
Surface-Enhanced Raman Scattering (SERS) in Combination with
PCA and PLS-DA for the Evaluation of Antibacterial Activity of
1‑Isopentyl-3-pentyl‑1H‑imidazole-3-ium Bromide against Bacillus
subtilis
Fatima Tahir,# Ali Kamran,# Muhammad Irfan Majeed,* Abeer Ahmed Alghamdi,*
Muhammad Rizwan Javed, Haq Nawaz,* Muhammad Adnan Iqbal, Muhammad Tahir, Anam Tariq,
Nosheen Rashid, Urwa Shahid, Ahmad Hassan, and Umar Sohail Shoukat

Cite This: ACS Omega 2024, 9, 6861−6872 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In the current study, surface-enhanced Raman scattering (SERS) was performed to evaluate the antibacterial activity
of lab-synthesized drug (1-isopentyl-3-pentyl-1H-imidazole-3-ium bromide salt) and commercial drug tinidazole againstBacillus
subtilis. The changes in SERS spectral features were studied for unexposed bacillus and exposed one with various dosages of drug
synthesized in the lab (1-isopentyl-3-pentyl-1H-imidazole-3-ium bromide salt), and SERS bands were assigned associated with the
drug-induced biochemical alterations in bacteria. Multivariate data analysis tools including principal component analysis (PCA) and
partial least-squares discriminant analysis (PLS-DA) have been utilized to analyze the antibacterial activity of the imidazole derivative
(lab drug). PCA was employed in differentiating all the SERS spectral data sets associated with the various doses of the lab-
synthesized drug. There is clear discrimination among the spectral data sets of a bacterial strain treated with different concentrations
of the drug, which are analyzed by PLS-DA with 86% area under the curve in receiver operating curve (ROC), 99% sensitivity, 100%
accuracy, and 98% specificity. Various dominant spectral features are observed with a gradual increase in the different concentrations
of the applied drug including 715, 850, 1002, 1132, 1237, 1396, 1416, and 1453 cm−1, which indicate the possible biochemical
changes caused in bacteria during the antibacterial activity of the lab-synthesized drug. Overall, the findings show that imidazole and
imidazolium compounds generated from tinidazole with various alkyl lengths in the amide substitution can be effective antibacterial
agents with low cytotoxicity in humans, and these results indicate the efficiency of SERS in pharmaceuticals and biomedical
applications.

1. INTRODUCTION
Antibiotics are mainly used to cure various bacterial infections
and diseases, but misuse and overdosage of antibiotics have led
to several multidrug-resistant bacteria. Antibiotic resistance
traits have spread widely, rendering antibiotics ineffective and
posing major economic and health risks.1,2 The spread and
propagation of antibiotic resistance can be slowed down and
even stopped with the rapid detection of resistant strains and
by treatment with an effective dosage of the drug. Different
conventional approaches such as disk diffusion, microdilution,

and gradient disk diffusion methods were employed for the
detection and assessment of antibiotic-sensitive and resistant
microorganisms are time-consuming.3,4
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N-Heterocyclic carbenes (NHC) are even more versatile
than phosphines and have been regarded as building block
ligands. NHC’s extraordinary and unique characteristics, such
as being strong σ-electron donors that make them effective
ligands, have influenced the study of coordination and
organometallic chemistry. These properties can be modified
based on the N-substituents.5 This is because the NHC
precursors (in the form of imidazolium salts) were found to be
stable to air and moisture. The NHC-carbenes have been
applied in the field of medicine as therapeutic agents
depending upon their biological activity, which includes but
is not limited to, antimicrobial, antiviral, antifungal, and
anticancer.6 The substituted imidazolium compounds are
found to show activity against pathogenic bacteria. Even if
the exact process causing bacterial cell damage is still not fully
understood, several hypotheses are reported in the literature,
and the most important is that the lipophilicity of these
compounds causes a change in membrane permeability. The
lipophilicity is increased by the bulky substituents, which leads
to enhance their antimicrobial potential.7

Different aromatic heterocyclic compounds have been
employed for a variety of bioactive chemicals including
antimicrobials, antifungal, anticancer, and antidiabetic
agents.8−10 In medicinal chemistry, the search for novel and
powerful imidazole-derived bioactive drugs continues to be a
major focus.11,12 For medical purposes, imidazole and its
derivatives are often utilized. For medical purposes, imidazole
and its derivatives are often utilized as antibiotics,13

antifungal,14 and anticancerous.15

Antibacterial drugs based on imidazole and imidazolium
derivative salts have been investigated against Bacillus spp.16,17

for causing a number of harmful infections such as
osteomyelitis, meningitis, anthrax, endocarditis, and ophthal-
mitis.18 High antibacterial activity of imidazolium salts based
on amino acids has been demonstrated in the literature.19,20

Bacillus spp. cause several diseases in humans and other
organisms, so it is a major concern of research nowadays in
order to develop new antibiotics.17,21

