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Raman spectroscopy yields a fingerprint spectrum and is of great importance in medical and biological
sciences as it is non-destructive, non-invasive, and available in the aqueous environment. In this study,
Raman spectroscopy and Raman mapping were used to explore the dynamic biochemical processes in
screened bacteria under ceftazidime stress. The Raman spectral difference between bacteria with and
without antibiotic stress was analyzed by principal component analysis and characteristic peaks were
obtained. The results showed that amino acids changed first and lipids were reduced when bacteria
were exposed to ceftazidime stress. Furthermore, in Raman mapping, when bacteria were subjected to
antibiotic stress, the peak at 1002 cm™! (phenylalanine) increased, while the peak at 1172 cm™? (lipids)
weakened. This indicates that when bacteria were stimulated by antibiotics, the intracellular lipids

decreased and the content of specific amino acids increased. The reduction of intracellular lipids may
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Accepted 3rd October 2019 suggest a change of membrane permeability. The increase of specific amino acids suggests that bacteria

resist external stimuli of antibiotics by regulating the activities of related enzymes. This study explored

DOI: 10.1039/c9ra06006e the processes of the action between bacteria and antibiotics by Raman spectroscopy, and provides
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Introduction

With the large-scale use of antibiotics," the volume of antibi-
otics discharged into the aqueous environment is gradually
increasing.”” The treatment of antibiotic wastewater has
become a significant problem in the field of sewage treatment. A
large body of research has explored the factors that affect the
biological treatment of antibiotic wastewater, i.e., sludge age,
reaction time and temperature,” microbial community,” and
different co-metabolism substrates.®* These studies have
explored the mechanism of biodegradation of antibiotics from
a macro perspective. However, the morphological changes of
single bacteria, and the interaction between microorganisms
and antibiotics, are unavailable from a macro perspective.
Therefore, a new method to explore the interaction from micro
scale is urgently required.

Single-cell techniques such as flow cytometry, scanning
probe microscopy, and fluorescence microscopy have been used
to explore the information in cells. Fast, high-throughput
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a foundation for the further study of the dynamics of microbial biochemical processes in the future.

biological analysis could be achieved by flow cytometry.
However, spatial information is missing.>'® Morphological
information of individual cell membranes and organelles could
be obtained by scanning probe microscopy, while the cells were
exposed to stress and the normal physiological functions of the
cells were affected."* Fluorescence microscopy provided
a wealth of information for the study of cell biological processes
at the single-cell level. However, fluorescence technology also
requires the use of labeled molecules, which interfere with the
microenvironment of the cells and the functions of labeled
molecules. It is therefore difficult to obtain the correct intrinsic
information of biomolecules.”> Raman spectroscopy, as
a “fingerprint” spectrum of a material molecule,” enables in
situ, non-invasive, and label-free detection of samples,'*'*> and
has been increasingly used in biological and medical
research.'*™?

In recent years, Raman spectroscopy has successfully been
applied to investigate bacteria-antibiotics interactions. For
example, the interaction of vancomycin with Enterococci**** and
the interaction between fluoroquinolones and Gram-positive
bacteria®*** were observed by Raman spectroscopy, as was the
inhibition of B-lactamase by tazobactam.** Furthermore, the
interaction of ceftazidime with Pseudomonas aeruginosa bio-
films was obtained by Raman spectroscopy.”® However, little
attention has been focused on the Raman mapping technique.
By integrating large-scale, multi-acquisition = Raman

This journal is © The Royal Society of Chemistry 2019
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spectroscopy data, Raman mapping no longer yields only
a simple spectrogram, but enables a statistical description of
the entire region. The generated pseudo-color maps directly
reflect the distributions and concentrations of the targets in the
samples, and realize real-time monitoring of the targets.”**
This Raman mapping technique yields the distributions of
particles in a single living cell, the structure and distributions of
DNA, proteins, and lipids.”*** In the present study, the Raman
mapping technique was used to explore the dynamics of
microbial biochemical processes, shown for the interaction of
nilotinib with chloroquine in lysosome®* and the dynamics of
lipid uptake in macrophages.®

Here, the Raman mapping technique was employed to
monitor the interaction between microorganisms and antibi-
otics. Since cephalosporins were first produced in China,' and
cephalosporins are one of the most widely used in agricultural
production and disease cure, thus, cephalosporins were used as
experimental antibiotics in this study. The antibiotic-resistant
strain Bacillus was isolated from activated sludge. A system-
atic characterization of the effects of Bacillus and ceftazidime
was conducted by both Raman spectroscopy and Raman
mapping. The changes in spectrum over time are presented.
This study demonstrates the potential of monitoring the
bacteria-antibiotics dynamic interaction by Raman spectros-
copy, and lays a foundation for the further study of microbial
biochemical dynamic processes in the future.

