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Fossil fuels are considered vital natural energy resources on the Earth, and sulfur is a natural component

present in them. The combustion of fossil fuels releases a large amount of sulfur in the form of SO, in the

atmosphere. SO, is the major cause of environmental problems, mainly air pollution. The demand for fuels

with ultra-low sulfur is growing rapidly. In this aspect, microorganisms are proven extremely effective in

removing sulfur through a process known as biodesulfurization. A major part of sulfur in fossil fuels (coal
and oil) is present in thiophenic structures such as dibenzothiophene (DBT) and substituted DBTSs. In this
study, the identification and characterization of DBT desulfurizing bacteria (Chryseobacterium sp. IS,
Gordonia sp. 4N, Mycolicibacterium sp. J2, and Rhodococcus sp. J16) based on their specific
biochemical constituents were conducted using surface-enhanced Raman spectroscopy (SERS). By

differentiating DBT desulfurizing bacteria,

researchers can gain insights into their unique

characteristics, thus leading to improved biodesulfurization strategies. SERS was used to differentiate

all these species based on their biochemical differences and different SERS vibrational bands, thus

emerging as a potential technique. Moreover, multivariate data analysis techniques such as principal
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component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were employed to

differentiate these DBT desulfurizing bacteria on the basis of their characteristic SERS spectral signals.
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1. Introduction

Fossil fuels are essential natural energy resources on Earth.
Owing to the combustion of these fossil fuels, SO, is released
in large amounts into the atmosphere, and it is the major
cause of environmental problems on Earth as it leads to acid
rain and air pollution.* Therefore, the demand for fuels with
ultra-low sulfur content is growing.*> Sulfur may be present in
organic and inorganic forms,* and most of the sulfur (70%) in
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For all these isolates, the accuracy, sensitivity, and specificity are above 90%, and an AUC (area under
the curve) value of close to 1 was achieved for all PLS-DA models.

fossil fuels (coal and oil) is present in thiophenic structures
such as DBT and substituted DBTs.** Physical and chemical
methods such as hydrodesulfurization (HDS) can remove
a significant quantity of inorganic sulfur and a small amount
of sulfur that is bonded to organic materials from fuels.”
Through HDS, cyclic sulfides known as thiolanes and aliphatic
acyclic sulfides known as thioethers can be easily removed.
However, this method fails to remove sulfur from heterocyclic
organic compounds such as thiophene, benzothiophene (BT),
and dibenzothiophene (DBT).*” Another drawback of HDS is
that it is a catalytic process and requires high operating pres-
sure and temperature conditions for the conversion of organic
sulfur to H,S gas.* Therefore, there is a need to use another
extremely efficient alternative biocatalytic desulfurization
method known as biodesulfurization (BDS) for the removal of
recalcitrant sulfur. This technique is noninvasive and can be
operated at low temperatures and pressures.® Most impor-
tantly, it is very specific in removing sulfur from refractory
sulfur-based organic compounds. BDS is the process that uses
different types of microorganisms for metabolizing sulfur
compounds. Therefore, by selecting the appropriate organic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sulfur metabolizing strain, biodesulfurization of fossil fuels
can easily be performed.® Microorganisms that degrade DBT
can easily remove sulfur from coal.’® Some bacterial strains,
like Gordonia sp., Rhodococcus sp., R. erythropolis H-2, Cory-
nebacterium sp., Mycobacterium sp. G3 etc., have been reported
for the process of biodesulfurization.”'* In this process, the
breakdown of the C-S bond that is present in the thiophenic
compounds like DBT occurs by following the 4S pathway. DBT
is the recalcitrant organo-sulfur compound that is abundantly
present in fossil fuels. Microorganisms fulfill their need for
nutrients from DBT by consuming sulfur, while the remaining
structure is not disturbed. In this way, a decrease in the sulfur
emission from the fossil fuels occurs.'>*® So, it is a matter of
interest to identify and characterize the desulfurizing bacteria.
Different spectroscopic techniques, like MS™ FTIR,” and
NMR,** have been used for the characterization and identifi-
cation of bacteria. Notably, these methods have some draw-
backs, like time-consuming sample preparation, unsuitability
for an aqueous environment and laboriousness. These draw-
backs can be overcome by the use of another spectroscopic
technique called Raman spectroscopy. This technique has no
such disadvantages, and it can be used for both quantitative
and qualitative analysis of the sample on the basis of their
spectra. It is a promising technique and when combined with
a multivariate data analysis technique (like PCA and PLS-DA),
it becomes valuable for different analyses. This method is
non-destructive and involves minimum or no sample prepa-
ration.”” Raman peaks can be used to determine the chemical
components of bacteria, including their DNA and RNA, lipids,
proteins, pigments, and carbohydrates. Although the spectrum
profiles of bacteria are fairly similar, distinct species of
bacteria exhibit variances in peak intensities, which indicates
their diverse biochemistry."® Raman spectroscopy can finger-
print the entire organism, making it a quick method for
identifying and characterizing bacteria. However, the weak
Raman signal presents a barrier.”

