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Rapid antibiotic susceptibility testing (AST) is crucial for selecting appropriate antibiotic treatments and
customizing empirical therapy to effectively manage serious bacterial infections. This study focuses on devel-
oping and characterizing surface-enhanced Raman scattering (SERS)-active nanostructured composite substrates
designed for swift and highly sensitive bacterial detection, followed by accelerated AST. The substrates were
fabricated by depositing noble metal nanoparticles (Au, Ag) onto porous silicon nanowires (pSiNWs) formed
through metal-assisted chemical etching (MACE) of crystalline silicon. Scanning electron microscopy (SEM)
images depict Listeria innocua bacteria localized in close proximity to AuAg nanoparticles atop pSiNWs. SERS
spectra of L.innocua were acquired using a 633 nm laser beam, enabling rapid label-free bacterial detection.
Comparisons with the traditional disk diffusion method show that the developed SERS approach allows for real-
time monitoring of bacterial antibiotic susceptibility within 3 h, in contrast to the standard 24-h test duration.
These findings underscore the potential of AuAg@pSiNWs substrates to expedite the AST process, offering a

Bacteria
Listeria innocua

significant advantage in clinical diagnostics and antimicrobial resistance monitoring.

1. Introduction

The development of rapid and reliable methods for bacterial anti-
biotic susceptibility testing (AST) is relevant for healthcare and medi-
cine. Indeed, today the greater number of bacteria is becoming resistant
to various antibiotics, which leads to severe courses of infectious dis-
eases that often have serious consequences for health and well-being of
patients. Since the 2000s, the World Health Organization has identified
antibiotic resistance as one of the most serious threats to human health
[1]. AST is used to help find the best treatment for a bacterial infection
[2]. For a long period of time, phenotypic methods, such as disk diffu-
sion, gradient diffusion or agar dilution, have been gold standards for
AST [3]. In general, these methods are based on the isolation of bacteria
in pure culture, its identification, the exposure of isolates to a set of
antibiotics and subsequent visual detection. These traditional ap-
proaches are time-consuming, taking 18-72 h to get a result, which is
critical in cases of life-threatening infections such as sepsis, salmonella,
pneumonia, meningitis and others, where a delay in treatment can lead
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to severe complications. Apart from that, additional drawbacks of
phenotypic methods include poor test performance for slow-growing
bacteria, sensitivity to the maintenance of pH, temperature, nutrition
media, etc [4]. Fortunately, many novel methods and tools offer AST in
minutes or in few hours using non-purified polymicrobial samples, that,
according to their principle, can be 1) the detection of genes related to
AR (Nucleic Acid Amplification Technology (NAAT)), 2) nucleic acid
hybridization-based techniques (Fluorescence In Situ Hybridization
(FISH)), 3) biosensing [5].

Over the past decade, much effort has been devoted to the devel-
opment of new biosensors for the rapid detection of bacteria, and optical
biosensors have been widely studied [6]. These biosensors detect the
presence of molecules based on the utilization of light by monitoring
changes in absorption, reflection, transmission or emission of the
biosensor, and they offer advantages such as speed, selectivity, sensi-
tivity and reproducibility. To date, advances in biosensor technology
have led to promising results; however, sensitive real-time detection of
bacteria in the clinic has yet to be realized. The main limitations are
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related to the lack of sensitivity to low bacterial load without the use of
amplification or sample enrichment, and the inability to meet stringent
clinical requirements [7].

Spectroscopic techniques based on the vibrational transitions of
molecules draw special attention and supply precise spectral informa-
tion in the form of distinctive fingerprint-like patterns that are specific to
individual molecular structures. Surface-enhanced Raman spectroscopy
(SERS) emerges as a promising avenue, offering the advantages of ul-
trasensitive and non-destructive biomedical analysis [8]. In SERS,
molecules experience a highly localized and significantly amplified
electromagnetic field at the surface of metal nanostructures when the
excitation wavelength resonates with localized surface plasmons. This
resonance leads to a substantial increase in Raman scattering intensity,
enabling the detection of even single molecules. The enhancement pri-
marily arises from electromagnetic effects, where intense field
confinement in nanostructured "hot spots" boosts the signal by factors of
108 - 10'2, and chemical effects, which involve charge transfer in-
teractions modifying molecular polarizability. The efficiency of SERS
depends on the nanostructure geometry, metal composition, and analyte
proximity, making it a powerful tool for ultrasensitive molecular
detection and biosensing [9,10].