The imidazolium skeleton can be converted into ionic
liquids with intriguing pharmacological effects in this
regard.22,23 Tinidazole is also studied in the literature for its
antibacterial activity.17,21 It is a 5-nitroimidazole and in
anaerobes, it is intracellularly reduced to active intermediates

that interact with nucleic acids to induce instability and
breakage. With a half-life (12−14 h), which is twice that of
metronidazole, tinidazole is antimicrobial against anaerobic
bacteria.24

The discovery of novel antibiotics against bacteria can
benefit from a research investigation exploring the metabolic
mechanisms of potential drug candidates’ antibacterial action.
For the analysis of antibacterial activity, a variety of analytical
techniques are used, including imaging. Scanning electron
microscopy (SEM), confocal imaging, and transmission
electron microscopy (TEM) are examples of imaging
techniques. These techniques clearly show the bacterial cell
damage followed by the exposure to drugs and antibiotics, but
they are not able to reveal the mechanism of action or the
biochemical alterations which take place after antibiotic
exposure.25

The spectro-analytical techniques like mass spectrometry
(MS), Fourier transform infrared spectroscopy (FT-IR),
nuclear magnetic resonance (NMR), and fluorescence spec-
troscopy approaches can indicate metabolic alterations inside
the cells, but they need substantial sample preparation. Raman
scattering and its modality called surface-enhanced Raman
scattering (SERS) have great potential to analyze the
fingerprint spectra of biomolecules. SERS has demonstrated
to be an attractive analytical approach and their interaction
with different drug candidates is used in the research of
biological systems, especially in the characterization and
identification of bacteria.14,22

The purpose of this research is to develop a SERS approach
for directly determining lab-synthesized and commercial drug
(tinidazole) antibiotic sensitivity toward bacterium by
detecting the biochemical alterations in bacteria after their
interaction with the antibiotic. Silver nanoparticles (NPs) can
improve and enhance the Raman spectral features of
biomolecules, resulting in bacterial “fingerprints”.26−28 Accord-
ing to the electromagnetic mechanism, a stronger resonance
enhancement effect will be produced by nanoparticles with
high absorption at the excitation wavelength compared to
those with insignificant absorption.29

As the bacteria interact with different antibiotics, the
acquired SERS signals from the bacterial cell may be utilized
to demonstrate the biochemical alterations caused by the drug.
Studying metabolic/biochemical alterations induced by anti-

Figure 1. Mean SERS spectra of untreated Bacillus subtilis and exposure of Bacillus subtilis to lab drug and tinidazole.
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biotics may help us to understand bacterial cell responses to
antibiotic treatments and estimate bacterial cell susceptibil-
ity.30−32 Moreover, chemometric tools such as PCA and PLS-
DA were applied to find out the antibacterial activity of the lab-
synthesized imidazolium salt.
This study proposes a quick and easy SERS approach to

determine induced biochemical changes in Bacillus subtilis
caused by the exposure of different concentrations of the
laboratory-synthesized imidazole derivative in comparison to
the market-available tinidazole. Both these drug candidates are
imidazole derivatives that have medicinal applications and
somewhat have different modes of action that are compared
and studied thoroughly in this report.

2. RESULTS AND DISCUSSION
SERS spectra for all samples were recorded and then MATLAB
R2009a (The MathWorks, USA) was used for preprocessing of
all these raw spectra, and the multivariate data analysis and
mean spectral analysis proceeded next. Figure 1 represents the
mean SERS spectra of untreated Bacillus subtilis (black),
treated with lab drug (red) and with the market-available drug
tinidazole (green), in which vertical lines show differentiating
spectral features. These are explained and summarized in Table
1 along with the proper assignments, and corresponding
literature citations are also added. Raman spectra were
collected for unexposed bacillus and bacillus exposed to
different concentrations of in-house-synthesized and market-
available drug tinidazole. Changes in the bacteria’s cell wall and

structure were linked to changes in SERS spectral features.
Numerous different types of biomolecules are present in
bacterial cells. resulting in a distinct SERS spectrum.
The SERS bands differentiating unexposed bacillus and

bacillus exposed to the drug are shown by solid lines, while the
characteristics associated with intensity changes observed in all
are shown by dotted lines. The relatively comparable features
found in both mean spectra of unexposed and exposed bacteria
indicate the chemical structural similarity between tinidazole
and imidazole derivative (lab-synthesized drug) and their
interaction with Bacillus bacteria. The noticeable variations can
be directly related to the breakdown of the bacterial cell
structure. The intensity differences and shifts in bands in these
mean spectra indicate the biochemical changes in bacteria
caused by in-house-synthesized drugs and tinidazole.
The majority of the biological composition of a bacteria

includes nucleic acids (DNA and RNA), proteins (amino
acids), lipids, polysaccharides, and inorganic ions.51 In the case
of Gram-positive bacteria,26 its origin is attributed to glycosidic
ring vibrations which arise due to the bacterial cell wall’s
polysaccharide components. Gram-positive bacteria possess a
thick layer of peptidoglycan in their cell walls, which is made
up of N-acetyl-D-glucosamine and N-acetylmuramic acid linked
by peptide bridges. Phospholipids are covered by a
peptidoglycan layer and protein-rich cytoplasmic membrane,
which may also contain a coating of proteins organized in a
para-crystalline structure (S-layer).34

