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Abstract: Rapid identification of microorganisms with a high sensitivity and selectivity is of great
interest in many fields, primarily in clinical diagnosis, environmental monitoring, and the food
industry. For over the past decades, a surface-enhanced Raman scattering (SERS)-based detection
platform has been extensively used for bacterial detection, and the effort has been extended to
clinical, environmental, and food samples. In contrast to other approaches, such as enzyme-linked
immunosorbent assays and polymerase chain reaction, SERS exhibits outstanding advantages of rapid
detection, being culture-free, low cost, high sensitivity, and lack of water interference. This review
aims to cover the development of SERS-based methods for bacterial detection with an emphasis
on the source of the signal, techniques used to improve the limit of detection and specificity, and
the application of SERS in high-throughput settings and complex samples. The challenges and
advancements with the implementation of artificial intelligence (AI) are also discussed.

Keywords: surface-enhanced Raman scattering; pathogenic bacteria; high sensitivity; artificial intelligence

1. Introduction

Bacteria are widespread and mostly nonpathogenic. However, pathogenic bacteria
can cause various infectious diseases such as Escherichia coli (urinary tract infection (UTI),
sepsis), Salmonella (food poisoning), Neisseria gonorrhoeae (sexually transmitted infection),
Neisseria meningitidis (meningitis), Staphylococcus aureus (boils, cellulitis, abscesses, wound
infections, toxic shock syndrome, pneumonia, sepsis, and food poisoning), and Streptococcus
spp. (pneumonia, meningitis, ear infections, and pharyngitis) are a major clinical concern.
To prevent complications and transmission, an early and sensitive detection strategy is
pivotal [1]. Conventional tests such as Gram staining, culture-based methods, and bio-
chemical assays are inexpensive, but the limitations involved are time-consuming detection
procedures, expertise, and often limited sensitivity. Pre-enrichment of bacteria from a
sample using a non-selective or selective broth culture for over 12 h is a strategy to increase
bacterial load to facilitate detectable levels. For selective isolation and differentiation of
associated Gram-positive (G+) and Gram-negative (G—) bacteria, a variety of chromogenic
and fluorogenic culture media have been developed; however, these methods also suffer
from longer detection times with generally limited sensitivity for discretion of bacterial
strains. Techniques based on the advances in molecular biotechnology are also employed
for rapid, real-time, sensitive, and specific pathogen detection, such as nucleic acid amplifi-
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cation tests and real-time polymerase chain reaction (RT-PCR) [2]. Recent methods for rapid
detection of bacteria include immunological assays such as enzyme-linked immunosorbent
assays (ELISAs); nucleic acid-based methods such as polymerase chain reaction (PCR),
RT-PCR, loop-mediated isothermal amplification (LAMP); mass spectrometry-based matrix-
assisted laser desorption ionization-time-of-flight MALDITOF; and analytical devices such
as biosensors, most of which require expertise and have expensive, bulky equipment even
though they provide accurate results, limiting their practical adoption [3].
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In 1928, C.V. Raman and K.S. Krishnan observed Raman scattering, where the inelastic
scattering called stokes and anti-stokes was caused by the interaction of molecular vibration
and incident light. The spectral peaks were sensitive to different vibrational modes of
the molecular bonds. Hence, it gives unique “fingerprint” Raman peaks of the molecule,
which can be used to determine the molecules [4,5]. There are several distinct forms of
Raman spectroscopy, such as stimulated Raman, resonance Raman, transmission Raman,
polarized Raman, and surface-enhanced Raman spectroscopy (SERS). The studies on the
Raman effect underwent drastic developments since the 1970s with the accidental obser-
vation of enhanced scattering from a roughened metal surface due to the electromagnetic
and chemical enhancements revealed later, that is, SERS [5]. SERS helped to overcome
relatively poor sensitivity caused by the weak Raman scattering cross-section, which re-
stricted the use of Raman spectroscopy for trace analysis [6,7]. Figure 1 provides a simple
comparison between the normal Raman scattering and SERS scattering. The molecules
adsorbed on proper nanostructures can induce enhancement as high as 14 to 15 orders
of magnitude in comparison to normal Raman, making the technique sensitive enough
to detect even a single molecule at low concentrations [8-13]. Typically, SERS employs
specific metal nanoparticles, such as silver (Ag) and gold (Au), due to their plasmonic
properties, which significantly boost sensitivity. This makes SERS a powerful platform for
the rapid and sensitive detection of bacteria [14,15]. Other substrates used for SERS apart
from metallic nanostructures are (1) 2D materials such as graphene/graphene oxide [16]
and transition metal dichalcogenides (TMD) [17], (2) semiconductor nanostructures such as
titanium dioxide [18], (3) composite materials such as metal-polymer composites [19], and
(4) biological materials such as cellulose-based materials [20]. In 1998, the first SERS spectra
of bacteria such as Escherichia coli were reported with spectra features attributed to the cell
wall adsorbed on colloidal nano-silver particles [21]. Since then, the application of SERS in
bacterial studies has expanded across various fields, including medical, environmental, and
industrial microbiology, microbial systems biology, biological warfare countermeasures,
and bioprocess monitoring [8]. These studies demonstrate that SERS can detect as few
as a single bacterial cell or spore, making it a valuable point-of-care tool [21]. Over the
past decades, SERS-based bacterial detection has primarily focused on understanding the
origins and characteristics of the SERS signal of bacteria [22-24], creating substrates with
high sensitivity and specificity to enhance bacterial detection [25-28], integrating SERS
with conventional sample processing methods to improve detection efficiency [22], and ap-
plying SERS techniques to detect bacteria in complex, real-world samples [29]. The review
outlines the development of SERS-based methods for microorganisms, focusing on the
origins of bacterial SERS signals, techniques for improving sensitivity and specificity, and
the application of SERS in high-throughput settings and complex samples. Additionally, it
emphasizes advancements in the field facilitated by artificial intelligence.

Rayleigh scattering  Excitation light Rayleigh scattering
Raman

Bacteria

SERS nanomaterial
based substrate

Raman scattering SERS

Figure 1. The comparison of normal Raman scattering and SERS scattering. (Left panel), Raman scat-
tering of bacteria without surface enhancement. (Right panel), SERS enhancement by nanomaterials.
Created with BioRender.com (accessed on 19 July 2024).
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2. Overview of Bacterial SERS Detection and Analytes
2.1. Different SERS Detection Methods: Label-Free and Label-Based

Traditional plate culture-based methods, while accurate, require at least 18 h to con-
firm the bacterial presence, leading to delays in treatment, especially in cases of antibiotic
resistance, as well as in prevention and management. In contrast, SERS has demonstrated
extraordinary potential for bacterial detection due to its high enhancement and specificity.
SERS-based techniques offer both label-free (direct) and label-based (indirect) detection
strategies [30]. Label-free detection is a straightforward and accessible method that gener-
ates spectra based on the entire bacterial cell without using any additional Raman-active
labels or reporters. The process involves directly loading the bacterial sample onto a SERS-
active substrate (Figure 2). This method is advantageous because it is simpler and less
time-consuming, providing direct detection of the sample without the need for complex
preparation steps. However, it may have lower sensitivity and specificity compared to
label-based methods, and the spectra can be more complex to interpret due to the pres-
ence of signals from various bacterial components. Label-based detection involves the
use of Raman-active labels or reporters that are attached to or interact with bacterial cells.
These labels enhance the Raman signal, allowing for highly sensitive and specific detec-
tion. The method typically involves preparing SERS substrates with metal nanoparticles
functionalized with Raman-active molecules and targeting agents such as antibodies [31]
or aptamers [32] that specifically bind to bacteria. This approach enhances sensitivity and
specificity, making it possible to detect even low concentrations of bacteria. It also allows
for multiplexing, where different Raman-active labels can be used simultaneously to detect
multiple bacterial species or strains in a single sample. However, label-based detection
is more complex and time-consuming due to the additional steps of functionalizing the
substrates and preparing the labels. Both detection methods can benefit from additional
performance enhancements through sample concentration techniques. Methods such as
filtration, magnetic separation, and centrifugation are commonly employed to concentrate
the bacterial sample, increasing the number of bacterial cells available for detection, thereby
improving the detection sensitivity. Furthermore, surface modifications of conjugation
molecules such as antibodies, aptamers, and peptides [33] to specifically capture target
bacteria have been incorporated in detection to improve the specificity of the detection [34].
In summary, focusing on label-free SERS for bacterial detection offers numerous advan-
tages, including simplified workflows, immediate results, and potential cost savings by
eliminating the need for labeling agents. These methods also contribute to advancing our
understanding of bacterial physiology and behavior, offering detailed chemical insights
into structural components and metabolic activities. Embracing label-free SERS aligns with
the goals of enhancing diagnostic accuracy and sensitivity, making significant strides in
biosensing and microbiological research. Table 1 summarized different bacterial detections
by SERS.

Y ///’ Raman
\k‘\‘ >= " scattering
Q\ //‘/ Raman Bacteria
scattering & B 2 S A 2
Bacteria Y V ¢ YV
/ Nanoparticle Nanoparticle
substrate / substrate
Label free SERS Label based SERS/ SERS

Sandwich Immunoassay
Raman reporter

S Detection antibody
% Capture antibody

Figure 2. Illustrates the difference between Label-free and Label-based SERS. Created with BioRender.
com (accessed on 19 July 2024).
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Table 1. Summary of data on general SERS detection strategies for different bacteria.

Bacteria Strains Detection Method

Substrates

Limit of Detection

Condition of Detection

Label-free detection

Escherichia coli

Silver nanoparticles

Down to single cell

Liquid (Lab test)
[35-37]

4.3 x 103 cells/mL

Liquid (Lab test) [38]

2.5 x 102 cell/mL

Liquid (Lab test) [39]

Liquid (Lab test)
[23,40-46]

Planar monolithic porous
polymer layers
functionalized with gold

Solid (Lab test) [47]

Label-based detection

nanoparticles

magnetite-gold magnetic > Liquid (in apple juice)
nanoparticles 107 CFU/mL [48,49]
Vancomycin-coated

long-range ordered 3D

nanoassembly of gold/silver - Solid (Lab test) [50]
core-shell nanorods with

edge-on substrate

A polymer mat covered a _ Solid (in blood, urine,
layer of gold water or milk) [51]
Iron oxide-gold core-shell Liquid

nanoovals; 210 CFU/mL qu

QSY21 as target

(Lab test) [52]

Citrate-stabilized gold
nanosphere and hexade-
cyltrimethylammonium
bromide (CTAB)-stabilized
gold nanorod particles

2.0 x 102 CFU/mL

Liquid
(in water sample) [53]

Label-free detection

Silver nanoparticles

103 CFU/mL

Liquid (Lab test) [54]

Roughened metal shelter

106 CFU/mL

Liquid (in diluted
blood) [55]

Au@pNIPAM hydrogel with
embedded Au nanorods and
mesostructured Au@TiO,

substrate with a mesoporous

3.4 x 10 CFU /mL

Liquid (in vivo) [56]

Pseudomonas TiO, thin film over a
submonolayer of
Au nanospheres
Solid (in clinical
: . Silver nanorod array; 5 ppb; sputum samples:
Label-based detection pyocyanin as the biomarker ~ 2.38 x 1078 mol/L wounds and urine
specimens) [57]
Silver nanoparticles Down to single-cell Liquid (Lab test) [35,36]
Silver nanoparticles - Liquid (in diluted
Staphylococcus Label-free detection P blood) [58]

Silicon wafer decorated with
silver nanoparticles

102 cells/mL

Solid (in human
blood) [59]
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Table 1. Cont.

Bacteria Strains

Detection Method

Substrates

Limit of Detection

Condition of Detection

Au-coated magnetic
nanoparticles core/shell

nanocomposites; DTNB 10 cells/mL Liquid (Lab test) [60]
as target

Staphylococcus Label-based detection GA-modified ] Liquid (Lab test) [61]
Au@Rubpy/L-GO SERS tags q es
Gold nanoparticle-on-wire; L
DNASs as target 10 pmol/L Liquid (Lab test) [62]
Vancomycin-coated Solid (in fresh
silver nanorod 100 CFU/mL produce) [63]

Silver nanoparticles - Liquid (Lab test) [43]
Silver nanorod . .

Salmonella Label-free detection array substrates Down to single cell Solid (Lab test) [64]
Au@Ag core/shell 15 CFU/mL Liquid (Lab test) [65]
nanoparticles
Ag nanocrystals into L
Ag nanospheres 10 CFU/mL Liquid (Lab test) [66]

. Silver nanoparticles; Liquid

Salmonella Label-based detection O-antigen as target - (Lab test) [67]
Biofilms cultivated on
gold-coated glass slides, - Liquid (Lab test) [68]
gold nanoislands

Label-free d . Tip-coated multimode fiber,
abel-free detection liquid core photonic 10° cells/mL Liquid (Lab test) [69]

Shewanella crystal fiber
Ag or Au colloidal particles L
onto a rigid, ceramic filter ) Liquid (Lab test) [70]
Gold nanoislands; the

. intracellular bioreduction of . Lo
Label-based detection two stable valence forms Down to single cell Liquid (Lab test) [71]
of chromate
Rough silver (colloidal) film - Liquid (Lab test) [72]
Label-free detection Thin gold la}/er onan Solid (in human
electrochemically roughened -
L blood) [73]
. nanoscopic silver substrate
Bacillus —
AuNPs/PVP/Au; dipicolinic ;56 cppq ) Liquid (Lab test) [74]
. acid as a biomarker
Label-based detection
Fe304-Au core-shell - Liquid (Lab test) [74]
nanoparticles
Other bacteria

Helicobacter pylori Label-free detection Silver nanoparticles ~10'! (SERS EF) Solid (Lab test) [75]

Listeria Label-free detection silver nanoparticles Down to single cell Liquid (Lab test) [35]

monocytogenes

Klebsiella Label-free detection Vancomycin-coated silver Bacterial strain level Solid (Lab test) [75,76]
nanorod

Citrobacter Label-free detection Vancomycin-coated silver Bacterial strain level Solid (Lab test) [75,76]
nanorod

Proteus Label-free detection silver nanoparticles Bacterial strain level Liquid (Lab test) [9,77]
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Bacteria Strains Detection Method Substrates Limit of Detection Condition of Detection
Arthrobacter Label-free detection silver nanoparticles - ;gifd&nafg)l F%C]l
Sphingomonas Label-free detection silver nanoparticles - Liquid (in soil and

groundwater) [78]

Shigella sonnei

Label-free detection silver nanoparticles -

Liquid (Lab test) [45]

Mycobacterium
smegmatis

Label-free detection -

Sllyer on anod@ aluminum Solid (Lab test) [29]
oxide nanoparticle arrays

Erwinia amylovara

Label-free detection silver nanoparticles -

Liquid (Lab test) [45]

Stenotrophomonas . Gold nanoparticle-on-wire; Lo
maltophilia Label-based detection DNAs as target 10 pmol/L Liquid (Lab test) [61]
Vibrio vulnificus Label-based detection Gold nanoparticle-on-wire; 10 pmol/L Liquid (Lab test) [61]

DNAs as target

2.2. Target Analytes for SERS Bacterial Detection

Bacteria and their environment form an ecosystem, and the presence of bacteria in a
sample is detectable either using chemical components intrinsic to bacterial cells or chem-
icals produced during the bacteria’s reproduction or interaction with the environment,
which we call target analytes. The key features of target analytes for bacterial detection
include specificity to the bacterial species or strain, surface accessibility for direct interac-
tion with SERS substrates, and strong Raman activity for generating distinct signals. High
binding affinity between analytes and SERS substrates or conjugation molecules, such as
antibodies or aptamers, ensures effective capture and signal enhancement. Reproducibility
of Raman signals across different samples is crucial for reliable identification and quantifica-
tion, while minimal interference from other sample components reduces background noise
and improves accuracy. Additionally, detecting target analytes at low concentrations is
essential for high sensitivity, particularly in applications like early-stage infection detection
or contamination monitoring. These features collectively contribute to the effectiveness
and accuracy of SERS-based bacterial detection methods.

A diverse array of biomolecules and cellular components that contribute to distinctive
signals crucial for identifying and characterizing bacteria are available for bacterial SERS
detection. Key among these are bacterial biomarkers, which encompass chemicals pro-
duced by bacterial activities. Lipopolysaccharides (LPS), notably found in Gram-negative
bacteria, are pivotal analytes in SERS [79,80]. Lipid A, core oligosaccharide, and O-specific
polysaccharide chains are the components of LPS that are targeted for their immunogenic
and pathogenic properties, providing valuable insights into bacterial identity and virulence.
Bacterial metabolites also play a vital role in SERS detection [81]. These metabolites include
small molecules such as amino acids, sugars, and organic acids, which reflect bacterial
metabolic activity. Their detections not only inform on bacterial viability and physiological
state but also aid in understanding microbial behavior under various conditions.

Peptidoglycan, a major constituent of the bacterial cell wall composed of sugars and
amino acids, is prominently targeted in SERS due to its abundance and structural signifi-
cance in maintaining cell integrity [82]. Proteins within bacterial cells, including structural
proteins, enzymes, and membrane-associated proteins, serve as significant analytes [83].
Specific protein markers can differentiate between bacterial species or strains, providing
crucial insights into bacterial physiology and function. Outer membrane proteins, exposed
on the surface of bacterial membranes, are particularly valuable targets for understand-
ing bacterial interactions with their environment and host cells, contributing to insights
into bacterial behavior and pathogenicity. Moreover, nucleic acids such as DNA and
RNA are targeted in SERS to identify bacterial genetic material [84]. Amplifying specific
sequences or regions of bacterial DNA /RNA enhances the specificity and accuracy of
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SERS-based detection methods, enabling precise genetic identification and characterization
of bacterial strains.

