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abel-free biomolecular detection
using Au–WS2 nanohybrid based SERS substrates†

Om Prakash, ‡a Abhijith T,‡bc Priya Nagpal,d Vivekanandan Perumal,d

Supravat Karak, b Udai B. Singh e and Santanu Ghosh *a

Recent advancements in nanotechnology have led to the development of surface-enhanced Raman

spectroscopy (SERS) based rapid and low-cost technologies for ultra-sensitive label-free detection and

identification of molecular analytes. Herein, we utilized the synergistic plasmonic and chemical

enhancement effects of Au–WS2 nanohybrids to attain the high-intensity Raman signals of targeted

analytes. To develop these nanohybrids, a series of monodispersed Au nanoparticles (NPs) of varying

diameters from 20 to 80 nm was chemically synthesized and successively blended with liquid-phase

exfoliated WS2 nano-flakes of average lateral size 90 nm. They provided a maximum enhancement

factor (EF) of ∼1.80 × 109 corresponding to the characteristic peaks at 1364 cm−1 and 1512 cm−1 for

R6G analyte molecules. Theoretical studies based on the finite-difference time-domain simulations on

Au–WS2 nanohybrid systems revealed a huge field-intensity enhancement with an EF of more than 1000

at the plasmonic hotspots, which was induced by the strong coupling of individual plasmon oscillations

of the adjacent Au NPs upon light interactions. These electromagnetic effects along with the chemical

enhancement effects of WS2 nanoflakes were found to be mainly responsible for such huge

enhancement in Raman signals. Furthermore, these hybrids were successfully employed for achieving

highly sensitive detection of the E. coli ATCC 35218 bacterial strain with a concentration of 104 CFU

mL−1 in phosphate-buffered saline media, indicating their real capabilities for practical scenarios. The

findings of the present study will indeed provide vital information in the development of innovative

nanomaterial-based biosensors, that will offer new possibilities for addressing critical public health

concerns.
1. Introduction

In the past few decades, the surface-enhanced Raman scattering
(SERS) based biomolecular detection technique has evolved as
one of the simple and effective approaches for rapid and precise
label-free detection for minuscule amounts of molecules.1–3 The
foundation of SERS technology is the plasmon resonance found
on metallic nanostructures' surfaces, which concentrates inci-
dent light into neareld evanescent waves.4–6 The typical SERS
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phenomenon primarily depends on electromagnetic (EM)
enhancement to increase sensitivity, which is achieved by
inducing localized surface plasmon resonances at the surface of
metal nanostructures.7,8 However, in 2Dmaterials like graphene
and transition-metal dichalcogenides (TMDs), chemical
enhancement (CE) in SERS is thought to be the predominant
enhancement mechanism; it is based on interface dipole–
dipole interactions at the substrate as well as charge transfer
resonances between the substrate and analyte.9,10 Consequently,
the likelihood of Raman scattering can be increased by several
orders of magnitude using different plasmonic nanostructures
such as nobel metal nanoparticles such as gold (Au), and silver
(Ag), and their nanocomposites with TMDs such as MoS2, WS2,
etc.,11–14 as they have hot patches and a rough surface that
promotes a localized surface plasmonic effect, which improves
analyte Raman signals.15,16 Because of the nature of nano-
particles, SERS substrates can be easily labeled for biomedical
applications with biocompatible tags.17 Furthermore, the
ngerprint spectra of analytes are specic, and sample prepa-
ration for SERS measurement is straightforward and non-inva-
sive.18 Each year, antibiotic-resistant bacteria cause over
a million fatalities worldwide and pose a serious threat to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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medical care.1,19,20 According to the Centers for Disease Control
and Prevention (CDC), one of the main issues facing public
health in the twenty-rst century is antibiotic resistance.21–23 In
recent years for the safety of food and human health care, it is
essential to detect bacteria accurately and sensitively such as
Escherichia coli (E. coli), Salmonella, and other waterborne and
foodborne germs in water and food.24–27

Using a variety of anisotropic nanostructures and morphol-
ogies with closely spaced metal nanoparticles or sharp edges for
surface charge connement, published research aimed to
improve and increase SERS performance.28–30 WS2 is a common
and stable TMDmaterial with a high direct band gap that holds
great potential for SERS applications.31,32 A variety of materials,
excluding noble-metal nanoparticles, have been employed to
create SERS-active substrates such as ZnO, TiO2, and graphene
for their ability to provide large surface areas to attach plas-
monic nanoparticles and charge transfer process.33–36

