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Drug-resistant pathogenic bacteria are a major cause of infectious diseases in the world and they have
become a major threat through the reduced efficacy of developed antibiotics. This issue can be
addressed by using bacteriophages, which can kill lethal bacteria and prevent them from causing
infections. Surface-enhanced Raman spectroscopy (SERS) is a promising technique for studying the
degradation of infectious bacteria by the interaction of bacteriophages to break the vicious cycle of
drug-resistant bacteria and help to develop chemotherapy-independent remedial strategies. The phage
(viruses)-sensitive  Staphylococcus aureus (S. aureus) bacteria are exposed to bacteriophages
(Siphoviridae family) in the time frame from O min (control) to 50 minutes with intervals of 5 minutes and
characterized by SERS using silver nanoparticles as SERS substrate. This allows us to explore the effects
of the bacteriophages against lethal bacteria (S. aureus) at different time intervals. The differentiating
SERS bands are observed at 575 (C-C skeletal mode), 620 (phenylalanine), 649 (tyrosine, guanine (ring
breathing)), 657 (guanine (COO deformation)), 728-735 (adenine, glycosidic ring mode), 796 (tyrosine
(C=N stretching)), 957 (C-N stretching (amide lipopolysaccharides)), 1096 (PO, (nucleic acid)), 1113
(phenylalanine), 1249 (CH, of amide Ill, N-H bending and C-O stretching (amide Il1)), 1273 (CH,, N-H,
C-N, amide Ill), 1331 (C-N stretching mode of adenine), 1373 (in nucleic acids (ring breathing modes of
the DNA/RNA bases)) and 1454 cm~* (CH, deformation of saturated lipids), indicating the degradation of
bacteria and replication of bacteriophages. Multivariate data analysis was performed by employing

principal component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) to study the
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Accepted 12th January 2024 biochemical differences in the S. aureus bacteria infected by the bacteriophage. The SERS spectral data

sets were successfully differentiated by PLS-DA with 94.47% sensitivity, 98.61% specificity, 94.44%
precision, 98.88% accuracy and 81.06% area under the curve (AUC), which shows that at 50 min interval
S. aureus bacteria is degraded by the replicating bacteriophages.
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the major cause of infectious diseases in the world.* Staphylo-
coccus aureus (S. aureus) is a facultative Gram-positive coccus,
displaying toxin-mediated virulence, and is capable of causing
various infections, including sepsis, pneumonia, endocarditis,
meningitis, food poisoning and postsurgical wound
infections.**® The S. aureus concentration of 10° to 10° CFU per
gram of food is enough to induce food poisoning;”* therefore,
there is a legal requirement in many countries around the world
to test for and ensure that food is free of S. aureus contamina-

1. Introduction

Infectious diseases caused by pathogenic bacteria that are
resistant to antibiotics result in more than a quarter of deaths
worldwide each year, after cardiovascular diseases."* Despite
food safety measurements, pathogenic foodborne infections are
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tion. This bacterium is mostly found in the atmosphere, water,
dust, warm-blooded animals, human skin and nasal cavity,
which can contaminate food and cause nosocomial infections
and community-acquired diseases.*”

Some strains of S. aureus are highly resistant to antibiotics,
including penicillin and methicillin, despite the development
of novel drugs to combat these pathogenic bacteria, and there is
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an urgent need to develop effective drugs to overcome these
infections.*™ Bacteriophages are a valuable therapeutic alter-
native to antibiotics to overcome infectious bacteria.'> Bacte-
riophages are viruses that infect and lyse bacteria and these
phages are used as bioagents to treat pathogenic infections."**
The lytic phage cycle reduces the capability of bacteria to
become phage-resistant by rapidly killing the target host.** The
clinical applications of phages are control of living bactericidal
or natural mutants, the use of phage-encoded bacteriolytic cell
wall lysin as trans glycosidase, phage proteins as metabolic
inhibitors and phage display in proteins fused to antibodies.*
Staphylococcal phages have been extensively used in genetic
study and phage typing of S. aureus; they have prophages of
genomes that change the phenotype, resulting in lysogenic
changes with virulence factors.'>*® The lysogenic action results
in changes in the host macrorestriction maps due to the inte-
gration of prophages into bacterial chromosomes.*