SERS has been used to overcome this issue because it
enhances the Raman signals by chemical and electromagnetic
mechanism. The electromagnetic mechanism is the most
studied so far. This mechanism occurs by the magnification of
light after the excitation of localized surface plasmon reso-
nance, which results in enhancement of Raman signals. Thus,
SERS is a promising technique that gives structural informa-
tion, and molecular fingerprints can be obtained from it even if
the sample is in small quantity.*

Because of their high surface plasmon properties, noble
metal nanoparticles exhibit strong SERS enhancement factors.
For the SERS spectral investigation of diverse microorganisms,
silver nanoparticles (Ag-NPs) as a SERS substrate are used
because there are more active sites in Ag NPs, the resonance of
the surface plasmon is amplified, and can lead to a stronger
SERS enhancement than in gold NPs.*

Different bacteria have varying abilities to desulfurize DBT.
In the present work, the DBT desulfurization activity of
bacteria is determined by Gibb's assay after their growth in
mineral glucose (MG) media. Characterization of these DBT
desulfurizing bacteria by SERS has been done based on the
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Table 1 Details of four different types of DBT desulfurizing bacterial
strains

Accession no.

Sample name Bacterial strains (16S rRNA)
C1 Chryseobacterium sp. 1S (OM866180)
C2 Chryseobacterium sp. IS (OM866180)
C3 Chryseobacterium sp. 1S (OM866180)
G1 Gordonia sp. 4N (KP771870)
G2 Gordonia sp. 4N (KP771870)
G3 Gordonia sp. 4N (KP771870)
M1 Mycolicibacterium sp. J2 (OM866178)
M2 Mycolicibacterium sp. J2 (OM866178)
M3 Mycolicibacterium sp. J2 (OM866178)
R1 Rhodococcus sp. J16 (OM866179)
R2 Rhodococcus sp. J16 (OM866179)
R3 Rhodococcus sp. J16 (OM866179)

specific biochemical constituents present in them, and
discrimination is successfully carried out by using data anal-
ysis techniques like PCA and PL-SDA. Through differentiation
of DBT desulfurizing bacteria, researchers can learn more
about their distinct traits and develop more effective bio-
desulfurization strategies.

All isolates are identified by the 16S rRNA sequence under
accession no. Chryseobacterium sp. IS (OM866180), Gordonia sp.
4N (KP771870), Mycolicibacterium sp. J2 (OM866178), and Rho-
dococcus sp. J16 (OM866179) present in the NCBI database
(Table 1).

2. Materials and methods

2.1. Growth media

Four previously isolated DBT desulfurizing bacterial isolates
including Mycolicibacterium sp. J2 and Rhodococcus sp. J16
(isolated from oil-contaminated soil samples), Gordonia sp. 4N
(isolated from soil near a coal heap), and Chryseobacterium sp.
IS (isolated from sludge sample), are used in this study. The
bacterial isolates are cultured in triplicate in sulfur-free MG
medium. DBT serves as the sole sulfur source for bacterial
growth. The MG medium (sulfur-free) is made up of 5.0 g
glucose, 0.2 g MgCl,-6H,0, 2.0 g of KH,PO, ,, 4.0 g K,HPO,,
1.0 g NH,Cl, 1.0 ml vitamin mixture, and metal solution (10.0
ml) in distilled water (1000 ml) (pH 7.0)."

2.2. Bacterial culture

In Erlenmeyer flasks (250 ml), MG medium (100 ml) with a pH
adjustment of 1 M NaOH is taken. Then, using an automated
pipette, DBT solution (50 mM stock solution dissolved in
ethanol) is added in each flask until the final concentration is
0.2 mM. Each flask is inoculated with a freshly prepared MG
medium containing grown bacterial culture at an inoculum size
of 5% (v/v). The flasks are incubated for 72 hours at 30 °C and
180 rpm in a gyratory shaker. Samples are collected, and the
Gibb's assay is used to determine the bio desulfurization of DBT
into 2-hydroxybiphenyl (2-HBP).*?

