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1. Introduction

E. coli bacterial strains are primarily responsible for morbidity
and mortality due to infections associated with biomedical
apparatuses, including urethral and intravascular catheters,
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Escherichia coli biofilms are a major cause of gastrointestinal tract diseases, such as esophageal, stomach
and intestinal diseases. Nowadays, these are the most commonly occurring diseases caused by consuming
contaminated food. In this study, we evaluated the efficacy of probiotics in controlling multidrug-resistant
E. coli and reducing its ability to form biofilms. Our results substantiate the effective use of probiotics as
antimicrobial alternatives and to eradicate biofilms formed by multidrug-resistant E. coli. In this research,
surface enhanced Raman spectroscopy (SERS) was utilized to identify and evaluate Escherichia coli
biofilms and their response to the varying concentrations of the organometallic compound bis(1,3-
dihexylimidazole-2-yl) silver() hexafluorophosphate (v). Given the escalating challenge of antibiotic
resistance in bacteria that form biofilms, understanding the impact of potential antibiotic agents is crucial
for the healthcare sector. The combination of SERS with principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA) enabled the detection and characterization of the biofilm,
providing insights into the biochemical changes induced by the antibiotic candidate. The identified SERS
spectral features served as indicators for elucidating the mode of action of the potential drug on the
biofilm. Through PCA and PLS-DA, metabolic variations allowing the differentiation and classification of
unexposed biofilms and biofilms exposed to different concentrations of the synthesized antibiotic were
successfully identified, with 95% specificity, 96% sensitivity, and a 0.75 area under the curve (AUC). This
research underscores the efficiency of surface enhanced Raman spectroscopy in differentiating the
impact of potential antibiotic agents on E. coli biofilms.

prosthetic joints, shunts, and grafts." E. coli is a communal
organism that can form biofilms, which are a collection of
microorganisms that coexist as a community and are frequently
found adhered to solid surfaces in damp environments. Extra-
cellular polymeric substances (EPSs), a class of protective
compounds secreted by microbes in biofilms, help microbes to
survive. Escherichia coli biofilms have been found to be the
primary pathogenic agent in many intestinal infections.”
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After the development of a biofilm, bacteria produce a range
of biopolymers that help in cell-to-cell and cell-to-surface
attachment. These extracellular polymeric substances (EPSs),
which are primarily made up of proteins, lipids, poly-
saccharides, and nucleic acids, help in the mechanical stability
and adhesion of biofilms to surfaces. Additionally, they serve as
scaffolds for three-dimensional biofilm structures that unite
and immobilize the bacterial community.’> In medical settings,
biofilms release toxic substances and can even impede catheters
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due to persistent infections, accounting for 80% or more of all
bacterial infections.* E. coli is a principal factor responsible for
sepsis in neonates and individuals with a weak immune system.
Particularly, the pathogenicity of E. coli depends on its capacity
to build biofilms rather than the toxins it produces.” M13 stands
out as a promising naturally occurring biorecognition element
candidate for targeting E. coli.*” Conventional biological
recognition elements, such as aptamers, antibodies, and
peptides, exhibit high specificity towards targeted bacteria.
However, they are vulnerable to damage under conditions like
elevated temperature, high salt concentration, acidic pH, cha-
otropic agents, and prolonged storage.”®

Quorum sensing (QS), a chemical signaling mechanism, is
used by the densely packed bacterial cells in biofilms to interact
with one another. When the required cell density is reached,
bacteria release autoinducer chemicals into the extracellular
matrix to upregulate the development and maturation of bio-
films.” Autoinducer molecules play an important role in facili-
tating the secretion of virulence factors by the bacterial cells
within the biofilm, thereby modulating the host immune system.
The biofilm presents a challenging barrier as it impedes the
penetration of conventional antibiotics and consequently reduces
their efficacy against the bacterial cells.'>** Therefore, it is urgent
to look into alternative therapeutic agents to treat diseases that
are caused, in particular, by the development of E. coli biofilms.