S. aureus bacteria can be detected by culture-based method,
which is time consuming (4-7 days), and some immunological
techniques, such as immunoprecipitation, immunoblotting
and enzyme-labeled immunosorbent assay (ELISA), in which S.
aureus can be identified by the specific antigen and antibody
binding.>"” Time-saving and fast techniques have been intro-
duced for the automated and quantitative identification of S.
aureus in food, including mass spectrometry and polymerase
chain reaction (PCR).”*®' However, these techniques need
highly trained technicians with expensive instrumentation and
pretreatment processes.>>** SERS-based bacterial detection can
be helpful for monitoring food safety as this technique is rapid,
nondestructive and provides fingerprints with high sensitivity
due to the surface enhancement from using nanoparticles as
the substrate.*?>*

SERS, with its high chemical specificity and nondestructive
detection ability, has been used to analyze the chemical
composition of biological samples using silver nanoparticles for
enhancement in cancer screening, HCV detection and intra-
operative surgical measurements to detect bacteria with valu-
able identification of biological compounds.”*** Silver (Ag) or
gold (Au) nanoparticles are extensively used as SERS substrates
for the target recognition of biological molecules, playing
a crucial role in SERS accuracy and specificity. Silver nano-
particles (AgNPs) have been used in various areas, including in
food, medical fields and various industries, owing to their
optical, electrical, thermal and specific chemical and physical
properties.”®*” AgNPs have a high surface plasmon resonance
due to their small surface area and large number of active
sites.””

SERS has been used to characterize different pathogens,
including Listeria and Salmonella, by the implementation of
bacteriophage interaction.”®* In this work, the temporal
changes in pellets of phage-sensitive infectious S. aureus after
interaction with bacteriophages are characterized by SERS
using silver nanoparticles as the substrate to study the inacti-
vation of infectious S. aureus. Chemometric tools including
principal component analysis (PCA) and partial least squares-
discriminant analysis (PLS-DA) are used to classify the SERS
spectra of these bacterial samples on the basis of their
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characteristic SERS features representative of the temporal (0 to
50 minutes at intervals of 5 minutes) biochemical changes in
phage-sensitive infectious S. aureus pellets as a result of lysis
caused by the bacteriophages.

2. Materials and methods

2.1. Bacteriophage interaction with bacteria

The samples for the isolation of S. aureus strains were obtained
from hospitalized patients suffering from burn wounds
admitted to the burn ward of Allied Hospital, Faisalabad,
Pakistan. For sampling from humans, ethical approval was
obtained from the Institutional Biosafety Committee (IBC),
University of Agriculture Faisalabad, Pakistan. Permit number
1292/ORIC was issued by the IBC. A lytic bacteriophage against
S. aureus was isolated from sewage water. A time series analysis
of the effect of the bacteriophage on the killing of the bacteria
was conducted by mixing the phage and bacteria in nutrient
broth at MOI 1, i.e., 10 CFU mL ™" of phage was mixed with 10°
CFU mL " of bacterial strain. After mixing freshly grown over-
night bacterial cultures with the phage, samples were taken for
analysis at time intervals of 5 minutes from 0 to 50 minutes. The
bacteriophage used in this study belongs to the Siphoviridae
family, as concluded from electron microscopic studies.
Samples were centrifuged and pellets of the phage-exposed
bacteria were separated by centrifugation at 8000 rpm for
10 min.

2.2. Synthesis of silver nanoparticles

Silver nanoparticles (Ag NPs) of monodispersed and interme-
diate size for use as the substrate for the SERS measurements
were prepared by the chemical reduction method. Briefly, 51 mg
of silver nitrate (AgNO;) was added to 300 mL of deionized water
and heated with continuous stirring to obtain a temperature of
100 °C temperature. Then, 75 mg of tri-sodium citrate
(Na3CeH50,) was added as a reducing agent and capping ligand.
The mixture was then heated for about 2 hours on a hot plate to
obtain a gray-coloured suspension of AgNPs, which was
centrifuged to obtain nanoparticles with size of around 45-
65 nm.***

2.3. SERS spectral acquisition

For the SERS spectral measurements, 40 pl of S. aureus pellet,
dispersed in deionized water, after interaction with bacterio-
phages, is mixed with 40 pl of silver nanoparticles in Eppendorf
and left for 30 minutes incubation time to allow the effective
interaction of the pellets with the silver nanoparticles. An
Optosky Raman spectrometer (ATR8300BS) with a 785 nm diode
laser as the excitation source delivering 50 mW laser through
a 40x objective lens is used for the spectral data measurements
for pellets of bacteriophage-attacked S. aureus samples. For this
purpose, 50 pl of incubation mixture was transferred to an
aluminum slide for the spectral measurements. In the spectral
range of 300-1600 cm ', 15 SERS spectra were collected with
integration time of 15 seconds. These conditions were kept
constant for all the phage-exposed S. aureus pellet samples

© 2024 The Author(s). Published by the Royal Society of Chemistry
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taken at different times, including 0 (control), 5, 10, 15, 20, 25,
30, 35, 40, 45 and 50 minute intervals.

