from the C—D
Raman band. Post-inoculation, Raman spectra of the microbial
cells were recorded at the 18 h time point at different D,0O
percentages as shown in Figure 1B. In the cells growing with
0% deuteration, no visible C—D signal was observed in the
high wavenumber region between 2070 and 2300 cm™". The
evolution of the peak occurs with increasing deuteration levels.
However, in cells growing in 20% of the deuteration source,
the observed C—D peak had a lower intensity. A prominent
C—D peak appeared in cells growing at a 20% or higher
deuterium concentration. This new peak majorly arises due to
the redshift of the C—H band between 2800 and 3100 cm™
(Table 1). The red shift of the band occurs when protium is
substituted by deuterium, which has a double mass. This
increase in reduced mass leads to a decrease in vibrational

Table 1. Band Assignments of the Deuterated Biomolecules

unlabeled bands D labeled bands peak
(em™) (em™) assignment references
2800—3100 2070-2300 C-H/D 22:23,28,29,33
1003 989 phenylalanine 2122

frequency and the corresponding redshift toward a lower
wavenumber.”>>%*%2% n Figure 1B, with the increasing
availability of D,O abundance 0%, 1%, 5%, 10%, 20%, 40%,
50%, and 100%, the deuterium-substituted biomolecular
Raman bands become prominent.

However, the C—D band intensity at 20% to 100% D,O was
more prominent when compared to the intensity at D,O
abundance ranges from 0% to 10%. The observed spectral
pattern indicates de novo substitution of deuterium (H/D)
from the culture medium to the cellular biomolecules. Further,
we have also analyzed the biofingerprint region between 600
and 1800 cm™' to analyze the deuteration rate with D,O
abundance. It has been previously reported that the deuterated
phenylalanine, a protein Raman spectral marker, has geaks at
989 cm™. It is red-shifted from position at 1003 cm™.*" These
peaks were visible only in concentrations ranging from 20% to
100% deuteration level. The correlation plot between the
ratiometric percentage of CD/CD+CH intensity versus the
D,0 abundance shows an approximately linear increment
relation with a 0.95 correlation coefficient (R*) (Figure 1C).

Furthermore, to investigate the reproducibility and changes
of the Raman spectra from the microbes incubated in
increasing D,O abundance using the biofingerprint region
which has the deuterium-substituted biomolecular peaks in
much lower intensity when compared to the C—D signal in the
high wavenumber region, we performed multivariate analysis
using principal component analysis (PCA) as shown in Figure
2. The scatter plot between principal components (PC) 1 and
2 shown in Figure 2A yielded distinct clusters for cells treated
with a higher deuterium concentration. The clusters of 0 to
20% D,0O abundance were clustered in one group, whereas the
clusters of 40%, 50%, and 100% clustered with minimal
overlapping. The scree plot shown in Figure 2B demonstrated
an elbow-shaped curve indicating maximum significant
variance in the first two principal components which gives
82.7% of the overall variance, and the corresponding loading
plot is shown in Figure 2C. The loading plot helps to
determine and interpret the biochemical representation by
each PC. Comparing the findings of Figures 1A,Band 2A, the
40% D,O abundance seems to be the ideal concentration in
order to assess significant C—D band intensity which is
subjected to vary strain wise.

Bacteriostatic and Bactericidal Antibiotic Activity
Using Optical Density Measurements. To monitor and
demonstrate the variability in the antibiotic mode of action, E.
coli was cultured with and without the antibiotics at 40% D,0O
concentration. The growth kinetics profile through optical
density (600 nm) measurement of different time points at 0, 1,
2, 4, 8, 12, and 24 h was explored (Figure 3A,B). Upon
monitoring, the untreated microbial growth shows a conven-
tional sigmoidal curve. The incubation time of 6 h was chosen
for antibiotic treatment (marked) as the microbial culture at
this time appeared to be in the logarithmic phase. In Figure 3A,
the bacteriostatic antibiotic-treated growth curve is displayed
where it can be observed that the early stationary phase is
reached at 2 h post antibiotic treatment suggesting inhibited
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growth of the microbial culture. In contrast, Figure 3B shows
that the bacteria have been treated with bactericidal antibiotics
and demonstrate a halt in the growth and decline of the growth
curve with incubation time. This declining curve indicates the
induction death phase in the culture medium.