Characterization of bacteria and their biofilms is generally
performed by using nuclear magnetic resonance (NMR) spec-
troscopy,'? infrared (FTIR) spectroscopy,' mass spectrometry™*
and X-ray crystallography' techniques. Although these tech-
niques can provide information about the biochemistry of
biofilms, they have some limitations. Because of very high
energy, X-ray crystallography can destroy materials if they are
not in powder form. The NMR and FTIR techniques need
rigorous sample preparation and are not appropriate for
samples containing water molecules. For the characterization
and identification of biofilms and bacteria, Christensen's
method,'® polymerase chain reaction'” and Congo red staining*®
methods can be utilized, but they are time-consuming and need
many consumables. The development of novel, fast identifica-
tion techniques that require minimal or no sample preparation
to differentiate between bacteria and biofilms is urgently
needed.* In this work, we evaluated the efficacy of probiotics in
controlling multidrug-resistant E. coli and reducing their ability
to form biofilms. Our results validate the effective use of pro-
biotics as antimicrobial alternatives and to eradicate biofilms
formed by multidrug-resistant E. coli.*

Raman spectroscopy is considered a quick method for the
identification and characterization of bacteria,* but it faces the
problem of weak Raman signals.** However, this can be resolved
by using surface-enhanced Raman spectroscopy, which delivers
specific biochemical information and is regarded to have
substantial potential to characterize and identify bacteria.****
Surface-enhanced Raman spectroscopy (SERS) was introduced
by Fleischmann et al. in 1974 as a robust vibrational spectro-
scopic method.* This innovative technique enables exception-
ally sensitive identification of individual molecules regardless
of the presence of water molecules.”**® Its application has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extended significantly to optics and interface science. SERS
expands the capabilities of Raman spectroscopy beyond its
limitations related to low concentrations and sensitivity. Its
practical applications have diversified, encompassing environ-
mental monitoring,***® food safety analysis,*"** national secu-
rity surveillance,* and biomedical research.**** SERS has also
been employed to investigate the interaction mechanism
between ASOs and SARS-CoV-2 RNA in combination with
machine learning techniques.** SERS employs nanoparticles as
the substrate to boost the Raman signal and has different
applications in bacterial analysis, including the identification of
drug-sensitive/drug-resistant bacterial strains and food-
processing bacteria.***> A sensitive and convenient SERS plat-
form that provides tunable lipid monolayer/bilayer environ-
ments for the investigation of protein secondary structures
during protein-membrane interactions under low physiological
concentrations has been described previously.**

Silver nanoparticles (Ag NPs) have been used as the SERS
substrate to enhance the Raman signal in studies on diverse
microorganisms.** As there are more active sites in silver nano-
particles than gold nanoparticles, the surface plasmon resonance
is amplified and can lead to a stronger SERS enhancement.*

The biofilms of different bacteria, including E. coli, C. albi-
cans, P. aeruginosa, and S. epidermidis, have been characterized
by surface-enhanced Raman spectroscopy.’®*” Surface-
enhanced Raman spectroscopy (SERS) serves as a promising
analytical method for rapid and precise disease detection owing
to its appealing features.*®* Given the difficulty in developing
a highly sensitive and rapid method for bacterial identification
and drug-resistance detection, the use of surface-enhanced
Raman scattering (SERS) has garnered growing interest as
a potent bioanalytical tool for bacterial detection.” In this
study, surface-enhanced Raman spectroscopy is used in
conjunction with chemometric techniques, specifically Prin-
cipal Component Analysis (PCA) and Partial Least Squares
Discriminant Analysis (PLS-DA), to identify and characterize the
biochemical changes caused by the interaction of a potential
antibacterial agent, namely bis(1,3-dihexylimidazole-2-yl) sil-
ver(i) hexafluorophosphate (v), with the biofilm of E. coli
bacteria. Notably, our work proposes a novel method to identify
novel antibacterial agents that are effective against biofilm-
forming bacterial strains, for the first time.

2 Materials and methods

The chemicals required for synthetic work, including benz-
imidazole, benzyl bromide, and potassium hydroxide, were ob-
tained from Alfa Aesar. Silver(i) oxide and KPF, were purchased
from Alfa Aesar. The solvents used, namely methanol, ethanol,
dimethyl sulfoxide (DMSO), n-hexane, 1,4 dioxane, chloroform,
and carbon tetrachloride, were purchased from Sigma Aldrich.