Overall, these analytes collectively bolster the robustness and versatility of SERS in
identifying and studying bacterial cells across diverse applications in medical diagnos-
tics, environmental monitoring, and microbiological research. Their targeted detection
provides essential information for addressing challenges ranging from infection control to
environmental protection and biotechnological advancements.

3. Label-Free Bacterial SERS Detection
3.1. SERS-Based Bacterial Gene Probe

The genetic material, DNA or RNA, of bacteria exhibits unique sequences specific to
different bacterial species, serotypes, and strains, making it essential for PCR-based diagnos-
tics. In Surface-Enhanced Raman Scattering (SERS), however, the nucleotide bases within
DNA/RNA structures are structurally similar across bacterial types, leading to highly
comparable SERS spectra. Minor variations in sequencing and length of DNA /RNA can
induce subtle spectral changes, which are exploited to distinguish between different genetic
targets. To enhance specificity, hybridization techniques are employed in DNA /RNA-based
detection. This involves the precise pairing of complementary nucleic acid strands, facili-
tated by designed probes that match specific genetic sequences. Such methods are crucial
for identifying pathogens, genetic mutations, or specific genes in biological samples with
high sensitivity. Notably, in SERS, the small size of DNA/RNA molecules, measured in
nanometers, allows them to efficiently interact with SERS hotspots, resulting in significantly
amplified SERS signals compared to whole-cell detection methods. This capability under-
scores the potential of hybridization-based SERS assays in advancing molecular diagnostics
and research applications [56,84,85].

The use of SERS for DNA detection dates to 1994, marked by the pioneering devel-
opment of DNA gene probes that bind via hybridization to target DNA sequences [86].
Over the years, various SERS-based assays have evolved to detect bacterial genomes. Tech-
niques such as the use of magnetic nanoparticles (MNPs) for DNA separation have been
instrumental [87]. Recent research reported the detection of bacterial DNA using SERS.
After the target DNA was bound, a short synthetic ssDNA that has been dye-modified
and hybridized was used as the label. Specifically, three distinct PCR products tagged
with three different dyes were simultaneously detected to display SERS’s multiplexing
power. A separation-free SERS assay, which increases the SERS signal in the presence of
target DNA [88], was also effective. After being amplified by PCR, specific Staphylococcus
epidermidis bacterial DNA was found using SERS.

Multiplexed DNA detection of bacteria through a gold particle-on-wire system [61]
was demonstrated. The system has an Au nanowire, on which the probe DNA is im-
mobilized. Once the target DNA is hybridized to probe DNA, another Au nanoparticle-
linked reporter probe, which is also complementary to the target DNA, is then hybridized.
Hence, with the SERS, the seven isolates could be identified from the PCR products
with a potential for multiplexing detection (2 isolates of Enterococcus faecium, 2 isolates
of Staphylococcus aureus, 2 isolates of Stenotrophomonas maltophilia, and 1 isolate of Vibrio
vulnificus). As a result, we can now identify rapidly without using PCR on direct samples
with the development of SERS.

3.2. Biomarker-Based Detection

The cell envelope that shares structural and chemical similarities with most bacterial
species has been suggested as a source of bacterial Raman signal [89-92]. Therefore, with-
out secondary labeling, it is difficult with Raman spectroscopy to classify closely related
species, particularly from a mixture of bacteria. Hence, cells must be rinsed repeatedly and
resuspended in water to eliminate any possible matrix or buffer residues. This process
may induce cell rupture because of a disrupted osmotic balance, and the reproducibility
of the assay may be impaired due to an unreliable sample constitution. These factors
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Sample

make it difficult to detect entire bacterial cells with Raman spectroscopy for clinical di-
agnosis [93]. Therefore, another approach involves indirectly detecting the bacteria by
identifying the biomarkers that are released by the organism in the matrix fluids. These
bacterial biomarkers can be shed during an infection in the host or be present in the cell
wall. They can be in various forms, such as enterotoxins/endotoxins, cell surface markers
such as LPS, teichoic acid, surface proteins, metabolites, and genetic markers. Silver film
over nanospheres (AgFON) substrates were used to obtain the SERS spectra of a biomarker
for spores of bacillus called calcium dipicolinate (CaDPA) and obtained a limit of detection
(LOD) of 2.6 x 10 spores of Bacillus [94]. Additionally, AuNPs were used to acquire the
DPA SERS spectra that were recovered from Bacillus spores [72] and silver colloids [95].
Pyocyanin (PCN) can be used as a major biomarker for the detection of Pseudomonas aerug-
inosa [75]. Pyocyanin, a secondary metabolite produced by Pseudomonas aeruginosa, can
be quantified up to five orders of magnitude with a limit of quantification of 1 ng/mL.
SERS of PCN were obtained using Ag NR substrates with a very low limit of detection,
2.38 x 1078 mol/L in both aqueous solutions and spiked clinical sputum samples. It has
also been used to dynamically monitor the excretion of PCN by Pseudomonas aeruginosa
during its growth. The presence of PCN in 15 clinical sputum samples was detected by
SERS, which indicates Pseudomonas aeruginosa infection, with 95.6% sensitivity and 93.3%
specificity. The endotoxin detection method for PCN offers the benefits of quick detection,
effective interference rejection, and in-place, real-time detection. The endotoxin detection
limit was as low as 6.125 ng/mL, and the whole detection time was reduced to roughly
100 s [96]. In Gram-negative bacteria, lipopolysaccharides exhibit distinctive SERS spectral
peaks, which are released during infection, and could be further analyzed by PCA. In the
study, LPSs from E. coli, S. typhimurium, S. minnesota, V. cholerae, Rhizobium species R. CE3,
and R. NGR, Neisseria meningitidis, produced unique spectra [97]. It has been demonstrated
that the detection of bacterial endotoxin lipopolysaccharides can achieve a limit of detection
(LOD) as low as 0.0003 endotoxin units (EU)/mL and 1 colony-forming unit (CFU)/mL
using signal processing-based enhancement technique with a processing time less than one
minute [85]. Figure 3 shows the process of SERS spectra collection.

Centrifugation Bacterial
Biomarker

Excitation light Raman
scattering
\‘\ Shoot spectra at 785 nm

oo°

/

Silver Nanorod

Raman spectra

SEM image of Silver nanorods

Figure 3. The workflow of SERS spectra collection. Created with BioRender.com (accessed on 19
July 2024).

Flavivirus-caused life-threatening diseases can also be identified using the biomarker
non-structural protein—1 (NS-1), the antigen found in the febrile stage from serum samples.
A bioconjugated gold nanoparticle-based SERS probe was used for the accurate detection
of mosquito-borne flaviviruses [98]. Mouse IgG monoclonal antiflaviviral antibodies conju-
gated to the AuNPs-based SERS probe can be used as a sensitive fingerprinting detection
tool for Dengue virus and West Nile virus. A detection limit of as low as 10 PFU/mL of
Dengue virus and West Nile virus can be achieved, which is comparable with the sensitivity
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of quantitative PCR-based assays. Au substrates are used for SERS detection, followed by
classification with SVM and compared for accuracy, specificity, and sensitivity [99].

3.3. Bacterial Whole Cell Detection

The vibrational spectroscopic technique of spontaneous Raman is used to identify the
bacteria based on the Raman scattering spectra for cellular components, which enables rapid
analysis of the samples. The spontaneous Raman technique is inherently weak compared
to the elastic/Rayleigh scattering. Though the method requires a higher concentration of
bacteria to be detected, the samples can be processed without any manipulations. The
technique finds applications where sensitivity is not crucial but provides real-time analysis,
whereas SERS enhances the signals and provides a susceptible platform for detection.
Spontaneous Raman finds applications for bacterial identification directly from cultures
on agar, such as Mueller-Hinton agar plates for Staphylococcus strains. They studied
using 277 strains, which were cultured for 24 h and subjected to a 785 nm laser; the data
were analyzed using PCA, LDA, and SVM, showing high accuracy. Therefore, the study
enables the spontaneous Raman technique to be used as a diagnostic technique [100].
Due to the inherent weakness of spontaneous Raman signals from bacterial species and
the low signal-to-noise ratio, it is difficult to identify species accurately, but the current
advancements in machine learning enable precise detection [101,102]. Clinical samples
have lower concentrations of bacteria and mixed species populations, which requires SERS
as it helps overcome the weak Raman scattering. Machine learning techniques have shown
higher accuracy in detecting spectra of resistant and sensitive strains of Staphylococcus
aureus, with 89.1% accuracy with spontaneous Raman [101,103]. However, there are a
few issues with spontaneous Raman; the number of Raman signals is only 1078 of the
incident photon, which is a weak signal. The stronger fluorescence from the background
can hinder the sample spectrum, and the longer exposure to the laser can affect the sample.
Hence, SERS helps to overcome the shortcomings of acquisition time and provides higher
sensitivity to the Raman scattering.

Most studies provided evidence that bacteria’s SERS signals originate from their outer
envelopes [104]. However, studies investigated the bacterium Acidithiobacillus ferrooxidans
and reported that the SERS spectra displayed physical and chemical variations, which
are even caused by different growth media [105]. The origins and contributions of the
bacterial SERS signals were investigated to distinguish the cell membrane components of
several bacteria. For example, hierarchy cluster analysis can distinguish the three strains of
Escherichia coli and one strain of Staphylococcus epidermidis [106]. SERS could even identify
the significant component of cell surface domains of Shewanella oneidensis MR1, which has
the redox heme protein [104]. The features observed in bacterial SERS spectra depict the
bacterial surface, with a few from the sample preparation stages having metabolic activity
or molecular species detached from the bacterial surface [107]. Depending on the sample
preparation with the colloids, the analysis of silver-treated bacteria showed intense and
highly specific SERS spectra associated with many signals of flavin adenine dinucleotide
(FAD), DNA, carboxylates, and phosphates. Silver-treated bacteria have shown that their
SERS spectra were dominated by FAD, which is in the cell plasma membrane [88]. A higher
lipid content of unsaturated fatty acids in the outer membranes of marine bacteria could
also be identified by a comparative SERS study of psychrophiles, arctic marine bacteria,
and common mesophilic bacteria [42].

If the bacterial SERS spectra originate mainly from the cell outer envelope, signif-
icant differences between Gram-positive (G+) and Gram-negative (G—) bacteria would
be observed because the major distinction between these two kinds of bacteria lies in
the external structure of their cell [78,108]. G— bacteria have an outer membrane and an
additional periplasmic space within the outer membrane, which are both absent in the
G+ bacteria. The G+ bacterial cell wall depicts multiple layers, having the peptidoglycan
along with the teichoic and lipoteichoic acids and complex polysaccharides (Figure 4).
These structural differences [108] would introduce spectral differences between G+ and G—



Biosensors 2024, 14, 375 10 of 30

bacteria [109]. The SERS spectra of Staphylococcus aureus (G+), Klebsiella pneumoniae (G—),
and Mycobacterium smegmatis were successfully differentiated based on these bacteria’s
outer structural differences. Figure 4 displays the cellular structure differences between G+
and G— bacteria and the SERS spectra of LPS for Gram-negative Klebsiella pneumoniae and
LTA for Gram-positive Staphylococcus aureus.
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Figure 4. The cellular structure differences between Gram-positive and Gram-negative bacteria, SERS
spectra of Gram-negative lipopolysaccharide and Gram-positive lipoteichoic acid. Created with
BioRender.com (accessed on 19 July 2024).

Identifying unique SERS spectra depends on the Raman wave shift, where each peak
is assigned to a corresponding structural element of the identified molecules. The list of
chemical substances that could potentially contribute to SERS spectra is mainly from the
outer structure of the bacterial cell, such as the outer membrane and cell wall. However,
some of the inner cell components, such as DNA, RNA, proteins, and some metabolic
products, such as the oxidized form of nicotinamide adenine dinucleotide phosphate
(NADP?), nicotinamide adenine dinucleotide (NAD™), and adenosine triphosphate (ATP),
may leak out of the bacterial cell to the substrate and then yield SERS responses. Chemical
structures from both Gram-positive and Gram-negative bacteria are summarized in Table 2.
SERS peaks from these components reported in the literature are summarized in Table 3,
along with their possible assignments, which would provide some insights for assigning
peaks and understanding the origins of SERS peaks.
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Table 2. The chemical structures of bacterial cells that may contribute to the SERS of bacteria.

Structure Chemical Constituents Gram
Cell wall

Peptidoglycan [110] Alternatinagnpc)loll\};xcer(s I\?_i St??,:i iﬁﬁiccezgiucosamine) ya
tedic Acd 11 P ™ :
Lipoteichoic Acid [112] Lipid-linked teichoic acid. +
Periplasmic Space [112] P oy eoe.degtading ensymen. -
Outer Membrane [112] Phospholipids with saturated fatty acids. -

Proteins [112] Porins and lipoproteins transport proteins.
Lipopolysaccharide [112] Lipid A and core polysaccharide -
Other external structures

Capsule [113] Polysaccharides a(rcll(lis;(;cl};;rels,zz 21;d trisaccharides) v/

Pili [113] Pilin and adhesins. +/—

Flagellum [113] Motor proteins, flagellin. +/—

For example, M proteins of streptococci and O antigen. +/—
Biomarker Proteins [114,115] Staphyloxanthin for Staphylococcus sp. +

Pyocyanin for Pseudomonas sp.
Other internal structures

Metabolic products [108] ATP, NAD, and NADP+ +/—

Proteins [9] Metabolic proteins +/—

DNA or RNA [9] Nucleotides +/—

+/—: Peptidoglycan layer is present in both Gram-positive and Gram-negative bacteria; however, it is much
thicker in Gram-positive bacterial cells.

Table 3. SERS peaks from the components that contribute to the SERS of bacteria.

Chemicals Peak Position Tentative Peak Chemicals Peak Tentative Peak
(cm—1) Assignments Position (cm—1) Assignments
Cell wall Other external structures
699 N/A Capsule N/A
815 N/A Pili N/A
964 N/A 903 N/A
(NAG) [110] 1236 N/A deformation
SERS 1279 N/A Flagellum [113] 1003 Ph
(514.5 nm) Raman e
1374 N/A (532 nm) 1246 Helix
1394 N/A 1320 N/A
1536 N/A 1453 CH; rocking

1638 N/A 1662 Amide I
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Table 3. Cont.

Chemical Peak Position Tentative Peak Chemical Peak Tentative Peak
emicais (cm—1) Assignments emicais Position (cm—1) Assignments
964 POH bending Other internal structures
1250 PO- bending 735 N/A
Teichoic acid [111] 1212 CN bending 1330 N/A
Raman -
(532 nm) 1322 CHOH bending Cell plasma 780 N/A
1452 CH SERS [108] 1050 N/A
1646 Amid II (514.5 nm) 1125 N/A
. S 12 A
Lipoteichoic acid Similar to teichoic acid 30 N/
[111,112] 1435 N/A
Periplasmic space 1089 NHj rocking
112 N/A -
[112] 1176 CH bending
1553 Trp Metabolic products 1211 CN bending
Outer membrane 1579 Trp (4-ATP) [108] 1286 CH stretching
proteins (Porins 1602 Phe SERS CC stretching and
and OmpA) [112] (632.8 nm) 1492 CH bending
Raman 1613 Tyr
(5145 nm) 1669 Amide CcC stretchlng and
1593
1734 N/A NH; bend.
1612 N/A 1250 Amide III
Lipopolysaccharide ) Adenine, guanine,
[112] Raman 1652 N/A Internal proteins 1322 and Tyr
(514.5 nm) ] 5
1726 N/A SERS-gold 1003 C(CC) aromatic
(830 nm) ring (Phe)
V(PO) in
1081 oligonucleotides
CO and POC
546 bending
N/A Not available DNA/RNA [9] 795 V(PO2) and v(CC)
SERS-gold ring breathing
(830 nm)
816 CO and POC
853 1,4 glysosidic link

4. Enhancing SERS Detection Performance
4.1. Different Types of SERS Substrates with Enhanced Sensitivity

As a valid and reliable detection platform, SERS-based biosensors need to be sensitive
due to the low concentration of pathogenic bacteria in clinical and food samples. The SERS
detection sensitivity of bacteria is mainly determined by SERS-active substrates. Different
types of substrates have been fabricated to facilitate sensitive detection of bacteria, including
silver metal deposits [22], silver colloid [9,26,53,116], gold colloid solutions [117], electro-
chemically roughened metal surfaces [118], silver film over nanosphere (AgFON) [119], silver
nanorod (AgNR) array substrates [63,120], silver nanocrystal-assembled silver nanospheres
(AgNSs) [65,120], silver-coated silicon nanowire arrays [119,121], and an array of Ag
nanoparticles embedded in anodic aluminum oxide (AAO) nanochannel substrates [122].
These nanostructures have been proven to have an enhancement factor (EF) from 107 to
100 for small molecules [123,124].
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For the detection of bacteria, one key factor is the enormous size of the bacterium
(usually has a diameter of 0.5 um and length of 1 um) compared to the nanostructure
(tens to one hundred nm), which limits the contact and the distance between bacterium
and nanostructures [125]. The SERS principle indicates that the enhancement factor of
SERS active substrates can be increased by reducing the distance between bacteria and
nanostructures [126]. The distance can be minimized by physical force and chemical bonds.
For example, the antibiotic vancomycin was used to entrap bacteria as it can bind nonspecif-
ically to the cell wall [119,127]. The microscopic images of antibiotic-modified substrates
with bacteria showed a distorted cell edge, depicting the closer bond to the substrate and
enhancing the SERS effect 1000 times on lessening the distance [120]. The substrates are
chemically assembled using a method of production that uses electrohydrodynamic flow to
generate chemical cross-linking between colloidal gold nanospheres, resulting in optically
uniform SERS substrates. The produced substrates display SERS signals across an area of
100 x 100 um? with a relative standard deviation of 10.4%. Molecular signal amplification
is required in molecular diagnostics when the target molecule is identified due to the low
signal-to-noise ratio. The effectiveness of the Au nanostar dimer structures as a substrate
for SERS for the ultrasensitive and label-free detection of the pyocyanin molecule has been
established with a detection limit of 335 pM [128]. The bioscaffold with integrated array mi-
crochamber nanostructures was prepared; the quantitative test method was applied for the
in-situ detection of endotoxin released in the mixture of P. aeruginosa and bacteriostats [95].
A label-free and high-speed detection of Staphylococcus aureus, Klebsiella pneumoniae, and
Mycobacterium smegmatis bacteria using silver on anodic aluminum oxide nanoparticle
arrays as SERS substrates was reported, which would represent a novel approach for
microbial diagnostics and biosensing [129].

