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A new direct and straightforward method is proposed to synthesize bare Au nanoparticles (Au NPs) on
a quartz surface by nanosecond 532 nm pulsed laser irradiation of a quartz surface in contact with Au(in)
precursor solution. The characterisation by XPS, UV-Vis, SEM and AFM measurements demonstrate the
formation of bare Au NPs anchored on the quartz surface with a mean height of 27 + 10 nm localized in
the laser irradiation area. The main features of this approach are their simplicity, quick fabrication and the
large surface area covered by Au NPs. The absence of ligands/stabilizing agents on the Au NPs makes
this substrate very suitable for its direct surface modification opening the range of applications in
biology, medicine, sensing, catalysis, among others. As a proof of concept, the capabilities and
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Introduction

The current research on the field of nanoscience allows amazing
advances in nanofabrication techniques, giving novel nano-
materials with attractive functional properties."* In particular,
noble metal nanoparticles (MNPs) have been used to develop
a vast number of nanodevices with multiple applications such
as sensors, catalysts, drug delivery and photothermal therapy.*~
Currently, there are several methods to obtain MNPs-based
nanoplatforms from top-down to bottom-up techniques
including the combination of both. One of the main challenges
of nanomaterials fabrication lies in developing low-cost and
simple processes.®

In the field of chemical sensing, the SERS technique is
a popular and powerful tool for the detection of molecules
through the enhancement of the Raman signals of the analytes
close to the MNP surface.”® Although several methods have
been developed for the obtention of cost-effective SERS
substrates,®™** the fabrication of MNPs-based SERS-substrates
remains a subject of current interest.***
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Surface-supported MNPs can be prepared using top-down
approaches such as lithography, optical, electron beam, soft,
nanoimprint and polymer lithography, among others; obtain-
ing highly ordered nanoparticle arrays.**>'® However, these
techniques are not quite simple to be implemented and involve
several steps. Bottom-up nanofabrication approaches are
another kind of useful and powerful tools for developing
multifunctional and nanostructural materials and devices by
the self-assembly of atoms or molecules.””*® In particular,
a widely employed bottom-up methodology to prepare SERS
substrates is the chemical immobilization of MNPs on quartz or
glass surfaces. This method requires a previous modification of
the solid surface in order to anchor MNPs. This modification
usually involves a silanization process with different function-
alized organosilane compounds with affinity for the MNPs
surface.” Furthermore, quite often the MNPs to be anchored to
the surface substrate are stabilized with a surfactant or modi-
fied with surface ligands (for example, citrate in Turkevich's
synthesis).” In this sense, Jie Cao et al. propose the synthesis of
Ag nanoparticles on the silanized surface of a fibber taper from
the laser reduction of a AgNO; solution mixed with trisodium
citrate. One important drawback of these methods is the
possibility that the molecules used for the self-assembly process
could have a SERS spectrum that overlaps with the SERS spec-
trum of the analyte. In order to improve the spectral overlap,
bare nanoparticle substrates have been designed by laser abla-
tion of a given massive metal (i.e., silver or gold).>"** However,
so far there are no reports of a one-pot synthesis of nano-
particles anchored to a quartz surface without its prior func-
tionalization and via laser irradiation of a solution that contains
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the metallic precursors (AgNO; or HAuCl,) in contact with
a surface.

In view of these shortcomings, the development of methods
or techniques for the fabrication of SERS substrates that
surmounts the limitations outlined above is still a priority.

Herein, we introduce a fast and straightforward one-step top-
down method for synthesizing bare Au NPs on a quartz surface
(Au NPs_Q) by 532 nm nanosecond pulsed laser irradiation of
a HAuCl, solution in contact with a quartz surface. The Au
NPs_Q demonstrate to be quite appropriate for the clean SERS
detection of any analyte due to the absence of substrate Raman
signals. This feature was tested using Rhodamine 6G as a SERS
molecular probe.

Materials and methods

Materials

HAuCl,-3H,O (Sigma Aldrich); hydrochloric acid 36.5-38%
(Cicarelli); nitric acid 65% (Biopack); ethanol 70% (Cicarelli);
quartz surface with 5 cm long x 1 cm width; 5 mL glass vessel
with a mouth diameter of 1 cm.

