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Abstract

The present study investigates the effects of input wavelength (1064, 532, and 355 nm) and surrounding liquid environment
(distilled water and aqueous NaCl solution) on the picosecond laser ablation on silver (Ag), gold (Au), and Ag/Au alloy targets. The
efficacy of the laser ablation technique was meticulously evaluated by analyzing the ablation rates, surface plasmon resonance peak
positions, and particle size distributions of the obtained colloids. The nanoparticles (NPs) were characterized using the techniques
of UV-visible absorption, transmission electron microscopy, and energy-dispersive X-ray spectroscopy. Furthermore, NPs of
various sizes ranging from 6 to 35 nm were loaded onto a filter paper by a simple and effective drop-casting approach to achieve
flexible surface-enhanced Raman spectroscopy (SERS) substrates/sensors. These substrates were tested using a simple, portable
Raman device to identify various hazardous chemicals (malachite green, methyl salicylate, and thiram). The stability of the sub-
strates was also systematically investigated by determining the decay percentages in the SERS signals over 60 days. The optimized
SERS substrate was subsequently employed to detect chemical warfare agent (CWA) simulants such as methyl salicylate (a CWA
simulant for sulfur mustard) and dimethyl methyl phosphonate (has some structural similarities to the G-series nerve agents) at dif-
ferent laser excitations (325, 532, and 633 nm). A notably higher SERS efficiency for CWA simulants was observed at a 325 nm
Raman excitation. Our findings reveal that a higher ablation yield was observed at IR irradiation than those obtained at the other
wavelengths. A size decrease of the NPs was noticed by changing the liquid environment to an electrolyte. These findings have sig-

nificant implications for developing more efficient and stable SERS substrates for chemical detection applications.
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Introduction

Metal nanoparticles (NPs) are versatile materials widely used
across various scientific and technological fields due to their
distinctive optical, physical, and chemical properties. Over the
past few decades, different methods have been developed for
NP synthesis, including chemical reduction, electrochemistry,
atomic layer deposition, laser ablation synthesis in solution
(LASIiS), and sputtering [1]. The LASiS technique has been
proven to be cost-effective in producing various shapes of NPs
with distinct size distributions in a short time (a few minutes). It
offers many advantages including high purity, minimal contam-
ination, and precise control over NP size and composition,
making it a preferred choice for nanomaterials synthesis [2-5].
The process involves laser plasma interacting with a metal in a
liquid; it excites electrons, which then generates atomic vibra-
tions within a few picoseconds, causing rapid heating, melting,
and explosive decomposition of the metal surface. This results
in an explosive ejection of vapor and liquid from the surface.
The metal plume cannot freely expand in water and is slowed
down, forming a hot metal layer at the water interface. The hot
metal layer heats the water to a supercritical state, mixing metal
atoms with water. The expanding metal/water mixture promotes
rapid nucleation and growth of small metal NPs and contributes
to forming a cavitation bubble. The hot metal layer also breaks
into larger droplets due to instabilities, creating NPs of differ-
ent sizes within a few nanoseconds of laser exposure [6]. The
properties of NPs, such as size, shape, crystallinity, produc-
tivity, and composition, can be influenced by several experi-
mental parameters during synthesis [4,6-10]. The impact of
laser parameters, such as pulse duration, wavelength, repetition
rate, and fluence, and of the liquid parameter on NP produc-
tivity, shape, and size distribution remains an area of ongoing
research [11-15]. Pulsed laser irradiation of liquids (PLIL) can
affect the size and shape of NPs. Various approaches are de-
scribed in the literature, such as (i) laser fragmentation in liquid
(LFL), (ii) laser melting in liquid (LML), and (iii) laser defect
engineering in liquid (LDL) [16]. In our previous work, we
fabricated Ag—Cu alloy NPs using the femtosecond (fs) laser ir-
radiation approach [17]. Similarly, Ag/Au alloy NPs were fabri-
cated by laser ablation of single metal targets in water followed
by re-irradiation of mixed colloidal suspensions, as demon-
strated by Compagnini et al. [18]. Additionally, Zhang et al.
[19] reported the LML approach to synthesize germanium
submicron spheres from picosecond (ps) laser irradiation of Ge
powders containing nanoscale and microscale particles. Maxi-
mova et al. [20] achieved size-controllable Au NPs in stable
solutions via femtosecond laser fragmentation, tuning sizes by
adjusting fluence. This technique is employed to create various
categories of alloy NPs [21]. Alloying by LASiS can mitigate
undesired features associated with plasmonic materials, such as

high cost, chemical instability, and sustainability issues [22,23].
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Menéndez-Manjon et al. [24] reported the synthesis of Ag/Au
alloy NPs via picosecond LASIS of solid targets in monomer
MMA. Amendola et al. [25] demonstrated the fabrication of
magneto-plasmonic alloy NPs, such as Fe—Au, by laser ablating
Au/Fe multilayers with varying thicknesses and deposition
orders. Jakobi et al. [26] reported the synthesis of Pt—Ir alloy
NPs by femtosecond laser ablation of a Ptglr target in acetone
and further utilized as Ptlr electrodes. In recent years, laser-
ablated NPs/NSs have gained prominent interest in many appli-
cations, such as photoelectronic devices, biochemical sensors,
and surface-enhanced Raman spectroscopy (SERS) substrates,
due to their high purity NPs as well as an easy method for
altering the structures, NPs/NSs sizes, and morphology by
tuning the laser parameters and surrounding media [27-29]. The
SERS substrate efficiency mainly depends on the material, size,
and shape of the NPs. Recent terrorist activities involving
explosives and chemical warfare agents highlight the urgent
need for sensitive and selective chemical sensors. These sensors
must be using low power and be capable of trace detection.
Dimethyl methyl phosphonate (DMMP) is commonly used as a
less toxic simulant for sarin, a G-series nerve agent. DMMP
can, in general, be used in making chemical weapons. Zheng et
al. [30] reviewed various methods for DMMP detection, includ-
ing mass-sensitive sensors, surface acoustic wave (SAW)
sensors, microelectromechanical systems (MEMS), carbon
nanotubes, and chemiresistive sensors. SERS-active substrates
encounter obstacles in translation toward practical applications,
primarily due to the difficulty of sample collection. As a result,
there is a persistent need for affordable and accessible fabrica-
tion methods which guarantee stability and reproducibility
along with accessible sample collection of SERS substrates.
There has been significant interest in utilizing flexible materials
such as paper, nitrocellulose, polymer film, cotton fabrics, adhe-
sive tape, glass fibers, and biomaterials for constructing flex-
ible SERS substrates, owing to their numerous advantages over
traditional options such as glass and silicon [31-39]. Detecting
hazardous molecules, such as pesticides, explosives, and chemi-
cal threats (nerve agents) using flexible SERS substrates is the
central aspect of the sensing field because of its simple sample
collection from any rough surface [36,40]. Filter paper (FP)
SERS substrates are rigorously investigated for the detection of
hazardous dye molecules such as crystal violet (CV) and mala-
chite green (MG) on fish [41], pesticides on vegetables, dals
[42], fruit surfaces [43], and explosives on rough surfaces
[44,45]. In the last few years, our group has been continuously
working on developing a flexible SERS substrate for the detec-
tion of various types of hazardous molecules: aggregated Ag
and Au NPs on filter paper [46], Au NPs on electrospun
polymer nanofibers [33], and alloy Ag/Au NPs on filter paper
[44]. However, the size-dependent SERS performance of NPs
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over time needed to be investigated, and the optimization of
substrates, depending on their stability over time, was aimed to
be studied.