2.1. Synthesis of bis(1,3-dihexylimidazole-2-yl) silver()
hexafluorophosphate (v)

A previously reported method was used, with minor modifica-
tion, to prepare an imidazole-based compound.*® Methanol (50-
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60 mL) was used to dissolve 1 g of imidazolium salt (3.469 mM)
and 1 g of silver oxide (4.314 mM). The mixture was stirred for
48 hours, while the round-bottom flask was covered with
aluminum foil to prevent light exposure. To get a clear solution,
the mixture was filtered through Celite (545) when the reaction
was completed. KPF (1 g, 5.432 mM) was gradually added to the
above-mentioned complex solution prepared in methanol (30-
40 mL) in a different round-bottom flask. The solution was
stirred for 1 h, and the obtained precipitates were filtered and
washed with distilled water and methanol. The complex was
dried at RT for several days and ground to a fine powder. Yields
82%, M. P. 252 °C, 'H NMR (600 MHz DMSO-d, 6 ppm), 0.85 (t,
12H, 4 x CH,), 1.28 (m, 16H, 4 x 2 (CH,)), 1.32 (m, 8H, 4 x
CH,), 1.38 (m, 8H, 4 x CH,), 2.55 (t, 8H, 4 x CH,-N), 4.28 (m,
4H, 4xAliph-H). *C NMR (150 MHz, DMSO-ds, 6 ppm), 13.3
(CH3), 18.8,27.5, 29.3, 33.2 (CH,), 53.4 (CH,-N), 122.3 (C-Aliph),
173.5 (C-Ag).

The synthesis, "H NMR and "*C NMR results of bis(1,3-
dihexylimidazole-2-yl)  silver(i) hexafluorophosphate (V)
compound are discussed in Scheme 1, Fig. 1 and 2, respectively,
in Section 2.1 of the ESLt

2.2. Formation of biofilms

The bacterial isolate (Escherichia coli) is obtained from the insti-
tutional stock cultures. 2.1 g Muller Hinton Broth powder was
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added to a flask and made up to 100 mL using distilled water to
prepare the growth medium. The flask was sterilized in an auto-
clave at 121 °C, 15P and for 15 min and then placed at room
temperature for cooling. Each well of the ELISA plate was filled
with 1 mL of broth and incubated overnight in a rotatory shaker at
37 °C for 24 hours. After this, the bacterial biofilms were exposed
to different concentrations of the lab-synthesized potential anti-
bacterial  agent  (organometallic = compound)  bis(1,3-
dihexylimidazole-2-yl) silver(i) hexafluorophosphate (v) to check
its activity against the biofilm.

2.3. Synthesis and characterization of silver nanoparticles
(Ag NPs)

Silver nanoparticles were prepared by the chemical reduc-
tion method and used as the SERS substrate. In this method,
trisodium citrate Na;C¢H50; (a reducing agent) and silver
nitrate AgNO; (precursor) were used. In 100 mL of distilled
water, 0.017 g of AgNO; was heated at 100 °C, followed by the
addition of 0.025 g of NazCsH50,. The mixture was heated
on a hot plate using a magnetic stirrer for approximately an
hour until gray-colored silver nanoparticles in the size range
of 65 x 45 nm were formed, as characterized and reported
earlier.®* The SEM analysis was performed to characterize
the Ag NPs as shown in Fig. S11 and discussed in Section 2.2
in ESIL.T

H
N
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N
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Scheme 1 Synthesis of bis(1,3-dihexylimidazole-2-yl) silver() hexafluorophosphate (v).

7M4 | RSC Adv, 2024, 14, 7112-7123

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08667d

Open Access Article. Published on 28 February 2024. Downloaded on 1/18/2026 3:26:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances

Alkyl-H
—,
r
<
; oy
Aliph-H E ]
=
3
|
| \ ( )
/’ 1 \
= T T e T T FESgY T T | | N et g
" 10 9 8 7 6 5 R 3 2 1 ppm
Fig. 1 *H NMR spectrum of bis(1,3-dihexylimidazole-2-yl) silver(i) hexafluorophosphate (v).
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Fig. 2 *C NMR spectrum of bis(1,3-dihexylimidazole-2-yl) silver(i) hexafluorophosphate (v).
2.4. SERS spectral acquisition and incubated for 30 minutes. From this mixture, 50 uL was

taken on an aluminum slide for SERS spectral studies. SERS
spectral acquisition was carried out using a Raman micro-
scope spectrometer (ATR8300BS), Optosky China, with

For acquiring the SERS spectra, each biofilm sample was
suspended in an equal volume of the saline solution. 50 pL of
each sample was mixed with 50 pL of Ag NPs in an Eppendorf

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 712-7123 | 7115
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a 785 nm laser that delivers a laser light of 150 mW power on
the sample through a 20x objective lens. An integration time
of 10 seconds was applied to capture 15 Raman spectra in the
400-1600 cm ™' wavenumber range for all bacterial biofilm
samples.