Materials and methods
Culture and screening of resistant bacteria

In this study, ceftazidime (Solarbio, Beijing, China) was used as
the antibiotic. It can inhibit the transpeptidase action during
the last step of cross-linking of cell wall synthesis, thus affecting
cell wall synthesis and leading to bacterial lysis death. 100 pL of
ordinary activated sludge was inoculated in Luria-Bertani (LB)
media (Tryptone: 10 g L™, yeast extract: 5 g L™, NaCl: 10 g L)
at 1000 mg L' of ceftazidime for 48 h at 30 °C under shaking at
120 rpm. Four strains of antibiotic-resistant bacteria were iso-
lated from activated sludge by the streak-plate method. These
four strains were identified by 16S rRNA sequencing (Majorbio,
Shanghai, China) and the results showed that C10 belonged to
Bacillus sp., Gram-negative bacteria, C1 and C2 belonged to
Aeromonas sp., and C12 belonged to Rhodococcus sp. A special
spore structure was found in C10 and therefore, C10 was chosen
for subsequent experiments.

Ceftazidime degradation performance of screened resistant
bacteria

C10 and the other three strains were cultured in liquid LB
medium overnight. Then, 200 pL of the strains were inoculated
in the inorganic medium with 250 mg L™" ceftazidime for 48 h
at 30 °C. 1.5 mL of samples were filtered through 0.22 um filters,
and then, the degradation performance of ceftazidime were
determined by liquid chromatograph (Agilent 1260, Germany).
The mobile phase was prepared with 0.1 M phosphate buffer
(pH 7.4) and methanol at a ratio of 4 : 1. The flow rate was 1.0
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mL min~' and the detection wavelength was 254 nm. The
experiment was performed in triplicate.

Raman spectroscopy

Raman spectroscopic analysis was performed with an inVia
Reflex micro-Raman spectrometer (Renishaw, UK) equipped
with diffraction grating at 1200 lines per mm and four back-
illuminated Charge Coupled Device (CCD) cameras (1024 x
256 pixels) cooled to —70 °C. A frequency doubled Nd:YAG solid-
state laser with a wavelength of 532 nm was used to excite the
Raman signal. The laser light was focused onto the sample
using a 100 objective. The spectral resolution was 1 cm ™" and
the single-point exposure time was 10 s. The laser power was 50
mW and the scanning wavenumbers ranged from 700 to
1800 cm ™. Calcium fluoride was used as substrate.

Raman spectroscopy of unexposed single-bacterial and
multi-bacterial samples. The screened Strain C10 was cultured
in liquid LB medium for 24 h at 30 °C under shaking at 120 rpm
without ceftazidime. 50 pL of the suspended C10 bacteria was
added to a calcium fluoride slide and air-dried for Raman
spectroscopy experiment. Two spots of one single bacterium
were randomly selected from the slides for Raman detection,
and each measurement of the same spot was repeated three
times. The multi-bacterial sample gathered several bacteria
instead of separating them from each other. In the Raman
spectroscopy experiment, three groups of bacteria were selected
for detection as three multi-bacterial samples, and each
measurement of a sample was repeated three times.

Raman spectroscopy of C10 cultured in ceftazidime. C10 was
cultured in liquid LB medium overnight. 1 mL bacterial culture
was harvested. The medium was removed by centrifugation
(5000g, 5 min, and room temperature) and bacteria were
washed with deionized water three times. Then, 1 mL ceftazi-
dime solution at a concentration of 1000 mg L™" was used to
resuspend the bacteria, and the bacterial resuspension was
cultured in the same indoor environment for 2 h at 30 °C under
shaking at 120 rpm. Then, samples were centrifuged and
washed three times. 50 uL of the suspended C10 bacteria was
prepared for the Raman experiment. Samples resuspended with
1 mL deionized water were used as control. The Raman spec-
trum was measured five times for each sample, and the average
spectrum was used as the measurement result of the sample.
The experiment was performed in triplicate.