This study investigated the impact of 355, 532, and 1064 nm
wavelengths on picosecond laser ablation of silver, gold, and
silver/gold alloy samples within two distinct liquid media:
distilled water (DW) and aqueous NaCl solution. Significant
variations in the productivity and size of NPs were observed
across different wavelengths and media. Subsequently, a flex-
ible SERS substrate was developed by depositing 18 types of
NPs produced onto a filter paper. It was found that substrates
containing NPs generated at 1064 nm laser wavelength exhib-
ited prominent performance, characterized by higher yield and
larger particle size. Stability tests revealed that NPs in the elec-
trolyte (NaCl) solution displayed a quicker decline in SERS
signal than those obtained in DW, despite satisfactory initial
signal strengths. However, gold NPs in DW demonstrated
optimal long-term stability, maintaining uniform SERS intensi-
ties over 60 days. Further, optimized SERS substrates were
tested with different Raman excitations to highlight the critical
role of molecular resonance absorption. Specifically, an excita-
tion wavelength of 325 nm proved to be the most effective for
detecting methyl salicylate and DMMP, underscoring the
importance of selecting an appropriate excitation wavelength
for enhanced molecular detection.

Experimental

Materials

Dimethyl methyl phosphonate (DMMP, C3HgO3P, 98% pure);
methyl salicylate (MS, CgHgO3, 99% pure), methylene blue
(MB, C¢HgCIN3S), and thiram (CcH2N»S4) were purchased
from Sigma-Aldrich. All chemicals were of analytic grade and
used for cleaning and diluting the samples. The laser ablation
samples were 99% pure and had a thickness of 1 mm.

Synthesis of nanoparticles by laser ablation in liquid
Initially, silver, gold, and silver/gold (AgspAusg) alloy targets

(99%) were obtained from a local market and cut into
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1 cm x 1 cm pieces. The targets were thoroughly cleaned in an
ultrasonic bath using ethanol, acetone, and DW for 10 min.
After washing, the targets were fixed at the bottom of the glass
beaker filled with 5 mL of DW and aqueous NaCl solution
(1 mM). The setup was mounted on the motorized X-Y transla-
tion stage (Newport) connected to a motion (ESP-300)
controller. The Ag/Au/AgspAusg targets were ablated using a ps
laser (Nd: YAG, EKSPLA PL2351), delivering ~30 ps pulses at
a wavelength of 1064, 532, and 355 nm at a 10 Hz repetition
rate. For each wavelength, meticulous alignment of the laser
beam was ensured using mirrors explicitly chosen for their
optimal performance within the respective wavelength ranges.
The laser beam was guided towards the processing region by
mirrors and eventually focused on the sample surface by a lens
of focal length (f) 10 cm at normal incidence. Ablation experi-
ments were performed at a pulse energy of 12 mJ with the cor-
responding laser fluence of ~30 mJ/cm?. The moving target was
irradiated using a separation of 50 pm between two adjacent
lines at a translation speed of 1 mm/s along both directions. The
total laser-processing area on the target surface was typically
~25 mm?. The ablation experiments lasted for ~80 min in each
case. The ablation process was executed by varying laser wave-
lengths (355, 532, and 1064 nm) and keeping all the other pa-
rameters constant, such as laser pulse energy, repetition rate,
quantity of liquid, and focusing conditions. To avoid confusion,
the names of the ablated samples and their descriptions are pro-
vided in Table 1.

Preparation of filter-paper-based flexible SERS and
SERS measurements

Flexible substrates were fabricated using Whatman FP as the
base material, which was cut into small squares of 1 cm? each.
Subsequently, metal and alloy NPs synthesized via laser
ablation (encompassing 18 distinct samples) were applied
to the FP through a straightforward drop-casting method
and then allowed to dry at room temperature. Following
this, the analyte of interest was also applied onto the
substrate using drop casting. This process took approximately

20 minutes.

Table 1: Summary of the sample descriptions and laser parameters used in this study.

Nanoparticles (NPs) LaSiS Wavelength

355 nm
Solvent DW NaCl
Ag AgD1 AgN1
Au AuD1 AuNT1
Ag50Au50 AgAuD1 AgAuN1

532 nm 1064 nm

DwW NaCl DW NaCl
AgD2 AgN2 AgD3 AgN3
AuD2 AuN2 AuD3 AuN3
AgAuD2 AgAuN2 AgAuD3 AgAuUN3
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Characterization techniques

The absorption studies were conducted by placing 3 mL of
the colloidal solution in a 1 cm quartz cuvette and using a
UV-visible absorption spectrometer (PerkinElmer, LAMBDA
750) within the 300-800 nm wavelength range. The distribu-
tion of NPs on a FP was analyzed using the INCA software with
a field-emission scanning electron microscope (FESEM, Carl
Zeiss Ultra 55). Samples were prepared by drop casting 10 uL.
of NPs onto a FP, followed by sputtering a thin conductive layer
of gold onto the FP to facilitate lower magnification imaging
due to the nonconductive nature of the FP substrate. FESEM
energy-dispersive X-ray spectroscopy (EDX) mapping investi-
gations were conducted on Ag/Au alloy NPs deposited on a Si
substrate by drop casting 10 pL to avoid confusion in the data
caused by the Au coating. Transmission electron microscopy
(TEM) was performed with a JEM-2100F (JEOL, Japan). TEM
grids were prepared by drop casting 2 uL of NPs onto the grids.
Raman/SERS spectra were collected using a portable Raman
spectrometer (B&W Tek) with an excitation wavelength of
785 nm, 10 mW of laser power, 5 s of collection time, and three
accumulations. The laser beam spot size on the sample was
~100 um. Wavelength-based SERS measurements were per-
formed using a micro-Raman spectrometer (Horiba-Scientific),
and 325, 532, and 633 nm laser excitation wavelengths with the
same input laser power of =1 mW, 5 s of acquisition time, and
three accumulations, and these parameters were maintained in
all the measurements. For the focusing conditions, a 50x objec-
tive was used for the visible wavelengths (532 and 632 nm),
while a 40X-NUV objective was employed for the 325 nm
wavelength. A baseline correction using the Origin software
was applied to all recorded SERS spectra, after which SERS
calculations were undertaken.

Results and Discussion

Characterization

Optical absorption studies of as-synthesized
nanoparticles

The absorbance measurements were carried out on metallic Ag,
Au, and Ag/Au NPs prepared using ps LASiS in both DW and
aqueous NaCl solution, covering a wavelength range of
300-800 nm. In Figure 1, the optical absorption spectra of
(a) Ag, (b) Au, and (c) Ag/Au NP solutions are presented for
both environments obtained at 1064, 532, and 355 nm wave-
lengths in LASIiS. All absorption spectra exhibit a distinct single
surface plasmon resonance (SPR) absorption peak, indicating
the formation of spherical NPs. The SPR peak of Ag/Au alloy
NPs lies between the SPR peak positions of pure Ag and Au
NPs. Notably, the plasmon bands of NPs obtained at lower
wavelengths (355 and 532 nm) are broadened compared to
those of NPs fabricated at higher wavelengths (1064 nm). This
broadening could be ascribed to the size/shape of the NPs, their
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aggregation, and variations in size distribution under different
laser wavelengths. The NP productivity in the LASiS approach
is mainly influenced by laser wavelength irradiation based on
the interaction of the material with the incoming beam, includ-
ing absorption, reflection, and scattering [47,48]. These interac-
tions significantly vary across the wavelengths from 1064 down
to 355 nm, with a unique response of different materials at each
wavelength [49]. A key to enhancing the yield is choosing the
laser wavelength at which the target material has a high absorp-
tion rate. This ensures that a greater energy density is trans-
ferred to the target, thereby increasing the volume of material
ablated. On the other hand, to minimize energy losses during
the process, choosing the surrounding media is also an essential
factor, which could prevent the absorption of the aqueous solu-
tion at a given laser wavelength. This approach helps to achieve
a delicate balance between maximizing the absorption in the
target material while minimizing energy loss in the surrounding
liquid and NPs, thereby enhancing the overall efficiency and
yield of the LASIiS process [4,50]. The study reported by Shukri
et al. [51] pointed out a size reduction in Au NPs from 19 to
12 nm by decreasing the input laser wavelengths, changing
from 1064 to 532 nm in DW. Solati et al. [52] observed a sig-
nificant increase in the mean size of Ag NPs from 13 to 32 nm
while ablating the Ag targets in acetone with laser wavelengths
of 532 and 1064 nm. Furthermore, the absorption intensity
proportionally increases with the increasing wavelength in both
DW and NaCl, demonstrating that the yield of NPs is higher at
higher wavelengths. Moreover, the absorption of NPs produced
in aqueous NaCl solution was lower than that in DW, indicat-
ing a higher NP yield in DW. The observed difference in
absorption intensities could be attributed to the influence of
NaCl in the NP synthesis process. Salts may affect the kinetics
of NP formation, leading to size, shape, and aggregation varia-
tions, ultimately impacting their optical properties [53]. Also,
from absorbance studies, it is observed that the ablation rate is
higher for the Au target than for Ag because of the hardness
variation observed in an earlier report by Solati et al. [54]. In
another study by Bae et al. [55], the authors demonstrated the
Ag NP fabrication by varying the surrounding aqueous NaCl
solution concentrations between 0 to 20 mM using a
nanosecond laser at an excitation of 355 nm. Their study
noticed increased Ag NP absorbance while changing the
aqueous NaCl solution concentration from 0 to 5 mM, which
decreased further. The SPR peaks were blue shifted for NPs ob-
tained in NaCl compared to those obtained in DW, which could
be attributed to an increase in the refractive index of the sur-
rounding medium. The SPR shifts at different wavelengths of
LASiS within the same environment suggest the variations of
NP particle size or size dispersion. The peak shift is mainly
correlated with the size and shape of NPs and their surrounding