4.2. Bacterial Concentration Methods

Combining SERS with pre-concentration can aid in sensitivity, which can capture as
many microbes as possible in a fixed surface area with a large sample volume, such as
magnetic field, capillary action, and optical tweezers [78]. For instance, magnetic-plasmonic
nanoparticles were fabricated and used to enrich bacteria by applying an external magnetic
field. Based on this strategy, Escherichia coli K12, Pseudomonas aeruginosa, and Acinetobacter
calcoaceticus were detected with an LOD of 2 x 10° CFU/mL [73]. A simple two-step
filtration method that concentrates the bacteria up to 1000-fold before SERS measurements
can also be used with a recovery rate of 79.1% [120]. A liquid core photonic crystal fiber
(LCPCF), which is filled with the bacterial solution due to capillary force, exhibited a
limit of detection at 10° cells/mL of live bacterial cells of Shewanella oneidensis MR-1 was
achieved in an aqueous solution [46]. The detection of spores plays a pivotal role in early
detection, as the combined optical trapping of bacteria using optical tweezers with SERS
could capture and measure the single bacterial spore. Strain discrimination of Bacillus
stearothermophilus spores was also achieved [21]. A label-free SERS detection platform for
Bacillus anthracis spores using aptamer as capture, 10* CFU/mL spores spiked in orange
juice were successfully detected and discriminated between spores of Bacillus anthracis and
Bacillus mycoides within 40 min [130].

One of the most common methods to separate and concentrate bacteria from com-
plicated samples is immunomagnetic separation (IMS), which captures the bacteria from
the sample matrix using an antibody-antigen reaction and separates the complex with
magnetic force [121]. This strategy often includes magnetic nanoparticles that have been
linked to antibodies or aptamers, which are specific to the bacteria. After the magnetic
nanoparticles capture the bacteria, the applied magnetic field will separate them from
the sample matrix [31]. To simultaneously detect multiple bacteria using a SERS aptasen-
sor, the aptamer for Salmonella typhimurium and the antibodies of Staphylococcus aureus
and Escherichia coli O157:H7 were immobilized on the surface of gold, silver, and silver
core-shell nanoparticles, and then Raman dye molecules were marked on them. The
mixture was filtered to detect the Raman signal. The results showed that the multiple
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bacteria in the mixture could be distinguished simultaneously with a detection limit of
100 CFU/mL. Therefore, the studies have shown the high sensitivity exhibited by different
substrates [131].

4.3. Microfluidic SERS-Based Detection

Microfluidics integrates engineering, physics, chemistry, biochemistry, nanotechnol-
ogy, and biotechnology to precisely control and manipulate the behavior of fluids that
are geometrically constrained to a small scale, typically submillimeter. Since bacteria are
often detected within solution, and the SERS-active substrates are generally in a small
scale, it is natural to combine microfluidics with SERS to develop such lab-on-chip de-
vices for bacterial detection. A microfluidics chip coupled with SERS to rapidly detect
and differentiate methicillin-sensitive S. aureus (MSSA) and methicillin-resistant S. aureus
(MRSA) from clinical isolates obtained from the United States and China. SERS was used
to effectively identify and distinguish between 21 MSSA isolates and 37 MRSA isolates
that were isolated from infected individuals, and the results were verified by using PCR
and multilocus sequence typing (MLST) [75,132]. A SERS microfluidic device to quickly
distinguish nine strains of Escherichia coli was developed [40], and a nanobiosensor chip
for detecting Escherichia coli bacteria down to the concentration level of a single bacterium
has been reported [133]. The chips used are highly enhanced plasmonic nanosculptured
thin films of silver on a silicon platform, which enhances the Raman bands of adsorbed
4-aminothiophenol molecules. T-4 bacteriophages were immobilized on the previously
mentioned chip for the specific capture of target Escherichia coli bacteria.

SERS in conjunction with microfluidic devices having micro/nano-filter membranes
or integrated microchannels functionalized with vertically aligned Au/Ag-coated carbon
nanotubes, were used to detect viruses [134]. Plasmonic Au-NPs help to further improve
the Raman spectra. These tools may be able to effectively capture viruses from a variety of
bodily fluids/secretions, such as saliva, nasopharyngeal secretions, tears, etc. Thus, they
can raise the viral titer and make it possible to correctly identify viruses based on their own
Raman signatures. It will enable quick screening of COVID-19 in both symptomatic and
asymptomatic cases [135].

Clinical Raman spectroscopy translation was proven to be greatly enhanced by the
combination of microfluidics and bioprinting platforms with SERS. As complex and effec-
tive as mixing, microfluidic systems make separation, parallelization, and multiplexing
possible. Hence, they can lessen the quantity of sample preparation processes needed,
lower the volume of samples and reagents needed, enhance sample uniformity, and boost
throughput. Additionally, the development of label-free SERS substrates and data process-
ing algorithms can enhance spectral signal and interpretability, which is critical for wide
pathogen screening assays, and the creation of microfluidic and bioprinting platforms is
achieved for speedy clinical sample processing [136]. Biosensors can serve as the corner-
stone of quick point-of-care devices with the potential to improve patient care when they
are coupled with cutting-edge microfluidic technologies.

4.4. Differentiation of Spectra Using Chemometric Analysis

A SERS-based bacterial detection platform must have the capacity to differentiate
bacteria between species, strains, and even serotypes, which is due to the variety of bacterial
pathogens present in real samples. Such differentiation can be based on the SERS response
of the bacterial whole cell, DNA, or even biomarkers [137]. The strains Mycobacterium indicus
pranii (MIP) and Mycobacterium intracellulare are two examples of those that have the same
165 rRNA sequence. MIP is significant since it has strong anticancer action and is utilized
as an adjuvant for protection against leprosy and tuberculosis (IB). The opportunistic
pathogen M. intracellulare, on the other hand, causes severe respiratory infections in AIDS
patients. Given that these two bacterial species coexist in immunocompromised people, it
is crucial to distinguish between them. Using multivariate statistical techniques like Raman
and resonance Raman spectroscopy, it is possible to clearly discriminate between these
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two closely related bacterial strains. To demonstrate that MIP is biochemically different
from M. intracellulare, differences in the mycolic acid profile and carotenoid pigments were
found. Both MIP and M. intracellulare generated carotenoids; however, the latter produced
more of them, according to resonance Raman tests [138].

To examine the metabolic processes of bacterial persister cells, coupled single-cell
Raman imaging spectroscopy with deuterium oxide labeling was performed. Deuterium
is taken up by metabolically active cells, which produce unique Raman bands as a direct
indication of metabolic activity. The metabolic activity of Mycobacterium smegmatis, a rapidly
proliferating model for Mycobacterium TB, using this imaging technique discovered that
M. smegmatis persister cells exhibit specific metabolic activities and active cell development
when the antibiotic rifampicin is present. Hence, the mechanism of persistence varies
depending on the kind of bacteria and antibiotics utilized [139]. Utilizing Ag-coated silicon
nanopillar SERS substrates, the biomarker of Mycobacterium tuberculosis, the SERS spectra of
three primary types of mycolic acid (MA)—alpha MA, methoxy MA, and keto-MA—that
together make up the entire amount of MA found in mycobacteria were effectively detected.
The MA generated from three separate sources underwent label-free characterization.
The SERS spectra of different types of MA from delipidated, undilapidated, and gamma-
irradiated MA can differentiate between pathogenic and non-pathogenic forms. Hence,
tuberculosis (TB) could be potentially directly detected from sputum samples [140]. How-
ever, in the presence of multiple bacteria in a sample, such as different serotypes and strains,
the SERS signal of bacteria can be used to differentiate them among species, strains, and
serotypes when the chemometric analysis is applied. Such chemometric analysis is proven
to be limited when a mixture of different bacteria is present. In the presence of multiple
bacteria, spectral features exhibited will depict an individual bacterium as it reports the
vibrational modes of chemical bonds. Using mathematical modeling methods can reveal
the individual spectra of the bacteria by differentiating [41]. However, such separation
of the spectra can only be achieved under the circumstances that (1) the SERS responses
of the individual bacteria retain the same intensity level and (2) the concentrations of the
individual bacteria are close. If one of the two conditions is not satisfied, it will result in
one bacterium SERS signal dominating the mixture spectra and masking the SERS signal of
the others, which makes differentiation impossible.

Immune-conjugated nanoparticles are the central component of immune SERS, which
are unique to the target bacterium. The immune molecules are also labeled with reporters
called Raman reporter molecules, exhibiting a strong and specific Raman spectrum. Hence,
by identifying Raman reporter molecules, bacteria can be distinguished. Using antibodies,
Escherichia coli [31,141] and Staphylococcus aureus [142,143] were successfully detected, and
multiplexing was achieved as well [144]. Aptamer can also be used in conjunction with
SERS for specific bacterial detection and differentiation. Multiplexing detection of bacteria
using aptamers, such as [130] the anti-Salmonella typhimurium aptamers, anti-Staphylococcus
aureus, and anti-Escherichia coli O157:H7 antibodies, were functionalized onto the Ag-Au
core—shell nanoparticles labeled with unique Raman reporter molecules. Specific detection
and differentiation between species (Escherichia coli O157:H7 vs. Salmonella typhimurium)
and strains (Escherichia coli O157:H7 vs. Escherichia coli K12) were achieved as low as 102
and 103 CFU/mL under 45 min of total detection time. Therefore, secondary confirmation
is mainly based on the target bacteria’s immunological properties and immune molecules,
with the use of antibodies and aptamers.

SERS signal of bacteria originates from the cell wall and proteins [88], which causes
visualization of differences in the spectra to be very difficult due to the similar chemical
structures of different bacterial cell walls [127]. Thus, chemometric analysis is commonly
used to enhance pattern recognition and facilitate species classification. It can also aid
the model calibration of the SERS spectra of bacteria with a variety of statistical formats,
including principal component analysis (PCA), hierarchical cluster analysis (HCA), par-
tial least square discriminant analysis (PLS-DA), partial least square regression (PLS),
discriminant function analysis (DFA), linear discriminant analysis (LDA), and support
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vector machine (SVM). On the contrary, a supervised method such as PLS-DA can also
be used, where previous knowledge of the classes of the bacteria is used to yield sharper
discrimination [120,145]. PLS-DA projects the data to a new set of coordinates, providing a
positive/negative prediction by using a linear combination of the predictor variables. It is
frequently used to differentiate bacteria based on well-known traits, such as Gram stain
results, that is, Gram-positive versus G-. Other methods can also be used, and based on
the study goals and the nature of the data, the appropriate chemometric methods can be
chosen. Several publications have used PCA, HCA, LDA, etc., with many different bacteria
up to 8 species, and such differentiations are easily possible as the structural variation
of species is notable [9,35,76,146-148]. For example, 27 different bacteria isolated from
12 species were analyzed using SERS spectra recorded from vancomycin-functionalized
(VAN) AgNR substrates. Researchers also explored the discrimination at subspecies levels
up to four serotypes of Salmonella [120] and 14 strains of Arthrobacter [149]. The biofilm
formation can also be identified as early as 3 h after inoculation with partial least squares
regression. Thus, it can be further developed for quorum sensing using SERS substrates
and machine learning and integrated into microfluidics [150].

Gram-positive Staphylococcus aureus and Enterococcus sp., as well as Gram-negative
Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa, and
Enterobacter cloacae, were used to identify the many microbes responsible for urinary
tract infections. After growth on the culture medium, a fiber Raman probe and a Raman
spectrometer (830 nm) were used for Raman measurements. Colonies were removed from
the agar surface and put on an aluminum foil. After preprocessing, PCA and Mahalanobis
distance (PCA/MD) discriminating techniques were used on the spectra. The mean Raman
spectra of several bacterial species display comparable bands, and strong bands associated
with carotenoids served as a good way to identify S. aureus. PCA/MD, which could distin-
guish Gram-positive bacteria with 100% sensitivity and specificity [151]. The O-antigen,
or bacterial fingerprint, establishes the specificity of the bacterial serotype. Molecular
moieties in complex systems, like infections, can be identified from one another using
molecular fingerprints detected in vibrational spectra. In addition, the excellent sensitivity
and specificity attained by SERS make the benefits of vibrational Raman scattering ex-
ceptional. The primary spectroscopic distinctions between the O-antigens of E. coli 016
and S. typhimurium are provided by distinctive fundamental vibrational modes connected
to the monosaccharide N-acetylglucosamine and deformations of the O-antigen chains.
The indirect detection of Escherichia coli O16 and Salmonella typhimurium by extract-
ing, purifying, and characterizing the O-antigen using silver nanoparticles has also been
reported [66]. Fungal strains such as the human cryptococcosis can also be detected, such
as the human cryptococcosis, which is most frequently brought on by the two species of
Cryptococcus neoformans and Cryptococcus gattii. The identification of Cryptococcal infections
is challenging due to the lengthy detection cycle of Cryptococcus in clinical specimens. The
study directly differentiated between C. neoformans and C. gattii in clinical specimens using
SERS and spectrum analysis using positively charged silver nanoparticles (AgNPs) as a
substrate. The AgNPs self-assembled on the fungal cell wall’s surface through electrostatic
aggregation. Using PCA, the innovative SERS detection approach can clearly discriminate
between the Cryptococcus species [152]. Table 4 summarizes the literature on the analysis
used for differentiating bacteria based on their SERS spectra.
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Chemometric Methods SERS Substrates

Table 4. A literature summary on using chemometric analysis to differentiate bacteria based on SERS technique.

Bacterial Samples

Number of Bacteria

Results and Conclusions

DFA-HCA; PCA [9] Silver colloid

Clinical bacterial isolates from patients with
UTI (Escherichia coli; Klebsiella oxytoca; Klebsiella
pneumoniae; Citrobacter freundii; and
Enterococcus spp. and Proteus mirabilis)

6 species, 5 strains

Discriminate between distinct
species and discriminate Escherichia
coli on strain level.

PCA, HCA, and DFA based on

Au-nanoparticle-covered
the “barcoding method” [146]

SiO, substrate

Bacillus thuringiensis; Bacillus cereus; Bacillus
anthracis; Bacillus licheniformis; Mycobacterium
smegmatis; Mycobacterium fortuitum; Escherichia
coli; Salmonella typhimurium

8 species

Species and strain separation

PCA, HCA, and PLS-DA [145] AgNR

Moycoplasma pneumonia and clinical throat swab

1 specie, 3 strains

The throat swab samples spiked
with M. pneumonia, and actual
clinical throat swab samples were
correctly classified.

Staphylococcus epidermidis and Escherichia coli
0157:H7

2 species

Differentiate Staphylococcus.
epidermidis, Escherichia coli O157:H7,
and their 1:1 ratio mixer

Kembolar pneumonia, Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecalis,
and Staphylococcus aureus

4 species, 2 strains

Discriminate SERS spectra of
different bacteria and the culture
media in which they are grown.

Escherichia coli

9 strains

Classification between strains with a
high correct rate

Enterococcus faecalis; Streptococcus pyogenes;
Acinetobacter baumannii; Klebsiella pneumoniae

4 species

Discrimination between G+ and
G-bacterial genera

PCA [35] Internal depos1t1.0n of silver
nanoparticles
PCA [147] Au, ion-doped SiO; sol-gel
PCA and SVM [40] Silver .collo1d. u}corpc?rates a
microfluidic device
PCA [153] Silver nanoparticles
PCA, LDA, and HCA [149] Roughened g(.)ld-coated
glass slides
Magnetic-plasmonic Fe304—-Au
PCA [73]

Arthrobacter strains

14 strains

Distinct molecular differences on
the surface of fourteen closely
related Arthrobacter strains; liquid
and solid cultures are distinguished

core-shell nanoparticles
(Au-MNPs)

Acinetobacter calcoaceticus, Escherichia coli K12,
and Pseudomonas aeruginosa

3 species

Discriminate between species
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Table 4. Cont.

