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d Raman spectroscopy for the
study of interaction of an antibacterial agent
([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)
silver(I)]bromide) with Bacillus subtilis bacterial
biofilms†

Sana Nadeem,‡a Saima Aziz,‡a Haq Nawaz, *a Muhammad Irfan Majeed, *a

Abeer Ahmed Alghamdi,*b Muhammad Shahid,c Muhammad Adnan Iqbal, a

Shaista Manahal,a Nimra Rehman,a Ayesha Anwer,a Nida Ghafoora

and Muhammad Imran d

Bacterial resistance towards antibiotics is a significant challenge for public health, and surface-enhanced

Raman spectroscopy (SERS) has great potential to be a promising technique to provide detailed information

about the effect of antibiotics against biofilms. SERS is employed to check the antibacterial potential of

a lab synthesized drug ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)silver(I)] bromide) against Bacillus subtilis

and to analyze various SERS spectral features of unexposed and exposed Bacillus strains by observing

biochemical changes in DNA, protein, lipid and carbohydrate contents induced by the lab synthesized

imidazole derivative. Further, PCA and PLS-DA are employed to differentiate the SERS features. PCA was

employed to differentiate the biochemical contents of unexposed and exposed Bacillus strains in the form

of clusters of their representative SERS spectra and is also helpful in the pairwise comparison of two

spectral data sets. PLS-DA provides authentic information to discriminate different unexposed and exposed

Bacillus strains with 91% specificity, 93% sensitivity and 97% accuracy. SERS can be employed to

characterize the complex and heterogeneous system of biofilms and to check the changes in spectral

features of Bacillus strains by exposure to the lab synthesized imidazole derivative.
1. Introduction

In the environment, bacteria exist abundantly everywhere
including our bodies. The majority of bacterial species are essen-
tial to maintaining our health and the proper functioning of the
ecosystem. However, some bacterial species are pathogenic and
cause infections by the formation of biolms.1Biolms are formed
by microorganisms and characterized as complex and heteroge-
neous systems. Microorganisms mostly form biolms for their
protection in both stress and stress-free environments.2 A biolm
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matrix consists of extracellular polymeric substances (EPS) that are
released by bacteria.3 EPS consist of polysaccharides, lipids,
proteins, genetic materials and humus-like substances.4 Microor-
ganisms irreversibly attach to surfaces due to EPS,5 which is
helpful to develop biolms and their protection from harsh envi-
ronmental conditions such as application of antibiotics.6

As a biolm is formed on a surface, it stimulates cells to form
micro colonies. The connections among the micro colonies lead to
the exchange of various nutrients, wastes and quorum sensing
signal molecules from the biolm.7 Infections are caused due to
the inherent ability of bacteria that is related to the biolm
formation.8 Bacillus subtilis, a Gram positive bacterium, is consid-
ered extremely harmful and is responsible for causing pneumonia,
endocarditis, ophthalmitis and anthrax diseases by forming bio-
lms.9 Microorganisms that are accumulated within biolms
become more powerful and their resistance to antibiotic agents is
increased by 1000 times.10,11 Bacterial resistance towards antibi-
otics is a signicant problem for public health and leads to 1.8
million deaths every year.12 Pathogenic bacterial infections due to
antibiotic-resistant bacteria have become a worldwide healthcare
problem. Thus, in clinical applications, it is particularly desirable
to achieve a sensitive and accurate method that can improve
RSC Adv., 2024, 14, 17389–17396 | 17389
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pathogen detection and antibiotic susceptibility testing.13 Along
with an accurate method, it is also essential to develop antibiotic
agents with various modes of action to control this problem.14

Derivatives of imidazole are extensively used as anticancerous,
antifungal and antibiotic agents.15,16 To develop new antibacterial
agents, the characterization of antibacterial activity of different
drugs by different techniques is necessary and helpful.17,18

To determine the growth of microorganisms in biolms and
check the activity of antibiotics against biolms, several tech-
niques have been developed over the years.19 Different regular
tests such as phenotypic and serological tests, fatty acid detec-
tion, protein analysis, nucleic acid identication, examination
methods and staining techniques are mostly employed for
biolm analysis.14 These techniques can provide authentic
information but these are time-consuming, require rigorous
sample preparation and costly consumables.20,21