medium. Naderi-Samani et al. [56] reported the synthesis of Ag
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Figure 1: (a)—(c) Absorption spectra of laser-synthesized NPs (a) Ag NPs [AgD1, AgD2, AgD3, AgN1, AgN2, AgN3]; (b) Au NPs [AuD1, AuD2, AuD3,
AuN1, AuN2, AuN3]J; (c) Ag/Au NPs [AgAuD1, AgAuD2, AgAuD3, AgAuN1, AgAuN2, AgAuN3] obtained at different laser wavelengths (1064, 532, and
355 nm) and different liquids (DW and aqueous NaCl solution). (d—f) The variation of SPR peak position of (d) Ag, (e) Au, and (f) Ag/Au concerning

wavelength and surrounding liquid.

NPs by nanosecond laser ablation in different aqueous solu-
tions: water, acetone, cetyltrimethylammonium chloride
(CTAC), polyvinylpyrrolidone (PVP), and sodium dodecyl
sulfate (SDS). Their outcomes revealed that the productivity of
Ag NPs was higher in acetone, followed by CTAC, water, PVP,
and SDS. The order of NP formation efficiency was reported to
be acetone >CTAC >water >PVP >SDS.

Morphological studies of as-synthesized
nanoparticles

Transmission electron microscopy analysis was implemented to
study the size and shape of laser-fabricated NPs. Figure 2 shows
the TEM images of Ag NPs synthesized in DW at different
laser wavelengths: (a) 355, (b) 532, and (c) 1064 nm. It should
be noted that the shape of NPs is spherical, and the size distri-

bution of the Ag NPs is strongly dependent on laser wave-
length in LASiS. The average size of the NPs was estimated as
12.4 £ 0.3 nm at 355 nm, 23.9 £ 1.0 nm at 532 nm, and
36.3 £ 3.7 nm at 1064 nm, with the size distributions being pro-
vided in Supporting Information File 1, Figures S1(a)—(c). It is
believed that with increasing wavelength, the NP sizes increase,
presumably due to the coexistence of both processes, such as
laser ablation and laser fragmentation in liquids at lower wave-
lengths (i.e., higher energy). The SPR peak is shifted toward a
longer wavelength for larger particles, which is evident from the
absorption spectra depicted.

Figure 2 depicts the pictures of Ag NPs synthesized using a

laser wavelength of (d) 355 nm, (e) 532 nm, and (f) 1064 nm in

an aqueous NaCl solution. The average particle size is
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(c) AgD3

Figure 2: TEM images of Ag NPs: (a) AgD1, (b) AgD2, (c) AgD3, (d) AgN1, (e) AgN2, and (f) AgN3.

8.4 + 0.4 nm at 355 nm, 13.3 = 0.5 nm at 532 nm, and
16.5 £ 0.5 nm at 1064 nm, respectively. The size distributions
are provided in Supporting Information File 1, Figure S1(d-f).
The size of the NPs increases with increasing laser wavelength.
It is worth mentioning that a reduction in NP size was noticed
more in NPs produced in aqueous NaCl solution than in those
fabricated in DW. The size reduction effect observed during
ablation in aqueous NaCl solution can be attributed to CI™ ions
[55,57]. When a laser ablation process is conducted in the pres-
ence of NaCl, the ions in the solution can strongly influence nu-
cleation processes and growth in the generation of the NPs. The
presence of electrostatic repulsion among charged NPs gener-
ated in an electrolyte solution reduces the average size of the
NPs. Rehbock et al. [21] pointed out the size reduction in Au
NPs from 30 nm at 3 pM to 7 nm at 500 pM in the presence of
aqueous NaCl solution during the ablation. He et al. [58]
demonstrated that at higher NaCl (10 mM) concentrations, ZnO
NPs exhibited coalescence, increasing NPs size in comparison
to those obtained in DW.

In Figure 3, TEM images depicting as-synthesized Au NPs
under different incident laser wavelengths (i.e., (a) 355, (b) 532,
and (c) 1064 nm) in DW are shown. At 355 nm, a distinctive
nanochain morphology linking spherical NPs was evident, con-
trasting with the separated spherical morphology. The preva-
lent interaction at 355 nm with the liquid phase was more influ-
ential than the NP production, resulting in particles with frag-
mented shapes [6]. This could be accredited to the more vital

interaction of the lower wavelength with the liquid than with the

submerged solid target. During ablation, the maximum energy
dedicated to the formerly generated NPs resulted in further frag-
mentation of NPs and fusion rather than in target ablation. This
phenomenon led to lower NP production at 355 nm compared to
that at 532 and 1064 nm laser wavelengths, this was also re-
flected in the absorption spectra. Consequently, there is a ten-
dency for NP agglomeration and chain formation, which is
evident from the TEM pictures depicted in Figure 3. As the
wavelength increases, ablation becomes more efficient,
breaking the chains and creating smaller, separated spherical
NPs. The mean sizes of the NPs synthesized at the three
selected wavelengths are estimated to be approximately
9.5 £ 0.1 nm at 355 nm, 15.6 + 0.1 nm at 532 nm, and
19.7 £ 0.7 nm at 1064 nm. The size distributions are provided in
Supporting Information File 1, Figures S2(a)—(c). Notably, the
mean diameter of NPs is smaller when generated at lower wave-

lengths compared to those produced at higher wavelengths.

Figure 3 displays TEM images depicting the synthesis of Au
NPs under different laser wavelengths: (d) 355, (e) 532, and
(f) 1064 nm in aqueous NaCl solution. Furthermore, the pres-
ence of NaCl in the surrounding medium significantly influ-
ences NP size, leading to size reduction. The mean sizes of the
NPs in the presence of NaCl are estimated as 7.0 + 0.5 nm at
355 nm, 11.4 + 0.6 nm at 532 nm, and 12.6 +
1064 nm. The size distributions are provided in Supporting

0.1 nm at
Information File 1, Figures S2(d)—(f). This size reduction aligns

with the observed behavior of nanochains at lower wavelengths

and separated NPs at higher wavelengths. Figure 4 shows TEM
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(b) AuD2

Figure 4: TEM images of Ag/Au NPs: (a) AgAuD1, (b) AgAuD2, (c) AgAuDS3, (d) AgAuN1, (e) AgAuN2, and (f) AgAuN3.

images of Ag/Au alloy NPs under different laser wavelengths:
(a,d) 355, (b,e) 532, and (c,f) 1064 nm in DW and aqueous
NaCl solution, respectively. The mean sizes of the NPs in DW
and NaCl are 24.9 = 3.3 and 15.2 = 0.2 nm at 355 nm, 12.7 + 1
and 8.2 + 0.3 nm at 532 nm, and 6.5 £ 0.1 and 5.8 = 0.1 nm at
1064 nm, respectively. The NP size distributions are provided
in Supporting Information File 1, Figure S3.