2.5. Pre-processing of SERS data

SERS signals generally include undesirable components, such
as background/substrate contribution, baseline and noise,
which can obstruct the discernment of specific information
about the sample under study. To extract desirable information
from the SERS spectral data, pre-processing was carried out by
using MATLAB software version 7.8 (R2009a).*>

Data pre-processing involved four steps, including substrate
removal, vector normalization, smoothing of data and baseline
correction. After baseline correction of spectral data using
polynomial and rubber band correction techniques, the
Savitzky-Golay algorithm was utilized to smoothen the SERS
signals.

2.6. SERS data analysis

Various chemometric techniques, including PCA and PLS-DA,
were employed to analyze the processed Surface-Enhanced
Raman Scattering (SERS) data, particularly in the context of
multivariate spectral datasets. These methods helped in the
identification of distinct SERS spectral characteristics related to
the biochemical changes in E. coli biofilms induced by the
antibacterial agent. To explore differentiation and variability
across datasets, PCA scatter plots and PCA loadings were per-
formed with the SERS spectral data from E. coli biofilms. The
dimensionality decreased with PCA, but variability remained
unaltered. The correlated variables were transformed into
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uncorrelated variables by this qualitative analysis method, in
which the primary principal component (PC-1) explains the
majority of variance in the datasets, while the remaining vari-
ability is explained by PC-2.

A flexible and supervised modelling technique (PLS-DA) was
used to calibrate and validate the multivariate discriminant
models obtained from the SERS spectral data sets to determine
the impact of the antibacterial drug on E. coli biofilms. This
model constructs a classification using spectral data comparing
x- and y-variables. After combining all the spectral data into
a matrix, the randomization command was utilized to eliminate
bias. Then, data were divided into calibration sets and valida-
tion sets, each comprising 80% and 20% of the total data. Cross-
validation was performed using Monte Carlo cross-validation.

The receiver operating characteristic (ROC) curve is
frequently used to assess the effectiveness of binary classifica-
tion systems. There are four possible results for binary classi-
fication, including true positives, false positives, true negatives
and false negatives. After determining the true positive rate
(sensitivity) and false positive rate (specificity), the ROC curve
was plotted. Sensitivity is determined as the ratio of true posi-
tive samples to the combined forms of samples (true positive
and false negative) on the y-axis. It was determined using the
below formula:

true positive
true positive + false negative

TPR = sensitivity =

Specificity is determined as the ratio of false positive samples
to the combined forms of samples (false positive and true
negative) on the x-axis. It was determined as:

===Unexposed E.coli
===F.coli+31.25% drug
0.8 E.coli+62.15% drug
67 = T.coli+125% drug
653 5726 E.colit250% drug
567 747 955 1024 1128  1245[——E.colit500% drug
7002 535, 625M [\ 807 906 1000 1005 1206, 1318 1453
- VI A ¥ -y
£0.41 T i ! !
é L | Jlk'\_‘\/%\,-.—v:— ! - o,
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= 04f 1S VNN
™A \/\./g\-\M\._-/:\_,-A\,./I | RN
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Wavenumber (cm )

Fig. 3 Mean SERS spectra of the unexposed Escherichia coli biofilm and those exposed to various concentrations of the lab-synthesized
antibacterial agent bis(1,3-dihexylimidazole-2-yl) silver() hexafluorophosphate (v).
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FPR = specificity — false positive 3 Results and discussion

false positive + true negative

3.1. Mean SERS spectra

According to the diverse biomolecular components, the mean
SERS plot in Fig. 3 shows several SERS spectral features that
distinguish the impact of the antibacterial agent on the E. coli
biofilm. The majority of the biochemical components are linked

FPR = specificity = 1 — sensitivity

Table1 Assignment of SERS peaks indicating the effect of the antibacterial agent bis(1,3-dihexylimidazole-2-yl) silver(i) hexafluorophosphate (v)
on E. coli biofilms