Raman DSIP in the High Wavenumber Region
Unravels the Bacteriostatic and Bactericidal Antibiotic
Action. To investigate the action of bacteriostatic and
bactericidal antibiotics on microbial activity using Raman
DSIP, the microbial culture medium was prepared with the
optimized 40% D,O concentration. Before inoculation, the
culture medium was treated with different aforementioned
antibiotics, namely, chloramphenicol (30 ug mL™"), tetracy-
cline (12.5 pug mL™'), norfloxacin (50 ug mL™'), and
ciprofloxacin (50 pg mL™"). The working concentration of
antibiotics with bacteriostatic and bactericidal activity was
optimized by analyzing the static and kill curves of the bacterial
growth profile as shown in Figure 3. Post-inoculation Raman
spectra of the untreated and treated cells were recorded at

23756

different time points starting from 0, 1, 2, 4, 8, 12, and 24 h as
shown in Figure 4. At 0 h, no detectable C—D peak in the
region between 2030 and 2300 cm™' was observed for both
untreated and treated cells. At the early time points from 1 and
2 h, we observed a small C—D band in the Raman silent region
from the untreated cells. Similarly, we also observed the
emergence of the C—D band intensity from the growth-
inhibited cells due to the bacteriostatic mode of action. In
contrast, negligible C—D band intensity was observed from the
cells under bactericidal antibiotic treatment. This qualitative
difference in the C—D band intensity at early hours indicates
the efficacy of this approach in tracking the differences in the
mode of action of antibiotics. Further, with the increase in the
incubation time, we observed an intense C—D band from the
untreated cells, whereas negligible dynamic changes in the C—
D band intensity was observed from cells treate with
bacteriostatic or bacteriocidal antibiotics. No changes in the
C—D band intensity from treated cells with bactericidal mode
of action corroborates the known fact that cells enter into the
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death phase. For the quantification, we have calculated the
band intensity ratio of C—D/C—D+C—H at different
incubation time points for the treated and untreated cells as
shown in Figure 4F,G. The relative ratiometric intensity
difference between control and antibiotic-treated cells
demonstrated a clear difference with an increase in incubation
time. The CD/CD+CH ratio can reveal the dynamics of the
newly synthesized C—D band value due to deuterium
incorporation, with respect to the total carbon hydrogen
pool in the cell. Further, we also determined the statistical
significance between the C—D band intensity of the control
and treated groups by performing a t test using Origin software
as shown in Figure SI.

Raman DSIP in the Biofingerprint Region to Unravel
the Differences in Antibiotic Mode of Action. The next
analysis was to examine whether the D,0O incorporation also
induces spectral changes in the biofingerprint region, which
can be utilized as a metabolic marker to differentiate among
different modes of antibiotic action. A weak peak observed at
989 cm™' appears due to the deuteration of the microbial
phenylalanine aromatic ring.”"”***° Another interpretation of
origin of this band is due to the deuteration of scissoring CH,
leading to the formation of CD,.”” As the deuterium

23757

concentration is at 40%, complete redshift of this band was
not observed. This leads to a visible but weak signal at 989
cm™!, which might act as a possible qualitative marker band for
monitoring the deuteration level and corresponding metabolic
activity. In Figure S, in the Raman spectra of control and
treated groups at the 989 cm™" position, we observed no bands
at 0 h postincubation. However, this peak appears at 1 h
postincubation for the control group as shown in Figure SA.
This peak intensity suggests a metabolically active state of cells.
In Figure 5B,C Raman spectra for the treated group show a
lower intensity of 989 cm™" at 1 h, which becomes weaker with
time indicating the bacteriostatic mode of action on the cells.
Moreover, in Figure 5D,E Raman spectra for the treated group
showed negligible peak intensity changes at all incubation
times, indicating the bactericidal mode of action on the cells.