RSC Adv, 2024, 14, 20290-20299 | 20291
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Fig. 1 Blue color representing the conversion of DBT to 2-HBP.

J16

2.3. Gibb's assay for the detection of 2-HBP

A calorimetric method called the Gibb's assay is used to eval-
uate the bacterial cultures for their DBT desulfurization
activity. This method is used to quantify and detect 2-HBP in
the culture medium in the presence of Gibb's reagent. For this
purpose, in an Eppendorf tube, 1.0 ml (aliquot removed from
each culture broth) is centrifuged for 5 minutes at 12 000 rpm.
Then, 150 pl of each cell-free supernatant is taken to fresh
tubes, and the pH is adjusted to 8 by adding 30 pl of NaHCO; (1
M) to it. A 20 ul volume of Gibb's reagent (formulated by
mixing 100 mg of 2,6-dichloroquinone-4-chloroimide in
100 ml of ethanol) is added to the tubes. The formation of 2-
HBP, the end-product of DBT desulfurization, is indicated by
the appearance of a blue colour due to the formation of
a complex between the Gibb's reagent and the hydroxyl group
(aromatic) of 2-HBP within half an hour, as presented in Fig. 1.
These Gibb's positive isolates are employed in the next
studies.®

2.4. Harvesting of the DBT grown cultures

After 72 hours of incubation as described earlier, the whole
culture is harvested and the culture broth are kept at 4 °C until
further use. Centrifugation is done at 10000 rpm for 10
minutes, and the pellets are isolated and stored at 4 °C until
further SERS analysis is conducted.

2.5. Synthesis of Ag-NPs

To synthesize Ag-NPs, in the present study, the chemical
reduction method is used. It includes silver nitrate (AgNO;) as
a precursor and tri-sodium citrate (Na;CsH50;), which acts both
as a capping ligand and a reducing agent.** Briefly, in the
deionized water, AgNO; solution (0.0085 g/300 ml) is heated at
100 °C, and 10 ml of 1% Na;CsH;5O is added to it. The solution
is heated on a hot plate with continuous stirring by using
a magnetic stirrer for 90 minutes. Ag-NPs of spherical shape and
gray color with an intermediate size of 53 nm are obtained,
which are used as a substrate for acquiring SERS spectra from
the bacterial pellets. A field emission electron microscope
(FEM) (JEOL, JSM-7500F), which operates in both modes as SEM
and TEM, is used for the characterization of the synthesized Ag-
NPs. This has already been reported in our previous work, and is
also shown in supplementary material Fig. S1(a)-(c).1>* Ag-NPs
have received significant attention because of their physical
and chemical attributes. The textured surface of Ag-NPs exhibits
the stronger Raman enhancement effect.
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2.6. Acquisition of SERS spectra

Four bacterial strains, including Chryseobacterium sp. 1S, Gor-
donia sp. 4N, Mycolicibacterium sp. ]2, and Rhodococcus sp. J16,
are employed in this work to identify their characteristic SERS
spectral features. A Raman spectrometer (OPTOSKY (ATR 8300))
is used to acquire the SERS spectral features of cell pellets of
each bacterial strain in triplicate. For this, a diode laser (785
nm) is employed as a source for excitation. For the SERS spectral
acquisition of samples, 30 ul of bacterial pellet, suspended in an
equal volume of saline solution of each bacterial strain, is mixed
with 30 pl of Ag-NPs and the mixture is incubated for 30
minutes. Both sample and Ag-NPs are mixed in equal propor-
tion in the Eppendorf, and this protocol (1 : 1) is taken from the
literature.*® After 30 minutes, 50 ul from this mixture is placed
on the aluminum (Al) slide by using a micropipette. 15 SERS
spectra of each of the 12 samples (4 strains in triplicate) are
recorded by moving the stage to different positions on the
sample to eliminate the chances of bias in the results. For this
purpose, 50 mW laser power, 40x lens, and 5 seconds integra-
tion time are used. The spectra of the aluminum slide and the
pure NPs are also recorded by following the same protocol for
the purpose of background removal.