2.4. Pre-processing of SERS spectral data

SERS spectral raw data was preprocessed using MATLAB
7.8.0.347 with in-house built chemometric codes to remove
unwanted components like noise, baseline and substrate in
order to obtain useful information and enhance the promi-
nence of features.* All the spectral data was imported in
a single matrix in MATLAB and algorithms were applied for the
substrate removal, baseline correction, data smoothing and
vector normalization. Data smoothing was done using the
Savitzky-Golay algorithm® while for the baseline correction
polynomial and rubber band algorithms were applied.

2.5. Chemometric analysis of SERS spectral data

Chemometric statistical tools including principal component
analysis (PCA) and partial least squares-discriminant analysis
(PLS-DA) were applied for the analysis of multivariate SERS
processed data. The differentiation of the SERS spectral data for
the pellets of the bacteriophage-interacted S. aureus in the
timeframe of control (0 min) to 50 min at intervals of 5 minutes
was achieved using chemometric analysis. PCA is a qualitative
analysis technique that is used to study the differentiation and
variability of datasets in the form of PCA scatter plots and PCA
loadings. In PCA, the variability remains unchanged by
reducing the dimensionality as it converts the correlated vari-
ables to uncorrelated variables. Maximum variability can be
calculated from the first principal component (PC-1) while the
second principal component (PC-2) show less variability than
PC-1, and so on.

PLS-DA is a versatile modeling tool that can be used for the
calibration and validation of processed SERS datasets by clas-
sifying the SERS spectra of the timeframe-based bacteriophage-
infected bacterial strain (S. aureus) samples. This tool classifies
the SERS spectra of timeframe-based samples on the basis of
the information of x-variables against y-variables. Randomiza-
tion is applied to spectral data in a matrix to mix up the data,
which is split into 60% calibration and 40% validation. Monte
Carlo cross-validation is used to get the latent variables. The
receiver operating characteristic (ROC) curve is used to evaluate
the binary classification algorithm to get information about the
false positive, true positive, false negative and true negative
results of classification of the SERS spectral groups.

3. Results and discussion

3.1. Silver nanoparticle analysis

SEM analysis is used to study the surface morphology along
with the size of silver nanoparticles, as shown as Fig. S7(a),t
which indicates that AgNPs are spherical in shape leading to
mono-dispersity with the average size of 53 nm (Fig. S7(b)¥).
Aggregation is due to the refined form of AgNPs of intermediate
size from 45-65 nm. The surface is smooth with well-defined
crystalline structure. Elemental analysis through EDX, as
shown in Fig. S7(c),t shows that the weight percentage of silver
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is 85.38% without any contaminants, making it suitable for the
enhancement of the SERS signal.

The antibacterial activity of silver nanoparticles depends
upon their size as small size particles (5, 7 and 10 nm), due to
their high surface area and high particle penetration, show
higher antibacterial activity when incubated for 24 hours at 37 ©
C (ref. 34-36) as compared to intermediate size nanoparticles of
45-65 nm (average 53 nm), which are used in the current study.
It is also reported in the literature that the minimum inhibitory
concentration (MIC) of silver nanoparticles of 10, 50 and 63 nm
size against S. aureus when incubated for 24 hours are 80, 130
and 160 mg L', respectively. Moreover, the minimum bacte-
ricidal concentration (MBC) values are found to be 100, 160 and
200 mg mL~" for silver nanoparticles of 10, 50 and 63 nm,
respectively, which indicates that the AgNPs of the size 50 and
63 nm show very little antibacterial activity after 24 hours of
incubation.® Notably, in the current work, silver nanoparticles
with intermediate particle size (45-65 nm) were used for the
enhancement of Raman signals. This helped to improve the
Raman spectral signal while the incubation of samples with
AgNPs for 30 minutes showed no antibacterial effect on the
bacterial samples because the incubation time is very low for
the NPs to interact with the bacteria.