Rapid understanding of the bacteriostatic and bactericidal
activity of antibiotics can help clinicians to plan appropriate
strategies for treatment of infectious diseases. Antibiotics can
be used in accordance with the severity of the infection and
host immune response. As a result, resistance develops
spontaneously with potential side effects. In our work, we
have used the Raman DSIP as a novel assay to rapidly analyze
the mode of action of antibiotics. The differences between
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Figure 5. Deuterated band at 989 cm™" in biofingerprint region as possible qualitative spectral marker band for differentiating the antimicrobial
mode of action; qualitative analysis using average Raman spectra of microbial cells at biofingerprint region at different incubation time points. (A)
Control (B) chloramphenicol treated, (C) tetracycline treated, (D) norfloxacin treated, (E) ciprofloxacin treated (shaded area shows the standard

deviation).

bactericidal and bacteriostatic modes of action can be observed
via the metabolic activity leading to a difference in C—D peak
intensity. Raman spectroscopy is a nondestructive and
noninvasive analytical technique with hidden potentials,
which require further exploration by combining other method-
ologies such as stable isotope probing.”*** Recently, the
Raman DSIP-based approach has been utilized to detect
antimicrobial-resistant microbial species. Yang et al. showed
the integration of Raman DSIP with advanced multivariate
analysis to study the spectral dynamics to classify sensitive,
intrinsic tolerant, evolved tolerant, and resistant cells.*® Zhang
et al. reported stimulated Raman DSIP and imaging-based
strategy to detect metabolic incorporation of D,O at single cell
level and a rapid antimicrobial susceptibility test (AST)
platform in a brief span of time of 10 min, which is claimed to
be the fastest among currently available technologies.” Yi et al.
developed a fast Raman-assisted antibiotic susceptibility test
(FRAST) based on Raman DSIP for monitoring the metabolic
activity of bacterial cells (Gram-negative and Gram-positive) in
the presence of antibiotics.”® Bauer et al. described a Raman
DSIP-based AST protocol for Gram-positive/negative bacteria
to detect heteroresistance phenotype and further conducted a
proof of concept study by investigating the clinical isolates.””
Xiao et al. reported an AST method based on Raman DSIP to
explore the efficacy of last resort antibiotics (tigecycline,
polymyxin B and vancomycin) against Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Enter-
ococcus faecium.”® Many other recent studies have explored
the applicability and potential of the Raman DSIP approach for
microbial metabolic activity and antimicrobial studies.””~**
Although multiple studies have utilized D,O concentration
from 40% to 70%, we first optimized the feasible concentration
which is necessary for the best survival of the microbe keeping
a detectable C—D band under consideration. One of the
remarkable findings of this study was to analyze the
deuteration effect in the biofingerprint region and apply the
multivariate analysis using PCA with classified clusters showing
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the difference in the percentage of deuteration in cells. Further,
the bacteriostatic and bactericidal effect on cells was observed
using spontaneous Raman scattering at a very early incubation
time point. Though Raman DSIP is a highly feasible
nondestructive approach, the D,O has a toxic effect on the
cells which we have shown and is the limitation in our study.
The future perspective of the Raman DSIP approach lies in
tracing the metabolic activity by increasing the C—D band
detection sensitivity at very low concentrations of D,O and in
a short span of incubation time. This will minimize the toxic
effect on the microbial metabolome and will promote Raman
DSIP as a cost-effective approach to develop into a
translational clinical assay for antimicrobial studies.

B CONCLUSION

Our results suggest the dynamic changes in the intensity of the
carbon—deuterium band in the Raman silent zone of the high
wavenumber region can differentiate between the metabolic
active, growth-arrested, and killed microbes. Further, we
explored the possible potential of the deuterated biomolecular
band in the biofingerprint region as a metabolic spectral
marker for qualitative analysis of our mentioned goal. This
work projects Raman DSIP as a prospective alternate
biosensing assay to determine the efficacy of antibiotics and
their concentration on the microbes at the community level.
With this approach, the effect of antibiotics can be determined
at early incubation time points. As the proposed method is
efficient and simple, it holds immense potential for clinical
translation as a tool for rapid classification of the antibiotics
and concentration-dependent effects as bactericidal or
bacteriostatic. The exploration of Raman DSIP holds the
potential to be translated into a rapid clinical assay for the
selection of appropriate antibiotics to treat infectious diseases
and the detection of antimicrobial resistance and microbial
dormancy.
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