Porous silicon (pSi) as well as silicon nanowires (SiNWs) substrates
decorated with noble metal nanoparticles are rapidly finding applica-
tions in SERS technology [11,12], which may enable new systems for
bacterial and AST detection. It is well-known that silicon nanostructures
are an excellent template for the formation of plasmonic nanostructures
whose morphology can be tuned by the initial nanostructured silicon
substrate [13]. The tunable shape and size of the metal particles, as well
as the spacing between them, in turn contribute to the surface plasmon
resonance effect, which, being perfectly matched to the excitation
wavelength, helps to achieve the strongest possible SERS signal [14,15].
Recently, Muthukumar and Shtenberg presented a SERS-active platform
made of silver-embed pSi thin films functionalized with either 4-amino-
thiphenol Raman tag [16] or aptamer complex [17] that achieves high
sensitivity on the order of 10' CFU/mL in the detection of harmful
bacteria from real-life samples (raw milk taken from different animals,
ground water, fish). The reported biosensors rely on the indirect
approach of detection, whereas a label-free technique is based on the
direct interaction of the bacteria with a SERS substrate and may have
significant benefit over label-based methodology. Given the highly
developed and precisely adjustable structure and pore size, pSi may well
accommodate individual bacterial cells on its surface, promoting simple
SERS detection of microorganisms without the need for additional la-
bels. For instance, in the work [18], label-free Ag -coated pSi SERS chips
were used for the investigation of three Escherichia coli (E. coli) resistive
and suspectable strains. It has been shown that more bacterial re-
sistances are reflected in more of their Raman peaks; thus, with the
addition of a neural network, it is possible to obtain and differentiate
SERS profiles of different pathogens for clinical bacterial diagnosis in the
future. For better SERS properties, bimetallic plasmonic nanoparticles
layers can be grown on pSi, as shown in [19], where bacterial moni-
toring was performed using pSi gradient pore nanostructures with the
alloys of composite Ag and palladium (Pd) nanoparticles prepared inside
the porous network. The value of the enhancement factor was about
2010°, offering an efficient way the detection of ultralow bacterial
concentrations as low as 1 CFU/mL.

SiNWs with a bimetallic AuAg coating have demonstrated significant
advantages over monometallic gold or silver coatings for SERS analysis.
The combination of Ag and Au provides a synergistic enhancement ef-
fect, where silver ensures strong electromagnetic field amplification,
while gold enhances chemical stability and biocompatibility of the
nanostructure. Additionally, bimetallic coatings enable flexible tuning
of plasmonic properties, improving the sensitivity and reproducibility of
SERS spectra [20]. Previously, we proposed the use of Ag- and/or
Au-coated pSiNWs for SERS diagnostics of pyocyanin, a specific
metabolite of Pseudomonas aeruginosa, marking the first report on
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SERS-based direct detection of this biomarker in complex biological
media such as sputum [20]. Subsequently, stable SERS signals were
achieved for bilirubin detection, with an impressive detection limit of 1
pM on Au-modified SiNWs [21]. Furthermore, these SERS-active struc-
tures were successfully applied for the detection of internalin B, a pro-
tein associated with the pathogenic bacterium Listeria monocytogenes
[22]. In our latest work, we fabricated AuAg@pSiNWs and explored
their application in label-free SERS bacterial analysis [23]. The resulting
SERS sensor exhibited a limit of detection (LOD) of 10* CFU/mL for L.
innocua, demonstrating its potential for sensitive bacterial detection.