Numerous studies have shown that the metal and metal-TMDs
nanostructures as profound SERS substrates. For example,
Tadesse et al. reported a detection method using SERS.2 Gold
(Au) nanorods were used to detect pathogenic bacteria as a SERS
substrate. In another study, Song et al. used Ag–WS2 as a SERS
substrate.37 The method showed a good detection limit of
malachite green with an enhancement factor of 7.2 × 105. In
another study, Zhai et al. used the Au nano-disk array-
monolayer MoS2 composite formed with the help of UV
lithography, electron-beam lithography, and electron beam
evaporation methods, as the SERS substrate to realize the
Raman detection of crystal violet (CV) molecules.38 However,
a more simplied, cost-effective approach and further optimi-
zation are possible to construct SERS substrates to detect dye
molecules and pathogens.39,40

The present work mainly focuses on the optimization of Au
NP size incorporated with WS2 nanosheets for SERS application
using both experimental and theoretical (FDTD simulations)
studies, which has not been studied earlier. FDTD simulations
were carried out in realistic conditions to investigate the
inherent plasmonic characteristics of isolated Au NPs of
different sizes. The electric eld intensity enhancement in
a plasmonic hotspot between adjacent Au nanoparticles plays
a major role in the enhancement of Raman signals. Therefore,
in the present work, a coupled nano-system with two Au
nanoparticles sitting on WS2 nanosheets was also theoretically
modelled to study the characteristics of plasmonic hotspots,
which has not been emphasized in previous studies. The
present optimized nano-system provided a signicantly higher
SERS signal sensitivity up to 10−15 M, which is higher than other
previously reported Au–WS2 nano-system.41–44 Zheng et al. et al.
reported an enhancement factor (EF) of 8.1 × 106 with a detec-
tion limit of 10−10 M for R6G molecules. On the other hand, the
present nano-system showed an EF of 1.80 × 109 with a detec-
tion limit of 10−15 M for R6G molecules. These comparisons
prove that our study provides a simple and effective strategy to
attain enhanced SERS sensitivity, and hence larger EF from
analyte molecules. Furthermore, the E. coli bacterial stains were
detected at a lower concentration signies that the nanohybrid
© 2024 The Author(s). Published by the Royal Society of Chemistry
SERS substrate is capable of rapid detection of dye molecules as
well as bacterial strains.
2. Experimental section
2.1. Synthesis and characterizations of Au nanoparticles and
Au–WS2 nanohybrids

Gold chloride (HAuCl4), tri-sodium citrate (TSC), tungsten
disulde (powder, 99.9%), deionized (DI) water and Rhodamine
6G were commercially procured and used as received for all the
experiments. Au nanoparticles (NPs) were synthesized using the
commercially purchased gold chloride and tri-sodium citrate
(TSC) as the precursor and reducing agent, respectively.45 A
series of samples of different sizes NPs were prepared by
changing the amount of TSC from 50 to 200 ml. In this synthesis,
a particular amount of 38.8 mM TSC aqueous solution was
quickly injected into 5 mL of boiling 0.5 mM aqueous gold
chloride under stirring conditions. The colourless solution
slowly changed to red/red-violet colour aer 15 minutes of
stirring, which indicated the formation of Au NPs. Ultra-thin
two-dimensional structures of WS2 were prepared using
a liquid phase exfoliation method.46,47 In this method, initially,
the bulk WS2 powder of 50 mg was dissolved in 10 mL of de-
ionized water using a magnetic stirrer. Aerward, this solu-
tion was sonicated for 8–10 hours using a bath sonicator at
a temperature below 10 °C. Finally, this dispersion was centri-
fuged a few times at 5000 rpm to completely remove the
aggregates and unexfoliated bulk materials. The yellow-
coloured supernatant in the nal dispersion indicated the
presence of mono/few layers of WS2 nanoakes. The morpho-
logical characteristics of Au nanoparticles and Au–WS2 nano-
hybrids were studied using TEM (JEOL JEM-1400). The UV-vis-
NIR spectroscopy (Shimadzu, UV-2450) was performed to
study the shi in the LSPR response with respect to the varia-
tions in the Au nanoparticle size and to study intrinsic optical
properties of nanohybrids. The FDTD simulations (Ansys
Lumerical) were performed to monitor the eld intensity
enhancement around the NPs.
2.2. SERS detection