2.7. Preprocessing of the SERS spectra of bacterial samples

The SERS spectral data of strains are preprocessed in the range
between 400 and 1800 cm™ . Pre-processing steps, including
vector normalization, smoothing, substrate removal, and
baseline correction, are done by using MATLAB 7.2. Savitzky-
Golay is an algorithm that is employed for vector normalization
and smoothening purposes for the normalization of spectra.
Polynomial and rubber band methods are utilized for baseline
correction. Using MATLAB codes, substrate removal (back-
ground) is done by subtracting the spectra of “Ag-NPs on the Al
slide” from the SERS spectra of the bacterial pellets.

2.8. SERS spectral data analysis

The SERS spectral features of the bacterial strains are analyzed
by comparing their mean spectra to differentiate the different
characteristic SERS peaks of each sample, and interpretation is
done by comparing the SERS features with the literature
assigned in Table 2. For further differentiation of the spectra of
the four different bacteria, multivariate data analysis tech-
niques like PCA and PLS-DA are used. PCA is employed to check
the differentiation and variability of the SERS spectral data sets
of desulfurizing bacterial pellets, and also the reason for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Peak assignments of the SERS spectral features of desulfurizing bacterial strains

SERS peaks Assignments Components References

533 C-0O-C (glycosidic ring) deformation Carbohydrates 24

564 (C-S-S-C) vibration Proteins 21

635 C-S stretching Proteins 25

653 Guanine ring breathing DNA 18 and 26

697 C-S stretching Proteins 25 and 27

725 Adenine ring stretching DNA/RNA 18

746 Ring breathing in tyrosine Amino acids 28

813 C-O-P-O-C-RNA binding Proteins 18

868 C-0O-C stretching (ribose) Carbohydrates 29

885 (C-C) stretching Carbohydrates 30

957 CH out-of-plane wagging Carotenoids 31

986 C-C stretching Proteins (peptidoglycan) 18

1004 Phenylalanine symmetric ring breathing Proteins 18, 32 and 33
mode

1071 C-N stretching Proteins 24

1097 C-C, C-0O, -C-OH deformation Carbohydrates 24

1129 NAD (co-enzyme) Protein 34

1206 C-CgH; stretching, (phenylalanine) Proteins 24 and 35

1222 Amide III Proteins 25

1242 N-H bending (B-sheet amide III) DNA/RNA 18 and 36

1307 CH, twisting Lipids 24

1323 C-NH, stretching of amide II Proteins 37

1371 (COO7) in guanine DNA 21

1404 N(CO, ") stretch a-amino acids Proteins 38

1452 (CH,) bending Lipids 32

1590 (C=C) olefinic stretching Lipids 25 and 37

1692 C=0 stretching Lipids 39

1707 Amide I a-helix Proteins 29

differentiation in the form of PCA loadings, which help to
identify the characteristic SERS peaks. The loading plot shows
the reason for classification as a function of wavenumber. Using
PCA scatter plots, the SERS spectra of each sample are grouped
into clusters. PCA works by maintaining the variability, while
decreasing the dimensionality in the sets of data. A supervised
chemometric method, PLS-DA is used to successfully differen-
tiate the SERS spectral data sets. It combines the elements of
both PCA and linear discriminant analysis (LDA). In the MAT-
LAB software 7.2, the PLS Toolbox is used to analyze the pre-
processed SERS spectral data of different bacteria. This method
is designed to capture the data's systematic change, while
reducing the influence of random noise. PLS-DA proves to be
a versatile method that may be used for predictions of spectral
data, model descriptions, and dividing data into multiple sets
in order to categorize various bacterial species. PLS-DA findings
can be seen using score plots and loading plots. It plays a crucial
role in both quantitative and qualitative analysis. These visu-
alizations can help in the interpretation of the SERS data by
clearly illustrating the distinction between classes and the
connections between the variables.

3. Results and discussion
3.1. SERS mean spectra

Fig. 2 shows the SERS mean spectra of Chryseobacterium sp. 1S,
Gordonia sp. 4N, Mycolicibacterium sp. J2 and Rhodococcus sp.
J16, which clearly differentiates the bacterial cell pellets of

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

different species based on their chemical constituents mole-
cules, such as carbohydrates, proteins, lipids, genetic constit-
uents (DNA/RNA), and pigments. The solid lines in the SERS
spectra indicate the differentiating features in various types of
bacteria. Meanwhile, dashed lines are used to indicate the
bands that are present in all types of bacteria, but differ only in
intensity.

The SERS signals observed in the SERS spectra of pellets
from all four types of bacteria include features at 533, 653, 697,
725, 746, 957, 986, 1004, 1129, 1242, 1323, and 1590 cm ™.