3.2. SERS mean spectra

Fig. 1 shows the SERS spectra of bacteriophage-infected S. aureus
pellets samples taken at 0 (control) 5, 25, 35 and 50 minutes of the
degradation process of infectious phage-sensitive bacteria. The
mean SERS spectra starting from 0 to 50 minutes with intervals of
5 minutes are shown in Fig. S1.f There are three sets of time
intervals, 5 to 20 minutes, 25 and 30 minutes, 35 to 45 minutes, in
which each set has differentiating SERS features indicating the
biochemical changes taking place owing to the interaction of the
phage with the host bacterial pellet samples, but there are no
significant peak differences among the SERS spectra of the same
set except for intensity-based differences, which are shown in
Fig. S2-54,1 respectively. The differentiating SERS peaks are
associated with the biochemical components, including carbo-
hydrates, proteins, amino acids, DNA/RNA and lipids. The solid
lines labeled in the spectra represent the differentiating SERS
peaks while the dotted dash lines represent the intensity-based
differences of SERS peaks. The literature revealed that when S.
aureus bacteria is infected by bacteriophage, the phage replication
is completed in approximately 50 minutes, which is the latent
period (time interval between the absorption and the beginning of
the first burst) after the infection.*”*

The differentiating SERS features include 575 (C-C skeletal
mode), 620 (phenylalanine), 649 (tyrosine, guanine (ring
breathing)), 657 (guanine (COO deformation)), 728-735
(adenine, glycosidic ring mode), 796 (tyrosine (C-N stretching)),
957 (C-N stretching (amide lipopolysaccharides)), 1096 (PO,
(nucleic acid)), 1113 (phenylalanine), 1249 (CH, of amide III,
N-H bending and C-O stretching (amide III)), 1273 (CH,, N-H,
C-N, amide III), 1331 (C-N stretching mode of adenine), 1373
(in nucleic acids (ring breathing modes of the DNA/RNA bases))
and 1454 cm~ ' (CH, deformation of saturated lipids).
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Fig. 1 Mean SERS spectra of control and phage-exposed S. aureus bacterial samples including 5, 25, 35 and 50 minutes of exposure with the

most differentiating time intervals of phage exposure.

The intensity-based differences are denoted by dotted dash
lines, which show that the biochemical features are present in
all the bacteriophage-infected S. aureus pellet samples taken at
5 minute intervals from 0 to 50 minutes. These include 483 (C-
C-C deformation), 531 (S-S stretching, C-O-C glycosidic ring
deformation), 865 ((C-O-C) 1,4 glycosidic link), 1005 (C-C
aromatic ring of phenylalanine and skeletal stretching of tryp-
tophan, CCH stretching of carotenoids), 1143 (C-N amide
stretching, C-C (stretching)) and 1547 ecm ' (C=C asymmetric
stretching).

The SERS peaks observed at 483, 531, 575 and 865 cm™
correspond to carbohydrates. The peak at 575 cm ' is only
observed in the control and disappeared in all other samples
taken at 5-50 min, which means that the bacteriophage
released the enzyme endolysins® on the surface of the cell wall
to destroy it, causing structural changes (S-S stretching, C-O-C
glycosidic ring deformation) in peptidoglycan, which is associ-
ated with the carbohydrates. Peptidoglycan is the major
component of the cell wall surrounding the cytoplasmic
membrane; it is not vital for the cell wall to function, but acts as
an Achilles’ heel.** Bands with differences in intensity were
observed at 483 (C-C-C deformation), 531 (S-S stretching,
C-0-C glycosidic ring deformation) and 865 cm ™" ((C-O-C) 1,4
glycosidic link). These bands all showed increasing intensity
from the control sample to the one exposed to bacteriophages
for 50 minutes. This suggests an increasing amount of carbo-
hydrates with increasing exposure to bacteriophages, which is
attributed to the presence of virion-associated active enzymes,
specifically polysaccharide depolymerases, which break down
polysaccharides.*

SERS bands linked to DNA are observed at 649 (tyrosine,
guanine (ring breathing)), 657 (guanine (COO deformation)),
728-735 (adenine, glycosidic ring mode), 1096 (PO, (nucleic
acid)), 1331 (C-N stretching mode of adenine) and 1373 cm™"
(in nucleic acids (ring breathing modes of the DNA/RNA bases))