The variation in the sizes of Ag, Au, and Ag/Au NPs obtained
in DW and aqueous NaCl solution at different wavelengths
during the LASIS process is illustrated in Figure 5. It is noted
that the NP size increased while the laser wavelength was in-
creased. Size reduction was observed when the aqueous NaCl
solution was used as a surrounding medium instead of other
liquids (DW). In this case, the size increases with an increasing
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wavelength. The diameters of colloids prepared at a laser wave-
length of 1064 nm in DW are greater than 20 nm. However,
NPs obtained in an aqueous NaCl solution at a laser wave-
length of 355 nm showed nanochain features with diameters
smaller than 10 nm.

Topographical studies of filter paper-loaded
nanoparticles

The morphology and distribution of ps laser-fabricated NPs on
filter paper were investigated using FESEM. The FESEM
images reported in Figure 6 depict a filter paper surface grafted
with Ag NPs, categorized as: (a) AgDW1, (b) AgD2, (c) AgD3,
(d) AgN1, (e) AgN2, and (f) AgN3. Similarly, a FP loaded
with Ag/Au NPs is illustrated in Figure 7, categorized as:
(a) AgAuDI1, (b) AgAuD2, (c) AgAuD3, (d) AgAuNl,
(e) AgAuN2, and (f) AgAuN3. It is evident from the FESEM
images that the concentrations of loaded NPs were different,

-~ s v

§ (@) AgN1

P

Figure 6: Panels (a)-(c) display FESEM images of a filter paper loaded with Ag NPs obtained in DW: (a) AgD1, (b) AgD2, and (c) AgD3. Panels
(d)-(e) display FESEM images of a filter paper loaded with Ag NPs obtained in aqueous NaCl solution: (d) AgN1, (e) AgN2, and (f) AgN3 at wave-

lengths of 355, 532, and 1064 nm, respectively.
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(a) AgAuD1
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d) AgAuN1

AgAuN

(Pl

Figure 7: Panels (a)-(c) display FESEM images of a filter paper loaded with Ag/Au NPs obtained in DW: (a) AgAuD1, (b) AgAuD2, and (c) AgAuD3.
Panels (d)-(e) display FESEM images of a filter paper loaded with Ag NPs obtained in aqueous NaCl solution: (d) AgAuN1, (e) AgAuN2, and

(f) AQAUNS at a wavelength of 355, 532, and 1064 nm, respectively.

possibly due to the differences in their loading and the effect of
NPs yield obtained at different laser wavelengths. Furthermore,
recorded FESEM-EDX data confirms the occurrence of Ag, Au,
Na, CI, C, and O elements on the FP-AgAuN3 substrate, provi-
ded in Supporting Information File 1, Figure S4. To confirm the
presence of Ag and Au in alloy NPs, an EDX mapping investi-
gation was conducted on AgAuD3 NPs coated on a Si substrate.
The color map image of a single alloy NP with a squared area
was represented in Supporting Information File 1, Figure S5. It
is evident from the figure that individual NPs encompassed both
Ag and Au elements. The detailed mechanism underlying the
formation of alloy NPs was elucidated in our previous study
[44]. Earlier studies suggested that the NP yield gradually in-
creases with increasing laser wavelength. Notably, we could
achieve a higher yield of NPs at higher wavelengths, resulting
in a higher concentration of NPs on the filter paper surface. Ad-
ditionally, larger NPs were observed at higher wavelengths than
at lower wavelengths, which is also evident from TEM image
analysis, as discussed above. A similar trend was noticed in the
case of Au NP distribution on FP, as detailed in Supporting
Information File 1, Figure S6.

SERS measurements from filter paper-loaded
nanoparticles

Initially, a portable Raman spectrometer with a fixed excitation
wavelength of 785 nm was employed, demonstrating the superi-
or performance of flexible SERS substrates by depositing all the
synthesized NPs onto a filter paper. This combination offers
practical real-time onsite application capabilities, allowing for
immediate and nondestructive analysis in the field, making it
ideal for rapid screening and preliminary investigations. The
portable spectrometer is user friendly, compact, and the light-
weight design ensures minimal sample preparation and ease of
transport, providing flexibility in diverse application scenarios.
To capitalize on the advantages of a flexible substrate in the
sensing field, filter paper was chosen as a base to host laser-
ablated NPs [59]. The SERS performance of NP-loaded paper-
based SERS substrates was assessed by choosing malachite
green (MG) as a Raman reporter molecule. The SERS spectra
reported in Figure 8a—c illustrate the prominent Raman bands of
MG at a 1 nM concentration recorded from filter paper loaded
with NPs, namely, Ag, Au, and Au NPs in DW and aqueous
NaCl solution fabricated at three different wavelengths: 1064,
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532, and 355 nm. Figure 8d displays the intensity variation of a
prominent 1618 cm™! MG peak recorded from all substrates.
The location of Raman peaks of MG noticed in our study coin-
cides with the studies demonstrated earlier [60]. The leading
characteristic bands found at 1618 cm™! are assigned to phenyl-
N and C-C stretching.

Similarly, SERS investigations were extended to detect the
pesticide molecule thiram (10 uM) on all Ag, Au, and Ag/Au
NP-loaded filter paper substrates. The obtained data is provided
in Supporting Information File 1, Figures S7a—S7c using LASiS
at 1064, 532, and 355 nm, respectively. All peaks align well
with previous reports. The central characteristic peak at
1368 cm™! was considered for evaluating performance, as illus-
trated in the performance histogram shown in Supporting Infor-
mation File 1, Figure S7d. Further, similar studies are continued
with methyl salicylate as a Raman reporter. Figure 9a—c present
the SERS spectra of methyl salicylate (1 mM) collected from
filter paper loaded NPs substrates obtained at laser wavelengths
of (a) 1064, (b) 532, and (c) 355 nm. Figure 9d shows the
Raman intensity variation of the central characteristic peak at
808 cm~!. From the SERS measurements, we could point out
that the filter paper grafted with Ag NPs was achieved in
aqueous NaCl solution, demonstrating superior enhancement of
AgAu alloy and Au NPs fabricated in DW and NaCl loaded on

filter paper. Notably, the FP loaded with AgN3 NPs demon-
strated superior SERS enhancement among all Ag NP-based
substrates. This can be attributed to several factors, including
(1) the plasmonic performance of Ag, (ii) a large number of NPs
loaded onto the filter paper (resulting in a high yield of NPs at
1064 nm), (iii) the presence of ions from NaCl which can lead
to ion-enhanced SERS effects [37,46,61].