The uniformity of SERS response from the substrate crucially
depends on the uniformity of Au–WS2 nanohybrids in the
samples. In the present work, to conrm the uniformity of
nanostructures, the Au–WS2 aqueous solution was sonicated for
15 minutes in an ultrasonic bath. For ensuring the dispersity
aer mixing the nanostructures and analyte molecules, the
samples were further sonicated for 10 minutes prior to the SERS
substrate preparation. The substrates were prepared by drop
casting the sonicated solutions on well-cleaned silicon
substrates, followed by drying in a vacuum desiccator. The
procedure for all the different sets of Raman spectral
measurements was kept exactly the same to avoid any discrep-
ancy in results. The SERS measurements were carried out using
the Raman spectroscopy (Renishaw plc, Micro Raman Spec-
trometer) using a 30 mW laser beam with an excitation wave-
length of 785 nm to probe the R6G molecule. The same
Nanoscale Adv., 2024, 6, 5978–5987 | 5979
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procedure was also followed for bacterial samples. A micro-
scope objective of 50× magnication with a 0.50 numerical
aperture was used having a spectral resolution of 1 cm−1, and
the spot diameter and depth of focus were around 0.2 and 5 mm,
respectively. The spectra were collected over a 1 × 1 mm2 area
with accumulations = 3, and exposure time = 20 s.
2.3. Preparation of bacterial samples

Bacteria were revived from glycerol stocks by transferring them
into 1 mL of freshly prepared Luria-Bertani (LB) broth. These
primary cultures were incubated overnight at 37 °C with
shaking at 220 rpm. Subsequently, the primary cultures were
diluted in the ratio of 1 : 100 and allowed to grow until they
reached the mid-log phase. The optical density of secondary
cultures was measured at a wavelength of 600 nm and subse-
quently adjusted to 0.09 which corresponds to approximately
1.0 × 108 CFU mL−1. These adjusted secondary cultures were
serially tenfold diluted in PBS (phosphate buffered saline) to
prepare bacterial samples with concentrations of 104 CFU
mL−1.
3. Results and discussion
3.1. Au nanoparticle size variation

To study the morphological and size variation of synthesized Au
NPs, TEM measurements were performed, and the corre-
sponding TEM images of Au NPs are shown in Fig. 1(a)–(d), and
their size distribution histograms are shown in the inset of
respective gures. The size of NPs was found to be continuously
increased from 20 to 80 nmwhen the TSC amount reduced from
200 to 50 ml. To study the optical responses of these NPs, the UV-
vis-NIR spectra were recorded (Fig. 1(e)). A systematic red-shi
from 521 to 546 nm was observed in the surface plasmon
Fig. 1 TEM images of synthesized Au NPs with TSC amounts of (a) 200 m

synthesized with different amounts of TSC, and (f) the plots showing the
amount.

5980 | Nanoscale Adv., 2024, 6, 5978–5987
resonance (SPR) peak of NPs as the TSC amount reduced from
200 to 50 ml, also the SPR broadening was observed as the size of
Au NPs increased. The estimated size and SPR peak of NPs were
also plotted against the TSC amount, as shown in Fig. 1(f). A
sudden variation in size and SPR peak was noted as the TSC
amount reduced from 100 to 50 ml, indicating that the TSC
amount is critical in determining the size of Au NPs.
3.2. Near-eld intensity measurements using FDTD
simulations