Other microscopic techniques such as confocal laser scanning
microscopy (CLSM), scanning electron microscopy (SEM), trans-
mission electronmicroscopy (TEM), and atomic forcemicroscopy
(AFM) and spectroscopic techniques such as mass spectroscopy
(MS), and infrared spectroscopy (IR) are also employed for the
characterization and analysis of biolms.10 In the case of CLSM,
staining of whole EPS is very complicated and it requires a special
procedure that limits the performance of CLSM.22 SEM and TEM
require dehydrated samples. The natural structure of the biolm
is destroyed during the dehydration, which creates artifacts.18 It
limits the application of SEM and TEM in the characterization of
topography and internal structure of biolms, respectively.23

However, AFM takes too much time when its tip scans the
heterogeneous portions of the biolm due to its low scanning
rate.24 MS has high cost and requires expert personnel. IR spec-
troscopy is also good technique to getmolecular level information
but since it is water sensitive and therefore has limited spatial
resolution which also limits its application for smaller samples.25

Raman spectroscopy has the potential to characterize the
biolm non-destructively and provide biochemical information
about it.26 Inelastic scattering of light occurs by the interaction
of photons with a molecule and provides the Raman spectrum
17390 | RSC Adv., 2024, 14, 17389–17396
which is known as a ngerprint for that molecule.2 Unlike IR
spectroscopy, the major advantage of Raman spectroscopy
related to biological samples is low interference from water.27

Notably, Raman spectroscopy provides weak signals for spectral
acquisition of biomolecules and requires longer time and laser
light with high power, which can damage the sample.2,28

In surface-enhanced Raman spectroscopy (SERS), self-
assembled functional nanomaterials with electromagnetic hot
spots are essential and highly desired29 and Raman signals get
enhanced up to 1015 fold. In recent years, SERS has become an
efficient analytical tool and has been applied to overcome the
drawbacks related to Raman spectroscopy by keeping the sample in
close proximity to the rough surface of the metallic nano-surface.30

The SERS technique has been employed for various applications
including disease diagnosis, evaluation of antifungal activity of lab
synthesized drugs and analysis of various pharmaceutical formu-
lations, etc. SERS is known as an advanced technique due to its non-
destructive nature for characterization of biological samples
chemically by using silver as the SERS substrate, which plays a vital
role in SERS specicity and accuracy.31 It is benecial due to its
shorter analysis time and higher sensitivity as compared to Raman
spectroscopy due to which it can be used to identify the effect of
antibiotics on the biolm without damaging the sample.32

In this study, the SERS technique by using silver nano-
particles as the SERS substrate has been employed along with
multivariate analysis techniques such as principle component
analysis (PCA) and partial least squares discriminant analysis
(PLSDA) to characterize the antibacterial potential of different
concentrations of an imidazole derivative as an antibiotic agent
against Bacillus subtilis biolms.
2. Materials and methods
2.1. Synthesis of the imidazole derivative

In order to analyze the antibacterial activity of the drug and to
characterize the biochemical changes caused in the Bacillus
subtilis biolm with increased concentrations of the antibacte-
rial drug candidate, a derivative of imidazole is synthesized.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Characterization of the lab synthesized imidazole derivative
([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)silver(I)] bromide)
by NMR has been reported.
2.2. Bacterial culture and antibacterial screening

The antibacterial potential of the lab synthesized imidazole
derivative ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)silver(I)]
bromide) is analyzed against Bacillus subtilis biolm. To pre-
culture the Bacillus subtilis bacteria, 2.1 g Mueller Hinton
broth is added into the ask andmarked up to 100ml by adding
distilled water, which is then incubated in an autoclave at 121 °
C and 15 atmospheric pressure. Aer 15 min, the ask is
allowed to cool and 1 ml of broth is added into each well of the
ELISA plate. Different concentrations of the lab synthesized
imidazole derivative including 31.25%, 62.15%, 125%, 250%,
and 500% with 100 ml of each are added into each well of the
ELISA plate except one which is used as the control. At 37 °C, the
ELISA plate is then incubated for 18 hours to allow the growth of
the Bacillus subtilis biolm.
2.3. Synthesis of silver nanoparticles

The chemical reduction method is adopted to prepare the silver
nanoparticles. This method uses silver nitrate (AgNO3) and tri-
sodium citrate (Na3C6H5O7) as a precursor and reducing agent,
respectively. In 500 ml deionized water, 0.085 g of AgNO3 is
added and heated at 100 °C, followed by the addition of 0.025 g
of trisodium citrate. The solution is heated on a hot plate with
the use of a magnetic stirrer for an hour until grey colored silver
nanoparticles (Ag NPs) are obtained which will be employed as
the SERS substrate.