A SERS peak at 533 cm ™ (C-O-C glycosidic ring deformation)
with the same intensity is observed in all of the spectra, which
can be associated with carbohydrates. SERS bands of almost the
same intensity at 697 cm ' (C-S stretching) and 1004 cm™*
(phenylalanine ring breathing) are seen in all spectra, and can be
assigned to proteins. A high-intensity DNA band at 653 cm™*
(guanine ring breathing) is observed with high intensity in the
spectrum of Chryseobacterium sp. IS (Gram-negative), Mycolici-
bacterium sp. J2, and Rhodococcus sp. J16, as compared to Gor-
donia sp. 4N (Gram-positive), where it is less intense. This more
pronounced peak of Chryseobacterium sp. IS than the other three
Gram-positive strains might be explained by a higher percentage
of GC present in the DNA of Gram-negative bacteria."®* The most
prominent band at 725 cm ™" (adenine ring stretching) is present
with greater intensity in Gordonia sp. 4N, Mycolicibacterium sp. ]2,
and Rhodococcus sp. J16 (Gram-positive) than Chryseobacterium
sp. IS (Gram-negative). This is probably due to the fact that the
peptidoglycan layer in the Gram-positive bacteria is thicker (10-

RSC Adv, 2024, 14, 20290-20299 | 20293
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Fig. 2 SERS mean spectra of Chryseobacterium sp. IS (green), Gordonia sp. 4N (red), Mycolicibacterium sp. J2 (blue), and Rhodococcus sp. J16

(magenta).

20 layers) than the peptidoglycan layer in the Gram-negative
bacteria by about 1 to 3 layers.”* The SERS feature at 746 cm ™"
(tyrosine ring breathing in amino acid) is noticed with less
intensity in Gordonia sp. 4N than in the other three. The SERS
feature at 957 cm™* (CH out-of-plane wagging) might be due to
carotenoids, which impart different colors to microorganisms
with respect to their chemical structure.** In the present study, all
four strains have this biochemical component (carotenoid).*>™**
This peak has a high intensity in Chryseobacterium sp. 1S, Myco-
licibacterium sp. J2 and Rhodococcus sp. J16, but it has low
intensity in Gordonia sp. 4N. The SERS band at 986 cm™" (C-C
stretching) is because of peptidoglycan. It is observed to have
reduced intensity in Chryseobacterium sp. IS, but has a somewhat
increased intensity in the other three Gram-positive species. The
SERS signal at 1129 ecm ' (NAD co-enzyme) used during the
process of biodesulfurization is present with less intensity in
Gordonia sp. 4N and Mycolicibacterium sp. ]2, but has a greater
intensity in Chryseobacterium sp. IS and Rhodococcus sp. J16. The
SERS band at 1242 cm ™" that corresponds to N-H bending (beta
sheet amide III) is due to proteins, and has greater intensity in
Chryseobacterium sp. IS than the other three bacterial strains. The
SERS characteristic feature at 1323 cm™"' (C-NH, stretching of
amide II) has increased intensity in Chryseobacterium sp. IS and
Rhodococcus sp. J16, but lower in Gordonia sp. 4N and Mycolici-
bacterium sp. J2. The SERS band at 1590 em™" (C=C olefinic
stretching of lipids) has almost the same intensity in all of the
bacterial cell pellet samples.

The SERS bands that show dissimilarities in the spectra of
various types of bacteria include 564, 635, 813, 868, 885, 1071,
1097, 1206, 1222, 1307, 1371, 1404, 1452, 1692, and 1707 cm .

The SERS differentiating feature at 564 cm ' (C-S-S-C
vibration in proteins) is present only in Chryseobacterium sp. IS.
For proper functioning and stability of proteins in bacteria,
these disulfide bonds are considered important.”® A protein
band at 635 cm ™" (C-S stretch) is observed only in Gordonia sp.
4N and Rhodococcus sp. J16. This may be due to the fact that
proteins involved in desulfurization processes may exhibit
increased band intensity. The protein band at 813 cm ™" (C-O-