To estimate the near-eld intensity enhancement around the Au
NPs, the FDTD simulations were performed using a commer-
cially available Ansys Lumerical FDTD solutions soware. Most
of the synthesized NPs appeared in spherical/quasi-spherical
shapes. Therefore, all the simulations were carried out using
spherical NPs. To consider the utmost realistic case, Au NPs
were modelled on top of a Si substrate, as shown in Fig. 2(a). An
x-polarized total-eld scattered-eld (TFSF) light source with
a wavelength of 785 nm propagating in the (−) y direction was
chosen to illuminate this model. An x–y frequency domain eld-
monitor was used to monitor the eld-intensity enhancement
proles of Au NPs. Fig. 2(b) shows the eld-intensity enhance-
ment proles of different sizes of Au NPs on Si substrate. A
signicant increase in eld intensity was observed around the
Au NPs when their size increases from 20 to 80 nm. To estimate
the eld intensity enhancement factor, jEj2/jE0j2 (EF), the line
proles were captured across the centre region of NPs as shown
in Fig. 2(c). The location of line proles is represented by white
dashed lines in the eld intensity enhancement proles shown
in Fig. 2(b). All the NPs exhibited a high electric-eld intensity at
their surface, and this eld sharply decreased to their lateral
sides. The NP of size 20 nm exhibited an EF around 2 at its
surface, and this EF dropped to unity at 2.5 nm away from the
l, (b) 100 ml, (c) 75 ml, and (d) 50 ml, (e) the extinction spectra of Au NPs
variations of size and SPR peak position of NPs with respect to the TSC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FDTD simulation structure, (b) field-intensity enhancement profiles around different sizes of Au NPs, (c) the field-intensity line profiles
simulated across the centres of NPs.
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surface. On the other hand, the bigger NPs exhibited high EF
values near their surface, and they retained signicantly at
several nanometres away from the surface. The NP of size 80 nm
showed an EF of around 6, and more than 50% of this EF was
retained over a lateral distance of 7.5 nm. These results suggest
that the bigger NPs can provide a high eld intensity over
a widespread region, which is highly benecial for carrying
a large number of bio-analytes for surface-enhanced Raman-
scattering (SERS) applications.
3.3. Au nanoparticle size impact on SERS spectra

The Au nanoparticle size change affects the SERS signal inten-
sity as the change in Au NPs size leads to a change in the optical
properties of the substrate. Enhancement factor values also
differ for different-sized Au NPs. To optimize the size of Au
nanoparticles for a better SERS signal, the Raman spectra were
recorded using 1 mM R6G solution. For this purpose, a mixed
solution of R6G dyemolecules and different-sized nanoparticles
was drop-casted on the Si substrate. Raman intensities of
Fig. 3 Raman spectra of R6G with different sizes of Au nanoparticles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
different-sized nanoparticles with R6G molecules are shown in
Fig. 3. The Raman spectra showed huge variations with the
increase in nanoparticle size. The SERS enhancement is less in
smaller Au NPs of sizes 20 nm and 40 nm. The enhancement
factor was calculated as 3.20 × 107 and 9.10 × 107 for 20 nm
and 40 nm respectively. The maximum enhancement is
observed in the case of 60 nm Au nanoparticle. The enhance-
ment factor was calculated as 7.40 × 108 for 60 nm. As the
nanoparticle size was further increased to 80 nm, the
enhancement decreased, and the enhancement factor was
calculated as 6.40 × 107. All the enhancement factor was
calculated corresponding to a 1512 cm−1 characteristic peak for
R6G concentration of 1 mM. In the Au nanoparticle synthesis
process, the HAuCl4 concentration was kept constant and TSC
solution concentration was varied, due to which as the size of
the nanoparticles increases the concentration of the number of
the nanoparticle in the solution decreases. This may result in
a decrease in the enhancement factor due to more separations
between the adjacent nanoparticles (size > 60 nm) as observed
in the enhancement factor calculations. In addition, recent
reports indicated that for bigger-sized Au NPs, the inuence of
scattering becomes considerably stronger than the absorp-
tion.48 As a result, 60 nm Au nanoparticles were further utilized
in the study for the Au–WS2 nanohybrids.
3.4. Au–WS2 nanohybrids