Spectra pre-processing. To improve the quality of analysis
results, Raman spectra of samples need to be measured
repeatedly, and be properly processed. Baseline correction,
normalizing, and smoothing of spectra were performed in this
study. Raman measurements were repeated three times at each
sampling point. Then, the baseline was deducted from each
measurement result. The average value at each sampling point
was calculated. The intensity of the peak at 747 cm ™" was used
as reference to calculate the relative intensity relationships of
other peaks. The relative intensity of the spectrum was I,/I745. I,
was the intensity of the peak at » cm ™. L4, was the intensity of
the peak at 747 cm™'. Because the peak at 747 cm™ ' corre-
sponded to the nucleic acid, the composition of which
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remained relatively stable. Finally, the moving average
smoothing method was used to eliminate the noise in the
spectrum and obtain the most effective information.

Principal component analysis (PCA). PCA can mathemati-
cally remove the influence of noise or irrelevant information
from rich spectral information, and screen for the main infor-
mation representing individual characteristics. PCA of the
spectral data was conducted by SPSS statistical analysis software
(IBM). Peaks with good shape and stable position were selected
in the measured spectrum. The intensity of these peaks was
selected as the variable of PCA; the correlation coefficients of
each variable were calculated and then, the dimension of the
variable was reduced, and the scores of each variable on the
principal component were obtained; finally, the principal
component score plot was obtained for each spectral data point.
By comparing the loadings of the treated group and the control
in the principal component score plot, the treated bacteria and
the control can be well distinguished.

Raman mapping of bacteria under ceftazidime stress

After addition of ceftazidime (1000 mg L") to the bacterial
culture, C10 was cultured in liquid LB medium at 30 °C under
shaking at 120 rpm. 1 mL bacterial culture was sampled at 0, 30,
60, 90, and 120 min, respectively. Samples were centrifuged
(5000g, 5 min, room temperature) and washed three times with
deionized water. Raman spectra were extracted immediately
after sample preparation.

Raman mapping was performed in the same test conditions
as Raman spectra detection. The spectral resolution was 1 cm ™ *
and the single-point exposure time was 10 s. The spot size is 1
pm. The scanning step was 0.5 pm and the laser power was 50
mW. The scanning wavenumbers ranged from 700 to
1800 cm™'. The scan area depended on the target bacterium
size and the scan time span increased with increasing scan size.

Scanning electron microscopy (SEM)

SEM images were used to analyze the surface morphology of
resistant bacteria C10 after exposure to ceftazidime. At each
time point of the short-term exposure experiments, the aliquots
were centrifuged at 3000g for 5 min. The pellets were washed
three times with 0.1 M phosphate buffer (pH 7.4), and fixed in
0.1 M phosphate buffer (pH 7.4) containing 2.5% glutaralde-
hyde at 4 °C for 4 h. After rinsing twice with 0.1 M phosphate
buffer (pH 7.4), the pellets were dehydrated in acetone serials
(30%, 50%, 70%, 80%, 90%, and 100%) and isoamyl acetate
(15 min per step), and then air-dried. The images were obtained
using the JSM-7800F SEM (JEOL, Japan) at 5.0 kV.

Results and discussion
Antibiotic degradation of the screened bacteria

The concentration changes of ceftazidime in the medium are
shown in Fig. 1. The concentration of antibiotics in the control
group (media without bacteria) decreased, indicating that cef-
tazidime itself degraded slowly under cultured conditions,
which was consistent with a previous report.** As shown in
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Fig.1 Antibiotic degradation for 48 h by different strains isolated from
activated sludge at the ceftazidime concentration of 250 mg L™,

Fig. 1, the concentration of ceftazidime in the media with Strain
C10 declined faster than that of the control group, suggesting
that a subset of ceftazidime was degraded by C10. After sub-
tracting the self-degradation of ceftazidime, the degradation
efficiency of ceftazidime by C10 at 48 h was 28.96%. Ceftazidime
in the medium with three other strains C1 (Aeromonas sp.), C2
(Aeromonas sp.), and C12 (Rhodococcus sp.) was also obviously
biodegraded, and the degradation ratios of the antibiotic by
these strains were 18.24%, 41.99%, and 45.44%, respectively.
The Raman spectra of these four strains were collected, and
baseline correction, normalizing, and smoothing the spectra
were performed. The Raman spectra of these four strains are
shown in Fig. S1. Compared with other strains, the Raman
signals of C10 were stronger and C10 showed more peaks.
Therefore, the performance of Bacillus C10 was further explored
in this study.