SERS peaks (cm ™) Peak assignments Components References
412 Carbohydrate Carbohydrate 53
535 Guanine DNA/RNA 54
567 Adenine DNA/RNA 54
625 Hypoxanthine DNA/RNA 54
653 Xanthine DNA/RNA 54
675 C-S stretching and C-C twisting of proteins (tyrosine) Protein 55
726 Ring breathing DNA/RNA 56
747 Thymine DNA/RNA 57
807 n(CC) ring breathing (DNA) DNA/RNA 58
906 Vibration of the epoxide ring in GMA Lipids 59
955 Xanthine DNA/RNA 54
1000 Protein Protein 47
1024 Hypoxanthine DNA/RNA 54
1095 DNA: O-P-O™ DNA/RNA 60
1128 Guanine DNA/RNA 54
1206 Protein Protein 61
1245 Adenine ring-breathing mode DNA/RNA 62
1318 Guanine breathing ring, DNA DNA/RNA 63
1453 Amide band (C=O vibration) Proteins 64
0.3r
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Fig. 4 PCA scatter plot of the SERS spectra of Escherichia coli biofilms demonstrating the effect of different concentrations of the antibacterial
drug bis(1,3-dihexylimidazole-2-yl) silver()) hexafluorophosphate (v).
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to amino acids, carbohydrates, lipids, proteins and DNA/RNA.
The solid lines indicate the discriminating SERS bands, while
the dotted lines indicate SERS bands with intensity-based
differences. In the mean plot, six samples are represented by
different colors; red represents the SERS spectrum of the
unexposed E. coli biofilm, and the remaining five spectra are
those of the bacterial biofilms exposed to different concentra-
tions of the antibacterial agent. Purple represents 31.25%, cyan
represents 62.15%, black represents 125%, green represents
250% and blue represents 500% antibacterial concentration.

In Fig. 3, the SERS differentiating bands include those found
at 412 cm™ ' (carbohydrates), 535 cm ™' (guanine), 567 cm '
(adenine), 653 cm™ ' (xanthine), 675 cm ™" (C-S stretching and
C-C twisting of proteins (tyrosine)), 747 cm™" (thymine),
906 cm ™' (vibration of the epoxide ring in GMA), 1024 cm ™"
(hypoxanthine), 1095 c¢cm ' (DNA: O-P-O7), 1206 cm '
(proteins), 1318 ecm™' (guanine breathing ring, DNA) and
1453 cm ™' (amide band (C=0 vibration)) (Table 1).

The SERS features labelled by dotted lines show differences
based on intensity due to the effect of the antibacterial agent.
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These SERS features include 625 cm ' (hypoxanthine),
726 cm™ ' (ring breathing), 807 cm™" (n(CC) ring breathing
(DNA)), 955 cm ™" (xanthine), 1000 cm ™" (proteins), 1128 cm ™"
(guanine) and 1245 cm ™' (adenine ring-breathing mode).

It is evident that the intensity of DNA-related peaks had
changed. The intensity of the SERS bands at 567, 726, 1024 and
1095 cm ™! increased as the concentration of the lab-synthesized
antibacterial drug increased. This also indicates that adenine
and adenine-containing molecules and the ring breathing
mode of purine increased as the concentration of the lab-
synthesized drug increased. The intensity of the SERS bands
at 535, 747, 807, 1128 and 1245 cm ' decreased as the

concentration of the lab-synthesized antibacterial drug
increased, representing the disintegration of DNA.
Several peaks, such as 675, 1000 and 1206 cm *, could be

assigned to proteins and indicated solid and intensity-based
differences. The intensity of the SERS band at 675 cm ™'
increased as the concentration of the lab-synthesized antibac-
terial drug increased. The intensity of the SERS bands at 1000
and 1206 cm ™' decreased as the concentration of the lab-

= 0.15r )
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= 01f * E.coli+31.25% dru
]
< 0.05F -
£ D r
£
z 7 .
g 0.05 o.
o ‘.
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g 1 1 ® 1 1 1 L 1 ]
-~ -0.& — — — p
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
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Fig. 5

(a) Pairwise PCA and (b) scatter plot loadings of the unexposed Escherichia coli biofilm and the biofilm exposed to the lowest

concentration (31.25%) of the antibacterial drug bis(1,3-dihexylimidazole-2-yl) silver()) hexafluorophosphate (v).

7M8 | RSC Adv, 2024, 14, 7112-7123

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08667d

Open Access Article. Published on 28 February 2024. Downloaded on 1/18/2026 3:26:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

synthesized antibacterial drug increased, indicating the dena-
turation of proteins, which leads to cell death. The SERS peak
related to carbohydrates detected at 412 cm ™' decreased in
intensity as the concentration of the lab-synthesized antibac-
terial drug increased.