20294 | RSC Adv, 2024, 14, 20290-20299

P-O-C RNA binding tyrosine) may be due to the production of
tyramine by the presence of tyrosine decarboxylase.”® The
production of tyramine by certain Gram-positive bacteria has
been previously reported.*® A more pronounced peak at this
position is present in Rhodococcus sp. J16, while it is absent in
Mycolicibacterium sp. J2 and Gordonia sp. 4N. In the literature,
the presence of tyramine has also been reported in Rhodococcus
sp. J16,*” although no clear evidence was found for its presence
in Gram-negative species.*® The signal at 813 cm ' is absent in
Chryseobacterium sp. 1S. The SERS signature band at 868 cm™*
(C-0-C stretching ribose), and 885 cm ™" (C-C stretching) can
be assigned to carbohydrates, which is present only in Chrys-
eobacterium sp. IS and Rhodococcus sp. J16, respectively. This
may due to the fact that some proteins involved in desulfur-
ization may be glycosylated, meaning they have a carbohydrate
molecule attached to them. Glycoproteins are involved in
enhancing the activity of enzymes involved in the desulfuriza-
tion process.” The protein bands found at 1071 cm™" (C-N
stretching) and 1206 cm™" (C-C¢H; stretching, phenylalanine)
are also observed only in Rhodococcus sp. J16, which may be due
to the protein responsible for the desulfurizing ability. The
SERS feature at 1097 cm ™" (C-C, C-O, -C-OH deformation) may
be due to carbohydrates, which is only observed in Gordonia sp.
4N. The SERS signal at 1222 cm ™" (amide III) is only observed in
Gordonia sp. 4N and Mycolicibacterium sp. J2. The band at
1307 em™ ' (CH, twist) may be due to lipids present only in
Gordonia sp. 4N. Lipids also modulate the activity of enzymes
involved in the desulfurization in Gordonia sp.*® The SERS band
at 1371 em™ ' (COO™ in guanine DNA) is noticed only in Gor-
donia sp. 4N and Mycolicibacterium sp. ]2, and may be due to the
specific genetic trait responsible for desulfurization in these
strains. The lipid bands at 1404 cm ™' ((CO,") stretching a-
amino acids), 1452 cm™ " (CH, bending vibration lipids) and
1692 ecm ™' (C=O0 stretching of fatty acids) are only present in
Gordonia sp. 4N. The signal at 1707 cm™' may be due to the
amide I a-helix, and is only observed in Chryseobacterium sp. IS
and Rhodococcus sp. J16 bacteria.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2. Principal component analysis (PCA)

Fig. 3 shows the PCA scatter plot of the SERS spectral data of all
desulfurizing bacterial pellets, including Chryseobacterium sp.
IS (green), Gordonia sp. 4N (red), Mycolicibacterium sp. J2 (blue),
and Rhodococcus sp. J16 (magenta). The Gram-positive species,
including Gordonia sp. 4N and Mycolicibacterium sp. J2, are
represented by the red and blue dots, respectively, which are
clustered on the negative side of the first principal component
(PC-1). The SERS spectra of the Gram-positive specie Rhodo-
coccus J16 and Gram-negative specie Chryseobacterium IS are
shown by magenta and green dots, respectively, in the PC-1 of
the scatter plot clustered on the positive side. In the PCA scatter
plot, each dot represents one spectrum, while each cluster
belongs to a specific SERS data set of one bacterial sample. It
can be observed in the PCA scatter plot that there is a clear
differentiation in the SERS spectra of the different bacterial
species, and it shows the potential of the SERS technique to
discriminate the species based on the changes in their
biochemical components. The PCA scatter plot represents the
differentiation of PC-1 with 67.96% data variability.
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Fig. 3 PCA scatter plot of the SERS spectra of four different desul-
furizing bacterial strains.
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Fig. 4 (a) PCA scatter plot of SERS spectra of Chryseobacterium sp. IS

(green) and Gordonia sp. 4N (red). (b) PCA loadings of SERS spectral
comparison between Chryseobacterium sp. IS, and Gordonia sp. 4N.
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3.2.1. Pairwise PCA analysis. The potential of SERS to
differentiate cell pellets of different bacteria based on their
different biochemical components is further explored by
analyzing their SERS spectral data sets by using pairwise PCA
analysis, in which one group of spectra is compared with the
other.

Fig. 4(a) indicates the PCA comparison between the SERS
spectra of Chryseobacterium sp. IS (Gram-negative) and Gordonia
sp. 4N (Gram-positive). In the scatter plot, the spectra of
Chryseobacterium sp. IS are represented by green dots and those
of Gordonia sp. 4N are represented by red dots. PCA depicts
a clear differentiation in the spectral data sets of two bacterial
pellets comprising Chryseobacterium sp. IS and Gordonia sp. 4N
by clustering them separately on the negative and positive sides
of PC-1, respectively. The variance obtained by PC-1 and PC-2 is
76.04% and 19.20%, respectively.