Raman spectroscopy of single-bacterial and multi-bacterial
samples

As shown in Fig. 2, significant differences were found in the
Raman spectra measured between the multi-bacterial sample
and the single-bacterial sample. The Raman spectra measured
at different test sites of the same single bacterium were also
different (Fig. 2). Bacillus (C10) was about 3-4 pum long and 1-1.5
pm in diameter (Fig. 3). The size of the Raman spectroscopy
laser spot was about 1 pm. Thus, Raman spectroscopy could
measure the spectral information of the bacterium at different
positions, which meant that Raman spectroscopy had an
information resolution at the micrometer scale. The main peaks
measured at site 1 of C10 were at wavelengths of 1017 em ™,
1397 em™ ', 1450 cm ™', and 1573 cm ' (Fig. 3), which were
assigned to the characteristic peaks of calcium pyridine dicar-
boxylate.*® According to a previous report, Bacillus (C10)
contains a spore structure, the main component of which is
calcium pyridine dicarboxylate.>® The main peaks of calcium

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Raman spectroscopy of single-bacterium and multi-bacteria. In
the multi-bacterial sample, several bacteria gathered instead of being
separated from each other. Sites 1 and 2 were spots on a single
bacterium. The relative intensity of the spectrum was measured by
subtracting the intensity of the CaF, control group.

pyridine dicarboxylate were at 1017 cm™', 1397 cm ',
1450 cm ™!, and 1573 cm ™!, which are consistent with the main
peaks at site 1. Therefore, the structure at site 1 corresponded to
the spore structure of Bacillus. However, at site 2 (Fig. 3), the
characteristic peak positions were mainly at 1002 cm™ ',
1127 em ™%, and 1585 cm ™', which were assigned to phenylala-
nine***” or oxidized cytochrome bc1,*®* and ferrous heme,*®
correspondingly. Both of the characteristic peaks corresponded
to the composition of protein, thus, the location of site 2 might
be the cytoplasm. In this study, the spore structure was accu-
rately identified from other location in Bacillus by Raman
spectroscopy; moreover, the characteristic peaks could be used
to distinguish Bacillus from other bacteria. This demonstrates
the ability of Raman spectroscopy to expose the heterogeneity of
bacteria.>**

Fig. 3 Size of the Bacillus strain and positions of sites 1 and 2.
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Although the Raman spectrum can distinguish different
locations of single bacteria, some information at weak peaks
was still missing due to noise interference. The Raman spec-
trum of multi-bacteria can provide the total information of the
whole bacteria. In multi-bacteria samples, the bacteria overlap,
and the different sites in different bacteria are stacked together,
thus, the Raman spectra of multi-bacteria are closer to the total
Raman signals. Compared with the Raman spectrum of the
single-bacterial sample, the Raman signals of multi-bacterial
sample were stronger, and more peaks can be detected with
higher signal-to-noise ratio. Thus, Raman spectra of single
bacteria can be used to identify specific structures in the same
bacterial species, and Raman spectra of multi-bacteria can be
used to identify the total signals of the whole bacteria and
distinguish different bacteria.

Raman spectroscopy of C10 cultured in ceftazidime

The Raman spectra of treated and untreated bacteria are
shown in Fig. 4. The two Raman spectra had similar major
peaks of 747 ecm ', 1002 ecm ', 1126 cm ', 1172 cm
1311 ecm™', 1338 ecm™', 1584 cm™ ', and 1660 cm™'. The
specific materials represented by the corresponding peaks are
shown in Table 1.37°%** This indicates that the Raman
resonances of proteins were stronger than those of lipids and
carbohydrates in Bacillus. Due to the small difference in
Raman spectroscopy, a more detailed analysis was required
with the aid of mathematical analysis.

PCA was performed for in-depth differential analysis. Eight
main peaks were used as variables. A total of two principal
components were extracted, and the cumulative score reached
89.5%, which exceeds 85%, indicating that PCA was effective. In
the principal component score plot (Fig. 5), the ceftazidime-
treated samples were well separated from the control group.
Although the difference was not significant in the Raman
spectral information, it was significant by PCA. This meant that
the Raman spectrum of ceftazidime-treated bacteria was actu-
ally different from that of untreated bacteria, further indicating
that the chemical structure of Bacillus changed in response to
the ceftazidime environment. To further explore the main
composition change, a loadings plot analysis was performed, as
shown in Fig. 6.