In addition to plasmonic metal nanostructures, the researchers
have explored transition-metal dichalcogenide materials to
attain the Raman signal enhancement of analyte molecules,
where the enhancement has been reported due to the chemical
enhancement mechanism.49 To couple the advantages of both
plasmonic and chemical enhancement effects for the develop-
ment of highly sensitive SERS substrates, the exfoliated WS2
material was blended with synthesized Au NPs of size 60 nm by
stirring their solutions for 24 hours. TEM image and size
distribution histogram of exfoliated WS2 is shown in Fig. 4(a),
which reveals the formation of nanoakes with lateral size of
60–120 nm. The SAED pattern shown in Fig. 4(a) also conrmed
Nanoscale Adv., 2024, 6, 5978–5987 | 5981
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Fig. 4 (a) TEM image, lateral size distribution histogram, and SAED patterns of WS2 nanoflakes, and (b) TEM image of nanohybrids.
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the polycrystalline nature of nanoakes. Detailed morpholog-
ical and spectroscopic characterizations of 2D WS2 structures
were included in our earlier reports.50–52 As shown in the TEM
image of nanohybrids in Fig. 4(b), the Au NPs appeared
uniformly in the vicinity of WS2 nanoakes, which conrmed
the proper blending of both nanostructures. The signicant
overlapping of characteristic A and B excitonic peaks of WS2
nanoakes with a plasmonic band of Au NPs further conrmed
the uniform dispersion of these nanostructures in the present
nanohybrid solution (Fig. S1†).
3.5. SERS of Au–WS2 nanohybrids

For probing the SERS sensitivity on the Au–WS2 nanohybrid
substrates, R6G molecules Raman spectra of different concen-
trations as low as 1× 10−15 M were collected employing the R6G
resonance excitation wavelength of 785 nm. The SERS
measurements were taken corresponding to WS2 nanosheets,
Au nanoparticles, and Au–WS2 nanohybrids. As shown in
Fig. 5(a) corresponding to the WS2 nanosheets we observed
a weak Raman signal as chemical enhancement contribution is
less, on Au NPs the enhancement is signicantly high because
Fig. 5 SERS spectra of (a) 1 mM R6G solution (b) spectra over Au–WS2 n

5982 | Nanoscale Adv., 2024, 6, 5978–5987
of electromagnetic enhancement as a result of LSPR effect. We
observe a huge Raman signal with Au–WS2 nanohybrids, this is
a combined result of chemical enhancement due to WS2 and
electromagnetic enhancement due to Au nanoparticles.
Furthermore, the SERS activity was checked using R6G as
a probe molecule at different concentrations ranging from
micromolar to femtomolar as shown in Fig. 5(b). Nanohybrid
formation with WS2 gives chemical enhancement contribution
in addition to electromagnetic enhancement by Au NPs which
leads to additional characteristics peaks of R6G at 693 cm−1,
1310 cm−1, and 1416 cm−1 and a huge enhancement in overall
SERS signal.53 The researchers have identied the contribution
of such chemical enhancement in SERS when nanohybrids of
transition metal dichalcogenides (TMDs) such as MoS2 or WS2
are used as substrates. The charge transfer (CT) occurs at the
interface between the SERS substrates and probe molecules or
analytes leads to the CE.54,55 Recently, Abid et al. investigated
this charge transfer between Au NPs and WS2 in Au@WS2
hybrid nanosheet, where, larger work function of the WS2
compared to Au NPs triggers the ow of electrons from metal to
semiconductor, making an ohmic contact.55,56 They explained
the mechanism of CT based on the concept of semiconductor
anohybrid with varying concentrations from 1 mM to 1 fM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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theory. We strongly believe the same mechanism is also
responsible for the chemical enhancement in present Au–WS2
SERS substrate. In this context, the developed SERS substrates
are highly benecial to utilize for minute amounts of molecule
detection.

Furthermore, Raman mapping was performed over the
optimized Au–WS2 SERS substrate to strengthen the evenness of
the SERS signal over an area of 5 × 5 mm2 in a random location
with one accumulation. The exposure time was reduced to 10 s
to reduce the total time for signal collection with laser power set
to 30 mW. Raman mapping corresponding to two diverse
characteristic peaks (1364 and 1512 cm−1) of the R6G molecule
is presented in Fig. 6(a) and (b), indicating the reliability of
nanohybrid substrates for SERS measurements. A high SERS
signal was achieved due to the existence of hotspots which
results in electric eld connement. The plot associated with
Raman spectra obtained at each of the 121 pixels is displayed in
Fig. 6(c), representing adequate uniformity of the substrate. The
Raman peak at 1364 cm−1 and 1512 cm−1 of R6G was consid-
ered for character reproducibility of the SERS substrate. The
standard deviation of Raman intensities for two diverse char-
acteristic peaks 1364 and 1512 cm−1 was calculated to be 10%
and 12.5% respectively. With these mapping results, it can be
undoubtedly considered that the SERS substrate is substantially
uniform. In addition, the SERS measurements were performed
Fig. 6 2-D Raman mapping images of the 10−9 M R6G molecules ov
respectively. (c) Raman spectra of each point in the measurement regio