SEM and TEM are being employed to characterize the Ag NPs
by using a eld emission electron microscope. Sample prepa-
ration in TEM is carried out by the evaporation of little amount
of Ag NP solution onto a copper grid having an additional
coating of carbon while the sample preparation of SEM is
carried out by depositing the dry Ag NPs on a copper grid
without an additional coating of any conductive layer.
2.4. SERS spectral acquisition

For the measurements in SERS, a Raman spectrometer (Peak-
Seeker Pro 785, Agiltron, USA) is employed for recording the
SERS spectra. For this purpose, a 785 nm diode laser with 50
mW power is used. For spectral acquisition, 40 ml of both
samples and the same volume of Ag NPs are mixed in an
Eppendorf tube and incubated for 30min to develop interaction
signicantly between the biolm and Ag NPs. Aer 30 min,
about 40 ml sample from the incubation mixture is taken from
the Eppendorf tube with a micropipette and deposited on the
groove of an aluminum slide for spectral acquisition. In this
way, 15 spectra for each sample are recorded in the spectral
range of 250 to 1600 cm−1 with a 40× objective lens and 10
seconds integration time.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.5. SERS spectral data pre-processing

Raw SERS spectral data of the biolm samples provides valuable
information but it also includes undesired components such as
baseline, substrate contribution and noise, which may disturb
the spectral information. To obtain valuable information about
the sample, pre-processing of raw spectral data is very neces-
sary. Pre-processing of spectral data, which includes the base-
line correction, smoothing, substrate removal and vector
normalization, is carried out by using MATLAB 7.8. The
Savitzky–Golay method is employed for the purpose of
smoothing, while the rubber band correction algorithm is
employed for the purpose of baseline correction.

2.6. SERS spectral data analysis

Aer completion of spectral pre-processing, analysis of pro-
cessed data is carried out by comparing each spectrum of bio-
lms, which includes the unexposed Bacillus subtilis and
Bacillus subtilis exposed to different concentrations of the lab
synthesized imidazole derivative including 31.25%, 62.15%,
125%, 250% and 500%. Principal component analysis (PCA) is
employed to check the variability among the SERS spectra of
different biolm samples. PCA loading is employed to investi-
gate the cause of this differentiation. The SERS spectral features
of the Bacillus subtilis biolm in the form of peaks are assigned
in Table S1.† For the class wise discrimination between spectral
data, partial least squares discriminant analysis (PLS-DA) is also
employed.

3. Results and discussion
3.1. SERS spectrum of the lab synthesized imidazole
derivative

([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene) silver(i)]bromide)
is shown in Fig. 1

3.2. Mean SERS spectra of exposed and unexposed biolms

Aer the pre-processing of SERS spectra, the mean of the SERS
spectra of each sample having een spectra is obtained. Mean
SERS spectra of unexposed Bacillus subtilis and Bacillus subtilis
exposed to different concentrations of the lab synthesized drug
(imidazole derivative) are shown in Fig. 2.

The characteristic SERS features of exposed and unexposed
Bacillus subtilis biolms are represented by vertical lines, which
are associated with protein, carbohydrates, lipids and DNA, and
are listed in Table S1.† The variations in SERS peaks that are
associated to biochemical changes induced in Bacillus Subtilis
biolm are enlisted in Table S2.†

Solid lines represent the SERS features that are observed in
the spectra of unexposed or exposed Bacillus subtilis and dashed
lines are employed to indicate the intensity based differences.
The variations in the SERS peaks are due to changes in the cell
wall and plasmid of Bacillus subtilis because the cell wall of
bacteria has biomolecules which provide a specic SERS spec-
trum. The SERS peak observed at 1329 cm−1 (C–H vibration) in
unexposed Bacillus subtilis is related to protein, which decreases
in intensity aer the exposure to the antibacterial agent. This
RSC Adv., 2024, 14, 17389–17396 | 17391
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Fig. 1 SERS spectrum of the lab synthesized imidazole derivative ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene) silver(I)]bromide).