It showed that the peaks at 1002 cm ™" and 1172 cm ™" were
the most affected peaks by ceftazidime exposure. The peak at
1172 cm™ " was obviously decreased in response to ceftazidime.
The peak at 1172 ecm ™' was assigned to stretching vibration of
C-C and P-O of lipids of lipids,*”**»** which is the key compo-
sition of the cell membrane.** The obvious decrease of lipids in
Bacillus might be related to the cell membrane damage.
Jayaraman et al. reported that ceftazidime can cause the
permeability to increase in the cell membrane and cause
membrane damage.*® Thus, the obvious decrease of Raman
resonance at wavelength 1172 cm ' indicated the cell
membrane damage of Bacillus due to ceftazidime exposure. The
SEM image of Bacillus exposed to ceftazidime was obtained to
verify the cell membrane damage, as shown in Fig. 7. A number
of wrinkles and damage can be seen on the surface of Bacillus

RSC Adv., 2019, 9, 32744-32752 | 32747
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Table 1 Assignment of the main Raman bands

Raman shift Raman shift

(em™) Assignment (em™) Assignment

747 Cytochrome ¢ 1311 Polysaccharide
1002 Phenylalanine 1338 Tryptophan
1126 Cytochrome bcl 1584 Ferrous heme b
1172 Lipids 1660 B sheet, amide I

after exposure to ceftazidime, and the degree of wrinkles and
damage increased with time. After exposure of 120 min to the
ceftazidime environment, many holes and wrinkles accumu-
lated in Bacillus, which indicated heavy damage of both cell wall
and cell membrane in Bacillus, and further indicated the
accuracy of Raman analysis.

The Raman resonance at wavelength of 1002 cm™
another obviously affected peak. The peak at 1002 cm ™" was
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Fig. 5 The principal component score plots of treated bacteria and
control.

32748 | RSC Adv., 2019, 9, 32744-32752

assigned to phenylalanine,***” which is the component of
protein. The obvious increase of the phenylalanine-related
protein indicated the structural change of protein in response
to ceftazidime. This may be related to the up-regulation of
several enzymes that are resistant to ceftazidime. Furthermore,
the Raman resonance at wavelengths of 747 cm ™', 1127 cm ™,
and 1584 cm ™' were enhanced, and these three peaks presented
close positive correlation, especially the peaks at 747 cm ™" and
1127 ecm™". The Raman resonance at wavelength of 747 cm ™"
was assigned to cytochrome c at 532 nm excitation.** The similar
results of increased cytochrome ¢ in response to antibiotic
exposure were reported previously. Pichard et al. reported that
the expression of cytochrome ¢ increased in response to expo-
sure to 50 mM rifampicin.*® Park et al reported that after
exposure to all concentrations of fenbendazole, the expression
of cytochrome c¢ increased significantly.*” Furthermore, the
peaks at 1127 em ' and 1584 cm ™! increased in response to

N
D

4 the control *
A the treated bacteria
1660
:\o‘ 1584
E A A
N - 1127
O 1.6
o
747 A 1338 * *
1172
1002

20
z:0

PC1 (78.4%)

Fig. 6 Loadings plot analysis of Bacillus in response to ceftazidime
exposure.
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Fig. 7 Electron microscopic images of bacteria with tolerance times of 0 min (a), 30 min (b), 60 min (c), 90 min (d), and 120 min (e).

exposure to ceftazidime and were highly correlated with the
peak at 747 cm™'. The Raman resonance at wavelength of
1127 ecm ™' was assigned to cytochrome bc1,” which is the
complex of cytochrome b and cytochrome c¢. The Raman reso-
nance at wavelength 1584 cm ™" was assigned to ferrous heme b,
which is a cofactor of cytochrome.*® Thus, the positively
enhanced Raman resonance at 747 cm™ ', 1127 cm™}, and
1584 cm ™! indicated the up-regulated expression of cytochrome
in Bacillus. Cytochrome is one of the most important enzymes
in microbes, and abnormal cytochrome expression indicated
that the exposure of ceftazidime disrupts the balance of the
bacterial system. In addition, the Raman resonance at wave-
lengths of 1311 cm™', 1338 cm ', and 1660 cm™ ', corre-
sponding to polysaccharide, tryptophan, and amide I, were not
significantly changed.