In the present work, we investigate the use of AuAg-coated porous
silicon nanowires as a SERS-active platform for the rapid detection of L.
innocua and real-time antibiotic susceptibility testing. We demonstrate
that AuAg@pSiNWs enable the acquisition of highly reproducible SERS
spectra of L.innocua, with characteristic Raman bands reflecting bacte-
rial cell wall components and metabolic products. Furthermore, SERS-
based AST revealed distinct spectral changes in response to benzylpe-
nicillin and gentamicin treatment, correlating with bacterial suscepti-
bility, while no significant spectral variations were observed for
streptomycin, confirming bacterial resistance. Compared to conven-
tional disk diffusion tests, which require 24 h, the SERS-based approach
provided conclusive results within 3 h. These findings underscore the
potential of AuAg@pSiNWs as a highly sensitive and rapid diagnostic
tool for bacterial detection and AST, with the possibility of future
adaptation for a broader range of bacterial pathogens.

2. Materials and methods
2.1. Materials

Heavily boron-doped (100)-oriented crystalline silicon wafers with
the resistivity of 1-5 mQ cm (Telekom-STV, Russia), hydrofluoric acid
(chemically pure) 45 % (Sigma Tech, Russia), hydrogen peroxide solu-
tion 30 % (w/w) in H,0 (Sigma-Aldrich, USA), Gold(III) chloride 99.9 %
(metals basis) (ABCR, Germany), silver nitrate, 99+% (Alfa Aesar, USA),
brain heart infusion broth (Becton Dickinson, USA), phosphate-buffer
saline (Sigma-Aldrich, USA), streptomycin (Sigma Aldrich, USA),
gentamicin (Sigma Aldrich, USA) and benzylpenicillin (Sigma Aldrich,
USA).

2.2. Fabrication of AuAg@pSiNWs SERS-active substrates

The porous silicon nanowire (pSiNW) arrays were prepared by
metal-assisted chemical etching (MACE) of the crystalline silicon (c-Si)
wafer, wherein gold nanoparticles (Au NPs) initiated the nanowire
growth. Before etching, the c-Si wafer was cleaned in acetone and iso-
propanol in an ultrasonic bath (Elmasonic S, Germany) for 2 min in each
solvent to remove accidental organic and inorganic residues, and in 5 M
HF (aqueous solution) for 5 min to dissolve an oxide film formed during
the storage of c-Si wafers in air.

A schematic representation of the preparation of AuAg@pSiNWs is
shown in Fig. 1. In the first step of MACE, Au NPs were deposited on the
surface of c-Si by immersing the purified ¢-Si in a solution consisting of 5
M HF and 0.01 M AuClg (v:v 1:1) for 15 s. After coating with Au NPs, the
c-Si wafer was immersed in a second solution consisting of 5 M HF and
30 % Hy05 (v:v 10:1) for 8 min. Au NPs act as catalysts, locally oxidizing
the silicon surface and facilitating directional etching, resulting in the
formation of vertically aligned pSiNWs, with Au NPs remaining at their
base, as illustrated in Fig. 1. The freshly etched pSiNW arrays were then
decorated with noble metal particles (Ag, Au) by sequentially immersing
them in 0.02 M AgNOs3 and 0.01 M AuCls aqueous solutions for 30 s
each. The process was stopped by immersing the sample in DI water. The
obtained AuAg@pSiNWs were dried at room temperature (RT) and then
cut into 0.5 x 0.5 cm? chips.
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Fig. 1. Schematic representation of AuAg@pSiNWs chip production for antibiotic susceptibility testing of bacteria by SERS method.

2.3. Bacteria strain and growth conditions

Listeria innocua (L.innocua) strain SLCC3379 was obtained from N. F.
Gamaleya National Research Center for Epidemiology and Microbiology
(Russia) and maintained at —70 °C in 10-% glycerol. The bacteria were
cultivated overnight in the brain heart infusion (BHI) broth at 37°C
under constant shaking at 180 rpm. Then, it was diluted 1:100 with the
fresh medium to obtain the concentration of 3.2¢10” CFU/mL (colony-
forming unit per mL).