Chemometric Methods

SERS Substrates

Bacterial Samples

Number of Bacteria

Results and Conclusions

PCA and HCA [76]

Gold nanoparticles (GNPs)

Salmonella typhimurium ATCC 50013, Salmonella
O7HZ10, Shigella boydii CMCC51514, Shigella
sonnei CMCC51529, Shigella dysenteriae
CMCC51252, Citrobacter freundii ATCC43864,
and Enterobacter sakazakii 154

6 species, 2 strains

Discriminate between species and
serotypes

Generic Escherichia coli; Escherichia coli O157:H7;
Staphylococcus aureus; Salmonella typhimurium

Distinguish between distinct species,
differentiate pure cell samples from

PCAT63] AgNR 1925-1 poultry isolate, and Escherichia coli 3 species, 3 serotypes mixed cell samples, and classify
DH 5a different bacterial strains.
Salmonella enterica serotype Anatum, Salmonella
enterica serotype Cubana, Salmonella enterica Differentiate between species and
PCA and PLS-DA [120] VAN AgNR serotype Stanley, Salmonella Enteritidis, 3 species, 4 serotypes serotypes in mung bean
Escherichia coli O157:H7, and sprout samples
Staphylococcus epidermidis
. . E. coli, S. typhmzrﬁzum, S. mmnesotu,‘S. mileloti, Discriminate between distinct
PCA and machine learning AoNR P. aeruginosa, M. catarrhalis, 6 specics. 7 strains species and discriminate on
algorithm—RamanNet [79] & H. pylori GU2, F. tularensis LV'S, E. coli 0128B12, P ! P strain level
E. coli 011B4, E. coli J5, and E. coli H100
E. coli, S. typhimurium, S. minnesota, V. cholerae, SERS spectra can be used to
PCA [96] AgNR Rhizobium species R. CE3, and R. NGR, as well as 6 species differentiate between the different

Neisseria meningitidis

enteric LPS




Biosensors 2024, 14, 375

19 of 30

4.5. AI/ML-Enabled SERS Detection

In order to create links between spectral data and genetic variations, machine-learning
approaches might potentially be used. For instance, they might be used to track the genetic
change and evolution of bacteria and viruses or to research the real-time interactions
between diseases and medications (antivirals or antibiotics). The creation of novel antivirals
and antibiotics, as well as a better knowledge of the interactions between cells and drugs, is
aided by comparing the spectrum variations in the Raman bands for proteins, nucleic acids,
lipids, carbohydrates, and cholesterol. Finally, even in the absence of pharmacological
additives, machine learning may be utilized to forecast drug susceptibility and the lowest
inhibitory concentration [136]. The advancements in artificial intelligence combined with
SERS have enabled the development of rapid detection. The principal component analysis
(PCA) method has limitations due to the overlapped spectra and the presence of multiple
bacteria in different kinds of media; hence, with machine learning tools, it shows better
class separability and higher accuracy. The deep neural network called Dual WKNet could
differentiate E. coli and S. epidermidis from different media like water, artificial urine, ground
beef solution, milk, and nutrient broth with a high accuracy of 98%. The DualWKNet,
with a lesser number of convolutional layers but a larger kernel size, could consider the
spectral features and differentiate the species with higher accuracy than PCA and logistic
regression [154]. Identification of MRSA and MSSA spectra could not be classified with
the naked eye, but peak intensity ratio differences and classification algorithms such as
k-nearest neighbors (k-NN), support vector machine (SVM), decision tree (DT), and naive
Bayes (NB) can be used for differentiation [99]. With antimicrobial resistance being a rising
concern with the label-free SERS spectra of MRSA and MSSA appearing similar and the
AgNR exhibiting a higher signal-to-noise ratio. Hence, to differentiate with the use of a
stack autoencoder (SAE)-based deep neural network, where the SERS peak difference was
from the peptidoglycan layer. The performance of SAE-DNN was also compared with
other classifiers like SVM and KNN, which show higher accuracy from raw data without
preprocessing. This can also be used for rapid clinical detection of AMR [155].

A convolutional neural network (CNN) [156] trained on datasets of SERS was used
to identify clinical samples, enabling better treatment outcomes. It fastens the process
for accurate detection without conventional culture techniques. The training reference
dataset was of 30 bacterial species and yeast; the binary CNN could differentiate between
MRSA and MSSA with an accuracy of 89.1 £ 0.1%. The clinical samples were also used
to refine the detection accuracy, which, in turn, increased the accuracy by 99.0 &+ 1.9%
for 50 samples [157]. A novel CNN, RamanNet, for the sole classification of SERS, has
been developed for endotoxin detection. The algorithm was trained with spectral data of
11 bacterial LPS and has an accuracy rate of 100%. It is a densely connected form of neural
layer network, using the triplet loss feature, which helps in reducing the dimensionality
of data [80]. Bacterial identification using CNN and Siamese networks was compared;
Siamese networks are made of a pair of CNN, and various other machine learning tools
like PCA-LDA, PCA-SVM, PLS-DA, and PCA-RF were compared. The networks were
assessed on their sensitivity and other parameters like predictability and time for training.
Siamese model showed the highest level of sensitivity for bacterial detection [158]. The
16 different sequence types of Klebsiella pneumoniae could be differentiated by SVM, which
was in correlation with multilocus sequence typing [47]. The carbapenem-sensitive and
resistant strains of K. pneumoniae could also be differentiated by using CNN [159].

The SERS spectral recognition feature is another novel machine learning approach
like facial recognition, wherein it matches the database. The characteristic peak similarity
(CaPSim) method was used for spectra from three different substrates of AgNR, AuNP,
and Au NS, considering the variability of data. Hence, it has shown high accuracy in
the detection of chemicals [160]. Clinical translation is slowed by various factors such
as issues with spectral enhancement consistency, difficulty in interpretation of spectrum,
inadequate specificity, sensitivity, and an inefficient procedure from patient sample col-
lection to spectral capture. To overcome these shortcomings, new capture and affinity
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agents, such as aptamers and polymers, and artificial intelligence will indicate the specific
pathogens presence or absence. The creation of a database of the standardized spectrum can
help to increase reproducibility and find applications in microbiological laboratories [156].
Therefore, the advent of machine learning has enabled the clinical translation of the SERS
technique for culture-free detection of microbes and complex samples.

Reproducibility of SERS

One of the significant concerns related to the practicability of SERS has been the re-
producibility of the data for various reasons, such as the different instruments in use. The
instruments can show variability in results due to the equipment’s power, acquisition time,
and calibration with standards. The samples need to be prepared using a similar protocol of
incubation and centrifugation to reduce variability. The substrate fabrication can affect the
variability; therefore, the uniformity of the monolayers needs to be maintained [101,102].
The Al-based data analysis can help as a database to reduce variability, such as RamanNet,
which has been developed solely for SERS. RamanNet has been used with five different
instruments to analyze the results, showing high accuracy (unpublished). It helps evade
the critical issue of data reproducibility by measuring various bacterial biomarkers and
reducing variability [79]. Therefore, with Al, SERS can mitigate the problem of repro-
ducibility to a certain extent to be applied in clinical diagnostics. In general, SERS-based
detection of bacteria has improved in the past decade. In the future, this sensitive method
will be promising for detecting single bacteria in the real-world matrix by constructing
SERS substrates with high activity or combining different techniques.

4.6. Detection of Microbes in Complex Samples

For the SERS-based detection platform to have a major impact in the field of detection
of bacteria, the developed biosensors must detect bacteria in real samples, such as food
samples [149] and clinical samples [127]. Studies of the detection of bacteria using SERS
in real food samples are limited due to the complicated nature of the food matrix, which
contains molecules like target pathogenic bacteria [65]. To solve the problem, a separation
and detection method of many pathogens in food matrices by silica-coated magnetic probes
(MNPs@SiO,) [121]. A sandwich assay was used to capture the target microorganisms
directly from a food matrix, and these probes were functionalized with pathogen antibodies.
Subsequently, AuNPs in combination with Raman reporter are also functionalized with
particular antibodies. These probes with specific pathogen antibodies can capture the
target bacteria directly from a food matrix, and the sandwich assay was formed using
AuNPs with a Raman reporter functionalized with corresponding antibodies. With this
assay, Salmonella enterica serovar Typhimurium and Staphylococcus aureus were detected
in spinach solution and peanut butter as low as 103> CFU/mL. These species are found
to have infective doses varying from 10 to 10%, wherein the sensitivity of the assay can
be increased by filtration of the sample before analysis. A label-free SERS-based bacteria
detection in real food samples was reported [120] with VAN AgNR substrates used to
directly detect pathogenic bacteria from mung bean sprout samples after a simple two-step
filtration procedure. With this method, 100 CFU/mL of bacteria were identified from
mung bean sprout samples, and differentiation between bacterial species and serotypes
was achieved. One of the most dangerous pathogenic bacteria associated with foodborne
illnesses is Escherichia coli O157:H7. SERS-based lateral flow immunoassay (LFIA) is a
rapid detection biosensor for the sensitive and quantitative measurement of E. coli O157:H7
in biological samples. High-performance tags for the LFIA system based on SERS were
created using a new monodispersed gold-shell silica-core (5i0,/Au) nanosphere (NP),
with exceptional stability and great SERS activity. On the test lines, the SiO,/Au SERS
tags that were modified with two layers of Raman reporter molecules and monoclonal
antibodies successfully attach to E. coli O157:H7 and form sandwich immune complexes.
Observing the test lines Raman intensities, E. coli O157:H7 was quickly and quantitatively
identified. Such applications can be utilized in the detection of biological samples like tap
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water, milk, human urine, and lettuce extract of biological samples like tap water, milk,
human urine, lettuce extract, and beef [161]. The foodborne pathogens can be detected
by SERS on AgNR substrates by organisms such as Salmonella, Staphylococcus aureus, and
Escherichia coli O157:H7. A silver colloidal nanoparticle suspension along with the cells
could be detected at 785 nm. The assay exhibited a rapid and very sensitive detection,
followed by spectral data reduction of PCA and HCA to distinguish between species [162].
A particular single-stranded DNA aptamer is utilized to specifically capture and label
Salmonella enteritidis. The modification with an extra adenine and fluorescein (FAM) was
employed as an indicator for the presence/absence of Salmonella enteritidis. The aptamer
signals were obtained by further filtering of gold nanoparticles, and they were then utilized
to build a SERS mapping showing the presence and absence of target bacterial strains
with possible quantitative capacity. This study shows the filtration-based SERS platform’s
capacity to detect Salmonella enteritidis in a range of aqueous matrices, including distilled
water and the water used to rinse fresh produce, with good selectivity and sensitivity [163].

Besides food and environmental samples, human/animal body fluid samples are one
of the most important complexes, especially for clinical diagnostics. AgNR substrate-based
SERS are used for the detection and differentiation of Mycoplasma pneumoniae in culture
and in spiked and true clinical throat swab samples [145]. High sensitivity and specificity
were reported with the assay, and a lower detection limit exceeded standard PCR. The use
of vancomycin coated with anodic aluminum oxide substrates to directly detect bacteria
in human blood samples has also been reported [127]. The bacteria capture property of
vancomycin eliminates interference from human blood, thus producing a successful detec-
tion. A similar strategy was used to selectively capture bacteria from blood samples with
vancomycin-coated silver—gold bimetallic SERS substrates [71]. Escherichia coli, Salmonella
enterica, and Staphylococcus epidermidis are successfully detected in blood samples with SERS.
For precise and speedy, label-free electrochemical detection of harmful food-borne bacteria
like Salmonella enterica, a biosensor employing reduced graphene oxide-carbon nanotubes
(rGO-CNT) nanocomposite has been developed. The nanocomposite was then cast onto the
glassy carbon electrode and then further altered using DNA aptamers that had undergone
amination. The resulting ssDNA /rGO-CNT/GCE aptasensor was then employed using
the differential pulse voltammetry (DPV) approach to identify bacteria. With a limit of
detection of 10! CFU/mL under ideal experimental circumstances, the aptasensor could de-
tect S. typhimurium throughout a large linear dynamic range from 10! to 108 CFU/mL [164].
Due to the quick onset and high fatality rates of bacterial meningitis, prompt identification
of germs present in the cerebral spinal fluid (CSF) and subsequent efficient treatment
are essential. A new quantitative assay to identify the three microorganisms that cause
bacterial meningitis, combining SERS and lambda exonuclease, was reported. A processive
enzyme called I-exonuclease breaks down one strand of double-stranded DNA that has a
terminal 5-phosphate group. The novel assay format entails the simultaneous hybridization
of two complementary DNA probes, one of which contains a SERS active dye, to a target
sequence, followed by the digestion of double-stranded DNA with I-exonuclease and
the detection of the digestion by SERS of the resultant material. In a multiplexed assay,
three meningitis pathogens were effectively detected with predicted detection limits in
the pico-molar range, providing quick results. This is the first paper to demonstrate that
the quantification of each pathogen is achievable by combining partial least squares (PLS)
regression with the distinctive spectral characteristics of the SERS signals [165].

Urinary tract infections (UTIs) are a major concern as over 60% of women develop a
UTI during their lifetime, and it can cause nosocomial infections. The conventional culture
method requires 24 h to obtain results using Raman-based methods to identify bacteria by
single bacterial cell analysis and in suspension using dielectrophoretic forces. There was no
hindrance caused by the antibiotics or any growth-inhibitory substances. The detection
method in suspension requires the sample to be placed in the chip with four gold electrodes
and can be identified from the established database. The detection of vancomycin-resistant
and sensitive strains of enterococci using Raman-based methods can be identified rapidly
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based on the molecular changes caused by the drug action that affect the Raman spectra.
Changes are seen just after 30 min when the drug concentration is above the minimum
inhibitory concentration. The method could differentiate and identify Enterococcus faecalis
strains as sensitive or resistant and can be applied to real-world samples [166]. The direct
detection of UTI-related pathogens is performed without sample pretreatment (Escherichia
coli CFT 073, Pseudomonas aeruginosa PAO1, and Proteus mirabilis PRM1) using SERS chips,
which capture negatively charged bacteria [167]. Hence, as a diagnostic tool for UTI, Raman
spectroscopy should be able to (1) determine whether urine sample results are positive or
negative based on the bacterial burden for UTI, (2) identify the microorganism responsible
for the positive samples, and (3) determine the antibiotic or antibiogram sensitivity of the
implicated microorganisms. SERS could be further developed as a point-of-care device to
detect UTIs [168].

5. Challenges and Opportunities

Due to technical limitations, the SERS-based detection of bacteria has faced increased
challenges and opportunities. Earlier Ag NPs were used as the SERS substrates for detecting
bacteria, which is easily affected by the external environment, thus resulting in weak
reproducibility. As a result, common bacteria can be detected at the strain level and
identified only at this period, such as Escherichia coli, Pseudomonas, Staphylococcus, and
Salmonella. The differences in the SERS spectra of the bacteria were small, and the volume
ratio of analyte to silver colloidal particles must be within a narrow range of values [110].
To broaden the species of bacteria detected by SERS, a variety of specific SERS-active
substrates have been fabricated. Endotoxins, such as LPS, act as pollutants and affect
Au NP. The investigation was contrasted with LPS-coated surfaces, coatings with tiny
molecules (lipoic or citric acid), which show high binding, and bulk molecules (branched
polyethylenimine-BPEI and polyethylene glycol-PEG), which demonstrated substantial
repulsion to inhibit LPS binding [169].

Despite its excellent sensitivity, a problem for bacteria detection by SERS is how to
achieve the higher detection sensitivity. Different pre-treatment strategies were combined
with SERS, which improved the detection sensitivity. A facile synthesis of Au-coated mag-
netic nanoparticles as SERS substrate for the indirect detection of Staphylococcus aureus by de-
tecting the reporter molecule, which showed an excellent detection limit of 10 cells/mL [59].
Rapid and sensitive detection of Salmonella showed a better calibration curve obtained
in the range of 15 to 1.5 x 10° CFU/mL [64] using the Au@Ag core/shell nanoparticles
as SERS substrate. The most attractive aspect of bacterial detection is sensing bacteria
in the real-world matrix. The magnetite-gold nanoparticles were used for Escherichia coli
detection in apple juice [48], which shows an effective way of pre-concentration, separation,
and detection of low levels of target pathogen (10> CFU/mL) from liquid food matrix.
Two different nanostructures, the Au@pNIPAM hydrogel with embedded Au nanorods
and the mesostructured Au@TiO, substrate with a mesoporous TiO; thin film over a sub-
monolayer of Au nanospheres, were used to detect Pseudomonas aeruginosa in vivo [55].
Escherichia coli and Staphylococcus aureus were detected in different fluids, such as blood,
urine, water, or milk, using a polymer mat covering a layer of gold as a SERS substrate [50].

Label-free assays make it simple to prepare samples and provide quantitative real-time
measurements, but they are susceptible to matrix effects and non-specific bindings. While
the multistep methods for labeled assays make them slightly more difficult, the inclusion
of numerous binding events boosts specificity, and amplification tags improve sensitivity.
When combined, labeled assays seem to have a stronger chance of being translated into the
clinic, especially when working with real samples. There are also challenges in integrating
these components into a fully automated, standalone platform that can be used by end
users without technical skills and a generalized integrated system that can handle a greater
variety of clinical samples, including urine, blood, and saliva for various infectious viruses
or bacteria [170].
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Several analytes found in real-world samples, including bodily fluids, contaminants
found in soil, and explosives, are disseminated in liquid, solid, or air phases. The develop-
ment of a platform that can accurately and specifically identify these analytes in each of
these stages is still a difficult task. The single-cell era of microbiology research has been
made feasible by the union of Raman-activated cell sorting (RACS) and single-cell Raman
spectra (SCRS) with distinctive fingerprint properties. Systems for Raman-activated Cell
Sorting (RACS) are important tools for identifying the genotypes and phenotypes of certain
bacteria [171].

The creation of sensitive and quick methods for viral detection has become crucial
during the COVID-19 pandemic. A SARS-aptasensor based on colloidal solutions, which are
rapid and specific to quantitatively determine the SARS-CoV-2 virus and distinguish it from
other respiratory viruses, is one such method. For the separation of a truly straightforward
and secure biofluid-like saliva from a current or past infection by SARS-CoV-2, an alternate
Raman technique was recommended. The COVID-19 patient signal could be distinguished
using the Raman-based classification model with accuracy, precision, sensitivity, and
specificity of greater than 95% [172].

6. Conclusions

This review highlights the recent developments in microbial detection using SERS
over the last decade, highlighting how these assays perform better in complicated samples
in terms of sensitivity and specificity. These studies demonstrate that SERS-based detection
methods could rapidly detect low concentrations of bacteria with high sensitivity as well
as specificity. The differentiation between bacterial species, strains, and serotypes could
be successfully achieved among various bacteria, either through chemometric analysis
of the bacterial SERS signal or by using secondary confirmation. The synergistic use
of microfluidics utilizes the advantages of SERS and subsequently develops numerous
lab-on-chip devices. Although these exciting research results dramatically advanced the
field compared with just a decade ago, the research on the practical use of SERS for
real-world samples is limited. Perhaps the greatest barriers to a widely accepted SERS
platform in the industry are the relatively prohibitive cost of SERS-active substrates, the
complexity posed by the various biological and environmental samples, and the presence
of multiple organisms in a sample. Nowadays, SERS is recognized as a valuable option for
biological and chemical analytics, and with Al it will be utilized as a powerful and reliable
detection platform.