The SERS features at 735 cm−1 (adenine) and 804 cm−1

(uracil ring breathing) are linked with the nucleus of the
bacterial cell, which is found diminished in intensity after the
exposure of the lab-synthesized drug in comparison to
commercial drug tinidazole. This decrease in SERS features
showed that lab drug damaged the bacterial DNA and RNA.
The distinct features in the mean SERS spectra at 564 cm−1

(C−S−S-C vibrational mode) associated with disulfide bonds
indicate the stabilization and normal functioning of proteins.
These are nearly always present in bacteria, but their
concentrations can vary, therefore the strength of the SERS
signal can alter depending on the species. This diminishing in
the intensity of the broad SERS band at 564 cm−1 due to
exposure to the lab-synthesized drug might be due to the
degradation or disintegration of proteins present.49 SERS band
at 651 cm−1 (N−H deformation of amide-II), 949 cm−1 (single
bond stretching vibrations for the amino acids and
polysaccharides), 1008 cm−1 (C−C aromatic ring breathing
of Phenylalanine ring), 1323 cm−1 (C−H bending) are found
with the decreased in intensities in the spectrum of the lab-
synthesized drug in comparison to tinidazole which might be
due to the degradation or disintegration of proteins present in
the bacteria.49 The SERS features at 1237 cm−1 (amide III),
1416 (indole rings residue bands of tryptophan), 1450 cm−1

(CH2 bending), 1564 cm−1 (N−H bending) are observed with
increased intensities due to the exposure of the lab-synthesized
drug while remained almost same in the spectra of bacterial
samples exposed to tinidazole. Moreover, these SERS features
are associated with bacterial cell proteins and an increase in
their intensities shows the synthesis of stress-related proteins
after exposure to the lab-synthesized drug.50 The SERS
features at 849 cm−1 (C−O−C stretching in 1,4-glycosidic
link) and 1109 cm−1 (C−C asymmetric ring breathing of
carbohydrates) are increased by applying the lab drug which
may be due to an increase in the amount of pentose phosphate
pathways (PPP) intermediates.22 A decrease in the SERS

Table 1. SERS Assignments for Bacillus subtilis

Raman shift/
cm−1 assignment/biomolecules component reference

564 (C_S_S_C) vibration in proteins protein 33,34
597 phosphatidylinositol phospholipids 35
651 NH deformation of amide- II protein 34
715 C−N stretching protein 36,37
726 adenine/DNA DNA 10,36
735 adenine/nucleic acid DNA 37,38
749 nucleic acid component DNA 39
804 uracil-based ring breathing mode DNA 40
850 C−O−C stretching in 1,4-

glycosidic link
carbohydrates 40,41

949 most likely as a result of single
bond stretching vibrations in
polysaccharides, proline, and
valine amino acids

protein and
polysaccharides

40

1002−1004 C−C aromatic ring stretching
(phenylalanine)

protein 42−44

1008 C−C aromatic ring breathing of
Phe

protein 45

1031 C−O stretching band of
glycosidic bond, polysaccharides

carbohydrates 40

1109 carbohydrates band for solution carbohydrates 46
1132 unsaturated fatty acid lipids 43,47
1237 amide III and CH2 wagging

vibrations from glycine
backbone and proline side
chains

protein 40,48

1270 amide-III protein 26
1323 C−H bend in protein protein 42
1396 N-acetylglucosamine protein 49
1416 tryptophan protein 19
1450 CH2 bending, C−H deformation, protein and

carbohydrates
37,42

1564 N−H bending protein 50
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intensity at 1031 cm−1 (C−O−C stretching band of
glycosidic) is seen in the SERS spectrum of bacteria under
the exposure of the lab drug and commercial drug tinidazole
and a decrease in the intensity leads to a decrease in the
concentration of carbohydrates.51

A significant enhancement in the intensity of the SERS band
observed at 1132 cm−1 (unsaturated fatty acid) in bacteria due
to exposure to the lab-synthesized drug shows an increase in
the degree of saturation of unsaturated fatty acids,52 while
remaining unchanged in the spectra of tinidazole exposed
bacteria. It is important to mention that exposure to the lab-
synthesized drug is found to cause different biochemical
changes in the SERS spectrum of treated bacteria as compared
to the spectrum of bacterial samples of the commercially
available drug tinidazole, which causes changes only related to
increase or decrease of intensities in the SERS features of the
bacteria.