The investigations further focused on assessing the stability of a
SERS substrate over 60 days. We carried out systematic SERS
measurements on different days, and their SERS intensities are
compared concerning the days for the substrates, namely AgD3,
AgAuD3, AuD3, AgN3, AgAuN3, and AuN3. The evolution of
signal intensities over the 60 days is graphically depicted in
Figure 10a and Figure 10b, revealing distinctive decay patterns
of MG and thiram on the 7th, 15th, 30th, and 60th days.
Notably, freshly prepared (on the first day) SERS substrates
such as AgD3 and AgN3 exhibited prominent enhancement in
Raman signals compared with other substrates, while AuD3 and
AuN3 substrates displayed the lowest SERS signal. Decay per-
centages were calculated to assess the substrate performance.
Figure 10c and Figure 10d visually represent the decay percent-
ages over time. On the 30th day, Ag NPs SERS performance
decreased by 95%, while Au NPs exhibited variations from
~10% (7th day) to =35% (60th day).
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The graphical representation of categorized substrates into three
areas based on decay percentages (i.e., green for up to 50%,
yellow for 50-80%, and pink for 80-100%) are shown in
Figure 10. Substrates, namely AuD3, AgAuD3, AuN3, and
AgAuN3 remained stable in the yellow region for up to one
month. Notably, the AuD3 substrate showed consistent perfor-
mance with a decay percentage of 35% over 60 days. Ag/Au
alloy NPs often display better properties than those of pure Ag
and Au counterparts. Combining Ag and Au can lead to superi-
or plasmonic properties derived from Ag, improved stability at-
tributed to Au, and increased SERS efficiency, making them
particularly advantageous for long-term applications with
heightened sensitivity. These enhancements are due to syner-
gistic effects, where the integrated properties of the metals
surpass those of the individual elements. In the initial days, the
presence of NaCl led to an increase in the SERS signal; howev-
er, over a longer duration, the NPs in DW showed better SERS
intensity than those in aqueous NaCl solution. Jiang et al. [62]
investigated the SERS performance of Ag NPs in detecting CV
molecules. They found that bare Ag NPs exhibited diminishing
performance over three weeks. However, a substrate composed
of single atomic layer nanocellulose—Ag NP hybrids main-
tained nearly constant performance for 35 days. Zhang et al.
[63] reported that after undergoing vacuum storage for seven

Beilstein J. Nanotechnol. 2024, 15, 1054-1069.

days, the SERS intensity of CV at 1620 cm™! detected on
AgNP-120@BNC did not significantly decrease. The SERS in-
tensity of CV detected on the AgNP-120@BNC substrate
remained at 91% of its original intensity after seven days of
vacuum storage.

Effect of Raman excitation wavelength on SERS
measurements

The enhanced stability of AuD3 NPs loaded on filter paper
regarding SERS performance was further investigated, particu-
larly in hazardous chemical molecules such as methyl salicylate
(1 mM) and dimethyl methyl phosphonate (1 mM). Methyl sali-
cylate and dimethyl methyl phosphonate are critical chemical
warfare agent (CWA) simulants, posing a significant threat to
global security. Detecting these molecules is essential for secu-
rity reasons, and various detection methods are currently under
investigation [64-67]. One promising method for practical ap-
plication is using flexible SERS substrates as sensing platforms
[68].

This study explored the impact of different Raman excitation
wavelengths, specifically 325, 532, and 633 nm. The prominent
peaks of MS (810 cm™!) and DMMP (710 cm™!) molecules
were observed in all cases, shown in Figure 11a and Figure 11b,

2k
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pendent SERS spectra of (c) MS (100 mM to 100 uM) and (d) DMMP (100

mM to 100 pM) at an excitation of 325 nm using the AuD3 substrate.
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respectively. The peak at 810 cm™! is due to the stretching
vibration of C—H [69], and the peak at 710 cm™! for DMMP is
due to the combined vibrational mode, including the symmetri-
cal stretching of the two single P-O bonds and the P-C bond
[70]. The peak positions and their assignment of MS and
DMMP are provided in Supporting Information File 1, Tables
S8 and S9, respectively. Li et al. [69] detected MS (1074 M) by
SERS using a Raman excitation of 532 nm. Huang et al. [70]
described the identification of DMMP (1 g/L) residues from an
irregular surface using Ag NPs grafted cotton swabs via simple
swabbing with a laser excitation of 532 nm. Lafuente et al. [71]
also reported the detection of DMMP (1.2 ppm V) in the vapor
phase using Glass_Ag_Au NPs, 3D fractal microstructure sub-
strates developed by corner lithography and anisotropic wet
etching of silicon using the 785 nm as the Raman excitation.
When UV excitation was utilized during the measurements, the
Raman peak intensities were notably higher for both MS and
DMMP molecules at 124 and 152 ppm. This can be attributed to
the resonance absorption of these molecules with laser excita-
tion, which increased Raman signal intensity. The repro-
ducibility of the substrate at these different wavelengths in
detecting MS was also verified by collecting Raman spectra
from more than 15 different locations. The obtained relative
standard deviations (RSDs) were 20%, 10%, and 9% for Raman
excitations at 633, 532, and 325 nm, respectively. The calcu-
lated histograms are provided in Supporting Information File 1,

Figure S10a—c.

The sensitivity of the optimized FP SERS substrate was further
examined at 325 nm with various concentrations of MS and
DMMP ranging from 100 mM to 100 uM, as depicted in
Figure 11c and Figure 11d. The leading prominent peaks of MS
at 809 cm~! and DMMP at 714 cm™! were observed at the
lowest concentration of 100 uM. The reproducibility of the
SERS substrate was also examined with the DMMP molecule at
a concentration of 500 uM at 15 different locations on the sub-
strate. The histogram showing the most prominent intensity
variation yielded an RSD of ~6%, as shown in Supporting
Information File 1, Figure S10d. Aligholizadeh et al. [72]
detected DMMP using a handheld Raman spectrometer with an
excitation of 785 nm, and the analytes were measured in a
liquid-phase solution. The limit of detection (LOD) achieved
for DMMP was 9 mM. Chang et al. [67] utilized a combination
of cotton swabs with a Ag NP substrate along with a smart-
phone application to detect DMMP. They detected DMMP at a
concentration of 1g/L (=8 mM) using a Raman excitation of
532 nm. Wang and co-workers [73] developed a novel method
using thin water film confinement to enhance Raman detection
of weakly interacting nerve agent simulants, such as DMMP
(mM), on SERS substrates using a Raman excitation of 633 nm.

Li et al. [74] detected, using a portable Raman device at an ex-
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citation of 785 nm, DMMP at a concentration of 100 mg/kg
(800 uM) utilizing a Au@ZrO, substrate.

Conclusion

In conclusion, this study delved into the impact of different
laser wavelengths (355, 532, and 1064 nm) on the variation of
morphological features and yields of colloids obtained through
the ablation of Ag, Au, and AgspAus( targets conducted in a
medium of DW and aqueous NaCl solution using a picosecond
laser. Our findings demonstrated that the irradiation laser wave-
lengths of the UV region are more beneficial to produce smaller
NPs due to the fragmentation effects. Conversely, the wave-
lengths lying in the NIR region are the ideal choice to obtain
high ablation yield due to the low absorption by previously
generated NPs. Furthermore, NPs sizes were smaller at lower ir-
radiation laser wavelengths than those obtained at higher laser
wavelengths. The subsequent development of flexible SERS
substrates, utilizing the diverse NPs produced, showcased the
superior performance of substrates containing NPs generated at
the 1064 nm wavelength, characterized by enhanced yield and
larger particle size. However, Au NPs in DW demonstrated
optimal long-term stability, maintaining their SERS signal
integrity for up to 60 days. Further, chemical warfare simulant
MS and DMMP detection using a 325 nm Raman laser (UV
resonance) demonstrated superior performance.

Supporting Information

Supporting Information File 1

Additional figures and tables.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-86-S1.pdf]

Acknowledgements

We acknowledge the School of Physics, University of Hyder-
abad for absorption and FESEM facilities and the School of
Chemistry for the TEM facility. We sincerely thank the late Dr.
Anik K. Razdan, LASTEC, India, for providing the DMMP
sample. We thank the Director of ACRHEM for the fruitful
discussions. We acknowledge the support of Dr. Bikash Ghose,
HEMRL, Pune, for critical discussions and comments.

Funding

SSBM acknowledges the SERB, India, for the NPDF funding
(PDF/2023/000958/PMS). VRS acknowledges IoE-UoH
through a project funded by the Institute of Eminence (#UOH/
IOE/RC1/RC1-20-016). VRS also acknowledges the financial
support from DRDO, India [#ERIP/ER/1501138/M/01/319/
D(R&D)].