The peaks of the SERS associated with lipids found at
906 cm ™' (vibration of the epoxide ring in GMA) and 1453 cm ™"
(amide band (C=O vibration)) increased in intensity as the
concentration of the lab-synthesized antibacterial drug
increased. These peaks are directly associated with the
enhanced rate of saturation of unsaturated fatty acids in
bacterial cells and amides after the application of the antibac-
terial drug. These lipids and proteins are considered useful in
bacterial quorum sensing, a mechanism of communication
among bacteria within the biofilm.*

3.2. Principal component analysis (PCA)

Principle component analysis was employed to differentiate the
spectral features of the bacterial biofilm samples exposed to
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different antibiotic concentrations from those of the unexposed
biofilm. Fig. 4 displays the PCA scatter plot of all the SERS
spectra. The purple, cyan, black and green dot clusters repre-
sent the spectral data sets of the different drug concentrations,
namely 31.25, 62.15, 125 and 250%, respectively, and were
present on the positive side of PC-1. The red and blue dots
represent the spectral features of the unexposed E. coli biofilm
and at 500% drug concentration, respectively; they were
grouped together on the negative side of PC-1 in the scatter plot.

Fig. 5(a) represents the pairwise scatter plot analysis of the
SERS spectra of the unexposed E. coli biofilm (red) and that
exposed to 31.25% antibacterial drug (blue). It demonstrates
a significant difference between the two. The red cluster seen on
the negative side of PC-1 is related to the SERS spectra of the
unexposed E. coli biofilm, while the blue cluster present on the
positive side of PC-1 is related to the SERS spectral features of
the biofilm exposed to the lab-synthesized drug (31.25%). The
variability through PC-1 was 78.33% while the variability
explained by PC-2 is 12.01%. Fig. 5(b) represents the pairwise
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g oI * E.coli+500% drug
) e®
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Fig. 6 Principal component analysis (PCA) pairwise visualization: (a) scatter plot and (b) loadings comparing the unexposed Escherichia coli
biofilm with the biofilm exposed to the highest concentration (500) of the antibacterial drug bis(1,3-dihexylimidazole-2-yl) silver() hexa-

fluorophosphate (v).
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PCA loadings of the SERS spectral data sets of the unexposed E.
coli biofilm and that exposed to the lowest concentration of the
lab-synthesized drug. The comparative SERS analysis shows
clear differences between the exposed and unexposed bacterial
biofilms. The negative loadings, including 412 cm™" (carbohy-
drates), 726 cm ™' (ring breathing) and 1453 cm™* (amide band
(C=0 vibration)), are associated with the SE unexposed E. coli
biofilm. The positive loadings, including 675 ecm ' (C-S
stretching and C-C twisting of proteins (tyrosine)), 1128 cm™*
(guanine) and 1245 cm™ " (adenine ring-breathing mode), are
related to the biofilm exposed to the lowest concentration of the
lab-synthesized antibacterial drug (31.25%).

Fig. 6(a) represents the comparative scatter plot of unex-
posed E. coli (green) and the biofilm exposed to 500% antibac-
terial drug (black). A significant difference can be seen between
these groups. The green cluster present on the negative side of
PC-1 is related to the SERS spectra of the unexposed E. coli
biofilm, while the black cluster present on the positive side of
PC-1 is related to the SERS spectra of the biofilm exposed to
500% lab-synthesized drug. In this case, 94.72% of the vari-
ability was explained by PC-1, while 3.56% of the variability was
explained by PC-2. Fig. 6(b) represents the pairwise PCA load-
ings of the SERS spectral data sets of the unexposed E. coli
biofilm and the biofilm exposed to the highest concentration of
the lab-synthesized drug. The SERS analysis shows clear
differences between the exposed and unexposed bacterial
biofilms.

The negative loadings, including 412 cm ™" (carbohydrates),
535 cm™ ' (guanine), 653 cm ™' (xanthine), 955 cm ™ (xanthine),
1000 cm ™" (proteins), 1128 cm™' (guanine) and 1206 cm ™"
(proteins) are associated with the unexposed E. coli biofilm. The
positive loadings, including 675 cm™" (C-S stretching and C-C
twisting of proteins (tyrosine)), 726 cm ' (ring breathing),

-1
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1095 cm ! (DNA: O-P-0") and 1453 cm™ ' (amide band (C=0
vibration)), correlate with the sample exposed to the highest
concentration of the lab-synthesized antibacterial drug ie.,
500%.