2.1. Principal Component Analysis (PCA). As shown in
Figure 2a, the PCA scatter plot of the SERS spectral data sets is

shown where three distinct clusters, represented by various
colors, have been formed by the separation and differentiation
of spectra. In each cluster, one dot represents one spectrum
where the green cluster assembles along the positive axis of the
principal component (PC-1) and shows SERS spectral data
sets of bacteria exposed with tinidazole while the black color
represents the spectra of the untreated bacillus bacterial
samples, and the red cluster on the positive axis represents
bacteria treated with the lab drug. Mainly PCA differentiated
SERS spectra of unexposed Bacillus subtilis from those treated
with lab drug and tinidazole.
The maximum source of variation in the data is explained by

PC-1, accounting for 81.86% variability, whereas PC-2
describes the remaining variability. PCA is used to find and
confirm the characteristic SERS spectral features belonging to
the differentiation of three separate spectral data sets of
untreated Bacillus subtilis, treated Bacillus subtilis with
tinidazole, and the lab drug in the form of representative
PCA loadings which indicate that SERS can examine changes

Figure 2. (a) PCA scatter plot of SERS spectral data sets of three samples including untreated and treated Bacillus subtilis with tinidazole and lab
drug. (b) PCA loadings of PC-1. (c) PCA loadings of PC-2.
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in the spectral characteristics related with the biochemical
alterations induced by various concentrations of the drug
synthesized in the lab (Imidazole derivative) in the Bacillus
subtilis bacteria.
Figure 2b,c shows the PCA loadings of PC-1 and of PC-2,

respectively. Figure 2b demonstrates the PCA loadings of data
sets of untreated bacillus and treated bacillus with the lab drug
which illustrates the separation in the form of negative and
positive loadings. These dominant features are observed at
1031, 1109, 1416, 1450, and 1564 cm−1 which belong to the
positive loadings and characteristics at 564, 651, 735, 949, and
1323 cm−1 belong to negative loadings which in turn are
related with the SERS spectral data sets of untreated and
treated bacillus with in house synthesized drug which is
grouped in the negative and positive axis of the PC-1,
respectively. The characteristic PCA loadings of Figure 2c
including 564, 651, 735, 1132, 1416 cm−1, belong to positive
loadings, and 804, 949, 1008, 1031 cm−1 which are observed as
negative loadings. Notably, these negative and positive
loadings are associated with the SERS spectra of unexposed
and exposed to commercial drug tinidazole which are grouped
in the negative and positive axes of PC-2, respectively. These
PCA loadings enable the identification of biochemical changes
caused by the commercial drug tinidazole on bacteria and
confirm the differentiating characteristics noticed in the mean
SERS spectra presented in Figure 1. The PC loadings may be
considered as the orthogonal dimensions of variation that
allow for the differentiation of various groups in SERS spectral
data sets with their coefficients as spectra of each sample scores
along these dimensions.
Figure 3 demonstrates the mean SERS spectra of exposed

Bacillus subtilis with different doses including 1, 4, 10, and 20%
of the in-house-synthesized drug and unexposed Bacillus
subtilis. All the SERS features that are common in all spectra
and have intensity-based differences are marked by dotted
lines, while SERS features that are not observed in unexposed
Bacillus subtilis but appear in the bacteria on exposure to
different concentrations of the lab drug are marked by solid
lines. The SERS bands in the region of 700−800 cm−1

associated with DNA features are noticed. The SERS feature
at 726 cm−1 (adenine/DNA), associated with the bacterial cell,
diminished after exposure to the imidazole lab drug. This
feature indicates that lab drugs destroyed the bacterial DNA
and can be considered as evidence of cell death.52 Other
changes in the SERS bands include 564 cm−1 (C−S−S−C),

949 cm−1 (single bond stretching vibrations for the amino
acids), and diminished on the exposure of lab drug
concentrations. Another SERS band decrease in intensity was
observed at 1002 cm−1 (C−C aromatic ring stretching
(phenylalanine) with a gradual increase in the concentration
of the lab-synthesized drug which shows that this trend might
be due to the degradation or deformation of protein structure
in a bacterial cell and cell wall.52 Other important features
assigned for proteins are observed at 715 cm−1 (C−N
stretching), 1237 cm−1 (amide III), 1270 cm−1 (amide-III),
1396 cm−1 (N-acetylglucosamine), 1416 cm−1 (tryptophan),
1450 cm−1 (CH2 bending, C−H deformation), 1564 cm−1

(N−H bending) in the spectra of Bacillus subtilis treated with
various doses of the lab drug. Moreover, these SERS features
are associated with bacterial cell proteins, and an increase in
intensities shows the synthesis of stress-related proteins under
the stress caused by exposure to the lab-synthesized drug.53

The SERS features observed at 849 cm−1 (C−O−C
stretching in 1,4-glycosidic link), 1109 cm−1 (carbohydrates),
and 1031 cm−1 (C−O−C stretching band of the glycosidic
link) are increased in intensities by applying the lab drug which
might be due to increase in the amount of pentose phosphate
pathways (PPP) intermediates.54 Moreover, a significant
increase in the intensity of the band observed at 1132 cm−1