Author Contributions: Conceptualization, S.M.Z. and Y.Z.; methodology, M.H., Y.Z. and SM.Z,;
investigation, M.H., Y.Z. and S.M.Z.; writing—original draft preparation, M.H.; writing—review and
editing, M.H., Y.Z. and S.M.Z,; supervision, S.M.Z.; project administration, S.M.Z.; funding acquisi-
tion, Y.Z. and S.M.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Qatar National Research Fund (QNRF) (grant number:
NPRP12S-0224-190144). The APC is funded by Qatar University student grant number QUST-1-
CMED-2024-1727.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All cited references are listed in PubMed and Web of Science.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Gopinath, S.C.; Tang, T.H.; Chen, Y.; Citartan, M.; Lakshmipriya, T. Bacterial detection: From microscope to smartphone. Biosens.
Bioelectron. 2014, 60, 332-342. [CrossRef] [PubMed]

2. Wells-Bennik, M.H.; Eijlander, R.T.; den Besten, H.M.; Berendsen, E.M.; Warda, A.K.; Krawczyk, A.O.; Nierop Groot, M.N.;
Xiao, Y.; Zwietering, M.H.; Kuipers, O.P; et al. Bacterial Spores in Food: Survival, Emergence, and Outgrowth. Annu. Rev. Food
Sci. Technol. 2016, 7, 457-482. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bios.2014.04.014
https://www.ncbi.nlm.nih.gov/pubmed/24836016
https://doi.org/10.1146/annurev-food-041715-033144
https://www.ncbi.nlm.nih.gov/pubmed/26934174

Biosensors 2024, 14, 375 24 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Kim, S.0.; Kim, S.S. Bacterial pathogen detection by conventional culture-based and recent alternative (polymerase chain reaction,
isothermal amplification, enzyme linked immunosorbent assay, bacteriophage amplification, and gold nanoparticle aggregation)
methods in food samples: A review. J. Food Saf. 2021, 41, e12870.

Wu, X,; Chen, J.; Park, B.; Huang, Y.W.; Zhao, Y. Advances in Applied Nanotechnology for Agriculture; American Chemical Society:
Washington, DC, USA, 2013; Volume 1143, pp. 85-108.

Sur, U.K. Surface-enhanced Raman spectroscopy: Recent advancement of Raman spectroscopy. Resonance 2010, 15, 154-164.
[CrossRef]

Kneipp, K.; Kneipp, H.; Itzkan, I.; Dasari, R.R.; Feld, M.S. Ultrasensitive chemical analysis by Raman spectroscopy. Chem. Rev.
1999, 99, 2957-2976. [CrossRef] [PubMed]

Tian, Z.-Q.; Ren, B.; Li, ] -F; Yang, Z.-L. Expanding generality of surface-enhanced Raman spectroscopy with borrowing SERS
activity strategy. Chem. Commun. 2007, 3514-3534. [CrossRef] [PubMed]

Campion, A.; Kambhampati, P. Surface-enhanced Raman scattering. Chem. Soc. Rev. 1998, 27, 241-250. [CrossRef]

Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L.T; Itzkan, I.; Dasari, R.; Feld, M.S. Single molecule detection using surface-enhanced
Raman scattering (SERS). Phys. Rev. Lett. 1997, 78, 1667-1670. [CrossRef]

Nie, S.M.; Emery, S.R. Probing single molecules and single nanoparticles by surface-enhanced Raman scattering. Science 1997, 275,
1102-1106. [CrossRef]

Xu, H.X,; Aizpurua, J.; Kall, M.; Apell, P. Electromagnetic contributions to single-molecule sensitivity in surface-enhanced Raman
scattering. Phys. Rev. E 2000, 62, 4318-4324. [CrossRef]

Xu, H.X; Bjerneld, E.J.; Kall, M.; Borjesson, L. Spectroscopy of single hemoglobin molecules by surface enhanced Raman scattering.
Phys. Rev. Lett. 1999, 83, 4357-4360. [CrossRef]

Liu, H,; Zhang, L.; Lang, X.; Yamaguchi, Y.; Iwasaki, H.; Inouye, Y.; Xue, Q.; Chen, M. Single molecule detection from a large-scale
SERS-active AuygAgyy substrate. Sci. Rep. 2011, 1, 112. [CrossRef] [PubMed]

Smith, T.J.; O’Connor, L.; Glennon, M.; Maher, M. Molecular diagnostics in food safety: Rapid detection of food-borne pathogens.
Ir. ]. Agric. Food Res. 2000, 39, 309-319.

Jarvis, RM.; Goodacre, R. Characterisation and identification of bacteria using SERS. Chem. Soc. Rev. 2008, 37, 931-936. [CrossRef]
[PubMed]

Murphy, S.; Huang, L.; Kamat, P.V. Reduced graphene oxide-silver nanoparticle composite as an active SERS material. J. Phys.
Chem. C 2013, 117, 4740-4747. [CrossRef]

Tang, X.; Hao, Q.; Hou, X;; Lan, L.; Li, M.; Yao, L.; Zhao, X.; Ni, Z.; Fan, X,; Qiu, T. Exploring and Engineering 2D Transition Metal
Dichalcogenides toward Ultimate SERS Performance. Adv. Mater. 2024, 36, 2312348. [CrossRef] [PubMed]

Maznichenko, D.; Venkatakrishnan, K.; Tan, B. Stimulating multiple SERS mechanisms by a nanofibrous three-dimensional
network structure of titanium dioxide (TiO5). J. Phys. Chem. C 2013, 117, 578-583. [CrossRef]

Zong, C.; Ge, M,; Pan, H.; Wang, J.; Nie, X.; Zhang, Q.; Zhao, W.; Liu, X,; Yu, Y. In situ synthesis of low-cost and large-scale flexible
metal nanoparticle-polymer composite films as highly sensitive SERS substrates for surface trace analysis. RSC Adv. 2019, 9,
2857-2864. [CrossRef] [PubMed]

Hu, B,; Pu, H; Sun, D.W. Multifunctional cellulose based substrates for SERS smart sensing: Principles, applications and emerging
trends for food safety detection. Trends Food Sci. Technol. 2021, 110, 304-320. [CrossRef]

Alexander, T.A.; Pellegrino, PM.; Gillespie, J.B. Near-infrared surface-enhanced-Raman-scattering-mediated detection of single
optically trapped bacterial spores. Appl. Spectrosc. 2003, 57, 1340-1345. [CrossRef] [PubMed]

Efrima, S.; Bronk, B.V. Silver colloids impregnating or coating bacteria. J. Phys. Chem. B 1998, 102, 5947-5950. [CrossRef]

Zeiri, L.; Bronk, B.V.; Shabtai, Y.; Eichler, J.; Efrima, S. Surface-enhanced Raman spectroscopy as a tool for probing specific
biochemical components in bacteria. Appl. Spectrosc. 2004, 58, 33—40. [CrossRef] [PubMed]

Premasiri, W.R.; Moir, D.T.; Klempner, M.S.; Krieger, N.; Jones, G.; Ziegler, L.D. Characterization of the Surface Enhanced Raman
Scattering (SERS) of bacteria. J. Phys. Chem. B 2005, 109, 312-320. [CrossRef]

Fan, M.; Andrade, G.F; Brolo, A.G. A review on the fabrication of substrates for surface enhanced Raman spectroscopy and their
applications in analytical chemistry. Anal. Chim. Acta 2011, 693, 7-25. [CrossRef] [PubMed]

Sil, S.; Kuhar, N.; Acharya, S.; Umapathy, S. Is chemically synthesized graphene ‘really” a unique substrate for SERS and
fluorescence quenching? Sci. Rep. 2013, 3, 3336. [CrossRef] [PubMed]

Ma, L.; Huang, Y,; Hou, M.; Xie, Z.; Zhang, Z. Silver Nanorods Wrapped with Ultrathin Al,O3 Layers Exhibiting Excellent SERS
Sensitivity and Outstanding SERS Stability. Sci. Rep. 2015, 5, 12890. [CrossRef] [PubMed]

Dinish, U.S.; Balasundaram, G.; Chang, Y.T; Olivo, M. Actively targeted in vivo multiplex detection of intrinsic cancer biomarkers
using biocompatible SERS nanotags. Sci. Rep. 2014, 4, 4075. [CrossRef] [PubMed]

Lin, X.M,; Cui, Y;; Xu, Y.H.; Ren, B.; Tian, Z.Q. Surface-enhanced Raman spectroscopy: Substrate-related issues. Anal. Bioanal.
Chem. 2009, 394, 1729-1745. [CrossRef] [PubMed]

Liu, Y,; Zhou, H.; Hu, Z; Yu, G,; Yang, D.; Zhao, J. Label and label-free based surface-enhanced Raman scattering for pathogen
bacteria detection: A review. Biosens. Bioelectron. 2017, 94, 131-140. [CrossRef] [PubMed]

Guven, B.; Basaran-Akgul, N.; Temur, E.; Tamer, U.; Boyaci, I.H. SERS-based sandwich immunoassay using antibody coated
magnetic nanoparticles for Escherichia coli enumeration. Analyst 2011, 136, 740-748. [CrossRef] [PubMed]


https://doi.org/10.1007/s12045-010-0016-6
https://doi.org/10.1021/cr980133r
https://www.ncbi.nlm.nih.gov/pubmed/11749507
https://doi.org/10.1039/b616986d
https://www.ncbi.nlm.nih.gov/pubmed/18080535
https://doi.org/10.1039/a827241z
https://doi.org/10.1103/PhysRevLett.78.1667
https://doi.org/10.1126/science.275.5303.1102
https://doi.org/10.1103/PhysRevE.62.4318
https://doi.org/10.1103/PhysRevLett.83.4357
https://doi.org/10.1038/srep00112
https://www.ncbi.nlm.nih.gov/pubmed/22355629
https://doi.org/10.1039/b705973f
https://www.ncbi.nlm.nih.gov/pubmed/18443678
https://doi.org/10.1021/jp3108528
https://doi.org/10.1002/adma.202312348
https://www.ncbi.nlm.nih.gov/pubmed/38302855
https://doi.org/10.1021/jp310193a
https://doi.org/10.1039/C8RA08818G
https://www.ncbi.nlm.nih.gov/pubmed/35520535
https://doi.org/10.1016/j.tifs.2021.02.005
https://doi.org/10.1366/000370203322554482
https://www.ncbi.nlm.nih.gov/pubmed/14658146
https://doi.org/10.1021/jp9813903
https://doi.org/10.1366/000370204322729441
https://www.ncbi.nlm.nih.gov/pubmed/14727718
https://doi.org/10.1021/jp040442n
https://doi.org/10.1016/j.aca.2011.03.002
https://www.ncbi.nlm.nih.gov/pubmed/21504806
https://doi.org/10.1038/srep03336
https://www.ncbi.nlm.nih.gov/pubmed/24275718
https://doi.org/10.1038/srep12890
https://www.ncbi.nlm.nih.gov/pubmed/26264281
https://doi.org/10.1038/srep04075
https://www.ncbi.nlm.nih.gov/pubmed/24518045
https://doi.org/10.1007/s00216-009-2761-5
https://www.ncbi.nlm.nih.gov/pubmed/19381618
https://doi.org/10.1016/j.bios.2017.02.032
https://www.ncbi.nlm.nih.gov/pubmed/28262610
https://doi.org/10.1039/C0AN00473A
https://www.ncbi.nlm.nih.gov/pubmed/21125089

Biosensors 2024, 14, 375 25 of 30

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Xu, X.;; Ma, X.; Wang, H.; Wang, Z. Aptamer based SERS detection of Salmonella typhimurium using DNA-assembled gold
nanodimers. Microchim. Acta 2018, 185, 325. [CrossRef] [PubMed]

Yuan, K.; Mei, Q.; Guo, X,; Xu, Y.; Yang, D.; Sanchez, B.J.; Sheng, B.; Liu, C.; Hu, Z.; Yu, G; et al. Antimicrobial peptide based
magnetic recognition elements and Au@ Ag-GO SERS tags with stable internal standards: A three in one biosensor for isolation,
discrimination and killing of multiple bacteria in whole blood. Chem. Sci. 2018, 9, 8781-8795. [CrossRef] [PubMed]

Zhou, X.; Hu, Z.; Yang, D.; Xie, S.; Jiang, Z.; Niessner, R.; Haisch, C.; Zhou, H.; Sun, P. Bacteria detection: From powerful SERS to
its advanced compatible techniques. Adv. Sci. 2020, 7, 2001739. [CrossRef] [PubMed]

Fan, C.; Hu, Z.Q.; Mustapha, A.; Lin, M.S. Rapid detection of food- and waterborne bacteria using surface-enhanced Raman
spectroscopy coupled with silver nanosubstrates. Appl. Microbiol. Biotechnol. 2011, 92, 1053-1061. [CrossRef] [PubMed]
Kahraman, M.; Zamaleeva, A.L; Fakhrullin, R.E; Culha, M. Layer-by-layer coating of bacteria with noble metal nanoparticles for
surface-enhanced Raman scattering. Anal. Bioanal. Chem. 2009, 395, 2559-2567. [CrossRef] [PubMed]

Zhou, H.B.; Yang, D.T.; Mircescu, N.; Ivleva, N.P.; Schwarzmeier, K.; Wieser, A.; Schubert, S.; Niessner, R.; Haisch, C. Surface-
enhanced Raman scattering detection of bacteria on microarrays at single cell levels using silver nanoparticles. Microchim. Acta
2015, 182, 2259-2266. [CrossRef]

Knauer, M,; Ivleva, N.P,; Niessner, R.; Haisch, C. A flow-through microarray cell for the online SERS detection of antibody-
captured E. coli bacteria. Anal. Bioanal. Chem. 2012, 402, 2663-2667. [CrossRef] [PubMed]

Zhou, H.B.; Yang, D.T.; Ivleva, N.P,; Mircescu, N.E.; Niessner, R.; Haisch, C. SERS Detection of Bacteria in Water by in Situ Coating
with Ag Nanoparticles. Anal. Chem. 2014, 86, 1525-1533. [CrossRef]

Walter, A.; Marz, A.; Schumacher, W.; Rosch, P.; Popp, J. Towards a fast, high specific and reliable discrimination of bacteria on
strain level by means of SERS in a microfluidic device. Lab Chip 2011, 11, 1013-1021. [CrossRef] [PubMed]

Cam, D.; Keseroglu, K.; Kahraman, M.; Sahin, F.; Culha, M. Multiplex identification of bacteria in bacterial mixtures with
surface-enhanced Raman scattering. J. Raman Spectrosc. 2010, 41, 484-489. [CrossRef]

Laucks, M.L.; Sengupta, A.; Junge, K.; Davis, E.J.; Swanson, B.D. Comparison of psychro-active arctic marine bacteria and
common mesophillic bacteria using surface-enhanced Raman spectroscopy. Appl. Spectrosc. 2005, 59, 1222-1228. [CrossRef]
[PubMed]

Sengupta, A.; Laucks, M.L.; Davis, E.J. Surface-enhanced Raman spectroscopy of bacteria and pollen. Appl. Spectrosc. 2005, 59,
1016-1023. [CrossRef] [PubMed]

Kahraman, M.; Yazici, M.M.; Sahin, F.; Culha, M. Convective assembly of bacteria for surface-enhanced Raman scattering.
Langmuir 2008, 24, 894-901. [CrossRef] [PubMed]

Culha, M.; Kahraman, M.; Cam, D.; Sayin, I.; Keseroglu, K. Rapid identification of bacteria and yeast using surface-enhanced
Raman scattering. Surf. Interface Anal. 2010, 42, 462-465. [CrossRef]

Cao, Y;; Lv, M.Y,; Xu, HJ,; Svec, F; Tan, TW.; Lv, Y.Q. Planar monolithic porous polymer layers functionalized with gold
nanoparticles as large-area substrates for sensitive surface-enhanced Raman scattering sensing of bacteria. Anal. Chim. Acta 2015,
896, 111-119. [CrossRef] [PubMed]

Zhang, L.Y,; Tian, B.; Huang, Y.H.; Gu, B.; Ju, P; Luo, Y.; Tang, J.; Wang, L. Classification and prediction of Klebsiella pneumoniae
strains with different MLST allelic profiles via SERS spectral analysis. Peer] 2023, 11, e16161. [CrossRef] [PubMed]

Najafi, R.; Mukherjee, S.; Hudson, J.; Sharma, A.; Banerjee, P. Development of a rapid capture-cum-detection method for
Escherichia coli O157 from apple juice comprising nano-immunomagnetic separation in tandem with surface enhanced Raman
scattering. Int. |. Food Microbiol. 2014, 189, 89-97. [CrossRef] [PubMed]

Jia, HW.; Wang, W.Q.; Qiu, L.; Zhang, N.N.; Ge, H.H.; Wang, J. Fabricating a Long-Range Ordered 3D Bimetallic Nanoassembly
with Edge-On Substrate for Highly Sensitive SERS Sensing of Escherichia coli Bacteria. Plasmonics 2015, 10, 1889-1894. [CrossRef]
Szymborski, T.; Witkowska, E.; Adamkiewicz, W.; Waluk, J.; Kaminska, A. Electrospun polymer mat as a SERS platform for the
immobilization and detection of bacteria from fluids. Analyst 2014, 139, 5061-5064. [CrossRef] [PubMed]

Madiyar, FR.; Bhana, S.; Swisher, L.Z.; Culbertson, C.T.; Huang, X.H.; Li, J. Integration of a nanostructured dielectrophoretic
device and a surface-enhanced Raman probe for highly sensitive rapid bacteria detection. Nanoscale 2015, 7, 3726-3736. [CrossRef]
[PubMed]

Temur, E.; Boyaci, .H.; Tamer, U.; Unsal, H.; Aydogan, N. A highly sensitive detection platform based on surface-enhanced
Raman scattering for Escherichia coli enumeration. Anal. Bioanal. Chem. 2010, 397, 1595-1604. [CrossRef] [PubMed]