2.4. Scanning electron microscopy

Scanning electron microscopy (SEM) studies of AuAg@pSiNWs
before and after SERS experiments were undertaken with Carl Zeiss
SUPRA 40 field emission — scanning electron microscope (Carl Zeiss,
Germany) at an accelerating voltage of 2 keV. L.innocua were immobi-
lized on the AuAg@pSiNWs surface using a 2.5 % glutaraldehyde so-
lution in phosphate-buffer saline (PBS) for 90 min, and then dehydrated
by the successive use of 50-% to absolute ethanol [24].

2.5. Energy-Dispersive X-ray spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDX) analysis was conducted
using a Supra 50VP FEG microscope equipped with an INCA X-Max80 X-
ray detector. The acquired spectra were processed with Aztec software.
Measurements were performed at an acceleration voltage of 5 keV,
ensuring a spatial resolution of less than 100 nm for 90 % of the detected
signal and approximately 300 nm for the full signal range.

2.6. Surface-enhanced Raman spectroscopy

To examine L.innocua by surface-enhanced Raman spectroscopy
(SERS), bacteria were transferred by centrifugation in PBS, then 10 pL of
bacterial suspension at a concentration of 3.2e10” CFU/mL was gently
applied to the AuAg@pSiNWs chip and securely encapsulated in a
custom-made sealed cell. The cell had a metal base and a lid made of
CaF; optical window.

For antibiotic sensitivity testing, bacteria in the exponential growth
phase were transferred to PBS (3.20107 CFU/mL in fresh PBS), then a
PBS suspension of 0.5 mg/mL antibiotic was added in a 1:1 vol ratio. A
10 pL drop of the resulting mixture was applied to the AuAg@pSiNWs
chip and placed in the custom-made cell for SERS analysis. The antibi-
otics used in the assay were streptomycin, gentamicin, and
benzylpenicillin.

SERS spectra were acquired utilizing a Confotec MR350 Raman
confocal microscope-spectrometer (SOL Instruments, Belarus), equipped
with a Nikon Plan Fluor 10 x /0.30 microscope objective lens (Nikon
Instruments, Japan). The sample was illuminated by a laser beam at an

emission wavelength of 633 nm (diode laser 0 633L-21A, Integrated
Optics, UAB, Lithuania), which was focused onto the sample with a spot
size approximately 0.5 pm in diameter. The average laser excitation
power was set at 2 mW (LaserCheck handheld power meter (Coherent,
USA), and an accumulation time of 30 s was employed. Three spectra
were recorded at each designated location and presented within the
spectral range of 450-1750 cm™ L.

2.7. Disk diffusion antibiotics susceptibility test

Traditional disk diffusion antibiotic susceptibility testing (AST) was
performed on 0.7 % agar plate. The stationary culture of L.innocua
SLCC3379 (3.20107 CFU/mL) was diluted 1:100 with 4 mL of sterile
liquid BHI 0.7 % agar and poured into the 90 mm Petri dish. After agar
cooling, AuAg@pSiNWs were placed on agar surface as well as 10 pL of
streptomycin, gentamicin and benzylpenicillin at the concentration of
30 pg/mL each. After 24-h of incubation at 37 °C zones of inhibitions
were measured.

2.8. CFU count after antibiotic treatment in PBS

To determine changes in antibiotic resistance attributed to the PBS,
gentamicin, benzylpenicillin and streptomycin were added to the bac-
terial culture suspended in PBS to a final concentration of 500 pg/mL.
After 3 h, viable cells were determined by plating of serial dilutions of
bacterial suspension on the BHI agar and CFU counting after 24 h of
incubation at 37 °C.

3. Results and discussion
3.1. Scanning electron microscopy study and EDX analysis

Fig. 2 shows SEM micrographs of as-fabricated AuAg@pSiNWs
(Fig. 2a and b) and after the immobilization of L.innocua bacteria onto its
surface (Fig. 2 c). The cross-sectional SEM image (Fig. 2a) demonstrating
a vertically aligned porous nanowire array oriented along the crystal-
lographic direction [100], with a uniform height of approximately 2.2
pm, an average diameter of the nanowires ~ 50 nm. The resulting high-
aspect-ratio pSiNWs exhibit a well-defined morphology, with Au NPs
retained at their base post-etching. At the top of the nanowires, a
bimetallic nanoparticle layer with a thickness ~400 nm is observed,
ensuring a sufficiently dense metal coverage for optimal plasmonic
enhancement while maintaining porosity for effective molecule
adsorption.