(unsaturated fatty acid) might be due to an increase in the
degree of saturation of unsaturated fatty acids as a result of
stress caused in the bacterial cell.55

2.2. Principal Component Analysis (PCA). Pairwise
PCA is applied to determine which SERS spectral character-
istics are involved in differentiating between the SERS spectral
data sets in the form of PCA loadings. Figure 4a shows a
pairwise PCA scatter plot of the two different SERS spectra
data sets of unexposed bacillus and its treatment with 20% of
the lab drug, indicating clear differentiation between them, and
it can be seen that maximum variability between them is
explained by PC-1 which accounts 78.3% variation. As seen in
Figure 4a, the negative and positive PCA loadings belong to
the SERS spectral data sets grouped on the positive and
negative axis of the PC-1, respectively, as represented in the
PCA scatter plot in Figure 4a. The well-separated clusters
shown in the PCA scatter plot indicate that there are
significant biochemical differences between them.
Figure 4b represents the PCA loadings plot of PC1 of Figure

4a that illustrates the significant features that are changed due
to the biochemical alterations in the bacterial cell caused by the

Figure 3. Mean SERS spectra of unexposed Bacillus subtilis and exposed Bacillus subtilis with different concentrations including 20, 10, 4, and 1% of
the lab-synthesized drug.
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exposure of the lab-synthesized drug. The PCA loadings of
SERS spectral data sets of untreated and treated bacillus with
20% drug are shown in Figure 4b, which reflects the cause of
differentiation of features in the positive and negative loadings.
These dominant features in Figure 4b at 715, 850, 1002, 1132,
1237, 1396, 1416, and 1564 cm−1 belonging to positive
loadings of Bacillus subtilis exposed with the lab-synthesized
drug. Other characteristic SERS features include 564, 726, 804,
949, 1031, 1087, 1270, and 1323 cm−1 which are observed as
negative loadings. These PCA loadings enable the identi-
fication of biochemical changes caused by lab-synthesized
drugs on bacteria and confirm the differentiating features
observed in the mean SERS spectra presented in Figure 3. The
PC loadings may be considered as the orthogonal dimensions
of variability that allow for the differentiation of various groups
in SERS spectral data sets along their coefficients, as spectra of
each sample score along these dimensions.

2.3. Partial Least-Squares Discriminant Analysis (PLS-
DA). PLS-DA is a supervised approach that can be used for
discriminative variable selection as well as for descriptive and
predictive modeling. This model was applied for the
quantitative discrimination between untreated and treated
bacillus with different concentrations of the lab drug derivative
by utilizing the previous information on classes. By
incorporating class information, PLS-DA helps differentiate
various groups, such as untreated and treated Bacillus subtilis,
and it identifies latent variables that enable distinct separation
of relevant SERS spectra. This results in a more reliable
classification compared to PCA alone.
To prevent overtraining, the SERS spectral data sets were

randomized and then split into two sets: a training data set

(60% spectra) and a test data set (40% spectra). Montecarlo
cross-validation based on the Bayes theorem was employed for
PLS-DA. The variables with the least error were identified in
order to select optimal latent variables (OptLVs) with high
accuracy. Ten optimal latent variables were recognized through
cross-validation, and the PLS-DA model was trained with the
calibration data set. The performance of the model was
assessed by the trained model because the validation data set
was different from the training data set.
To assess the model’s performance, the trained discrim-

ination model was employed to the test data set using OptLVs
that are shown in Figure 5a which shows that SERS spectral
data sets of various doses of the lab-synthesized drug are clearly
differentiated by PLS-DA model.

The PLS-DA model is employed to evaluate the efficacy of
the discrimination of different groups of SERS spectral data
sets, as done by PCA, and the identification and differentiation
potential of the SERS technique. For this purpose, the receiver
operating characteristic (ROC) curve can be a reliable
approach, as shown in Figure 5b. The ROC curve between
the true positive rate (sensitivity) and the false-positive rate (1
specificity) has been plotted. The maximum value of AUC is 1,
which demonstrates that a model with a value closer to 0 does
not perform well or perform poorly, while a model with a value
closer to 1 is more reliable and ideal. The area covered under
the ROC curve was 0.86, showing that the model performed
well because it is closer to 1.

2.4. Partial Least-Squares Regression (PLSR) Analysis.
PLSR is used for quantitative analysis which allows the
prediction of different concentrations of in-house-synthesized
drugs. The optimal number of latent variables is 10 providing

Figure 4. (a) PCA scatter plot of SERS spectral data sets of exposed
Bacillus subtilis with 20% of the lab-synthesized drug and unexposed
Bacillus subtilis. (b) PCA loadings of PC-1.

Figure 5. (a) Score plot of PLS-DA for the validation of SERS
spectral data set of unexposed Bacillus subtilis and its exposure with
four different concentrations of lab-synthesized drug. (b) Receiver
operating characteristic (ROC) curve for the performance of the PLS-
DA discrimination model for SERS spectral data sets of unexposed
and exposed Bacillus subtilis.
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RMSECV is 0.29, and the R2 value of goodness of the model is
found to be 0.99 (Figure 7).