Fig. 2 Mean SERS spectra of unexposed Bacillus subtilis biofilm and Bacillus subtilis biofilm exposed to different concentrations of the anti-
bacterial agent ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)silver(I)]bromide).
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decrease indicates the conformational changes occurring in
protein molecules present in the biolm.33 The SERS peaks at
1001 cm−1 (ring breathing mode),34 1130 cm−1 (C–N stretch-
ing)34,35 and 1243 cm−1 (amide III)34 are also associated with
proteins, present in the unexposed Bacillus biolm SERS spec-
trum but absent in exposed Bacillus subtilis biolm SERS
spectra as the concentration of drug exposure increased. These
characteristic features indicate the denaturation of proteins
leading to cell death.31 The SERS peak at 1093 cm−1 (C–C
stretching) of lipids is observed with an increase in intensity,
which suggests that the concentration of saturated fatty acids is
enhanced in the cell wall of Bacillus subtilis due to high level of
environmental stress aer exposure to the antibiotic.36 The
biolm responds to stress by increasing the lipid synthesis.37

The prominent SERS peak at 653 cm−1 (polydeoxyadenosine
ring's vibration) related to DNA is reduced in intensity as the
concentration of the lab synthesized drug is increased. This
decrease is due to the destruction of nucleic acid of bacteria
17392 | RSC Adv., 2024, 14, 17389–17396
causing bacterial cell death.23 Raman peaks at 568 cm−1

(hypoxanthine (DNA)),38 and 798 cm−1 (ring stretching and
breathing mode of uracil (nucleic acid))39 are related to DNA,
present in the SERS spectra of unexposed Bacillus subtilis bio-
lm and Bacillus subtilis biolm exposed to various concentra-
tions of the lab synthesized drug (imidazole derivative). The
intensities of carbohydrate bands observed at 624 cm−1

(aromatic ring skeleton (carbohydrate)),40 908 cm−1 (C–O–C
stretching of glycosidic linkage in saccharides)35 and 954 cm−1

(C–N stretching of polyene chain in carbohydrate)35 slightly
decreased with the exposure of the lab synthesized drug,
showing changes in the carbohydrate contents.
3.3. Principal component analysis (PCA) of SERS spectral
data of exposed and unexposed biolms

Principal component analysis (PCA) is an unsupervised
approach for dimensionality reduction and identifying the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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underlying structure of the data. PCA loadings show the
contribution of each spectral data point to the variance in the
data. PCA helps in the clustering and identication of patterns
within the data. PCA reduces the Raman spectral data into
smaller data sets (principal components) to explain the vari-
ability within datasets. Principal Component Analysis (PCA) is
employed to analyze the SERS spectral data, which decreases
the variable factors but keeps prominent variation within the
spectral data. In this study, PCA was carried out to examine the
differentiation within the preprocessed SERS spectra of unex-
posed Bacillus subtilis biolm and Bacillus subtilis biolm
Fig. 3 PCA scatter plot of SERS spectra of unexposed Bacillus subti
concentrations of the antibacterial agent ([bis(1,3-dipentyl-1H-imidazol-

Fig. 4 Comparison of two SERS spectral data sets: (a and c) PCA scatte
exposed to 31.25% and 500% concentrations of the antibacterial a
respectively, and (b and d) PCA loadings of unexposed Bacillus subtilis
concentrations of the antibacterial agent ([bis(1,3-dipentyl-1H-imidazol-

© 2024 The Author(s). Published by the Royal Society of Chemistry
samples exposed to various concentrations of the imidazole
derivative (lab synthesized drug). The PCA scatter plot indicates
the biochemical differences induced by the exposure to the
antibacterial agent.

Fig. 3 shows the differentiation between SERS spectral data
in the form of clusters including the SERS spectra of unexposed
Bacillus subtilis (red) and Bacillus subtilis exposed to different
concentrations (31.25% (orange), 62.15% (blue), 125% (purple),
250% (black) and 500% (brown)) of the lab synthesized drug.

Fig. 4(a) depicts the comparison between the SERS spectra of
unexposed Bacillus subtilis biolm and Bacillus subtilis biolm
lis biofilm and Bacillus subtilis biofilm samples exposed to different
2(3H)-ylidene)silver(I)]bromide).

r plot of unexposed Bacillus subtilis biofilm and Bacillus subtilis biofilm
gent ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)silver(I)] bromide),
biofilm versus Bacillus subtilis biofilm exposed to 31.25% and 500%
2(3H)-ylidene)silver(I)]bromide), respectively.