Fig. 4(b) illustrates the PCA loadings of the SERS spectral
data sets of cell pellets from these two desulfurizing bacterial
species. A scatter plot shows the clustering of spectra of
different species at different positions in the PC-1 and the
biochemical components responsible for this differentiation
are indicated by PCA loadings (PC-1 loadings).

The positive loadings including 533 cm ™' (C-O-C glycosidic
ring deformation), 635 cm ' (C-S stretching), 725 cm™’
(adenine ring stretching), 1097 cm™"* (C-C, C-0, -C-OH defor-
mation), 1323 cm™' (C-NH, stretching of amide II), and
1452 cm ™' (CH, bending vibration) are associated with Gordo-
nia sp. 4N. The negative loadings include 653 cm™" (guanine
ring breathing), 957 cm ' (CH out-of-plane wagging),
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Fig. 5 (a) PCA scatter plot of the SERS spectra of Chryseobacterium
sp. IS (green), Mycolicibacterium sp. J2 (blue). (b) PCA loadings of the
SERS spectra between Chryseobacterium sp. IS and Mycolicibacterium
sp. J2.
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Fig. 6
SERS spectra of Chryseobacterium sp. IS and Rhodococcus sp. J16.

1129 em ' (NAD co-enzyme), 1242 cm™ ' (N-H bending), and
1707 em ' (amide I a-helix), which are associated with Chrys-
eobacterium sp. IS. These PCA loadings have the same SERS
features of differentiation, as shown in the mean plot presented
in Fig. 2; hence, confirming the findings related to the
biochemical differences between the two bacterial strains.

Fig. 5(a) presents the PCA pairwise comparison between the
SERS spectra of Chryseobacterium sp. IS (Gram-negative) and
Mycolicibacterium sp. J2 (Gram-positive) bacteria. In the PCA
scatter plot, the spectra of Chryseobacterium sp. IS and Mycoli-
cibacterium sp. ]2 are represented by green dots and blue dots,
respectively. It depicts a clear differentiation between the SERS
spectra of both bacterial pellets by clustering them separately
on the positive and negative sides of PC-1. The spectra of
Chryseobacterium sp. IS are clustered on the negative side of PC-
1, while those of the other strain are clustered on the positive
side of PC-1. The variance obtained by PC-1 and PC-2 is 85.74%
and 11.63%, respectively.

Fig. 5(b) presents the PCA loadings of the SERS spectra of
these two bacterial species. The positive loadings, including
533 cm ™' (C-O-C glycosidic ring deformation), 697 cm™* (C-S
stretching), 725 cm ™' (adenine ring stretching), 746 cm ™'
(tyrosine ring breathing in amino acid), 1222 ecm ™" (amide III),
1371 em™ ' (COO™ in guanine DNA), 1452 cm ™' (CH, bending
vibration lipids), and 1590 cm™ " (C=C olefinic stretching of
lipids), are associated with Mycolicibacterium sp. J2. The nega-
tive loadings, including 653 cm™ " (guanine ring breathing),
957 cm ' (CH out-of-plane wagging), 1129 cm ' (NAD co-
enzyme), 1242 cm ' (N-H bending (beta sheet amide III)),
and 1323 cm ™' (C-NH,, stretching of amide II), are linked to

20296 | RSC Adv, 2024, 14, 20290-20299

(a) PCA scatter plot of the SERS spectra of Chryseobacterium sp. IS (green) and Rhodococcus sp. J16 (magenta). (b) PCA loadings of the

Chryseobacterium sp. IS. These PCA loadings have the same
SERS features, as observed in the mean SERS plot (Fig. 2), and
thus can be utilized as biomarkers for SERS differentiation of
the bacterial strains.