2.5. Regression Coefficients. The regression coefficient
obtained from PLSR analysis is shown in Figure 6. The
features at 726, 749, 850, 949, 1416, 564, 651, 1002, 1132, and
1450 cm−1 have been discussed in detail earlier. These specific
dominant features are noticed successfully in both mean SERS
spectra and PLSR analysis (Figure 7). These characteristics
enable the identification of biochemical changes caused by lab-
synthesized drug formulations on bacteria and verify the
differentiating features observed in mean SERS spectra
presented in Figure 3.
The regression coefficient obtained from PLSR analysis for

commercially available drug tinidazole is shown in Figure 8,
features at 546, 597, 651, 849, 949, 1008, 1132, 1237, 1416,
and 1450 cm−1. These dominant features ensure the

antibacterial activity of tinidazole on the bacillus and have
been discussed in detail earlier. These specific dominant
features are properly identified in both mean SERS spectra and
PLSR analysis as well. These features enable the identification
of biochemical changes caused by commercially available
tinidazole drug formulations on bacteria and ensure the
differentiating features observed in mean SERS spectra
presented in Figure 1.
“PLSR is employed for quantitative analysis which makes it

practicable to estimate various concentrations of imidazole. An
optimal number of latent variables is 10 providing an
RMSECV value of 3.4269, and the R2 value of goodness of
the model is found to be 0.9893 (Figure 9).”

Figure 6. Regression coefficient for spectral data of different concentrations of the lab-synthesized drug.

Figure 7. Performance of the PLSR model with calibration and prediction for Raman spectral data.

Figure 8. Regression coefficient for spectral data of commercially available drug tinidazole.
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3. MATERIALS AND METHODS
3.1. Synthesis of Bromide Salt of Imidazole. Imidazole

(2.0 g, 29.3 mmol), dimethyl sulfoxide (30 mL), and 1.5 equiv
KOH (2.47 g, 44 mmol) were placed in a round-bottom flask
and stirred in a water-containing beaker for 30 min. One
equivalent of 1-bromo-3-methylbutane (4.43 g, 29.3 mmol)
was added dropwise, as the reaction is exothermic, so cool
water was added to a stirring beaker to maintain the reaction
media’s temperature. N-Alkylated compound (1-isopentyl-1H-
imidazole) having a yield of 92.30% was synthesized. In the
next step, in a round-bottom flask, an N-alkylated compound
(2.0 g, 14.4 mmol) was taken and dissolved in 1,4-dioxane (30
mL). While being constantly stirred, 1-bromopentane (2.18 g,
13.24 mmol) was added drop by drop in the solution. At 100
°C, the reaction mixture was refluxed for 22 h. N-Hexane was
used twice to wash the product solution; an oily, brownish
product was obtained. Yield: 86.53%.
3.1.1. FT-IR Characterization. Synthesis of imidazolium salt

(1-isopentyl-3-pentyl-2,3-dihydro-1H-imidazole, bromide salt)
was completed in two separate phases according to the
protocol of.56 N-Alkylation of imidazole was initially
accomplished via a simple reaction of alkyl imidazole in basic
media. The following stage produces imidazolium salt by
alkylating imidazole at its second nitrogen (N2) by reflux in
1,4-dioxane, as elaborated in Scheme 1. The yield product was

oily in nature having a brownish color and had higher density
in the reaction mixture due to which it was allowed to settle at
the bottom of the flask. The reaction mixture was decanted
carefully, and then, the last salt was washed with n-hexane. The
resulting mixture is soluble in chloroform, and to purify it, this
solution is run through Celite. The resulting product is
subjected to a check purification through TLC.

In the experimental FT-IR spectra, very short-ranged peaks
(3500−500 cm−1) were noticed. Higher and lower frequency
of C−H stretching is seen below 3000 cm−1 as a result of
symmetric and antisymmetric C−H stretching. Between 1200
and 1800 cm−1, stretching vibrations of C−C were observed,
and below 500 cm−1, C−C bending vibrations were found.
Bending vibrations of CH3 and CH2 were found at 1162.9 and
1369.8 cm−1, respectively. FT-IR (ATR cm−1): 2963.2,2870.0
(C−H str), 1636.3,1552.4 (C�C str), 1559.9, 1459.3 (C−C
str), 1217.0,1183.4 (C−N str), 760.4,680.2 (C- H bend).57

3.2. NMR Characterization. NMR characterization is
performed for the confirmation of the synthesis of imidazole
salt. The acidic proton of the carbene carbon’s resonance
frequency was found around 8−10 ppm, which is one of the
distinctive properties found in the 1H NMR spectra obtained
during ligand analysis. This resonance frequency appeared as a
carbene proton significant feature and was detected at 9.24
ppm. A related pattern has also been observed in the literature,
demonstrating how N-heterocyclic carbene compounds are
distinctively correlated with the appearance of the resonance
frequency of the carbene proton.57 13C NMR spectroscopy
provided similar substantial proof of the effective synthesis of
the designed salt. For synthesized salt, the resonance frequency
of carbene carbon was found to be prominently featured, in a
range of 135.92 ppm.