Raman mapping of bacteria under ceftazidime stress

The information obtained by Raman spectroscopy is related to
the test point. Therefore, by combining the position informa-
tion of the Raman spectrum with the substance information,
the distributions of the measured substances can be obtained.*®
With the eight main peaks that were obtained in the experiment
presented above, the Raman data at each scanning point was
integrated, and the distribution images of the materials corre-
sponding to the wavenumber in the bacteria were obtained
(Fig. 8). The deep blue to white color in Fig. 8 indicates that the
relative intensity ratio gradually increased. The images obtained
by Raman spectroscopy were basically identical to the images of
the bacteria in the bright field, and the outlines were clear. The
peak intensity of each point was clearly different.

The distributions of different materials in the same bacteria
were similar, and the overall peak intensity of bacteria was
strong; therefore, the slight difference was difficult be visualized
by observation. All Raman intensities at different wavelengths
seem to be the same at 0 min, but in fact, the strongest Raman

This journal is © The Royal Society of Chemistry 2019

signals at 747 cm™" is 4.17 times higher than the weakest

Raman signal at 1584 cm ', This indicated that the Raman
intensity without obvious change in Raman imaging did not
reveal that the resonance was constant. In contrast, the differ-
ences of Raman imaging that can be observed indicated the
obvious difference of Raman resonance. The Raman signals at
1002 cm ™' was obviously higher than at other wavelengths at
30 min, and indicated the obvious increase of phenylalanine.

Similar to the Raman signals at 30 min, the Raman signal at
1002 cm ™" at 90 min was also obviously stronger than those at
other wavelengths at 90 min. These results are consistent,
indicating that the phenylalanine-related protein was up-
regulated after ceftazidime exposure. Although the difference
between 1002 cm ™' and other wavelengths at 60 min was not as
obvious as that at 30 min and 90 min, the Raman intensity at
1002 cm™ ' at 60 min was also stronger than at other wave-
lengths. Equally, the Raman intensity at 1172 cm ™' at 0 min was
similar to that at other wavelengths at 0 min; however, the
Raman intensities at 1172 cm™ " at 30 min and 90 min was
obviously weaker than at the other wavelengths at 30 min and
90 min. The Raman signal changes at the wavelengths of
1002 cm ' and 1172 cm™ " were most obvious and visible by
observation using Raman imaging. This Raman imaging result
was consistent with the PCA analysis, indicating that Raman
mapping can be used for the monitoring of bacterial dynamic
processes.

According to this study, although the difference in Raman
spectroscopy was very small, the composition and structure
change of Bacillus exposure to ceftazidime can still be obtained.
The Raman spectroscopy revealed that the lipids in Bacillus was
decrease and the cell membrane was damaged. Furthermore,
the abnormal expression of phenylalanine-related protein and
cytochrome indicated the disrupted balance of the bacterial
system after exposure of ceftazidime. Raman mapping enabled
the visual determination of changes in the internal material of

RSC Adv., 2019, 9, 32744-32752 | 32749
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Fig. 8 Raman mappings of bacteria in ceftazidime solution with tolerance times of 0 min (a), 30 min (b), 60 min (c), 90 min (d), and 120 min (e).

bacteria. It visualized the changes in the material distributions
better and showed the biochemical processes of bacteria more
intuitively.

Conclusion

Antibiotic wastewater treatment is a significant problem that
urgently needs to be solved in sewage treatment. How antibi-
otics affect microorganisms is an important research direction
to solve this problem. In the present study, Raman mapping
associated with PCA has demonstrated the capability to
monitor the interaction between microorganisms and antibi-
otics, and elucidated the underlying action mechanism.
Raman mapping indicated that under ceftazidime stress,
a large amount of phenylalanine-related protein and cyto-
chrome produced, and lipids were slightly reduced in Bacillus.
Raman spectroscopy can obtain the concentration distribu-
tions and change processes of various materials in bacteria.
Moreover, Raman mapping can visualize the changes of

32750 | RSC Adv., 2019, 9, 32744-32752

material distributions more intuitively than Raman spectros-
copy, and show the biochemical processes of single bacteria. It
is therefore conceivable that Raman spectroscopy will show
great potential in the mechanism research of microbial
physiological processes in the future.
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