1
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in which 657 (guanine (COO deformation)), 728 (adenine,
glycosidic ring mode) and 1096 cm™" (PO, (nucleic acid)) are
observed only in the control and not in samples from 5 to 50
minutes, which means that there is a high quantity of DNA in
the S. aureus samples due to the presence of double stranded
chromosomal plasmid DNA, which performs the replication
and transformation of genes in the other host colonies.*»** The
plasmid of S. aureus, which produces the virulence factors and
toxins and encodes the host survival elements, is resistant to
antimicrobials, heavy metals and biocides, which enables S.
aureus to adapt to different environments.** The SERS spectral
bands at 649 (tyrosine, guanine (ring breathing)), 735 (adenine,
glycosidic ring mode) and 1331 em™" (C-N stretching mode of
adenine) increase in intensity in the samples taken from 5 to 50
minutes, which corresponds to the increase of the DNA of the
infected S. aureus, while the spectral peak at 1373 cm™ " (ring
breathing modes of the DNA/RNA bases in nucleic acids) is only
observed with higher intensity in the 50 minutes exposed
bacterial sample, which means that the bacteriophage DNA is
replicating and its contents are increasing at different time
intervals.*>

SERS peaks corresponding to proteins are observed at 620
(phenylalanine), 796 (tyrosine (C-N stretching)), 957 (C-N
stretching (amide lipopolysaccharides)), 1005 (C-C aromatic
ring of phenylalanine and skeletal stretching of tryptophan,
CCH stretching of carotenoids), 1113 (phenylalanine), 1143 (C-
N amide stretching, C-C (stretching)), 1249 (CH, of amide III,
N-H bending and C-0), 1273 (CH,, N-H, C-N, amide III) and
1547 (C=C asymmetric stretching) cm ™", of which the peaks at
620 (phenylalanine), 957 (C-N stretching (amide lipopolysac-
charides)) and 1249 cm ™" (CH, of amide III, N-H bending and
C-0), are present only in the control and the samples from 5
minutes to 45 minutes of phage exposure time. Moreover, the
peak at 796 cm ™" (tyrosine (C-N stretching)) is observed only in
the control sample and the feature at 1113 cm ™' is observed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the samples with 5-50 minutes of exposure time and the peak at
1273 cm™ ' appears in the 50 minutes phage-exposed samples.
The SERS peaks observed at 1005, 1143 and 1547 cm ' are
present in all the phage-exposed samples with intensity-based
differences. The S. aureus bacteria have virulence-associated
cell wall anchor (CWA) proteins that are covalently attached to
the peptidoglycan of the cell wall. These proteins are anchored
to trans peptidases of the cell wall, which are known as sor-
tases.”” The bacteriophage has a capsid protein that encases the
viral genome and also a tail that is made of protein. These
proteins help to recognize the receptor surface of the host
bacteria.***° The SERS peak related to lipids at 1454 cm ™" (C=C
asymmetric stretching) only appeared in the 50 minutes phage-
exposed bacterial sample and is probably associated with the S.
aureus cytoplasmic membrane where the presence of lipids
protects the membrane from rupturing.® All peak assignment
for the SERS spectra for the control and phage-exposed S. aureus
bacterial samples have been given in Table 1.

The SERS bands at 575 (C-C skeletal mode), 657 (guanine
(COO deformation)), 728 (adenine, glycosidic ring mode), 743
(C-S stretching), 796 (tyrosine (C-N stretching)) and 1096 cm ™"
(PO, (nucleic acid)) were only found in the control samples,
which show that the bacteriophage started inactivation of
infectious S. aureus after the first minute of exposure, while the
SERS bands at 620 (phenylalanine), 649 (tyrosine, guanine (ring
breathing)), 1096 (PO, (nucleic acid)), 1113 (phenylalanine),
1273 (CH,, N-H, C-N, amide III), 1331 (C-N stretching mode of
adenine), 1373 (in nucleic acids (ring breathing modes of the
DNA/RNA bases)) and 1454 cm ™' (CH, deformation of saturated
lipids) are only observed in the spectra of the phage-exposed
samples, which confirms the replication of the viral genome
to make further copies of bacteriophage.
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Moreover, as described in the proposed schematic diagram
of SERS characterization of bacteriophage-infected S. aureus
bacteria (Fig. S81t), the identified SERS spectral features can be
correlated with the possible known mechanism of interaction of
the bacteriophages with S. aureus bacteria. The bacteriophage
injects its viral DNA into S. aureus at 0 min and the reaction
starts from 0 to 5 minutes. At 5 min, the disappearance of peaks
at 657 and 1096 cm ™ ', assigned to DNA, indicates that the host
DNA is degraded.®® Moreover, from 5 min onward, the biosyn-
thesis of phage DNA and proteins takes place,®® which is char-
acterized by the appearance of peaks at 620, 743, 1113 and
1273 ecm™ ! (proteins) and the shift of the SERS peak assigned to
DNA at 728 cm ™' (control) to 732 cm ™! (different time intervals).
In addition to this, the appearance of the SERS peaks at
1331 cm ' (assigned to DNA) and 1454 cm ™ (lipids) indicates
the bacteriophage replication in the host bacteria.