3.3. Bacterial Culture. The antibacterial potential of the
in-house-synthesized salt (1-isopentyl-3-pentyl-1H-imidazole-
3-ium bromide salt), submitted elsewhere, and tinidazole
named Fasigyn was evaluated for Gram-positive bacteria
(Scheme 2). The concentration of these bacteria was
maintained at 108 cells/ml for the duration of a night
incubation period in a rotary shaker with Mueller Hinton broth
(MHB) at 37 °C.

3.4. Bioassay for the Determination of Antibacterial
Activity. The antibacterial efficiencies of different doses of lab-
synthesized salt (1-isopentyl-3-pentyl-1H-imidazole-3-ium bro-
mide salt) and tinidazole were tested using the agar well
diffusion technique against Bacillus subtilis. For this purpose, in
a sterile Petri dish, 1 mL of freshly cultured bacteria was added
to the center along with cooled and melted Mueller Hinton
broth containing the inoculum, and everything was mixed
thoroughly. Following the solidification of the broth, the
inoculum wells were filled with 100 mL of lab-synthesized salt

Figure 9. Performance of PLSR on five data sets including unexposed bacillus and exposed with various concentrations 1, 4, 10, and 20% of
commercially available drug tinidazole.

Scheme 1. Synthesis of N-Alkylated Compound in Step-I
and Salt in Step-II
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in varying concentrations including 1, 4, 10, and 20%). After
18 h at 37 °C, these plates were incubated to determine the
antibacterial activity of various doses against Bacillus subtilis, a
Gram-positive bacterial strain. To analyze the antibacterial
potency of various doses of in-house-synthesized salt and
tinidazole, the breadth of the wells as well as the zone of
inhibition was determined (Figure 10a,b).

Figure 10a,b shows the disk-diffusion method for testing the
biological activity of in-house-produced drugs and commer-
cially available drugs against bacteria (Bacillus subtilis)
respectively. Figure 10a,b shows five zones of inhibition.
Notably, as commercially available tinidazole and the
concentrations of the in-house-synthesized salt increased, the
zone of inhibition increased. It is clearly observed from the
results of the bioactivity assay (Table 1) that zones of
inhibition values for different doses (1, 4, 10, 20%, and pure
compound) of the lab drug are greater in contrast to tinidazole.

Notably, the efficacy of the lab-synthesized drug dominates the
marketed drug. Furthermore, this is explained in the mean
SERS spectra of in-house-synthesized drug and tinidazole
Figure 11. The bioactivity assay results validate the SERS
findings. Table 2 provides an overview of the results of the
bioactivity experiment.

The mean SERS spectra of in-house-synthesized drug (1-
isopentyl-3-pentyl-1H-imidazole-3-ium bromide salt) and
commercially available pharmaceutical drug tinidazole are
shown in Figure 11. It is clear that there is no feature of Figure
1 derived from the drugs themselves. All the features explained
in Figure 1 are related to antibacterial activity.
Lab-synthesized drug and tinidazole have shown spectral

features at 437, 485, 617, 656, 832, 991, 1124, 1185, 1263,
1349, 1365, 1375, 1414, 1480, 1485 cm−1 in mean Raman
spectra, which shows that drug features did not appear in
Figure 1 during antibacterial activity.

3.5. Preparation of Silver Nanoparticles. In this study,
silver nanoparticles were synthesized using the chemical
reduction process. For this purpose, silver nitrate and
trisodium citrate were used as precursors. Trisodium citrate
is a capping agent as well as a reducing agent. A solution of
silver nitrate (0.0085 g/300 mL) in distilled water was heated
to 100 °C before being mixed with 10 mL of 1% trisodium
citrate. This solution was boiled with magnetic stirring for 30
min on a hot plate. This resulted in the gray-colored
nanoparticles. The silver nanoparticles were characterized by
using SEM and TEM with a field emission electron
microscope. Preparing TEM samples involves evaporating a
silver nanoparticle solution onto a carbon-coated copper grid.
A dried drop of silver nanoparticles was placed on a cupric stub
with no additional conductive coating for SEM.
According to the electromagnetic mechanism, the nano-

particles with a strong absorption at the excitation wavelength

Scheme 2. Imidazolium Bromide (1-Isopentyl-3-pentyl-1H-
imidazole-3-ium Bromide Salt), Chemical Formula: C13 H25
BrN2

−, Molecular Weight: 289.26

Figure 10. (a) Zone of inhibition test for assessing the antibacterial
efficacy of an imidazole derivative (1-isopentyl-3-pentyl-1H-imida-
zole-3-ium bromide salt) produced in the lab and (b) commercial
drug tinidazole against Bacillus subtilis.