Fig. 6(a) represents the PCA pairwise comparison between
the SERS spectra of Chryseobacterium sp. IS (Gram-negative) and
Rhodococcus sp. J16 (Gram-positive). In the PCA scatter plot, the
spectra of Chryseobacterium sp. IS are represented by green dots
and those of Rhodococcus sp. J16 as magenta dots. PCA depicts
a clear discrimination between the spectra of the two bacterial
pellets by clustering them separately on the positive and nega-
tive sides of PC-1. The spectra of Chryseobacterium sp. IS are
clustered on PC-1 (negative side), while those of Rhodococcus sp.
J16 strain are clustered on PC-1 (positive side). The variance
obtained by PC-1 and PC-2 is 86.72% and 9.15%, respectively.
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Fig. 7 PLS-DA scatter score plot of the SERS spectra of Chrys-
eobacterium sp. IS (green), Gordonia sp. 4N (red), Mycolicibacterium
sp. J2 (blue) and Rhodococcus sp. J16 (magenta).
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Fig. 8 Receiver operating curve (ROC) of the PLS-DA model for differentiation of the SERS spectral data sets of desulfurizing bacterial pellets of
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Fig. 6(b) presents the PCA loadings of the spectra of these
two bacterial species. The positive loadings, including 533 cm ™"
(C-0-C glycosidic ring deformation), 635 cm ™" (C-S stretching),
725 cm ' (adenine ring stretching), 746 cm ' (tyrosine ring
breathing in amino acid), 813 cm™" (C-O-P-O-C-RNA binding
tyrosine), 885 cm ™" (C-C stretching), 986 cm ™" (C-C stretching),
1071 em ™' (C-N stretching), and 1129 cm™ ' (NAD co-enzyme),
are associated with Rhodococcus sp. J16 (shows on the positive
side (PC-1)). The negative loadings, including 653 cm ™"
(guanine ring breathing), 957 cm~ ' (CH out-of-plane wagging),
1242 cm™ ' (N-H bending), 1323 cm ™' (C-NH, stretching of
amide II), and 1707 cm ™' (amide I o-helix), are associated with
Chryseobacterium sp. IS. It is observed that all of these features
match with the SERS peaks observed in the SERS mean plot
(Fig. 2), therefore confirming these findings.

3.3.
DA

Discrimination of the bacterial SERS spectra using PLS-

PLS-DA is an excellent discrimination model, employed in this
study for the differentiation of the SERS spectra of the desul-
furizing bacterial pellets. It is a supervised statistical model that
gives quantitative classification. PLS-DA has the benefit that the
model development and differentiation of different groups of
spectra do not require information related to the sample
constitution. To prevent data bias, the SERS spectral data from
four different desulfurizing bacterial pellets were independently
split into two groups comprising 45% of the calibration data
and 55% of the validation data.

The scatter score plot of the PLS-DA model of the SERS
spectra acquired from four different bacterial pellets is shown
in Fig. 7. The spectra of all four strains are shown by separate
clusters. Green dots present on the positive side are related to
the SERS spectra of Chryseobacterium sp., blue dots on the
positive side are related to Mycolicibacterium sp., red dots on the
negative side are due to Gordonia sp., and the magenta-colored
dots on the positive side are related to the SERS spectra of
Rhodococcus sp.

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

Fig. 8 represents the PLS-DA score plot of the SERS spectral
data sets acquired from the cell pellets of four different desul-
furizing bacterial strains, showing good differentiation of these
spectra with an AUC value of 0.78 obtained from the ROC curve.
A ROC value near 1 indicates the maximum validation and
accuracy. In the present case, the value of 0.78 demonstrates the
excellent performance of the model. The PLS-DA model of four
desulfurizing bacterial strains shows the precision of 95%,
specificity of 96%, sensitivity of 95.8%, AUC 0.78, and accuracy
of 97.09%.

4. Conclusions

The results demonstrated that SERS can differentiate and identify
differences in the SERS spectral features of cell pellets of four
different desulfurizing bacterial strains based on their
biochemical composition. After their growth in MG media, and
confirmation of the desulfurization activity of the bacteria by
Gibb's assay, the SERS spectral features associated with these
pellets were used to differentiate the four desulfurizing bacteria,
including Chryseobacterium sp. 1S, Gordonia sp. 4N, Mycolici-
bacterium sp. J2, and Rhodococcus sp. J16. Statistically, significant
variations in the peak positions and intensity were found to be
associated with the proteins, lipids, nucleic acids, and peptido-
glycan (biochemical components). Moreover, to further clarify the
differences, multivariate analytical techniques like PCA and PLS-
DA were used. Pairwise PCA analysis of Gram-negative species
with Gram-positive ones was used to further support the results.
PLS-DA was also an excellent technique to discriminate and
identify the SERS spectral data of cell pellets of desulfurizing
bacterial strains with a sensitivity of 95.8%, specificity of 96%,
AUC value of 0.78, precision of 95%, and accuracy of 97.09%.
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