Top-view SEM image of the AuAg@pSiNWs (Fig. 2b) revealing a
highly interconnected porous nanostructure with a dense and uniform
distribution of Ag and Au nanoparticles across the nanowire surface. The
bright, evenly dispersed dots correspond to the noble metal
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Fig. 2. SEM images of AuAg@pSiNWs: side view(a); top view(b), and AuAg@pSiNWs after incubation with L.innocua bacteria: tilted view (c); tilted view with

magnification (d).

nanoparticles, confirming the successful metal deposition process. This
uniform coverage facilitates the formation of plasmonic hot spots, which
are crucial for surface-enhanced Raman spectroscopy (SERS)
applications.

To determine the composition and spatial distribution of Au and Ag
in the bimetallic system, we performed EDX analysis. The results indi-
cate that gold is present at both the external and internal interfaces of
the pSiNWs, whereas silver is predominantly localized at the external
interface but also penetrates into the structure to some extent. This
distribution is explained by the fabrication process: Au NPs initially
serve as catalysts for nanowire formation via MACE, resulting in their
incorporation at the bottom of the nanowires. Additionally, gold was
used in a subsequent deposition step to coat the tops of the nanowires,
leading to its presence at both interfaces. In contrast, silver was depos-
ited in the final step, leading to its primary localization at the external
surface, though some penetration into the porous network was also
observed. The measured atomic ratio of Au to Ag at the external inter-
face is approximately 3:1, ensuring a stable and reproducible SERS
signal. The full EDX spectra and depth profiles have been included in the
Supplementary Information (SI) as Fig. S1.

Fig. 2c shows the immobilization of L.innocua bacteria on the surface
of AuAg@pSiNWs. The bacterial cells exhibit the characteristic rod-
shaped morphology of Listeria innocua and are evenly distributed
across the nanostructured substrate. Their effective immobilization is
facilitated by the high nanoscale roughness and porosity of pSiNWs,
which provide an increased contact area and numerous active AuAg sites
for subsequent SERS analysis.

Fig. 2d presents a high-magnification SEM image of an individual L.
innocua cell on the AuAg@pSiNWs surface. The bacterium retains its
typical rod-like shape, with a length of approximately 1 pm and a
diameter of 500 nm. The bacterial surface remains morphologically
intact, indicating no significant damage during the immobilization
process.

3.2. Surface-enhanced Raman spectroscopy bacterial detection and AST
analysis

Fig. 3 presents the Raman and SERS spectra of L.innocua (3.2e107
CFU/mL) obtained using pSiNWs and AuAg@pSiNWs substrates, along
with an evaluation of measurement reproducibility. Fig. 3a displays the
mean Raman and SERS spectra, with the grey-shaded area indicating the
standard deviation calculated from three independent measurements.
The pSiNWs substrate without metal nanoparticles does not exhibit any
significant enhancement of the Raman signal, with only the character-
istic 520.5 cm™ ! peak corresponding to the optical phonon mode of
crystalline silicon being clearly observed [25]. In contrast, the SERS
spectrum obtained on AuAg@pSiNWs reveals a set of highly intense and
well-defined Raman peaks, forming a distinctive molecular fingerprint
of L.innocua. The fluorescent background observed in the spectra arises
from the intrinsic fluorescence of bacterial biomolecules and the
silicon-based substrate, which contributes to the spectral baseline.

Fig. 3b illustrates the reproducibility of the SERS signal across
different batches of substrates. Three independent SERS spectra were
recorded from three different batches of AuAg@pSiNWs, demonstrating
high batch-to-batch consistency. The concentration of bacteria in all
measurements was 3.2107 CFU/mL. Fig. 3¢ provides a comprehensive
evaluation of the reproducibility of SERS spectra across multiple bac-
terial batches. Three independent SERS spectra were collected from
three bacterial batches, each analyzed on three different substrate
batches, yielding a total of nine data sets. The bacterial concentration
remained constant at 3.2e107 CFU/mL. In both cases, the signal in-
tensity was evaluated based on the maximum intensity of the charac-
teristic SERS peak at 1320 cm ™!, which was consistently observed in all
spectra. These results confirm the stability and reproducibility of the
SERS-based detection method, highlighting its robustness for bacterial
diagnostics.