1066


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-86-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-86-S1.pdf

Conflict of Interest

The authors declare no conflicts of interest.

Author Contributions

Sree Satya Bharati Moram: data curation; formal analysis; in-
vestigation; methodology; validation; writing — original draft;
writing — review & editing. Chandu Byram: data curation;
formal analysis; investigation; writing — original draft; writing —
review & editing. Venugopal Rao Soma: conceptualization;
formal analysis; methodology; project administration;
resources; supervision; validation; writing — original draft;

writing — review & editing.

ORCID® iDs

Sree Satya Bharati Moram - https://orcid.org/0000-0001-5147-7819
Venugopal Rao Soma - https://orcid.org/0000-0001-5361-7256

Data Availability Statement

All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References

1. Jamkhande, P. G.; Ghule, N. W.; Bamer, A. H.; Kalaskar, M. G.
J. Drug Delivery Sci. Technol. 2019, 53, 101174.
doi:10.1016/j.jddst.2019.101174

2. Johny, J.; Kamp, M.; Prymak, O.; Tymoczko, A.; Wiedwald, U.;
Rehbock, C.; Schirmann, U.; Popescu, R.; Gerthsen, D.; Kienle, L.;
Shaji, S.; Barcikowski, S. J. Phys. Chem. C 2021, 125, 9534—-9549.
doi:10.1021/acs.jpcc.1c02138

3. Ziefuss, A.; Barcikowski, S.; Zhigilei, L. V.
Sci. China: Phys., Mech. Astron. 2022, 65, 274201.
doi:10.1007/s11433-022-1909-6

4. Nadarajah, R.; Barcikowski, S.; Gokce, B. Opt. Express 2020, 28,
2909-2924. doi:10.1364/0e.28.002909

5. Shugaev, M. V.; Wu, C.; Armbruster, O.; Naghilou, A.; Brouwer, N.;
Ivanov, D. S.; Derrien, T. J.-Y.; Bulgakova, N. M.; Kautek, W.;
Rethfeld, B.; Zhigilei, L. V. MRS Bull. 2016, 41, 960-968.
doi:10.1557/mrs.2016.274

6. Shih, C.-Y.; Shugaev, M. V.; Wu, C.; Zhigilei, L. V.
Phys. Chem. Chem. Phys. 2020, 22, 7077-7099.
doi:10.1039/d0cp00608d

7. Dittrich, S.; Barcikowski, S.; Gokce, B. Opto-Electron. Adv. 2021, 4,
200072. doi:10.29026/0ea.2021.200072

8. Khairani, I. Y.; Lin, Q.; Landers, J.; Salamon, S.; Dofate-Buendia, C.;
Karapetrova, E.; Wende, H.; Zangari, G.; Gokce, B. Nanomaterials
2023, 13, 227. doi:10.3390/nano13020227

9. Fazio, E.; Gokce, B.; De Giacomo, A.; Meneghetti, M.; Compagnini, G.;
Tommasini, M.; Waag, F.; Lucotti, A.; Zanchi, C. G.; Ossi, P. M.;
Dell’Aglio, M.; D’Urso, L.; Condorelli, M.; Scardaci, V.; Biscaglia, F.;
Litti, L.; Gobbo, M.; Gallo, G.; Santoro, M.; Trusso, S.; Neri, F.
Nanomaterials 2020, 10, 2317. doi:10.3390/nano10112317

10. Hupfeld, T.; Stein, F.; Barcikowski, S.; Gokce, B.; Wiedwald, U.
Molecules 2020, 25, 1869. doi:10.3390/molecules25081869

Beilstein J. Nanotechnol. 2024, 15, 1054-1069.

11.Baladi, A.; Mamoory, R. S. Study on wavelength and energy effects on
pulsed laser ablation synthesis of aluminum nanoparticles in ethanol. In
2009 Fifth International Conference on MEMS NANO, and Smart
Systems, |EEE, 2009; pp 218-221. doi:10.1109/icmens.2009.43

12.Horn, |.; Guillong, M.; Gunther, D. Appl. Surf. Sci. 2001, 182, 91-102.
doi:10.1016/s0169-4332(01)00465-2

13.Landstrom, L.; Boman, M.; Heszler, P. Size distribution and
characterization of tungsten nanoparticles generated by laser-assisted
chemical vapor deposition and pulsed laser ablation. In Properties of
Metal Nanostructures, Halas, N. J., Ed.; SPIE, 2002.
doi:10.1117/12.451578

14.Mortazavi, S. Z.; Parvin, P.; Reyhani, A.; Golikand, A. N.; Mirershadi, S.
J. Phys. Chem. C 2011, 115, 5049-5057. doi:10.1021/jp1091224

15. Schwenke, A.; Wagener, P.; Nolte, S.; Barcikowski, S.
Appl. Phys. A: Mater. Sci. Process. 2011, 104, 77-82.
doi:10.1007/s00339-011-6398-9

16. Fromme, T.; Reichenberger, S.; Tibbetts, K. M.; Barcikowski, S.
Beilstein J. Nanotechnol. 2024, 15, 638—663. doi:10.3762/bjnano.15.54

17.Satya Bharati, M. S.; Chandu, B.; Rao, S. V. RSC Adv. 2019, 9,
1517-1525. doi:10.1039/c8ra08462a

18. Compagnini, G.; Messina, E.; Puglisi, O.; Nicolosi, V. Appl. Surf. Sci.
2007, 254, 1007—1011. doi:10.1016/j.apsusc.2007.07.177

19.Zhang, D.; Lau, M.; Lu, S.; Barcikowski, S.; Gokce, B. Sci. Rep. 2017,
7, 40355. doi:10.1038/srep40355

20.Maximova, K.; Aristov, A.; Sentis, M.; Kabashin, A. V. Nanotechnology
2015, 26, 065601. doi:10.1088/0957-4484/26/6/065601

21.Rehbock, C.; Jakobi, J.; Gamrad, L.; van der Meer, S.; Tiedemann, D.;
Taylor, U.; Kues, W.; Rath, D.; Barcikowski, S.
Beilstein J. Nanotechnol. 2014, 5, 1523-1541.
doi:10.3762/bjnano.5.165

22.Amendola, V.; Amans, D.; Ishikawa, Y.; Koshizaki, N.; Scire, S.;
Compagnini, G.; Reichenberger, S.; Barcikowski, S. Chem. — Eur. J.
2020, 26, 9206—9242. doi:10.1002/chem.202000686

23.Coviello, V.; Forrer, D.; Amendola, V. ChemPhysChem 2022, 23,
€202200136. doi:10.1002/cphc.202200136

24.Menéndez-Manijon, A.; Schwenke, A.; Steinke, T.; Meyer, M.;
Giese, U.; Wagener, P.; Barcikowski, S.
Appl. Phys. A: Mater. Sci. Process. 2013, 110, 343-350.
doi:10.1007/s00339-012-7264-0

25.Amendola, V.; Scaramuzza, S.; Carraro, F.; Cattaruzza, E.
J. Colloid Interface Sci. 2017, 489, 18-27.
doi:10.1016/j.jcis.2016.10.023

26.Jakobi, J.; Menéndez-Manjén, A.; Chakravadhanula, V. S. K;;
Kienle, L.; Wagener, P.; Barcikowski, S. Nanotechnology 2011, 22,
145601. doi:10.1088/0957-4484/22/14/145601

27.Abdul Amir, H. A. A.; Fakhri, M. A.; Alwahib, A. A.; Salim, E. T.;
Alsultany, F. H.; Hashim, U. Mater. Sci. Semicond. Process. 2022, 150,
106911. doi:10.1016/j.mssp.2022.106911

28.Srikanth, S.; Dudala, S.; Jayapiriya, U. S.; Mohan, J. M.; Raut, S.;
Dubey, S. K.; Ishii, I.; Javed, A.; Goel, S. Sci. Rep. 2021, 11, 9750.
doi:10.1038/s41598-021-88068-z