3.3. Principal component analysis (PCA)

PCA is a chemometric statistical tool that can be used to
differentiate the SERS spectral data sets for the inactivation of S.
aureus by the interaction of the bacteriophage in the time frame
from 0 to 50 minutes. Fig. 2 shows the PCA scatter plot of the
SERS spectra for the control sample and samples exposed to the
bacteriophage for 5, 25, 35 and 50 minutes. The scatter plot for
the samples from 0 to 50 minutes is shown in Fig. S5.1 In Fig. 2
the red dots represent the control SERS spectra, the blue dots
represent 5 min phage-exposed bacteria, the purple dots
represent 25 min phage-exposed bacteria, the black dots are for
the 35 min phage-exposed bacteria and the green dots represent
the 50 min phage-exposed bacteria. The spectra for the 5 min,
25 min and 35 min samples are along the positive side of the
first principal component (PC-1) while the SERS spectra of the

Table1l Tentative peak assignment for the SERS spectra for the control and phage-exposed S. aureus bacterial samples including 5-50 minutes

of exposure

SERS peak

(em™) Assignment Component References
483 C-C-C deformation Carbohydrates 51 and 52
531 S-S stretching, C-O-C glycosidic ring deformation Carbohydrates 53 and 54
575 C-C skeletal mode Carbohydrates 54

620 Phenylalanine Protein 53 and 54
649 Tyrosine, guanine (ring breathing) DNA 6 and 51
657 Guanine (COO deformation) DNA 55 and 56
728-732  Adenine, glycosidic ring mode DNA 6, 57 and 58
743 C-S stretching Protein 54

796 Tyrosine (C-N stretching) Protein 54

865 C-0-C 1,4-glycosidic link Carbohydrates 54

957 C-N stretching (amide lipopolysaccharides) Protein 6, 57 and 59
1005 C-C aromatic ring of phenylalanine and skeletal stretching of tryptophan, CCH stretching of carotenoids Protein 60 and 61
1096 PO, (nucleic acid) DNA 62

1113 Phenylalanine Protein 63

1143 C-N amide stretching, C-C (stretching) Protein 62

1249 CH, of amide III, N-H bending and C-O stretching (amide III) Protein 63 and 64
1273 CH,, N-H, C-N, amide III Protein 59 and 65
1331 C-N stretching mode of adenine DNA 55 and 56
1373 In nucleic acids (ring breathing modes of the DNA/RNA bases) DNA/RNA 66

1454 CH, deformation of saturated lipids Lipids 55

1547 C=C asymmetric stretching Protein 67

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 PCA scatter plot of SERS spectra of control and phage-exposed S. aureus bacterial samples including 5, 25, 35 and 50 minutes of

exposure.

control are clustered at the negative side of PC-1 with explained
variability of 67.95%. The SERS spectra for the exposure time of
50 min and the control are differentiated along the second
principal component (PC-2) with 25.20% explained variability.