RSC Adv., 2024, 14, 17389–17396 | 17393
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samples exposed to 31.25% concentration of the lab synthe-
sized drug. SERS data related to unexposed Bacillus subtilis are
represented as a cluster of red dots, while those of the Bacillus
subtilis biolm exposed to 31.25% concentration of the lab
synthesized drug are represented as a cluster of black dots. PC-1
shows the rst highest variability among the SERS spectral data.
PC-1 indicates the linear combination of the variables of SERS
spectral data. If a dataset consists of n features, PC-1 is given by

PC-1 = w11 × X1 + w12 × X2 + . + w1n × Xn

where PC-1 indicates the rst principal component. X1, X2, .,
Xn are the variables. w11, w12, ., w1n are the weights associ-
ated with the variables in PC1.

PC-2 shows the second highest variability among SERS
spectral data sets. PC-2 also indicates the linear combination of
variables and is uncorrelated with PC-1. If the dataset has n
features, PC-2 is given by

PC-2 = w21 × X1 + w22 × X2 + . + w2n × Xn

where PC-2 shows the value of the second principal component.
X1, X2,., Xn are the variables. w21, w22,., w2n are the weights
associated with the variables in PC-2. The exact values of these
weights will depend on the specic data and the implementation
of PCA used, as they are calculated during the PCA process. The X-
axis indicates the rst principal component (PC-1) with an
explained variation of 78.51%, while the Y-axis indicates the
second principal component (PC-2) with an explained variation of
15.88%. This indicates the differentiation of the different groups
of SERS spectra of the bacterial biolm due to the biochemical
variations induced by the antibacterial agent. Fig. 4(b) depicts the
pairwise PCA loadings of SERS spectra of unexposed Bacillus
subtilis biolm and Bacillus subtilis biolm samples exposed to
31.25% concentration of the lab synthesized drug. SERS spectral
features signicantly differentiate the changes in Bacillus subtilis
biolm due to the exposure to the antibacterial agent in the form
Fig. 5 PLS-DA score plot of SERS spectra of unexposed Bacillus subtilis b
of the antibacterial agent ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)s

17394 | RSC Adv., 2024, 14, 17389–17396
of PCA loadings. The positive loadings including 568 cm−1(hy-
poxanthine (DNA)), 653 cm−1 (ring vibration in poly-
deoxyadenosine (DNA)), 675 cm−1 (guanosine (DNA)), 798 cm−1

(ring stretching and breathing mode of uracil (nucleic acid)),
908 cm−1 (C–O–C stretching of glycosidic linkage (saccharides)),
954 cm−1 (C–N stretching of polyene chain in carbohydrate),
1093 cm−1 (C–C stretching (membrane lipid)), 1130 cm−1 (C–N
stretching (proteins)) and 1243 cm−1 (C]O stretching (amide
III)) are associated with the unexposed Bacillus subtilis biolm.
The negative loadings including 726 cm−1 (glycosidic ring mode
of adenine (DNA)), 1001 cm−1 (breathingmode of symmetric ring
(protein)), 1329 cm−1 (C–H vibration (protein)) and 1450 cm−1

(CH2 vibration (lipids)) are associated with the Bacillus subtilis
biolm treated with 31.25% concentration of the lab synthesized
drug.

Fig. 4(c) indicates the pairwise comparison of SERS spectral
data of unexposed Bacillus subtilis biolm (a cluster of red dots)
and Bacillus subtilis biolm (cluster of black dots) exposed to
500% concentration of the lab synthesized drug. Differentiation
between these two groups of SERS spectra indicates the signif-
icant biochemical changes in Bacillus subtilis caused by the
application of the lab synthesized drug candidate. The vari-
ability explained by PC-1 represented on the X-axis is 98.06%,
while the variability explained by PC-2 represented on the Y-axis
is 0.66%.

In Fig. 4(d), positive side of the loadings indicates the
characteristic SERS features of unexposed Bacillus subtilis bio-
lm including 568 cm−1 (hypoxanthine (DNA)), 675 cm−1