29. Pereira, P. F. S.; de Paula e Silva, A. C. A.; da Silva Pimentel, B. N. A.;
Pinatti, I. M.; Simdes, A. Z.; Vergani, C. E.; Barreto-Vieira, D. F.;
da Silva, M. A. N.; Miranda, M. D.; Monteiro, M. E. S.; Tucci, A.;
Donate-Buendia, C.; Minguez-Vega, G.; Andrés, J.; Longo, E.
Sci. Rep. 2022, 12, 8118. doi:10.1038/s41598-022-11902-5

30.Zheng, Q.; Fu, Y.-c.; Xu, J.-q. Procedia Eng. 2010, 7, 179—184.
doi:10.1016/j.proeng.2010.11.027

31.Zhang, D.; Pu, H.; Huang, L.; Sun, D.-W. Trends Food Sci. Technol.
2021, 709, 690-701. doi:10.1016/j.tifs.2021.01.058

1067


https://orcid.org/0000-0001-5147-7819
https://orcid.org/0000-0001-5361-7256
https://doi.org/10.1016%2Fj.jddst.2019.101174
https://doi.org/10.1021%2Facs.jpcc.1c02138
https://doi.org/10.1007%2Fs11433-022-1909-6
https://doi.org/10.1364%2Foe.28.002909
https://doi.org/10.1557%2Fmrs.2016.274
https://doi.org/10.1039%2Fd0cp00608d
https://doi.org/10.29026%2Foea.2021.200072
https://doi.org/10.3390%2Fnano13020227
https://doi.org/10.3390%2Fnano10112317
https://doi.org/10.3390%2Fmolecules25081869
https://doi.org/10.1109%2Ficmens.2009.43
https://doi.org/10.1016%2Fs0169-4332%2801%2900465-2
https://doi.org/10.1117%2F12.451578
https://doi.org/10.1021%2Fjp1091224
https://doi.org/10.1007%2Fs00339-011-6398-9
https://doi.org/10.3762%2Fbjnano.15.54
https://doi.org/10.1039%2Fc8ra08462a
https://doi.org/10.1016%2Fj.apsusc.2007.07.177
https://doi.org/10.1038%2Fsrep40355
https://doi.org/10.1088%2F0957-4484%2F26%2F6%2F065601
https://doi.org/10.3762%2Fbjnano.5.165
https://doi.org/10.1002%2Fchem.202000686
https://doi.org/10.1002%2Fcphc.202200136
https://doi.org/10.1007%2Fs00339-012-7264-0
https://doi.org/10.1016%2Fj.jcis.2016.10.023
https://doi.org/10.1088%2F0957-4484%2F22%2F14%2F145601
https://doi.org/10.1016%2Fj.mssp.2022.106911
https://doi.org/10.1038%2Fs41598-021-88068-z
https://doi.org/10.1038%2Fs41598-022-11902-5
https://doi.org/10.1016%2Fj.proeng.2010.11.027
https://doi.org/10.1016%2Fj.tifs.2021.01.058

32.Bharati, M. S. S.; Soma, V. R. Opto-Electron. Adv. 2021, 4, 210048.
doi:10.29026/0ea.2021.210048

33.Bharathi, M. S. S.; Byram, C.; Banerjee, D.; Sarma, D.; Barkakaty, B.;
Soma, V. R. Bull. Mater. Sci. 2021, 44, 103.
doi:10.1007/s12034-021-02402-9

34.Niu, F.; Hu, Y.; LeKarz, S.; Lu, W. J. Vac. Sci. Technol., A 2024, 42,
022406. doi:10.1116/6.0003352

35. Viriyakitpattana, N.; Rattanabut, C.; Lertvachirapaiboon, C.;
Pimalai, D.; Bamrungsap, S. ACS Omega 2024, 9, 10099-10109.
doi:10.1021/acsomega.3c05966

36.Verma, M.; Nagvi, T. K.; Tripathi, S. K.; Kulkarni, M. M.; Dwivedi, P. K.
Environ. Technol. Innovation 2021, 24, 102033.
doi:10.1016/j.eti.2021.102033

37.Khan, G. A.; Demirtas, O. O.; Bek, A.; Bhatti, A. S.; Ahmed, W.
Vib. Spectrosc. 2022, 120, 103359. doi:10.1016/j.vibspec.2022.103359

38. Pagano, R.; Ottolini, M.; Valli, L.; Bettini, S.; Giancane, G.
Colloids Surf., A 2021, 624, 126787.
doi:10.1016/j.colsurfa.2021.126787

39.Quynh Trang, T. N.; Phuong Trinh, N. T.; Gia Bao, N. T.; Thu, V. T. H.
J. Sci.: Adv. Mater. Devices 2023, 8, 100597.
doi:10.1016/j.jsamd.2023.100597

40.Mai, Q. D.; Nguyen, H. A; Dinh, N. X.; Thu Thuy, N. T.; Tran, Q. H.;
Thanh, P. C.; Pham, A.-T.; Le, A.-T. Talanta 2023, 253, 124114.
doi:10.1016/j.talanta.2022.124114

41.Lan, L.; Hou, X.; Gao, Y.; Fan, X.; Qiu, T. Nanotechnology 2020, 31,
055502. doi:10.1088/1361-6528/ab4f11

42.Kumar, A.; Santhanam, V. Anal. Chim. Acta 2019, 1090, 106—113.
doi:10.1016/j.aca.2019.08.073

43. Xie, J.; Li, L.; Khan, I. M.; Wang, Z.; Ma, X. Spectrochim. Acta, Part A
2020, 231, 118104. doi:10.1016/j.saa.2020.118104

44.Byram, C.; Rathod, J.; Moram, S. S. B.; Mangababu, A.; Soma, V. R.
Nanomaterials 2022, 12, 2150. doi:10.3390/nano12132150

45.Lee, C. H.; Tian, L.; Singamaneni, S. ACS Appl. Mater. Interfaces
2010, 2, 3429-3435. doi:10.1021/am1009875

46.Moram, S. S. B.; Byram, C.; Shibu, S. N.; Chilukamarri, B. M.;
Soma, V. R. ACS Omega 2018, 3, 8190-8201.
doi:10.1021/acsomega.8b01318

47.Smirnov, N. A.; Kudryashov, S. |.; Rudenko, A. A,;
Nastulyavichus, A. A.; lonin, A. A. Laser Phys. Lett. 2022, 19, 026001.
doi:10.1088/1612-202x/ac46ab

48.Zhang, J.; Claverie, J.; Chaker, M.; Ma, D. ChemPhysChem 2017, 18,
986-1006. doi:10.1002/cphc.201601220

49, Dittrich, S.; Streubel, R.; McDonnell, C.; Huber, H. P.; Barcikowski, S.;
Gokcee, B. Appl. Phys. A: Mater. Sci. Process. 2019, 125, 432.
doi:10.1007/s00339-019-2704-8

50. Naser, H.; Alghoul, M. A.; Hossain, M. K.; Asim, N.; Abdullah, M. F.;
Ali, M. S.; Alzubi, F. G.; Amin, N. J. Nanopart. Res. 2019, 21, 249.
doi:10.1007/s11051-019-4690-3

51.W. Shukri, W. N.; Bidin, N.; Affandi, S.; Bohari, S. P. J. Teknol. 2016,
78, 267—-270. doi:10.11113/jt.v78.7530

52. Solati, E.; Mashayekh, M.; Dorranian, D.
Appl. Phys. A: Mater. Sci. Process. 2013, 112, 689-694.
doi:10.1007/s00339-013-7812-2

53. Khairani, I. Y.; Minguez-Vega, G.; Dofate-Buendia, C.; Gokce, B.
Phys. Chem. Chem. Phys. 2023, 25, 19380—-19408.
doi:10.1039/d3cp01214j

54. Solati, E.; Dorranian, D. J. Cluster Sci. 2015, 26, 727-742.
doi:10.1007/s10876-014-0732-2

55.Bae, C. H.; Nam, S. H.; Park, S. M. Appl. Surf. Sci. 2002, 197-198,
628—-634. doi:10.1016/s0169-4332(02)00430-0

Beilstein J. Nanotechnol. 2024, 15, 1054-1069.