Figure 11. Mean spectra of lab (in house) synthesized drug and pharmaceutical drug tinidazole.

Table 2. Zones for Inhibition Determination

pharmaceutical
concentrations (%)

inhibition zone (mm)
lab drug

inhibition zone (mm)
tinidazole

1 14 0
4 20 4
10 28 10
20 35 11
pure compound 41 16
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will give a strong resonance enhancement effect than those
having small absorption.29

3.6. SERS Spectral Acquisition. Surface-enhanced Raman
spectra were acquired with a Raman spectrometer (Peak
Seeker Pro 785; Agiltron, USA) equipped with a charged
coupled detector (CCD). This Raman spectrometer is
integrated with a microscope used to view the sample on the
substrate. As an excitation source, a diode laser with a
monochromatic wavelength of 785 nm was used. The sample
of unexposed bacterial pellets (Bacillus subtilis) and exposed
bacteria with different doses of in-house-synthesized drugs
including 1, 4, 10, and 20% and commercial drug tinidazole, 50
μL each, were placed in an Eppendorf tube and incubated for
30 min with 50 μL of silver nanoparticles. After incubation
time, on an aluminum slide, a 50 μL sample from the
incubation mixture was taken and 15 Raman spectra were
acquired for every sample by focusing the laser on the sample.
With the laser power of 50 mW and 10 s spectral acquisition
time, a 40X objective lens was utilized.

3.7. Data Preprocessing Algorithms. To convert raw
SERS spectral data into useful informative spectral data,
preprocessing algorithms were required for removing interfer-
ing factors. All the fundamental preprocessing algorithms,
including vector normalization (VN), substrate removal,
baseline correction, and smoothing were done using MATLAB
R2009a (The MathWorks, USA) and its standard chemo-
metric models using in-house-built codes. The background/
substrate (aluminum slide) elimination was done by using a
subtraction approach from SERS spectral data followed by its
vector normalization, and the Savitzky−Golay algorithm was
used for smoothing of spectral data with a 13-point window
width.

4. MULTIVARIATE DATA ANALYSIS
For the analysis of SERS spectral data sets, mean SERS spectra
were obtained for every bacterial sample including bacillus
unexposed and bacillus treated with a lab drug and tinidazole.
The SERS spectral characteristics utilized in the interpretation
of the SERS bands were found in the literature and are listed in
Table 1 with the citations of the references for each band
assignment. For more evaluation of a multivariate data set,
several chemo-metric analytical approaches were utilized to
increase the variance across spectral signatures such as PCA
and PLS-DA, which were employed to examine the
preprocessed data of Bacillus strains across the whole spectral
range between 400 and 1800 cm−1.
PCA is an unsupervised approach for analyzing spectral data

sets and determining the dominant patterns of variability in the
matrix of spectra of different samples. PCA converts the
correlated variables into uncorrelated variables, which are
called PC scores, which maintain the variability in the spectral
data while eliminating random (noise) variation. Most of the
variation in the spectral data is explained by the first PC and
the remaining variability is explained by the next PC.58

Although PCA is well adapted to highlight the presence of
clusters in the data set, other less significant biological
parameters, such as spectral features not associated with a
pathological condition, may have an impact on the data
distribution over the scatter plot. Consequently, it seems that
in order to achieve discrimination, a supervised constraint on
the PCA was added to give underlying spectral information
more weight in the classification.59

In MATLAB R2009a (The MathWorks, USA), PLS-DA was
applied to enhance and improve the diagnostic potential of
SERS which provides more accurate discrimination. It takes
advantage of prior class information to provide a more robust
discrimination between SERS spectral data of bacillus treated
with various concentrations of imidazole derivative and
unexposed ones. The class information was used as the y-
variables and the SERS spectral data was used as the x-variables
in the PLS-DA. In PLS-DA, binary discrimination was
employed in the current work to categorize the spectral data
of bacterial strain while cross-validation was used to find out
the optimal number of latent variables (LVs).60

PCA and PLS-DA were used to differentiate and
discriminate the effects of different dosages of antibiotic
treatments on Bacillus bacteria. In this study, PLS-DA was
used for discrimination among SERS spectral data sets to
analyze the biochemical alterations induced in bacteria by
exposure to antibiotics.

5. CONCLUSIONS
This work shows that SERS coupled with multivariate data
analysis techniques such as PCA and PLS-DA can distinguish
among unexposed Bacillus subtilis and its treatment with in-
house-synthesized drug and commercial drug tinidazole. SERS
has identified various biochemical changes in the form of SERS
spectral features at 546, 715, 850, 1002, 1132, 1270, 1396,
1416, and 1453 cm−1, which have been found in the literature
reported for their association with antibacterial activity. This
shows that SERS in combination with multivariate data
analysis techniques, including PCA and PLS-DA, and PLSR
analysis can successfully be used to analyze the antibacterial
activity of potential by newly synthesized antibacterial drug
candidates.
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