Fig. 3 shows the pairwise comparison of the SERS spectra for
the control and the first (5 min) and last interval (50 min) of
phage-exposed bacteria with their scatter plots and loadings.
Fig. 3a(i) presents the comparison of the control with the first
sample (5 min) where spectra are differentiated along PC-1 with
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55.95% explained variability, in which the red dots on the
negative side represent the control while the blue dots on the
positive side represent the spectra of the 5 min phage-exposed
bacteria. This variability shows that inactivation of infectious
S. aureus started even within the first 5 min of exposure.
Fig. 3a(ii) shows pairwise loadings of the control and first
interval (5 min) phage-exposed bacteria, in which negative
loadings represent the spectra of the control sample, which
include peaks at 575 (C-C skeletal mode), 657 (guanine (COO
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Fig. 3 PCA scatter plots and loadings of the SERS spectral data sets. a(i) Scatter plot of the control sample and 5 minutes of phage exposure. afii)
Loading between control and 5 minutes of phage exposure. b(i) Scatter plot of the control and 50 minutes of phage exposure. blii) Loading

between control and 50 minutes of phage exposure.
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deformation)), 728 (adenine, glycosidic ring mode), 743 (C-S
stretching) and 1096 cm™" (PO, (nucleic acid)). The positive
loadings represent the 5 min phage-exposed bacterial samples,
which include 531 (S-S stretching, C-O-C glycosidic ring
deformation), 620 (phenylalanine), 732 (adenine, glycosidic
ring mode) and 1331 cm ™! (C-N stretching mode of adenine).
Fig. 3b(i) shows a comparison of the SERS spectral data for the
control sample with the sample taken after 50 min of phage
exposure, which are differentiated along PC-2 with 22.35%
explained variability, in which the red dots on the negative side
represent the control while the green dots on the positive side
represents the last interval (50 min). This variability shows that
at the last interval of phage exposure replicated bacteriophage
cells are produced and able to infect other infectious cells.
Fig. 3b(ii) shows the pairwise loadings of the samples for the
control and 50 min phage-exposed bacteria, in which negative
loadings represent the spectra of the control, which includes
531 (S-S stretching, C-O-C glycosidic ring deformation), 657
(guanine (COO deformation)), 728 (adenine, glycosidic ring
mode), 957 (C-N stretching (amide lipopolysaccharides)) and
1096 cm ™~ (PO, (nucleic acid)) while positive loadings represent
the 50 min phage-exposed bacteria, which include 649 (tyrosine,
guanine (ring breathing)), 732 (adenine, glycosidic ring mode),
1273 (CH,, N-H, C-N, amide III), 1331 (C-N stretching mode of
adenine), 1373 (in nucleic acids (ring breathing modes of the
DNA/RNA bases)), 1454 (CH, deformation of saturated lipids)
and 1547 cm ™' (C=C asymmetric stretching).

The SERS spectral loadings are taken by comparing the SERS
spectra acquired at different intervals with the control; the
samples taken at 5-45 min intervals are differentiated along PC-
1, which has less variability because the S. aureus is in the
process of degradation due to the replication of the bacterio-
phage. At the 50 min time interval, the S. aureus is completely
degraded and bacteriophage replication has been completed as
it is indicated by the SERS spectral features in the mean spectral
plot (Fig. 1). This is why the SERS spectra acquired at 50 min are
more differentiated along PC-2 from the control (S. aureus
before attack of bacteriophage); hence the PCA loadings for the
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comparison of these groups of SERS spectra are very different
from those acquired at other intervals.

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

The chemometric tool PLS-DA was used to differentiate and
discriminate the SERS spectra of bacteriophage-infected S.
aureus at different time intervals. The most differentiating data
sets for the time intervals of 0 (control), 5, 25, 35 and 50 minutes
of exposure are used to build the PLS-DA model. To build the
PLS-DA model, the five latent variables were selected by using
Monte Carlo cross-validation by splitting the data sets into 60%
calibration and 40% validation spectral data.

Fig. 4 shows the scatter score of the most differentiating data
sets of phage-exposed bacteria for the 5, 25, 35 and 50 minutes of
exposure time. Red dots represent the spectra of the control
sample, present on the negative side of the y-axis, blue dots
present on the positive side of y-axis represent spectra for 5 min
of exposure, black dots present on the positive side of the y-axis
represent 25 min of exposure, purple dots present on the positive
side of the y-axis represent 35 min of exposure and green dots
present on the negative side of the y-axis represent 50 min of
exposure. The scatter scores clearly differentiate the spectral data
sets of the S. aureus samples exposed to the bacteriophage for
different time intervals. It shows that bacteriophage attack star-
ted the inactivation of S. aureus even at 5 minutes of exposure as
the SERS spectra for the control are clustered on the negative side
of the y-axis while those for the 5 min exposure interval are
clustered on the positive side of the y-axis. The spectra for the
exposure times of 5-45 minutes are clustered on the positive side
of the y-axis and representative dots are closer to the control
(negative y-axis) with increasing exposure time, which shows the
continuation of the inactivation process of S. aureus. Conversely,
the spectra for the 50 minutes interval are on the negative side of
the y-axis near to the control, which explains that at this interval
the S. aureus is fully inactivated and the lytic or lysogenic cycle®”®
is completed, which means the bacteriophage has been repli-
cated after the cell bursting process. The scatter score plot of the
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Fig.4 PLS-DA scatter score of SERS spectra of control (0 minutes) and 5,
most differentiating time intervals of phage exposure.
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Fig. 5 PLS-DA receiver operating curve (ROC) for the SERS spectra for the control and 5, 25, 35 and 50 minutes phage-exposed S. aureus
bacterial samples (the most differentiating time intervals of phage exposure).