Sengupta, A.; Mujacic, M.; Davis, E.J. Detection of bacteria by surface-enhanced Raman spectroscopy. Anal. Bioanal. Chem. 2006,
386, 1379-1386. [CrossRef] [PubMed]

Cheng, LE; Lin, C.C,; Lin, D.Y.; Chang, H. A dielectrophoretic chip with a roughened metal surface for on-chip surface-enhanced
Raman scattering analysis of bacteria. Biomicrofluidics 2010, 4, 034104. [CrossRef] [PubMed]

Bodelon, G.; Montes-Garcia, V.; Lopez-Puente, V.; Hill, E.H.; Hamon, C.; Sanz-Ortiz, M.N.; Rodal-Cedeira, S.; Costas, C.;
Celiksoy, S.; Perez-Juste, L; et al. Detection and imaging of quorum sensing in Pseudomonas aeruginosa biofilm communities by
surface-enhanced resonance Raman scattering. Nat. Mater. 2016, 15, 1203-1211. [CrossRef] [PubMed]

Wu, XM.; Chen, J.; Li, X.B.; Zhao, Y.P.; Zughaier, S.M. Culture-free diagnostics of Pseudomonas aeruginosa infection by silver
nanorod array based SERS from clinical sputum samples. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 1863-1870. [CrossRef]
[PubMed]


https://doi.org/10.1007/s00604-018-2852-0
https://www.ncbi.nlm.nih.gov/pubmed/29896641
https://doi.org/10.1039/C8SC04637A
https://www.ncbi.nlm.nih.gov/pubmed/30746114
https://doi.org/10.1002/advs.202001739
https://www.ncbi.nlm.nih.gov/pubmed/33304748
https://doi.org/10.1007/s00253-011-3634-3
https://www.ncbi.nlm.nih.gov/pubmed/22005743
https://doi.org/10.1007/s00216-009-3159-0
https://www.ncbi.nlm.nih.gov/pubmed/19795108
https://doi.org/10.1007/s00604-015-1570-0
https://doi.org/10.1007/s00216-011-5398-0
https://www.ncbi.nlm.nih.gov/pubmed/21947437
https://doi.org/10.1021/ac402935p
https://doi.org/10.1039/c0lc00536c
https://www.ncbi.nlm.nih.gov/pubmed/21283864
https://doi.org/10.1002/jrs.2475
https://doi.org/10.1366/000370205774430891
https://www.ncbi.nlm.nih.gov/pubmed/16274534
https://doi.org/10.1366/0003702054615124
https://www.ncbi.nlm.nih.gov/pubmed/16105210
https://doi.org/10.1021/la702240q
https://www.ncbi.nlm.nih.gov/pubmed/18179261
https://doi.org/10.1002/sia.3256
https://doi.org/10.1016/j.aca.2015.09.018
https://www.ncbi.nlm.nih.gov/pubmed/26481994
https://doi.org/10.7717/peerj.16161
https://www.ncbi.nlm.nih.gov/pubmed/37780376
https://doi.org/10.1016/j.ijfoodmicro.2014.07.036
https://www.ncbi.nlm.nih.gov/pubmed/25133877
https://doi.org/10.1007/s11468-015-0012-5
https://doi.org/10.1039/C4AN01137F
https://www.ncbi.nlm.nih.gov/pubmed/25136938
https://doi.org/10.1039/C4NR07183B
https://www.ncbi.nlm.nih.gov/pubmed/25641315
https://doi.org/10.1007/s00216-010-3676-x
https://www.ncbi.nlm.nih.gov/pubmed/20401720
https://doi.org/10.1007/s00216-006-0711-z
https://www.ncbi.nlm.nih.gov/pubmed/16933128
https://doi.org/10.1063/1.3474638
https://www.ncbi.nlm.nih.gov/pubmed/20806000
https://doi.org/10.1038/nmat4720
https://www.ncbi.nlm.nih.gov/pubmed/27500808
https://doi.org/10.1016/j.nano.2014.04.010
https://www.ncbi.nlm.nih.gov/pubmed/24832961

Biosensors 2024, 14, 375 26 of 30

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Cheng, L.F; Chen, TY,; Lu, R.J.; Wu, H.W. Rapid identification of bacteria utilizing amplified dielectrophoretic force-assisted
nanoparticle-induced surface-enhanced Raman spectroscopy. Nanoscale Res. Lett. 2014, 9, 324. [CrossRef] [PubMed]

Wang, H.Y.; Zhou, Y.F; Jiang, X.X.; Sun, B.; Zhu, Y.; Wang, H.; Su, Y.Y.; He, Y. Simultaneous Capture, Detection, and Inactivation
of Bacteria as Enabled by a Surface-Enhanced Raman Scattering Multifunctional Chip. Angew. Chem. Int. Ed. 2015, 54, 5132-5136.
[CrossRef] [PubMed]

Wang, J.; Wu, X;; Wang, C.; Rong, Z.; Ding, H.; Li, H,; Li, S.; Shao, N.; Dong, P.; Xiao, R.; et al. Facile Synthesis of Au-Coated
Magnetic Nanoparticles and Their Application in Bacteria Detection via a SERS Method. ACS Appl. Mater. Interfaces 2016, 8,
19958-19967. [CrossRef] [PubMed]

Lin, D.H.; Qin, T.Q.; Wang, Y.Q.; Sun, X.Y.; Chen, L.X. Graphene Oxide Wrapped SERS Tags: Multifunctional Platforms toward
Optical Labeling, Photothermal Ablation of Bacteria, and the Monitoring of Killing Effect. ACS Appl. Mater. Interfaces 2014, 6,
1320-1329. [CrossRef] [PubMed]

Kang, T.; Yoo, S.M.; Yoon, I; Lee, S.Y.; Kim, B. Patterned multiplex pathogen DNA detection by Au particle-on-wire SERS sensor.
Nano Lett. 2010, 10, 1189-1193. [CrossRef] [PubMed]

Wu, X.M,; Han, C.Q.; Chen, J.; Huang, YW.; Zhao, Y.P. Rapid Detection of Pathogenic Bacteria from Fresh Produce by Filtration
and Surface-Enhanced Raman Spectroscopy. JOM 2016, 68, 1156-1162. [CrossRef]

Chu, H.Y,; Huang, YW.; Zhao, Y.P. Silver nanorod arrays as a surface-enhanced Raman scattering substrate for foodborne
pathogenic bacteria detection. Appl. Spectrosc. 2008, 62, 922-931. [CrossRef] [PubMed]

Duan, N.; Chang, B.Y.,; Zhang, H.; Wang, Z.P.; Wu, S.J. Salmonella typhimurium detection using a surface-enhanced Raman
scattering-based aptasensor. Int. J. Food Microbiol. 2016, 218, 38-43. [CrossRef] [PubMed]

Wang, Y.L.; Lee, K.; Irudayaraj, ]. Silver Nanosphere SERS Probes for Sensitive Identification of Pathogens. J. Phys. Chem. C 2010,
114,16122-16128. [CrossRef]

Osorio-Roman, 1.O.; Aroca, R.F; Astudillo, J.; Matsuhiro, B.; Vasquez, C.; Perez, ] M. Characterization of bacteria using its
O-antigen with surface-enhanced Raman scattering. Analyst 2010, 135, 1997-2001. [CrossRef] [PubMed]

Ravindranath, S.P.; Kadam, U.S.; Thompson, D.K.; Irudayaraj, J. Intracellularly grown gold nanoislands as SERS substrates for
monitoring chromate, sulfate and nitrate localization sites in remediating bacteria biofilms by Raman chemical imaging. Anal.
Chim. Acta 2012, 745, 1-9. [CrossRef] [PubMed]

Yang, X.; Gu, C,; Qian, F,; Li, Y,; Zhang, J.Z. Highly Sensitive Detection of Proteins and Bacteria in Aqueous Solution Using
Surface-Enhanced Raman Scattering and Optical Fibers. Anal. Chem. 2011, 83, 5888-5894. [CrossRef] [PubMed]

Mosier-Boss, P.A.; Sorensen, K.C.; George, R.D.; Obraztsova, A. SERS substrates fabricated using ceramic filters for the detection
of bacteria. Spectrochim. Acta A 2016, 153, 591-598. [CrossRef] [PubMed]

Ravindranath, S.P.; Henne, K.L.; Thompson, D.K,; Irudayaraj, ]. Raman Chemical Imaging of Chromate Reduction Sites in a
Single Bacterium Using Intracellularly Grown Gold Nanoislands. ACS Nano 2011, 5, 4729-4736. [CrossRef] [PubMed]
Sivanesan, A.; Witkowska, E.; Adamkiewicz, W.; Dziewit, L.; Kaminska, A.; Waluk, J. Nanostructured silver-gold bimetallic SERS
substrates for selective identification of bacteria in human blood. Analyst 2014, 139, 1037-1043. [CrossRef] [PubMed]

Cheng, HW.; Huan, S.Y,; Wu, H.L.; Shen, G.L.; Yu, R.Q. Surface-Enhanced Raman Spectroscopic Detection of a Bacteria Biomarker
Using Gold Nanoparticle Immobilized Substrates. Anal. Chem. 2009, 81, 9902-9912. [CrossRef] [PubMed]

Zhang, L.; Xu, J.; Mi, L.; Gong, H.; Jiang, S.; Yu, Q. Multifunctional magnetic-plasmonic nanoparticles for fast concentration and
sensitive detection of bacteria using SERS. Biosens. Bioelectron. 2012, 31, 130-136. [CrossRef] [PubMed]

Kudo, H;; Itoh, T.; Kashiwagi, T.; Ishikawa, M.; Takeuchi, H.; Ukeda, H. Surface enhanced Raman scattering spectroscopy of Ag
nanoparticle aggregates directly photo-reduced on pathogenic bacterium (Helicobacter pylori). |. Photochem. Photobiol. A 2011, 221,
181-186. [CrossRef]

Wu, XM.; Huang, Y.W,; Park, B.; Tripp, R.A.; Zhao, Y.P. Differentiation and classification of bacteria using vancomycin functional-
ized silver nanorods array based surface-enhanced Raman spectroscopy and chemometric analysis. Talanta 2015, 139, 96-103.
[CrossRef] [PubMed]

Xie, Y.F; Xu, L.; Wang, Y.Q.; Shao, ].D.; Wang, L.; Wang, H.Y.; Qian, H.; Yao, W.R. Label-free detection of the foodborne pathogens
of Enterobacteriaceae by surface-enhanced Raman spectroscopy. Anal. Methods 2013, 5, 946-952. [CrossRef]

Mircescu, N.E.; Zhou, H.; Leopold, N.; Chis, V,; Ivleva, N.P; Niessner, R.; Wieser, A.; Haisch, C. Towards a receptor-free
immobilization and SERS detection of urinary tract infections causative pathogens. Anal. Bioanal. Chem. 2014, 406, 3051-3058.
[CrossRef] [PubMed]

Stevens, K.A.; Jaykus, L.A. Bacterial separation and concentration from complex sample matrices: A review. Crit. Rev. Microbiol.
2004, 30, 7-24. [CrossRef] [PubMed]

Yang, Y.; Xu, B.; Haverstick, J.; Ibtehaz, N.; Muszyniski, A.; Chen, X.; Chowdhury, M.E.; Zughaier, S.M.; Zhao, Y. Differentiation
and classification of bacterial endotoxins based on surface enhanced Raman scattering and advanced machine learning. Nanoscale
2022, 14, 8806—8817. [CrossRef] [PubMed]

De Marchi, S.; Bodeldn, G.; Vazquez-Iglesias, L.; Liz-Marzan, L.M.; Pérez-Juste, J.; Pastoriza-Santos, I. Surface-enhanced Raman
scattering (SERS) imaging of bioactive metabolites in mixed bacterial populations. Appl. Mater. Today 2019, 14, 207-215. [CrossRef]
Lee, T; Lim, J.; Park, K; Lim, EK,; Lee, ].J. Peptidoglycan-binding protein metamaterials mediated enhanced and selective
capturing of Gram-positive bacteria and their specific, ultra-sensitive, and reproducible detection via surface-enhanced Raman
scattering. ACS Sens. 2020, 5, 3099-3108. [CrossRef]


https://doi.org/10.1186/1556-276X-9-324
https://www.ncbi.nlm.nih.gov/pubmed/25024685
https://doi.org/10.1002/anie.201412294
https://www.ncbi.nlm.nih.gov/pubmed/25820791
https://doi.org/10.1021/acsami.6b07528
https://www.ncbi.nlm.nih.gov/pubmed/27420923
https://doi.org/10.1021/am405396k
https://www.ncbi.nlm.nih.gov/pubmed/24380413
https://doi.org/10.1021/nl1000086
https://www.ncbi.nlm.nih.gov/pubmed/20222740
https://doi.org/10.1007/s11837-015-1724-x
https://doi.org/10.1366/000370208785284330
https://www.ncbi.nlm.nih.gov/pubmed/18702867
https://doi.org/10.1016/j.ijfoodmicro.2015.11.006
https://www.ncbi.nlm.nih.gov/pubmed/26599860
https://doi.org/10.1021/jp1015406
https://doi.org/10.1039/c0an00061b
https://www.ncbi.nlm.nih.gov/pubmed/20532346
https://doi.org/10.1016/j.aca.2012.07.037
https://www.ncbi.nlm.nih.gov/pubmed/22938600
https://doi.org/10.1021/ac200707t
https://www.ncbi.nlm.nih.gov/pubmed/21692506
https://doi.org/10.1016/j.saa.2015.09.012
https://www.ncbi.nlm.nih.gov/pubmed/26439524
https://doi.org/10.1021/nn201105r
https://www.ncbi.nlm.nih.gov/pubmed/21634405
https://doi.org/10.1039/c3an01924a
https://www.ncbi.nlm.nih.gov/pubmed/24419003
https://doi.org/10.1021/ac9014275
https://www.ncbi.nlm.nih.gov/pubmed/19928907
https://doi.org/10.1016/j.bios.2011.10.006
https://www.ncbi.nlm.nih.gov/pubmed/22036668
https://doi.org/10.1016/j.jphotochem.2011.03.009
https://doi.org/10.1016/j.talanta.2015.02.045
https://www.ncbi.nlm.nih.gov/pubmed/25882413
https://doi.org/10.1039/C2AY26107C
https://doi.org/10.1007/s00216-014-7761-4
https://www.ncbi.nlm.nih.gov/pubmed/24705957
https://doi.org/10.1080/10408410490266410
https://www.ncbi.nlm.nih.gov/pubmed/15116760
https://doi.org/10.1039/D2NR01277D
https://www.ncbi.nlm.nih.gov/pubmed/35686584
https://doi.org/10.1016/j.apmt.2018.12.005
https://doi.org/10.1021/acssensors.0c01139

Biosensors 2024, 14, 375 27 of 30

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Zhou, Z.; Xiao, R.; Cheng, S.; Wang, S.; Shi, L.; Wang, C.; Qi, K.; Wang, S. A universal SERS-label immunoassay for pathogen
bacteria detection based on Fe304@ Au-aptamer separation and antibody-protein A orientation recognition. Anal. Chim. Acta
2021, 1160, 338421. [CrossRef] [PubMed]

Shvalya, V.; Vasudevan, A.; Modic, M.; Abutoama, M.; Skubic, C.; Nadizar, N.; Zavasnik, J.; Vengust, D.; Zidansek, A;
Abdulhalim, I.; et al. Bacterial DNA recognition by SERS active plasma-coupled nanogold. Nano Lett. 2022, 22, 9757-9765.
[CrossRef] [PubMed]

Wu, X.; Chen, ]J.; Zhao, Y.; Zughaier, S.M. Rapid detection of Pseudomonas aeruginosa biomarkers in biological fluids using
surface-enhanced Raman spectra. In Smart Biomedical and Physiological Sensor Technology XI; SPIE: Bellingham, WA, USA, 2014;
Volume 9107, pp. 25-34.