(guanosine (DNA)), 798 cm−1 (ring stretching and breathing
mode of uracil (nucleic acid)), 908 cm−1 (C–O–C stretching of
glycosidic linkage (saccharides)), 954 cm−1 (C–N stretching of
polyene chain in carbohydrate), 1093 cm−1 (C–C gauchi
stretching (membrane lipid)), and 1243 cm−1 (C]O stretching
(amide III)). The characteristic SERS features related to the
Bacillus subtilis biolm exposed to 500% concentration of the
lab synthesized drug are represented on the negative side of
iofilm and Bacillus subtilis biofilm exposed to different concentrations
ilver(I)]bromide).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Receiver operating characteristic (ROC) curve of the PLS-DA model of SERS spectral data of unexposed Bacillus subtilis biofilm and
Bacillus subtilis biofilm exposed to different concentrations of the antibacterial agent ([bis(1,3-dipentyl-1H-imidazol-2(3H)-ylidene)silver(I)]
bromide).
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loadings including 624 cm−1 (aromatic ring skeleton (carbohy-
drates)), 653 cm−1 (ring vibration in polydeoxyadenosine
(DNA)), 726 cm−1 (glycosidic ring mode of adenine (DNA)),
1001 cm−1 (breathing mode of symmetric ring (protein)),
1130 cm−1 (C–N stretching (proteins)), 1329 cm−1 (C–H vibra-
tion (protein)) and 1450 cm−1 (CH2 vibration (lipids)).
3.4. Partial least squares discriminant analysis (PLS-DA) of
SERS spectral data of exposed and unexposed biolms

PLS-DA, a supervised chemometric tool, is performed to
discriminate the SERS spectral data quantitatively. PLS-DA is
a quantitative approach and it is employed to differentiate
various data such as unexposed and exposed Bacillus strains. It is
used to identify the latent variables that are employed to achieve
the prominent separation of SERS data. Statistical analysis of
SERS data can also be achieved by PLS-DA. It can help to
understand the differences that may not appear from PCA alone.
In short, PLS-DA provides information about the variance in the
dataset as well as differentiation in the name classes such as
“exposed” and “unexposed” Bacillus strains, resulting in better
accuracy and reliability of the results. Although prominent
differentiation among the SERS dataset can be achieved by PCA,
the reason to employ PLS-DA is its ability to focus on grouping
information of SERS data, while PCA just focuses to get infor-
mation about the maximum variance in the dataset. Hence, PLS-
DA is considered more effective than PCA.

SERS spectral data including the unexposed and exposed
Bacillus subtilis biolms are individually split into a 60% cali-
bration set and 40% validation set to discriminate the data with
reliability and accuracy. In the PLS-DA model, cross-validation
(CV) is performed to identify the ve latent variables. Fig. 5
depicts the PLS-DA scores, and the model discriminates the
SERS data of unexposed and exposed Bacillus subtilis biolms
with 93% sensitivity and 91% specicity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 6 depicts the receiver operating characteristic (ROC)
curve of the PLS-DA model, which indicates the SERS data of
unexposed and exposed Bacillus subtilis biolms and a value of
0.6736 of the ROC curve is obtained. The range of this value for
the PLS-DA model is 0 to 1 and a value near to 1 shows the
maximum validation and accuracy, while a value closer to zero
depicts poor performance of the model. It is concluded that the
PLS-DA model discriminates the SERS spectral data sets clearly.
Using SERS spectral data in the PLS-DA model, excellent
performance is obtained to discriminate the unexposed and
exposed Bacillus subtilis biolms.
4. Conclusion

SERS can be considered a promising technique for the charac-
terization of the complex and heterogeneous system of biolms
of bacteria due to its increased sensitivity by employing silver
nanoparticles as the SERS substrate. SERS spectral features in
the mean spectral plot have shown the intensity based differ-
ences among the unexposed Bacillus subtilis biolm and Bacillus
subtilis biolm exposed to different concentrations of the lab
synthesized antibacterial agent, which clearly indicates the
potential of SERS to determine the antibacterial activity of this
imidazole derivative. These differences are associated with
biochemical changes taking place in the extracellular polymeric
substances (EPS) of biolms, including macromolecules like
carbohydrate, DNA, lipids and proteins. Moreover, SERS spectral
features are also further differentiated by multivariate data
analysis tools such as PCA and PLS-DA. PCA is employed to
differentiate the SERS spectra of unexposed and exposed Bacillus
subtilis biolms in the form of clusters and is also helpful in
pairwise comparison of two spectral data sets. PLS-DA is
employed to discriminate the different unexposed and exposed
bacterial biolms with 91% specicity, 93% sensitivity and 97%
accuracy. This study may be further helpful to use this
RSC Adv., 2024, 14, 17389–17396 | 17395
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methodology of SERS to identify the antibacterial potential of any
lab synthesized antibacterial agent and to characterize biolms.
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