56. Naderi-Samani, H.; Shoja Razavi, R.; Mozaffarinia, R.
Mater. Chem. Phys. 2023, 305, 128001.
doi:10.1016/j.matchemphys.2023.128001

57.Prochazka, M.; Mojzes, P.; étépének, J.; Vigkova, B.; Turpin, P.-Y.
Anal. Chem. (Washington, DC, U. S.) 1997, 69, 5103-5108.
doi:10.1021/ac970683+

58.He, C.; Sasaki, T.; Usui, H.; Shimizu, Y.; Koshizaki, N.
J. Photochem. Photobiol., A 2007, 191, 66—73.
doi:10.1016/j.jphotochem.2007.04.006

59.Cao, Y.; Sun, Y.; Yu, R.-J.; Long, Y.-T. Microchim. Acta 2024, 191, 8.
doi:10.1007/s00604-023-06086-2

60.Byram, C.; Moram, S. S. B.; Soma, V. R. Analyst 2019, 144,
2327-2336. doi:10.1039/c8an01276h

61.Bibi, A.; Pant, U.; Tate, J.; Hill, D.; Cao, C. Proc. SPIE 2023, 12430,
1243012. doi:10.1117/12.2650251

62.Jiang, J.; Zou, J.; Wee, A. T. S.; Zhang, W. Sci. Rep. 2016, 6, 34599.
doi:10.1038/srep34599

63.Zhang, S.; Xu, J.; Liu, Z.; Huang, Y.; Jiang, S. Cellulose 2022, 29,
9865-9879. doi:10.1007/s10570-022-04871-5

64.Pan, Y.; Yan, C.; Gao, X.; Yang, J.; Guo, T.; Zhang, L.; Wang, W.
Microsyst. Nanoeng. 2024, 10, 4. doi:10.1038/s41378-023-00627-8

65.Saya, L.; Ratandeep; Arya, B.; Rastogi, K.; Verma, M.; Rani, S;
Sahu, P. K.; Singh, M. R.; Singh, W. R.; Hooda, S. Talanta 2024, 272,
125785. doi:10.1016/j.talanta.2024.125785

66. Christesen, S. D. Appl. Spectrosc. 1988, 42, 318-321.
doi:10.1366/0003702884428220

67.Chang, C.-S.; Wang, J.-C.; Wu, K.-H. Vib. Spectrosc. 2023, 127,
103566. doi:10.1016/j.vibspec.2023.103566

68. Lafuente, M.; De Marchi, S.; Urbiztondo, M.; Pastoriza-Santos, |.;
Pérez-Juste, |.; Santamaria, J.; Mallada, R.; Pina, M. ACS Sens. 2021,
6, 2241-2251. doi:10.1021/acssensors.1c00178

69.Li, Y.; Li, Q.; Wang, Y.; Oh, J.; Jin, S.; Park, Y.; Zhou, T.; Zhao, B.;
Ruan, W.; Jung, Y. M. Spectrochim. Acta, Part A 2018, 195, 172-175.
doi:10.1016/j.saa.2018.01.073

70.Huang, W.-C.; Chen, H.-R. Molecules 2023, 28, 520.
doi:10.3390/molecules28020520

71.Lafuente, M.; Berenschot, E.; Tiggelaar, R.; Mallada, R.; Tas, N.;
Pina, M. Micromachines 2018, 9, 60. doi:10.3390/mi9020060

72. Aligholizadeh, D.; Tewala, Y.; Langford, K.; Hondrogiannis, N.;
Chikkaraddy, R.; Devadas, M. S. Vib. Spectrosc. 2023, 129, 103616.
doi:10.1016/j.vibspec.2023.103616

73.Wang, J.; Duan, G; Liu, G.; Li, Y.; Chen, Z.; Xu, L.; Cai, W.
J. Hazard. Mater. 2016, 303, 94—100.
doi:10.1016/j.jhazmat.2015.10.022

74.Li, T.-d.; Wen, B.-Y.; Zhang, Y.-J.; Zhang, L.; Li, J.-F.
J. Raman Spectrosc. 2022, 53, 1386—1393. doi:10.1002/jrs.6373

1068


https://doi.org/10.29026%2Foea.2021.210048
https://doi.org/10.1007%2Fs12034-021-02402-9
https://doi.org/10.1116%2F6.0003352
https://doi.org/10.1021%2Facsomega.3c05966
https://doi.org/10.1016%2Fj.eti.2021.102033
https://doi.org/10.1016%2Fj.vibspec.2022.103359
https://doi.org/10.1016%2Fj.colsurfa.2021.126787
https://doi.org/10.1016%2Fj.jsamd.2023.100597
https://doi.org/10.1016%2Fj.talanta.2022.124114
https://doi.org/10.1088%2F1361-6528%2Fab4f11
https://doi.org/10.1016%2Fj.aca.2019.08.073
https://doi.org/10.1016%2Fj.saa.2020.118104
https://doi.org/10.3390%2Fnano12132150
https://doi.org/10.1021%2Fam1009875
https://doi.org/10.1021%2Facsomega.8b01318
https://doi.org/10.1088%2F1612-202x%2Fac46ab
https://doi.org/10.1002%2Fcphc.201601220
https://doi.org/10.1007%2Fs00339-019-2704-8
https://doi.org/10.1007%2Fs11051-019-4690-3
https://doi.org/10.11113%2Fjt.v78.7530
https://doi.org/10.1007%2Fs00339-013-7812-2
https://doi.org/10.1039%2Fd3cp01214j
https://doi.org/10.1007%2Fs10876-014-0732-2
https://doi.org/10.1016%2Fs0169-4332%2802%2900430-0
https://doi.org/10.1016%2Fj.matchemphys.2023.128001
https://doi.org/10.1021%2Fac970683%2B
https://doi.org/10.1016%2Fj.jphotochem.2007.04.006
https://doi.org/10.1007%2Fs00604-023-06086-2
https://doi.org/10.1039%2Fc8an01276h
https://doi.org/10.1117%2F12.2650251
https://doi.org/10.1038%2Fsrep34599
https://doi.org/10.1007%2Fs10570-022-04871-5
https://doi.org/10.1038%2Fs41378-023-00627-8
https://doi.org/10.1016%2Fj.talanta.2024.125785
https://doi.org/10.1366%2F0003702884428220
https://doi.org/10.1016%2Fj.vibspec.2023.103566
https://doi.org/10.1021%2Facssensors.1c00178
https://doi.org/10.1016%2Fj.saa.2018.01.073
https://doi.org/10.3390%2Fmolecules28020520
https://doi.org/10.3390%2Fmi9020060
https://doi.org/10.1016%2Fj.vibspec.2023.103616
https://doi.org/10.1016%2Fj.jhazmat.2015.10.022
https://doi.org/10.1002%2Fjrs.6373

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.15.86

Beilstein J. Nanotechnol. 2024, 15, 1054-1069.

1069


https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.15.86

	Abstract
	Introduction
	Experimental
	Materials
	Synthesis of nanoparticles by laser ablation in liquid
	Preparation of filter-paper-based flexible SERS and SERS measurements
	Characterization techniques


	Results and Discussion
	Characterization
	Optical absorption studies of as-synthesized nanoparticles
	Morphological studies of as-synthesized nanoparticles
	Topographical studies of filter paper-loaded nanoparticles
	SERS measurements from filter paper-loaded nanoparticles
	Effect of Raman excitation wavelength on SERS measurements


	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	Conflict of Interest
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