Elsayeh, M.; Kandil, A.H. Detection and identification system of bacteria and bacterial endotoxin based on Raman spectroscopy.
Int. J. Adv. Comput. Sci. Appl. 2016, 7, 28. [CrossRef]

Vo-Dinh, T.; Houck, K.; Stokes, D.L. Surface-Enhanced Raman Gene Probes. Anal. Chem. 1994, 66, 3379-3383. [CrossRef]
[PubMed]

Strelau, K.K.; Brinker, A.; Schnee, C.; Weber, K.; Moller, R.; Popp, J. Detection of PCR products amplified from DNA of epizootic
pathogens using magnetic nanoparticles and SERS. J. Raman Spectrosc. 2011, 42, 243-250. [CrossRef]

van Lierop, D.; Faulds, K.; Graham, D. Separation Free DNA Detection Using Surface Enhanced Raman Scattering. Anal. Chem.
2011, 83, 5817-5821. [CrossRef] [PubMed]

Efrima, S.; Zeiri, L. Understanding SERS of bacteria. ]. Raman Spectrosc. 2009, 40, 277-288. [CrossRef]

Rusciano, G.; Capriglione, P; Pesce, G.; Abete, P.; Carnovale, V.; Sasso, A. Raman spectroscopy as a new tool for early detection of
bacteria in patients with cystic fibrosis. Laser Phys. Lett. 2013, 10, 075603. [CrossRef]

Willemse-Erix, D.EM.; Scholtes-Timmerman, M.].; Jachtenberg, ] W.; van Leeuwen, W.B.; Horst-Kreft, D.; Schut, T.C.B,;
Deurenberg, R.H.; Puppels, G.J.; van Belkum, A.; Vos, M.C.; et al. Optical Fingerprinting in Bacterial Epidemiology: Raman
Spectroscopy as a Real-Time Typing Method. |. Clin. Microbiol. 2009, 47, 652—659. [CrossRef] [PubMed]

Willemse-Erix, D.EM.; Jachtenberg, ].W.; Schut, T.B.; van Leeuwen, W.; van Belkum, A.; Puppels, G.; Maquelin, K. Towards
Raman-based epidemiological typing of Pseudomonas aeruginosa. J. Biophotonics 2010, 3, 506-511. [CrossRef] [PubMed]

Liu, C.Y,; Han, Y.Y,; Shih, PH.; Lian, W.N.; Wang, H.H.; Lin, C.H.; Hsueh, P.R.; Wang, ].K.; Wang, Y.L. Rapid bacterial antibiotic
susceptibility test based on simple surface-enhanced Raman spectroscopic biomarkers. Sci. Rep. 2016, 6, 23375. [CrossRef]
[PubMed]

Zhang, X.Y.; Young, M.A; Lyandres, O.; Van Duyne, R.P. Rapid detection of an anthrax biomarker by surface-enhanced Raman
spectroscopy. J. Am. Chem. Soc. 2005, 127, 4484-4489. [CrossRef] [PubMed]

Cowcher, D.P; Xu, Y.; Goodacre, R. Portable, Quantitative Detection of Bacillus Bacterial Spores Using Surface-Enhanced Raman
Scattering. Anal. Chem. 2013, 85, 3297-3302. [CrossRef] [PubMed]

Xiang, S.; Ge, C.; Li, S.; Chen, L.; Wang, L.; Xu, Y. In situ detection of endotoxin in bacteriostatic process by SERS chip integrated
array microchambers within bioscaffold nanostructures and SERS tags. ACS Appl. Mater. Interfaces 2020, 12, 28985-28992.
[CrossRef] [PubMed]

Wu, X.; Zhao, Y.; Zughaier, S.M. Highly sensitive detection and differentiation of endotoxins derived from bacterial pathogens by
surface-enhanced raman scattering. Biosensors 2021, 11, 234. [CrossRef] [PubMed]

Paul, AM.; Fan, Z,; Sinha, S.S.; Shi, Y.L.; Le, L.D.; Bai, EW.,; Ray, P.C. Bioconjugated Gold Nanoparticle Based SERS Probe for
Ultrasensitive Identification of Mosquito-Borne Viruses Using Raman Fingerprinting. J. Phys. Chem. C 2015, 119, 23669-23675.
[CrossRef] [PubMed]

Radzol, A.R;; Lee, K.Y.; Mansor, W.; Omar, 1.S. PCA criterion for SVM (MLP) classifier for flavivirus biomarker from salivary
SERS spectra at febrile stage. In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and
Biology Society, Orlando, FL, USA, 16-20 August 2016; pp. 6206—-6209.

Rebrosova, K,; Siler, M.; Samek, O.; Rizicka, F; Bernatova, S.; Hold, V.; Jezek, J.; Zemanek, P.; Sokolova, ].; Petras, P. Rapid
identification of staphylococci by Raman spectroscopy. Sci. Rep. 2017, 7, 14846. [CrossRef] [PubMed]

Yan, S.; Wang, S.; Qiu, J.; Li, M,; Li, D.; Xu, D.; Li, D.; Liu, Q. Raman spectroscopy combined with machine learning for rapidly
detecting food-borne pathogens at the single-cell level. Talanta 2021, 226, 122195. [CrossRef] [PubMed]

Zhang, W.; He, S.; Hong, W.; Wang, P. A Review of Raman-Based Technologies for Bacterial Identification and Antimicrobial
Susceptibility Testing. Photonics 2022, 9, 133. [CrossRef]

Wang, L.; Liu, W,; Tang, ] W.; Wang, ].].; Liu, Q.H.; Wen, P.B.; Wang, M.M.; Pan, Y.C.; Gu, B.; Zhang, X. Applications of Raman
spectroscopy in bacterial infections: Principles, advantages, and shortcomings. Front. Microbiol. 2021, 12, 683580. [CrossRef]
[PubMed]

Wu, W,; Liu, L.; Dai, Z,; Liu, J.; Yang, S.; Zhou, L.; Xiao, X,; Jiang, C.; Roy, V.A. Low-Cost, Disposable, Flexible and Highly
Reproducible Screen Printed SERS Substrates for the Detection of Various Chemicals. Sci. Rep. 2015, 5, 10208.

Biju, V.; Pan, D.; Gorby, Y.A.; Fredrickson, ].; McLean, J.; Saffarini, D.; Lu, H.P. Combined spectroscopic and topographic
characterization of nanoscale domains and their distributions of a redox protein on bacterial cell surfaces. Langmuir 2007, 23,
1333-1338. [CrossRef] [PubMed]

Leyton, P.; Lizama-Vergara, P.A.; Campos-Vallette, M.M.; Becker, M.1,; Clavijo, E.; Reyes, I1.C.; Vera, M.; Jerez, C.A. Surface
enhanced Raman spectrum of nanometric molecular systems. J. Chil. Chem. Soc. 2005, 50, 725-730.


https://doi.org/10.1016/j.aca.2021.338421
https://www.ncbi.nlm.nih.gov/pubmed/33894956
https://doi.org/10.1021/acs.nanolett.2c02835
https://www.ncbi.nlm.nih.gov/pubmed/36301628
https://doi.org/10.14569/IJACSA.2016.070328
https://doi.org/10.1021/ac00092a014
https://www.ncbi.nlm.nih.gov/pubmed/7978314
https://doi.org/10.1002/jrs.2730
https://doi.org/10.1021/ac200514e
https://www.ncbi.nlm.nih.gov/pubmed/21517095
https://doi.org/10.1002/jrs.2121
https://doi.org/10.1088/1612-2011/10/7/075603
https://doi.org/10.1128/JCM.01900-08
https://www.ncbi.nlm.nih.gov/pubmed/19109462
https://doi.org/10.1002/jbio.201000026
https://www.ncbi.nlm.nih.gov/pubmed/20572285
https://doi.org/10.1038/srep23375
https://www.ncbi.nlm.nih.gov/pubmed/26997474
https://doi.org/10.1021/ja043623b
https://www.ncbi.nlm.nih.gov/pubmed/15783231
https://doi.org/10.1021/ac303657k
https://www.ncbi.nlm.nih.gov/pubmed/23409961
https://doi.org/10.1021/acsami.0c04897
https://www.ncbi.nlm.nih.gov/pubmed/32441909
https://doi.org/10.3390/bios11070234
https://www.ncbi.nlm.nih.gov/pubmed/34356705
https://doi.org/10.1021/acs.jpcc.5b07387
https://www.ncbi.nlm.nih.gov/pubmed/27441043
https://doi.org/10.1038/s41598-017-13940-w
https://www.ncbi.nlm.nih.gov/pubmed/29093473
https://doi.org/10.1016/j.talanta.2021.122195
https://www.ncbi.nlm.nih.gov/pubmed/33676719
https://doi.org/10.3390/photonics9030133
https://doi.org/10.3389/fmicb.2021.683580
https://www.ncbi.nlm.nih.gov/pubmed/34349740
https://doi.org/10.1021/la061343z
https://www.ncbi.nlm.nih.gov/pubmed/17241055

Biosensors 2024, 14, 375 28 of 30

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Kahraman, M.; Keseroglu, K.; Culha, M. On Sample Preparation for Surface-Enhanced Raman Scattering (SERS) of Bacteria and
the Source of Spectral Features of the Spectra. Appl. Spectrosc. 2011, 65, 500-506. [CrossRef] [PubMed]

Domenici, F; Bizzarri, A.R.; Cannistraro, S. Surface-enhanced Raman scattering detection of wild-type and mutant p53 proteins
at very low concentration in human serum. Anal. Biochem. 2012, 421, 9-15. [CrossRef]

Hu, H.; Wang, J; Yi, X;; Lin, K,; Meng, S.; Zhang, X.; Jiang, C.; Tang, Y.; Wang, M.; He, J.; et al. Stain-free Gram staining
classification of pathogens via single-cell Raman spectroscopy combined with machine learning. Anal. Methods 2022, 14,
4014-4020. [CrossRef] [PubMed]

Sengupta, A.; Brar, N.; Davis, E.]J. Bioaerosol detection and characterization by surface-enhanced Raman spectroscopy. J. Colloid
Interface Sci. 2007, 309, 36—43. [CrossRef] [PubMed]

Latteyer, F; Peisert, H.; Gohring, N.; Peschel, A.; Chasse, T. Vibrational and electronic characterisation of Staphylococcus aureus
wall teichoic acids and relevant components in thin films. Anal. Bioanal. Chem. 2010, 397, 2429-2437. [CrossRef] [PubMed]
Vogel, H.; Jahnig, F. Models for the structure of outer-membrane proteins of Escherichia coli derived from raman spectroscopy
and prediction methods. J. Mol. Biol. 1986, 190, 191-199. [CrossRef] [PubMed]

Uchiyama, T.; Sonoyama, M.; Hamada, Y.; Komatsu, M.; Dukor, RK,; Nafie, L.A.; Oosawa, K. Raman spectroscopic study on the
L-type straight flagellar filament of Salmonella. Vib. Spectrosc. 2006, 42, 192-194. [CrossRef]

Hall, S.; McDermott, C.; Anoopkumar-Dukie, S.; McFarland, A.J.; Forbes, A.; Perkins, A.V.; Davey, A K.; Chess-Williams, R.;
Kiefel, M.J.; Arora, D.; et al. Cellular effects of pyocyanin, a secreted virulence factor of Pseudomonas aeruginosa. Toxins 2016, 8, 236.
[CrossRef] [PubMed]

Xue, L.; Chen, Y.Y,; Yan, Z.; Lu, W,; Wan, D.; Zhu, H. Staphyloxanthin: A potential target for antivirulence therapy. Infect. Drug
Resist. 2019, 12, 2151-2160. [CrossRef] [PubMed]

Stiles, P.L.; Dieringer, J.A.; Shah, N.C.; Van Duyne, R.P. Surface-enhanced Raman spectroscopy. Annu. Rev. Anal. Chem. 2008, 1,
601-626. [CrossRef] [PubMed]

Hu, F; Lin, H.; Zhang, Z.; Liao, F,; Shao, M; Lifshitz, Y.; Lee, S.T. Smart liquid SERS substrates based on Fe30,/Au nanoparticles
with reversibly tunable enhancement factor for practical quantitative detection. Sci. Rep. 2014, 4, 7204. [CrossRef] [PubMed]
Guzelian, A.A; Sylvia, ].M.; Janni, J.A.; Clauson, S.L.; Spencer, K.M. SERS of whole-cell bacteria and trace levels of biological
molecules. In Vibrational Spectroscopy-Based Sensor Systems; SPIE: Bellingham, WA, USA, 2002; Volume 4577, pp. 182-192.
Zhang, B.; Wang, H.; Lu, L.; Ai, K,; Zhang, G.; Cheng, X. Large-Area Silver-Coated Silicon Nanowire Arrays for Molecular Sensing
Using Surface-Enhanced Raman Spectroscopy. Adv. Funct. Mater. 2008, 18, 2348-2355. [CrossRef]

Wu, XM.; Xu, C; Tripp, R.A.; Huang, YYW.; Zhao, Y.P. Detection and differentiation of foodborne pathogenic bacteria in mung
bean sprouts using field deployable label-free SERS devices. Analyst 2013, 138, 3005-3012. [CrossRef] [PubMed]

Wang, Y.; Ravindranath, S.; Irudayaraj, J. Separation and detection of multiple pathogens in a food matrix by magnetic SERS
nanoprobes. Anal. Bioanal. Chem. 2011, 399, 1271-1278. [CrossRef] [PubMed]

Liu, T.T,; Lin, YH.; Hung, C.S,; Liu, T.J.; Chen, Y.; Huang, Y.C,; Tsai, T.H.; Wang, H.H.; Wang, D.W.; Wang, ].K,; et al. A High
Speed Detection Platform Based on Surface-Enhanced Raman Scattering for Monitoring Antibiotic-Induced Chemical Changes in
Bacteria Cell Wall. PLoS ONE 2009, 4, €5470. [CrossRef] [PubMed]

Nima, Z.A.; Mahmood, M.; Xu, Y.; Mustafa, T.; Watanabe, E; Nedosekin, D.A.; Juratli, M.A.; Fahmi, T.; Galanzha, E.I.; Nolan, J.P;
et al. Circulating tumor cell identification by functionalized silver-gold nanorods with multicolor, super-enhanced SERS and
photothermal resonances. Sci. Rep. 2014, 4, 4752. [CrossRef] [PubMed]

Zhang, Y.; Li, X.; Xue, B.; Kong, X; Liu, X,; Tu, L.; Chang, Y. A facile and general route to synthesize silica-coated SERS tags with
the enhanced signal intensity. Sci. Rep. 2015, 5, 14934. [CrossRef] [PubMed]

Zhao, Y. On the Measurements of the Surface-Enhanced Raman Scattering Spectrum: Effective Enhancement Factor, Optical
Configuration, Spectral Distortion, and Baseline Variation. Nanomaterials 2023, 13, 2998. [CrossRef] [PubMed]

Kneipp, K.; Moskovits, M.; Kneipp, H. Surface-Enhanced Raman Scattering: Physics and Applications; Springer: Berlin/Heidelberg,
Germany, 2006.

Liu, T.Y.; Tsai, K.T.; Wang, H.H.; Chen, Y.; Chen, Y.H.; Chao, Y.C.; Chang, H.H,; Lin, C.H.; Wang, ].K,; Wang, Y.L. Functionalized
arrays of Raman-enhancing nanoparticles for capture and culture-free analysis of bacteria in human blood. Nat. Commun. 2011, 2,
538. [CrossRef] [PubMed]

Kaur, V,; Tanwar, S.; Kaur, G.; Sen, T. DNA-Origami-Based Assembly of Au@Ag Nanostar Dimer Nanoantennas for Label-Free
Sensing of Pyocyanin. ChemPhysChem Eur. J. Chem. Phys. Phys. Chem. 2021, 22, 160-167. [CrossRef] [PubMed]

Liu, TY.; Chen, Y.; Wang, H.H.; Huang, Y.L.; Chao, Y.C; Tsai, K.T.; Cheng, W.C.; Chuang, C.Y,; Tsai, YH.; Huang, C.Y,; et al.
Differentiation of Bacteria Cell Wall Using Raman Scattering Enhanced by Nanoparticle Array. . Nanosci. Nanotechnol. 2012, 12,
5004-5008. [CrossRef] [PubMed]

He, L.L.; Deen, B.D.; Pagel, A.H.; Diez-Gonzalez, F.; Labuza, T.P. Concentration, detection and discrimination of Bacillus anthracis
spores in orange juice using aptamer based surface enhanced Raman spectroscopy. Analyst 2013, 138, 1657-1659. [CrossRef]
[PubMed]

Ravindranath, S.P.; Wang, Y.L.; Irudayaraj, J. SERS driven cross-platform based multiplex pathogen detection. Sens. Actuators B
Chem. 2011, 152, 183-190. [CrossRef]


https://doi.org/10.1366/10-06184
https://www.ncbi.nlm.nih.gov/pubmed/21513592
https://doi.org/10.1016/j.ab.2011.10.010
https://doi.org/10.1039/D2AY01056A
https://www.ncbi.nlm.nih.gov/pubmed/36196964
https://doi.org/10.1016/j.jcis.2007.02.015
https://www.ncbi.nlm.nih.gov/pubmed/17362975
https://doi.org/10.1007/s00216-010-3832-3
https://www.ncbi.nlm.nih.gov/pubmed/20506013
https://doi.org/10.1016/0022-2836(86)90292-5
https://www.ncbi.nlm.nih.gov/pubmed/3025450
https://doi.org/10.1016/j.vibspec.2006.02.008
https://doi.org/10.3390/toxins8080236
https://www.ncbi.nlm.nih.gov/pubmed/27517959
https://doi.org/10.2147/IDR.S193649
https://www.ncbi.nlm.nih.gov/pubmed/31410034
https://doi.org/10.1146/annurev.anchem.1.031207.112814
https://www.ncbi.nlm.nih.gov/pubmed/20636091
https://doi.org/10.1038/srep07204
https://www.ncbi.nlm.nih.gov/pubmed/25428185
https://doi.org/10.1002/adfm.200800153
https://doi.org/10.1039/c3an00186e
https://www.ncbi.nlm.nih.gov/pubmed/23563168
https://doi.org/10.1007/s00216-010-4453-6
https://www.ncbi.nlm.nih.gov/pubmed/21136046
https://doi.org/10.1371/journal.pone.0005470
https://www.ncbi.nlm.nih.gov/pubmed/19421405
https://doi.org/10.1038/srep04752
https://www.ncbi.nlm.nih.gov/pubmed/24810323
https://doi.org/10.1038/srep14934
https://www.ncbi.nlm.nih.gov/pubmed/26450559
https://doi.org/10.3390/nano13232998
https://www.ncbi.nlm.nih.gov/pubmed/38063694
https://doi.org/10.1038/ncomms1546
https://www.ncbi.nlm.nih.gov/pubmed/22086338
https://doi.org/10.1002/cphc.202000805
https://www.ncbi.nlm.nih.gov/pubmed/33206442
https://doi.org/10.1166/jnn.2012.4941
https://www.ncbi.nlm.nih.gov/pubmed/22905567
https://doi.org/10.1039/c3an36561a
https://www.ncbi.nlm.nih.gov/pubmed/23386216
https://doi.org/10.1016/j.snb.2010.12.005

Biosensors 2024, 14, 375 29 of 30

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Lu, X.N.; Samuelson, D.R.; Xu, Y.H.; Zhang, HW.; Wang, S.; Rasco, B.A.; Xu, J.; Konkel, M.E. Detecting and Tracking Nosocomial
Methicillin-Resistant Staphylococcus aureus Using a Microfluidic SERS Biosensor. Anal. Chem. 2013, 85, 2320-2327. [CrossRef]
[PubMed]

Srivastava, S.K.; Hamo, H.B.; Kushmaro, A.; Marks, R.S.; Gruner, C.; Rauschenbach, B.; Abdulhalim, I. Highly sensitive and
specific detection of E. coli by a SERS nanobiosensor chip utilizing metallic nanosculptured thin films. Analyst 2015, 140, 3201-3209.
[CrossRef] [PubMed]

Zhang, K.; Wang, Z.; Liu, H.; Perea-Lopez, N.; Ranasinghe, ].C.; Bepete, G.; Minns, A.M.; Rossi, R.M.; Lindner, S.E.; Huang, S.X,;
et al. Understanding the excitation wavelength dependence and thermal stability of the SARS-CoV-2 receptor-binding domain
using surface-enhanced raman scattering and machine learning. ACS Photonics 2022, 9, 2963-2972. [CrossRef] [PubMed]
Jadhav, S.A.; Biji, P; Panthalingal, M.K.; Krishna, C.M.; Rajkumar, S.; Joshi, D.S.; Sundaram, N. Development of integrated
microfluidic platform coupled with Surface-enhanced Raman Spectroscopy for diagnosis of COVID-19. Med. Hypotheses 2021,
146, 110356. [CrossRef] [PubMed]

Tadesse, L.E,; Safir, F.; Ho, C.S.; Hasbach, X.; Khuri-Yakub, B.; Jeffrey, S.S.; Saleh, A.A.E.; Dionne, J. Toward rapid infectious
disease diagnosis with advances in surface-enhanced Raman spectroscopy. J. Chem. Phys. 2020, 152, 240902. [CrossRef] [PubMed]
Liu, C.Y;; Wang, S.Y.; Xu, S.P,; Xu, W.Q. SERS and EEM Fluorescence Spectral Distinction of Sudan I and Paprika Red in Food.
Chem. ]. Chin. Univ. 2013, 34, 2505-2510.