© 2024 The Author(s). Published by the Royal Society of Chemistry
for ve different batches of samples prepared in similar exper-
imental conditions to conrm the adequate reproducibility of
the enhancement factor values. The recorded SERS spectra for
different batches are presented in Fig. 6(d). The enhancement
factors for all these batches were calculated using the expres-
sion (1), corresponding to the peak 1512 cm−1. All these values
were found to be nearly same in a range of 8.3× 108 to 1.80 ×

109, which indicates the higher reproducibility in SERS
measurements.

3.6. Near-eld intensity measurements at plasmonic
hotspots using FDTD simulations

In the case of nanohybrids, as Au NPs sit near each other, the
surface plasmon oscillations of adjacent particles couple
together, leading to the formation of plasmonic hotspots with
highly localized elds between their narrow gaps, as discussed
elsewhere.57 The interaction of these hotspots with analyte
molecules increases their Raman signals many times higher
than that with the isolated NPs. To monitor the eld intensity
enhancement at the hotspot, the FDTD simulations were
carried out on a simplied two-particle system with each NP size
of 60 nm and an interparticle gap of 2 nm. For this purpose,
a model with structure, Si/WS2/Au NPs, was constructed as
shown in Fig. 7(a) with similar simulation conditions as dis-
cussed in the case of Si/Au NP structure. The eld intensity
er the substrate for (a) 1364 cm−1 and (b) 1512 cm−1 Raman modes,
n. (d) SERS spectra corresponding to five different batches of samples.
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Fig. 7 (a) FDTD simulation structure of the two-particle system onWS2/Si substrate, (b) field-intensity enhancement profile around the NPs, and
(c) the field-intensity line profiles simulated across the horizontal and vertical directions of the plasmonic hotspot.
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enhancement prole around the adjacent Au NPs is shown in
Fig. 7(b). A substantial eld intensity enhancement was
observed in the vicinity of these NPs, mainly at the interparticle
gap. To estimate the eld intensity EF across horizontal and
vertical directions of the hotspot, the eld intensity line proles
were simulated along the white dashed lines shown in Fig. 7(b).
The line proles shown in Fig. 7(c) revealed the strong
connement of the electric eld at the hotspot with an EF of
more than 1000. For a particular NP system, the EF value at the
hotspot crucially depends onmany factors, such as the number,
interparticle gap, and alignment of NPs. We strongly believe
that the enhancement in Raman signals of targeted analytes
was mainly due to the strong interaction of this induced plas-
monic hotspot along with the chemical enhancement effects of
WS2 nanoakes.
3.7. Enhancement factor calculation

The enhancement factor (EF) was calculated for the results
obtained from the 1 nM R6G solution drop-casted on Au–WS2
and bare silicon SERS substrates, as shown in the ESI and
Fig. S2.† The enhancement factor was determined using the
following formula.58

EF ¼ ISERS �NRaman

IRaman �NSERS

(1)

whereNRaman andNSERS are the numbers of the probemolecules
absorbed on the bare silicon surface and in the Au–WS2
Table 1 Assigned Raman modes of R6G molecule and the enhancemen

Sr. no.
Raman peak
(cm−1) Modes

1 611 Aroma
2 775 Out-of
3 1076 In-plan
4 1184 In-plan
5 1364 C–C ar
6 1512 C–C ar
7 1575 C–C ar

5984 | Nanoscale Adv., 2024, 6, 5978–5987
nanohybrid (drop casted on a silicon substrate); and IRaman and
ISERS are the intensities of the vibrational mode of R6G absorbed
on bare silicon and SERS substrate, respectively.