The tentative assignments of the observed SERS of peaks of L.innocua
are summarized in Table 1, which primarily reflect the vibrational
modes of bacterial cell wall constituents, including membrane lipids,
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Fig. 3. Raman and SERS spectra of L.innocua (3.2010” CFU/mL) recorded on pSiNWs (black curve) and AuAg@pSiNWs (red curve) substrates, along with repro-
ducibility assessment. (a) Mean Raman and SERS spectra of L.innocua with standard deviation (shaded region) based on three independent measurements. (b) Box
plot representation of the SERS intensity distribution obtained from three different AuAg@pSiNWs substrate batches. (c) A box plot analysis of SERS intensity
variations across three bacterial batches, each tested on three different substrate batches (nine data sets in total). The signal intensities in (b) and (c) were determined

based on the maximum intensity of the SERS peak at 1320 cm ™.

Table 1
Raman bands in the SERS spectrum of L.innocua adsorbed on AuAg@pSiNWs
and their suggested assignments.

Raman band, Suggested assignment Ref.

em !

650 Guanine [31,32]

736 Ring breathing mode of adenine and its nucleotides [26,27,
(AMP, ATP); glycosidic ring vibration of N- 30]
acetylglucosamine (NAG) in peptidoglycan

950 The band assignment of given bacteria types around [28]
925-940 cm— 1 is generally produced by membrane
phospholipids.

1130 C-N and C-C stretch (carbohydrates) [26,29]

1240 NH-bending in combination with C-N stretching in [26,28]
Amide III (proteins)

1320 CH,-deformation in proteins or glutamine (Gln); [27-30]
possible contribution from adenine-related molecular
vibrations

1462 CHy-bending in Amide III [30]

1580 NH-bending in combination with C-N stretching in [26,29,
Amide II (proteins) 30]

AMP: Adenosine monophosphate; ATP: Adenosine triphosphate; NAG: N-ace-
tylglucosamine; Gln: Glutamine.

polysaccharides, proteins, amino acids, nucleic acids, and metabolites of
purine breakdown. These are the components in direct contact with
metal NPs, which primarily contribute to the SERS signal. Our results
largely correspond to the characteristic SERS spectra of Listeria species
reported in previous studies [26] but also exhibit some additional peaks
that may be specific to the L. innocua SLCC3379 strain. Despite the
widespread use of SERS in bacterial diagnostics, bacteria are biochem-
ically complex objects, and the molecular origin of some Raman bands
remains under discussion.

One possible explanation for the strong signal at 736 cm ™" is the ring
breathing mode of adenine and its nucleotides (Adenosine mono-
phosphate, AMP and Adenosine triphosphate, ATP), which are key

components of nucleic acids and cellular metabolism in bacteria [27].
This band has also been associated with glycosidic ring vibrations of
N-acetylglucosamine (NAG), a major structural component of peptido-
glycan in Gram-positive bacterial cell walls [26]. Given the overlap of
these assignments, the 736 cm™! peak likely reflects a combination of
contributions from both adenine-containing biomolecules and peptido-
glycan. The 950 cm ™! peak is generally attributed to membrane phos-
pholipids, as reported in SERS studies of bacterial species. This
assignment aligns with the vibrational modes observed in lipid-rich
bacterial membranes [28]. The 1130 ecm™! peak corresponds to C-N
and C-C stretching vibrations found in carbohydrates. This band has
been reported in bacterial SERS spectra, particularly in association with
peptidoglycan and polysaccharide components of the bacterial cell wall
[26,29].