Verma, T.; Podder, S.; Mehta, M.; Singh, S.; Singh, A.; Umapathy, S.; Nandi, D. Raman spectroscopy reveals distinct differences
between two closely related bacterial strains, Mycobacterium indicus pranii and Mycobacterium intracellulare. Anal. Bioanal.
Chem. 2019, 411, 7997-8009. [CrossRef]

Ueno, H.; Kato, Y.; Tabata, K.V.; Noji, H. Revealing the metabolic activity of persisters in mycobacteria by single-cell D,O Raman
imaging spectroscopy. Anal. Chem. 2019, 91, 15171-15178. [CrossRef] [PubMed]

Perumal, J.; Dinish, U.S.; Bendt, A K.; Kazakeviciute, A.; Fu, C.Y.; Ong, I.L.H.; Olivo, M. Identification of mycolic acid forms using
surface-enhanced Raman scattering as a fast detection method for tuberculosis. Int. ]. Nanomed. 2018, 13, 6029-6038. [CrossRef]
[PubMed]

Naja, G.; Bouvrette, P.; Hrapovic, S.; Luong, ].H.T. Raman-based detection of bacteria using silver nanoparticles conjugated with
antibodies. Analyst 2007, 132, 679-686. [CrossRef] [PubMed]

Huang, PJ.; Tay, L.L.; Tanha, J.; Ryan, S.; Chau, L.K. Single-domain antibody-conjugated nanoaggregate-embedded beads for
targeted detection of pathogenic bacteria. Chem. Eur. J. 2009, 15, 9330-9334. [CrossRef] [PubMed]

Tay, L.; Huang, PJ.; Tanha, J.; Ryan, S.; Wu, X.; Hulse, J.; Chau, L.K. Detection of Staphylococci aureus cells with single domain
antibody functionalized Raman nanoparobes. Photonics North 2007, 34, 831-855.

Cullum, B.M.; Hankus, M.E.; Kiser, ].B.; Sun, J]. COLL 140-Multiplexed SERS nanosensors and SERS nano-imaging probes for
pathogen detection. In Abstracts of Papers of the American Chemical Society; American Chemical Society: Washington, DC, USA,
2009; Volume 238.

Hennigan, S.L.; Driskell, ].D.; Dluhy, R.A.; Zhao, Y.P; Tripp, R.A.; Waites, K.B.; Krause, D.C. Detection of Mycoplasma pneumoniae
in Simulated and True Clinical Throat Swab Specimens by Nanorod Array-Surface-Enhanced Raman Spectroscopy. PLoS ONE
2010, 5, €13633. [CrossRef] [PubMed]

Patel, L.S.; Premasiri, W.R.; Moir, D.T; Ziegler, L.D. Barcoding bacterial cells: A SERS-based methodology for pathogen identifica-
tion. J. Raman Spectrosc. 2008, 39, 1660-1672. [CrossRef] [PubMed]

Premasiri, W.R.; Gebregziabher, Y.; Ziegler, L.D. On the Difference between Surface-Enhanced Raman Scattering (SERS) Spectra
of Cell Growth Media and Whole Bacterial Cells. Appl. Spectrosc. 2011, 65, 493-499. [CrossRef] [PubMed]

Liu, Y.L.; Chen, Y.R,; Nou, X.W.; Chao, K.L. Potential of surface-enhanced Raman spectroscopy for the rapid identification
of Escherichia coli and Listeria monocytogenes cultures on silver colloidal nanoparticles. Appl. Spectrosc. 2007, 61, 824-831.
[CrossRef] [PubMed]

Stephen, K.E.; Homrighausen, D.; DePalma, G.; Nakatsu, C.H.; Irudayaraj, J. Surface enhanced Raman spectroscopy (SERS)
for the discrimination of Arthrobacter strains based on variations in cell surface composition. Analyst 2012, 137, 4280-4286.
[CrossRef] [PubMed]

Nguyen, C.Q. Machine Learning for SERS Quantitative Detection of Pyocyanin. Ph.D. Thesis, University of California, Irvine,
CA, USA, 2018.

de Siqueira Oliveira, FS.; Giana, H.E,; Silveira, L., Jr. Discrimination of selected species of pathogenic bacteria using near-infrared
Raman spectroscopy and principal components analysis. ]. Biomed. Opt. 2012, 17, 107004. [CrossRef] [PubMed]

Hu, S.; Gu, F; Chen, M.; Wang, C.; Li, J.; Yang, ].; Wang, G.; Zhou, Z.; Yang, Y. A novel method for identifying and distinguishing
Cryptococcus neoformans and Cryptococcus gattii by surface-enhanced Raman scattering using positively charged silver nanoparticles.
Sci. Rep. 2020, 10, 12480. [CrossRef] [PubMed]

Prucek, R.; Ranc, V.; Kvitek, L.; Panacek, A.; Zboril, R.; Kolar, M. Reproducible discrimination between Gram-positive and
Gram-negative bacteria using surface enhanced Raman spectroscopy with infrared excitation. Analyst 2012, 137, 2866-2870.
[CrossRef] [PubMed]

Rho, E.; Kim, M.; Cho, S.H.; Choi, B.; Park, H.; Jang, H.; Jung, Y.S.; Jo, S. Separation-free bacterial identification in arbitrary media
via deep neural network-based SERS analysis. Biosens. Bioelectron. 2022, 202, 113991. [CrossRef] [PubMed]


https://doi.org/10.1021/ac303279u
https://www.ncbi.nlm.nih.gov/pubmed/23327644
https://doi.org/10.1039/C5AN00209E
https://www.ncbi.nlm.nih.gov/pubmed/25756826
https://doi.org/10.1021/acsphotonics.2c00456
https://www.ncbi.nlm.nih.gov/pubmed/37552735
https://doi.org/10.1016/j.mehy.2020.110356
https://www.ncbi.nlm.nih.gov/pubmed/33342643
https://doi.org/10.1063/1.5142767
https://www.ncbi.nlm.nih.gov/pubmed/32610995
https://doi.org/10.1007/s00216-019-02197-z
https://doi.org/10.1021/acs.analchem.9b03960
https://www.ncbi.nlm.nih.gov/pubmed/31687804
https://doi.org/10.2147/IJN.S171400
https://www.ncbi.nlm.nih.gov/pubmed/30323590
https://doi.org/10.1039/b701160a
https://www.ncbi.nlm.nih.gov/pubmed/17592587
https://doi.org/10.1002/chem.200901397
https://www.ncbi.nlm.nih.gov/pubmed/19655352
https://doi.org/10.1371/journal.pone.0013633
https://www.ncbi.nlm.nih.gov/pubmed/21049032
https://doi.org/10.1002/jrs.2064
https://www.ncbi.nlm.nih.gov/pubmed/19714262
https://doi.org/10.1366/10-06173
https://www.ncbi.nlm.nih.gov/pubmed/21513591
https://doi.org/10.1366/000370207781540060
https://www.ncbi.nlm.nih.gov/pubmed/17716400
https://doi.org/10.1039/c2an35578g
https://www.ncbi.nlm.nih.gov/pubmed/22842541
https://doi.org/10.1117/1.JBO.17.10.107004
https://www.ncbi.nlm.nih.gov/pubmed/23052563
https://doi.org/10.1038/s41598-020-68978-0
https://www.ncbi.nlm.nih.gov/pubmed/32719360
https://doi.org/10.1039/c2an16310a
https://www.ncbi.nlm.nih.gov/pubmed/22577658
https://doi.org/10.1016/j.bios.2022.113991
https://www.ncbi.nlm.nih.gov/pubmed/35078144

Biosensors 2024, 14, 375 30 of 30

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Ciloglu, FEU.; Caliskan, A.; Saridag, A.M.; Kilic, I.H.; Tokmakei, M.; Kahraman, M.; Aydin, O. Drug-resistant Staphylococcus aureus
bacteria detection by combining surface-enhanced Raman spectroscopy (SERS) and deep learning techniques. Sci. Rep. 2021, 11,
18444. [CrossRef] [PubMed]

Kumar, A ; Islam, M.R.; Zughaier, S.M.; Chen, X.; Zhao, Y. Precision classification and quantitative analysis of bacteria biomarkers
via surface-enhanced Raman spectroscopy and machine learning. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2024, 320,
124627. [CrossRef] [PubMed]

Ho, C.S,; Jean, N.; Hogan, C.A.; Blackmon, L.; Jeffrey, S.S.; Holodniy, M.; Banaei, N.; Saleh, A.A.E.; Ermon, S.; Dionne, J. Rapid
identification of pathogenic bacteria using Raman spectroscopy and deep learning. Nat. Commun. 2019, 10, 4927. [CrossRef]
[PubMed]

Contreras, ].; Mostafapour, S.; Popp, J.; Bocklitz, T. Siamese Networks for Clinically Relevant Bacteria Classification based on
Raman Spectroscopy. Molecules 2024, 29, 1061. [CrossRef] [PubMed]

Liu, W.; Tang, ] W.; Lyu, ].W,; Wang, ].].; Pan, Y.C; Shi, X.Y.; Liu, Q.H.; Zhang, X.; Gu, B.; Wang, L. Discrimination between
carbapenem-resistant and carbapenem-sensitive Klebsiella pneumoniae strains through computational analysis of surface-enhanced
Raman spectra: A pilot study. Microbiol. Spectr. 2022, 10, €02409-21. [CrossRef] [PubMed]

Ju, Y,; Neumann, O.; Bajomo, M.; Zhao, Y.; Nordlander, P; Halas, N.]J.; Patel, A. Identifying surface-enhanced raman spectra with
a raman library using machine learning. ACS Nano 2023, 17, 21251-21261. [CrossRef] [PubMed]

Shi, L.; Xu, L.; Xiao, R.; Zhou, Z.; Wang, C.; Wang, S.; Gu, B. Rapid, quantitative, high-sensitive detection of Escherichia coli O157:
H7 by gold-shell silica-core nanospheres-based surface-enhanced Raman scattering lateral flow immunoassay. Front. Microbiol.
2020, 11, 596005. [CrossRef] [PubMed]

Wei, C.; Li, M.; Zhao, X. Surface-Enhanced Raman Scattering (SERS) with Silver Nano Substrates Synthesized by Microwave for
Rapid Detection of Foodborne Pathogens. Front. Microbiol. 2018, 9, 2857. [CrossRef] [PubMed]

Gao, S.; He, L. Development of a filtration-based SERS mapping platform for specific screening of Salmonella enterica serovar
Enteritidis. Anal. Bioanal. Chem. 2019, 411, 7899-7906. [CrossRef] [PubMed]

Appaturi, ].N.; Pulingam, T.; Thong, K.L.; Muniandy, S.; Ahmad, N.; Leo, B.F. Rapid and sensitive detection of Salmonella
with reduced graphene oxide-carbon nanotube based electrochemical aptasensor. Anal. Biocherm. 2020, 589, 113489. [CrossRef]
[PubMed]

Josset, S.; Keller, N.; Lett, M.C.; Ledoux, M.].; Keller, V. Numeration methods for targeting photoactive materials in the UV-A
photocatalytic removal of microorganisms. Chem. Soc. Rev. 2008, 37, 744-755. [CrossRef] [PubMed]

Neugebauer, U.; Rosch, P.; Popp, J. Raman spectroscopy towards clinical application: Drug monitoring and pathogen identification.
Int. ]. Antimicrob. Agents 2015, 46, S35-539. [CrossRef] [PubMed]

Yang, D.; Zhou, H.; Dina, N.E.; Haisch, C. Portable bacteria-capturing chip for direct surface-enhanced Raman scattering
identification of urinary tract infection pathogens. R. Soc. Open Sci. 2018, 5, 180955. [CrossRef]

Kastanos, E.; Kyriakides, A.; Hadjigeorgiou, K.; Pitris, C. A novel method for bacterial UTI diagnosis using Raman spectroscopy.
Int. . Spectrosc. 2012, 2012, 195317. [CrossRef]

Li, Y.; Shi, Z.; Radauer-Preiml, I.; Andosch, A.; Casals, E.; Luetz-Meindl, U.; Cobaleda, M.; Lin, Z.; Jaberi-Douraki, M.; Italiani, P.;
et al. Bacterial endotoxin (lipopolysaccharide) binds to the surface of gold nanoparticles, interferes with biocorona formation and
induces human monocyte inflammatory activation. Nanotoxicology 2017, 11, 1157-1175. [CrossRef] [PubMed]

Sin, M.L.; Mach, K.E.; Wong, PK.; Liao, J].C. Advances and challenges in biosensor-based diagnosis of infectious diseases. Expert
Rev. Mol. Diagn. 2014, 14, 225-244. [CrossRef] [PubMed]

Yan, S.; Qiu, J.; Guo, L.; Li, D.; Xu, D.; Liu, Q. Development overview of Raman-activated cell sorting devoted to bacterial
detection at single-cell level. Appl. Microbiol. Biotechnol. 2021, 105, 1315-1331. [CrossRef] [PubMed]

Carlomagno, C.; Bertazioli, D.; Gualerzi, A.; Picciolini, S.; Banfi, PI.; Lax, A.; Messina, E.; Navarro, J.; Bianchi, L.; Caronni, A.; et al.
COVID-19 salivary Raman fingerprint: Innovative approach for the detection of current and past SARS-CoV-2 infections. Sci. Rep.
2021, 11, 4943. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-021-97882-4
https://www.ncbi.nlm.nih.gov/pubmed/34531449
https://doi.org/10.1016/j.saa.2024.124627
https://www.ncbi.nlm.nih.gov/pubmed/38880073
https://doi.org/10.1038/s41467-019-12898-9
https://www.ncbi.nlm.nih.gov/pubmed/31666527
https://doi.org/10.3390/molecules29051061
https://www.ncbi.nlm.nih.gov/pubmed/38474573
https://doi.org/10.1128/spectrum.02409-21
https://www.ncbi.nlm.nih.gov/pubmed/35107359
https://doi.org/10.1021/acsnano.3c05510
https://www.ncbi.nlm.nih.gov/pubmed/37910670
https://doi.org/10.3389/fmicb.2020.596005
https://www.ncbi.nlm.nih.gov/pubmed/33240250
https://doi.org/10.3389/fmicb.2018.02857
https://www.ncbi.nlm.nih.gov/pubmed/30619101
https://doi.org/10.1007/s00216-019-02204-3
https://www.ncbi.nlm.nih.gov/pubmed/31745614
https://doi.org/10.1016/j.ab.2019.113489
https://www.ncbi.nlm.nih.gov/pubmed/31655050
https://doi.org/10.1039/b711748p
https://www.ncbi.nlm.nih.gov/pubmed/18362981
https://doi.org/10.1016/j.ijantimicag.2015.10.014
https://www.ncbi.nlm.nih.gov/pubmed/26612228
https://doi.org/10.1098/rsos.180955
https://doi.org/10.1155/2012/195317
https://doi.org/10.1080/17435390.2017.1401142
https://www.ncbi.nlm.nih.gov/pubmed/29192556
https://doi.org/10.1586/14737159.2014.888313
https://www.ncbi.nlm.nih.gov/pubmed/24524681
https://doi.org/10.1007/s00253-020-11081-1
https://www.ncbi.nlm.nih.gov/pubmed/33481066
https://doi.org/10.1038/s41598-021-84565-3
https://www.ncbi.nlm.nih.gov/pubmed/33654146

	Introduction 
	Overview of Bacterial SERS Detection and Analytes 
	Different SERS Detection Methods: Label-Free and Label-Based 
	Target Analytes for SERS Bacterial Detection 

	Label-Free Bacterial SERS Detection 
	SERS-Based Bacterial Gene Probe 
	Biomarker-Based Detection 
	Bacterial Whole Cell Detection 

	Enhancing SERS Detection Performance 
	Different Types of SERS Substrates with Enhanced Sensitivity 
	Bacterial Concentration Methods 
	Microfluidic SERS-Based Detection 
	Differentiation of Spectra Using Chemometric Analysis 
	AI/ML-Enabled SERS Detection 
	Detection of Microbes in Complex Samples 

	Challenges and Opportunities 
	Conclusions 
	References