NRaman ¼ AhrNA

M
(2)

NSERS ¼ cVANA

s
(3)

where A is the area of the incident laser spot on the substrate
surface, h is the depth of laser penetration, r is the density of the
probe molecule, and M is the molecular weight. NA is the Avo-
gadro number. V, c, and s are the volume, molar concentration,
and surface area of the R6G solution, respectively. For every
measurement, the experimental parameters remained constant.
The calculated EF for different Raman peaks of probe molecules
with their modes of vibrations are listed in Table 1. Moreover,
a comparison of current work with earlier reported works
adopting the Au–WS2 nanohybrids and similar Au-TMDs
nanohybrids is included in Table 2.
3.8. Bacterial pathogen detection of E. coli using SERS

Post-optimization, we acquired SERS spectra of bacteria strains
using Au–WS2 SERS substrate and studied the vibrational
energy levels containing molecular ngerprint information.
Fig. 8 shows the SERS spectral characteristics of E. coli ATCC
35218, when the Raman spectra of the bacteria sample were
t factor59

of vibration
Enhancement
factors (EFs)

tic C–C–C ring in-plane vibration 9.25 × 108

-plane C–H vibration 8.52 × 108

e C–H vibration 7.86 × 108

e bending of C–H 9.34 × 108

omatic stretching 1.72 × 109

omatic stretching 1.80 × 109

omatic stretching 8.81 × 108

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison with other reported SERS substrates

S. no. SERS substrate Molecule used Sensitivity EF Ref.

1 Au–WS2 nanohybrids R6G 10−12 to 10−15 M 1.80 × 109 This work
2 MoS2/Au heterostructure R6G 10−10 M 8.1 × 106 42
3 WS2-gold nanoparticle heterostructure 4-ATP 10−10 to 10−11 M Not mentioned 44
4 Au-nanoworms conjugated with MoS2

nanosheets
Rhodamine B 10−9 M 2.34 × 107 60

5 MoS2/Au/Ag nanostructures R6G 10−10 M 8.57 × 106 43
6 3D plasmonic hybrids with bilayer WS2 R6G 10−11 M Not mentioned 41
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taken on the bare Si substrate no characteristic peak was
observed as shown in the gure below, whereas the Raman
spectra on Au–WS2 SERS substrate in which we can see the
characteristic peaks corresponding to E. coli bacterial strain.
The SERS spectra of E. coli ATCC 35218 exhibit characteristic
peaks around 736 cm−1 (glycosidic ring/adenine/CH2 rocking),
1149 cm−1, and 1210 cm−1 (C–C skeletal modes in proteins)
1306 cm−1 (wagging of CH2 of agar solution), 1438 cm−1 and at
1494 cm−1 (ring stretching of guanine, adenine, –C–O vibration
modes of peptidoglycan).61–63 These results signify that the
developed SERS substrate is versatile in identifying the different
molecules.
4. Conclusion

In summary, we have reported the design of a heterostructure
material by employing transition metal dichalcogenide, WS2,
and plasmonic, Au NPs for label-free SERS detection of dye
molecules and bacteria. It was found that the Au–WS2 nano-
hybrid substrates can provide highly sensitive detection of R6G
Fig. 8 SERS spectra of Escherichia coli bacteria strain in PBS media.

© 2024 The Author(s). Published by the Royal Society of Chemistry
dye molecules frommicromolar to femtomolar (10−6 M to 10−15

M) concentrations. The surface plasmon resonance (SPR) peak
of NPs showed a consistent red shi from 521 nm to 546 nm as
the Au NP size increased from 20 nm to 80 nm. Au NPs with
a size of around 60 nm were found to be the best SERS reporters
in the optimization process. Furthermore, its nanohybrid
formation with WS2 gives chemical enhancement contribution
in addition to electromagnetic enhancement by Au NPs which
leads to getting additional characteristics peaks of R6G at
693 cm−1, 1310 cm−1, and 1416 cm−1 and a huge enhancement
in overall SERS signal. The enhancement factor corresponding
to the characteristic peak 1512 cm−1 was found to be around
1.80 × 109. A notable increase in eld intensity and the occur-
rence of hot spots was veried using FDTD simulated proles.
In addition, the present nanohybrid SERS substrates were able
to detect E. coli bacteria at 104 CFU mL−1 in PBS media which
shows their ability to be used as rapid pathogen detection
substrates. This Au–WS2 nanohybrid platform will exhibit
signicant promise as an affordable, reliable, and portable
sensing platform for upcoming applications.
Nanoscale Adv., 2024, 6, 5978–5987 | 5985
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