3.3. Partial least squares discriminant analysis (PLS-DA)

The PLS-DA model is helpful for differentiation, quantitative
classification and calculating the sensitivity and specificity
of the SERS technique for a specific purpose. In this study,
this model was used for the classification of the spectral
attributes of the unexposed E. coli biofilm and those exposed
to various doses of the antibacterial agent. The chosen
number of latent variables for this purpose was 5, and the
calibration and validation data accounted for 80% and 20%,
respectively.

Fig. 7 illustrates the score plot of the PLS-DA model obtained
for the six classes of SERS data sets belonging to the unexposed
E. coli biofilm and biofilms exposed to different doses of the lab-
synthesized antibacterial compound. The SERS spectral
features of the unexposed E. coli, and E. coli biofilms exposed to
different doses of the lab-synthesized compound (represented
by different colors) are seen on the positive side of the score
plot.

The area under the receiver operating characteristics (ROC)
curve was 0.75, as seen in Fig. 8, based on the analysis of the
SERS spectral features of the biofilms through PLS-DA. The
range of this model is 0 to 1; if the value is close to 1, the model
is more accurate, as 1 represents the highest level of validity and
accuracy. The suggested model displays outstanding perfor-
mance in identifying the E. coli biofilm and the impact of
various doses of the synthesized compound on the E. coli bio-
films using SERS data sets.
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Fig. 7 Score plot of the PLS-DA model of the SERS data sets of the unexposed E. coli biofilm and biofilms exposed to various doses of the lab-
synthesized antibacterial drug bis(1,3-dihexylimidazole-2-yl) silver() hexafluorophosphate (v).
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Fig. 8 Receiver operating characteristic (ROC) curve of the partial least squares discriminant analysis (PLS-DA) model applied to the surface-
enhanced Raman spectroscopy (SERS) spectral datasets pertaining to Escherichia coli biofilms. The curve depicts the impact of different
concentrations of the compound bis(1,3-dihexylimidazole-2-yl) silver(i) hexafluorophosphate (v) on the biofilm.

4 Conclusion

In this work, surface-enhanced Raman spectroscopy (SERS)
emerges as a valuable technique for categorizing SERS spectral
datasets associated with both unexposed and drug-exposed
Escherichia coli biofilms at varying concentrations of a labora-
tory-synthesized compound. The SERS spectra obtained from
the different bacterial biofilm samples were used to identify the
distinctive SERS spectral features related to the different
biochemical changes that take place in the bacterial biofilm.
The SERS spectral data sets of the E. coli biofilm and the impact
of different concentrations of the lab-synthesized compound
bis(1,3-dihexylimidazole-2-yl) silver(i) hexafluorophosphate (v)
on biofilm were categorized using PCA and PLS-DA models.
These SERS peaks linked to key biomolecules like lipids,
carbohydrates, nucleic acids, and proteins were identified. The
distinguishing SERS bands (solid lines in the mean plot)
included 412 cm™' (carbohydrates), 535 c¢cm ' (guanine),
567 cm ' (adenine), 653 cm ' (xanthine), 675 ecm ' (C-S
stretching and C-C twisting of proteins (tyrosine)), 747 cm™"
(thymine), 906 cm ™" (vibration of the epoxide ring in GMA),
1024 cm™' (hypoxanthine), 1095 cm™' (DNA: O-P-O7),
1206 cm ™~ (proteins), 1318 cm ™' (guanine breathing ring, DNA)
and 1453 cm ' (amide band (C=O vibration)). The SERS
features labelled by the dotted lines show intensity-based
differences due to the effect of the antibacterial agent. These
SERS features included 625 cm ' (hypoxanthine), 726 cm™*
(ring breathing), 807 em™" (n(CC) ring breathing (DNA)),
955 cm ™! (xanthine), 1000 cm ™' (proteins), 1128 cm " (guanine)
and 1245 cm ' (adenine ring-breathing mode). This quantita-
tive approach enables precise discrimination of different
concentrations of the antibacterial agent against E. coli biofilms
based on SERS spectral data. Given the sensitivity of 96%,

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

specificity of 95%, area under the curve (AUC) of 0.75, precision
of 97%, and accuracy of 98%, Partial Least Squares Discrimi-
nant Analysis (PLS-DA) proves to be a valuable method for
discriminating and identifying diverse spectral data associated
with E. coli biofilms, as well as for assessing the influence of
varying antibiotic doses.
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