The 1320 cm™! peak was previously attributed to CHy-deformation
in proteins [30] or the presence of glutamine (Gln) within the bacterial
cell wall [28]. However, given our comparison with SERS spectra of
adenine, this peak may also include a contribution from adenine-related
molecular vibrations, further supporting the role of nucleotides in the
bacterial SERS signal [27]. Another essential part of bacterial
DNA/RNA, guanine, has the characteristic SERS band at 650 em ! [31,
32]. Additionally, the characteristic SERS features of the bacterial cell
wall include amide bands, which provide insights into the secondary
structure of proteins. The 1240-1310 cm ™" range corresponds to Amide
III vibrations (a combination of C-N stretching and N-H bending), while
Amide II appears within 1550-1580 cm™ , involving N-H bending and
C-N stretching [30]. The 1462 cm ! peak, assigned to CHp-bending in
Amide III, has been linked to protein structural changes and lipid in-
teractions in bacterial cell walls. This peak may also reflect vibrations in
complex phospholipid assemblies, which play a crucial role in bacterial
membrane integrity [30]. These spectral features align well with pre-
viously reported SERS studies of Listeria species [26,29].

Having established the effectiveness of the SERS method for bacterial
detection, we next applied it to antibiotic susceptibility testing (AST) to
evaluate bacterial response to different antibiotics in real time.
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Fig. 4a and Table 2 show the results of the disk diffusion test for the
sensitivity of L.innocua to 3 different antibiotics: benzylpenicillin,
gentamicin and streptomycin, and to AuAg@pSiNWs. It is seen that
while the lawn of bacteria was not disrupted in the presence of strep-
tomyecin, its response to other drugs was visible. The diameters of in-
hibition zones of bacteria after 24-h incubation with benzylpenicillin
and gentamicin were 15 mm and 7 mm, respectively. No bacterial
growth inhibition was observed for AuAg@pSiNWs chips that were
placed on agar with the nanostructures upper side (black side in photo)
or down (grey side in photo). The number of CFU/mL after 3-h antibiotic
treatment of L.innocua in PBS is shown in Fig. 4b. No antibiotics were
added to the control group. The introduction of 500 pug/mL of benzyl-
penicillin or gentamicin to L.innocua exponential culture resuspended in
PBS caused a 40-fold decrease in the number of CFU 3 h later. However,
the introduction of streptomycin at the same concentration did not cause
any significant changes which indicates higher resistance of the bacteria
to this antibiotic.

To further explore the potential of SERS-based diagnostics, we
investigated how the SERS spectra of L.innocua change under antibiotic
treatment, allowing us to assess bacterial susceptibility in a rapid and
label-free manner. Fig. 5 a, b, and ¢ present the SERS spectra of L.innocua
(3.2¢107 CFU/mL) treated with benzylpenicillin, gentamicin, and
streptomycin solutions in PBS (500 pg/mL) for 0, 60, 120 and 180-min
incubation period. According to the disk diffusion test presented above,
the selected antibiotic concentration should effectively inhibit the sus-
ceptible bacteria. After background removal in the SERS spectra, the
bacteria peaks at 736 and 1320 cm ™! were the most prominent, so the
dependence of their Raman intensities on incubation time is shown
separately (Fig. 5 d, e, ). Standard deviations were obtained from three
individual measurements of the bacterial sample for each incubation
time condition.

According to the results presented in Fig. 5, a significant decrease in
the intensity of the Raman peaks for L.innocua treated with benzylpe-
nicillin was observed: approximately 5-fold at 736 cm ™! and nearly 100
% at 1320 cm ™. For gentamicin treatment, the decrease was nearly 70
% at 736 cm™ ! and almost 100 % at 1320 cm ™. These findings indicate
the susceptibility of the bacteria to these antibiotics. For streptomycin-
treated bacteria, the Raman signals remained virtually unchanged
over the 180-min period, indicating the resistance of L.innocua to the
antibiotic. It is particularly noteworthy that the SERS AST test takes only
3 h, whereas the standard tests presented above take 24 h or more. These
findings highlight the efficiency of SERS-based AST and its potential to
accelerate bacterial resistance detection, ultimately improving clinical

a)

Benzylpenicillin

AuAg@pSiNWs
back side

Gentamicin

AuAg@pSiNWs
front side
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Table 2

Results of counting zones of inhibition in disk diffusion test for the sensitivity
of L.innocua to 3 different antibiotics: benzylpenicillin, gentamicin and strep-
tomycin, and to AuAg@pSiNWs.