Table 2 Parameters for the PLS-DA classification model for the SERS
spectra for S. aureus bacterial samples for the most differentiating time
intervals of phage exposure (0 minutes (control) and 5, 25, 35 and 50
minutes of exposure)

Parameters Values
AUC 0.8106
Sensitivity 94.47%
Specificity 98.61%
Precision 94.44%
Accuracy 98.88%

SERS spectra for these phage-exposed bacterial samples provides
efficient discrimination and classification of SERS data sets with
sensitivity of 94.47%, specificity of 98.61%, precision of 94.44%
and accuracy of 98.88%.

Fig. 5 shows the receiver operating curve (ROC) with an area
under cure (AUC) value of 0.8106, which is near to 1, showing
the best fitting model with high accuracy as an AUC near to zero
indicates an inaccurate model. Table 2 presents the AUC,
sensitivity, specificity, precision and accuracy values, indicating
the excellent performance of this classification model. PLS-DA
showed that the SERS data sets for the bacteriophage-infected
S. aureus bacterial samples are well differentiated and
provided a best fit model to discriminate the inactivation
process of S. aureus bacteria.

4. Conclusions

SERS was found to be a very effective technique for the temporal
study of bacteriophage-exposed S. aureus bacterial samples. The
characteristic SERS spectral features were identified to differen-
tiate SERS spectra for the control and phage-exposed S. aureus
bacterial samples. Chemometric statistical tools including PCA
and PLS-DA were applied to differentiate and classify the SERS
spectral data sets for the control and phage-exposed S. aureus
bacterial samples. The SERS bands seen in the control sample at

5432 | RSC Adv, 2024, 14, 5425-5434

575 (C-C skeletal mode), 657 (guanine (COO deformation)), 728
(adenine, glycosidic ring mode), 743 (C-S stretching) and
1096 cm ™' (PO, (nucleic acid)) disappeared even in the first
exposure interval (5 minutes), which shows that the bacterio-
phage started inactivation of infectious S. aureus in the first few
minutes of exposure. The SERS bands observed at 620 (phenyl-
alanine), 649 (tyrosine, guanine (ring breathing)), 1113 (phenyl-
alanine), 1273 (CH,, N-H, C-N, amide III), 1331 (C-N stretching
mode of adenine), 1373 (in nucleic acids (ring breathing modes of
the DNA/RNA bases)) and 1454 cm ™" (CH, deformation of satu-
rated lipids) are only observed in the SERS spectra of phage-
exposed S. aureus bacterial samples with exposure intervals of
5-50 minutes, which confirms the replication of the viral genome.
PCA differentiated the exposure timeframe-based SERS spectral
data sets with respect to the control, showing that the S. aureus
bacteria are inactivated and the phage replicates and new copies
of the viral genome are produced. PLS-DA is also an effective tool
for differentiating uninfected and bacteriophage-infected S.
aureus samples, which shows the continuous process of inacti-
vation of this bacterium. PLS-DA discriminated and differentiated
the SERS data sets with 94.47% sensitivity, 98.61% specificity,
94.44% precision, 98.88% accuracy and 81.06% AUC value,
indicating the excellent performance of the classification model.
Moreover, the bacteriophage only acts on specific species of
bacteria due to its high specificity and narrow cleavage spectrum,
which is a limitation of the current study as different Staphylo-
coccus bacterial species may be affected by the bacteriophage to
different extents and the mode of action may be different, hence
leading to different spectral profiles. Thus, future studies should
explore the application of SERS for the analysis of the interaction
of bacteriophages with different bacterial species.
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