Antimicrobial agent Diameter of inhibition zone, mm

AuAg@pSiNWs 0
Streptomycin 0
Gentamicin 7
Benzylpenicillin 15

decision-making.
4. Conclusions

In this study, we successfully demonstrated the use of SERS-active
AuAg@pSiNWs for the antibiotic susceptibility testing of Listeria inno-
cua. Scanning electron microscopy characterization revealed that the
AuAg@pSiNWs have a porous structure, with Au nanoparticles cata-
lyzing nanowire formation and a bimetallic layer coating the tops of the
nanowires. The bimetallic top of the nanowires, in close proximity to the
bacterial cell walls, provided an excellent SERS detection.

SERS spectra of L. innocua adsorbed on AuAg@pSiNWs exhibited
intense and sharp Raman lines, allowing for a detailed molecular
fingerprint. The observed peaks were primarily associated with bacterial
cell wall constituents, such as membrane lipids, polysaccharides, pro-
teins, Amides. The results largely matched the characteristic SERS
pattern of Listeria species, with some peaks specific to the L.innocua
SLCC3379 strain.

The disk diffusion test confirmed the effectiveness of benzylpenicillin
and gentamicin against L.innocua, while streptomycin showed no
inhibitory effect. SERS-based AST provided further insights, revealing a
significant decrease in Raman peak intensities for L. innocua treated with
benzylpenicillin and gentamicin, indicating bacterial susceptibility to
these antibiotics. Specifically, there was an approximately 5-fold
decrease at 736 cm ™! and nearly 100 % at 1320 cm™ ! for benzylpeni-
cillin, and a nearly 70 % decrease at 736 cm™* and almost 100 % at
1320 cm™! for gentamicin. In contrast, the Raman signals for
streptomycin-treated bacteria remained virtually unchanged, confirm-
ing their resistance to this antibiotic.

It is particularly noteworthy that the SERS AST test takes only 3 h,
whereas the standard tests take 24 h or more. This significant reduction
in time underscores the potential of AuAg@pSiNWs substrates to expe-
dite the AST process, providing a rapid and reliable method for bacterial

b)

1 1
Benzylpenicillin

Antibiotic

Control

Strep y er

Fig. 4. Disk diffusion test for the sensitivity of L.innocua to 3 different antibiotics: benzylpenicillin, gentamicin and streptomycin, and to AuAg@pSiNWs (a); number
of CFU/mL in control group and after the 3-h antibiotic treatment of L.innocua in PBS (b).
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a) Benzylpenicillin b)

Gentamicin
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C) Streptomycin
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Fig. 5. AST of L.innocua adsorbed on SERS-active AuAg@pSiNWs towards different antibiotics: (a) benzylpenicillin, (b) gentamicin, (c) streptomycin within 3 h.
Dynamics of L.innocua peak intensity changes at 736 cm ! and 1320 cm ™! upon treatment with benzylpenicillin (d), gentamicin (e), streptomycin (f). The data were
obtained from three independent SERS substrates, each tested with three different bacterial samples and three different samples of each antibiotic to ensure

reproducibility.

detection and antibiotic susceptibility testing. This approach has po-
tential applications in clinical diagnostics and antimicrobial resistance
monitoring, offering a significant advantage in treatment of bacterial
infections.

Therefore, our study demonstrates the successful application of
AuAg@pSiNWs for the detection of L. innocua, underscoring the broader
potential of this approach for bacterial diagnostics. The strong and
reproducible SERS signal suggests that this platform could be extended
to other clinically relevant pathogens. While different bacterial species
may exhibit variations in surface composition and interaction with
plasmonic nanostructures, such differences can be effectively addressed
through substrate optimization or surface functionalization. Rather than
limiting the significance of our findings, this aspect highlights the
adaptability of the proposed method, paving the way for its application
to a wider range of bacterial infections and antibiotic susceptibility
testing in future studies.
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