Preparation of the quartz surface before laser irradiation

Firstly, the quartz surface was incubated in aqua regia for 30
minutes and then rinsed with Milli-Q water. Secondly, it was
incubated for 30 minutes in ethanol (70%) and then rinsed
several times with the same solvent. Finally, it was rinsed 5
times with Milli-Q water and dried at room temperature.

UV-vis spectroscopy

The optical characterisation of the Au NPs_Q substrate was
performed using a Shimazdu UV-1700 PharmaSpec
spectrophotometer.

Laser experiments

The fabrication of the Au NPs_Q was performed using a Laser-
Vision Continuum OPO-OPA IR/Surelite EX laser and a reflective
prism with a light deflection angle of a 90°. In all experiment the
frequency of the laser was 10 pulses (6 ns per pulse) per second
(10 Hz). The spot laser area was measured using burn paper.

XPS measurements

A commercial Thermo Scientific K-Alpha X-ray photoelectron
spectrometer (XPS) system (LAMARX, FaMAF-UNC), equipped
with a hemispherical energy analyser and a monochromated X-
ray source was used for surveying the photoemission spectra.
The base pressure measured in the main chamber was in the
low 10~° mbar range. The photoionization of the samples was
induced by monochromatized Al Ko photons at 1486 eV. All the
spectra were adjusted to the main spurious C 1s peak at
284.8 eV. To avoid any charging effects during measurement
(typically observed in semiconductor-isolated systems), a flood
gun to compensate the charge was used. The overcompensation
effects by adjusting the spectra during measurement were also
tested.
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Atomic force microscopy

The AFM experiments were performed using an Agilent Tech-
nology, 5500 Scanning Probe Microscope. The measurements
were carried out in acoustic mode at room temperature using
standard SizN, cantilever with a resonant frequency of 145-230
kHz. 5 x 5 um - pixel resolution. The AFM images were
collected at a scanning rate of 0.3 line per s.

Scanning electron microscopy

The surface morphology of the AuNPs_Q substrate was analysed
by scanning electron microscopy (SEM) using a SEM Carl Zeiss
Sigma equipment with EDS (OXFORD-AZTEC XMAX 80)
(LAMARX, FaMAF-UNC). The sample was used as was receipted,
without any drying or sputter-coating process. SEM images were
acquired at magnifications between 7000-30 000x or a width of
the image field between 3-16 um.

Raman and SERS spectroscopy

All experiments were performed at room temperature with
a LabRaman confocal microscope using a 632.8 nm excitation
wavelength (laser line from He-Ne). SERS measurements were
carried out with a 100x (NA = 0.9) objective in the backscat-
tering geometry while for conventional Raman measurements
a10x (NA = 0.25) objective was used. For all the assays, we used
a 600 lines per mm grating giving a resolution of 4 cm ™" and the
spectra accumulation time was 30 s. The standard Si reference
pattern was used for the calibration.

SERS substrate enhancement factor (SSEF) calculation

The number of R6G molecules in the laser scattering volume for
the conventional Raman experiment (Ngy) was determined
using the scattering laser volume calculated as V = w[(A/NA)/
2]*(A/2NA%) where, NA is the numeric aperture of the 10x
objective (NA = 0.25) and 2 is the excitation wavelength (in this
case, 632.8 nm).**** Under the experimental condition
employed (1 mM R6G) and the calculated V (8 x 10 '* cm?)
a value of Ny = 4.8 x 10”7 R6G molecules was obtained. The
calculation of the number of R6G molecules in the laser scat-
tering volume for the SERS experiment (Ngg) was determined
using the surface area (4) of the laser beam A = w[(A/NA)/2]*
together with the average number of Au NPs per um? estimated
from the AFM images. For these experiments, A = 0.38 pum” (NA
= 0.9 corresponding to 100x objective) and an average number
of 15 Au NPs in the laser surface area was calculated. Finally,
Ngg was found to be 2 x 10* R6G molecules, assuming that the
entire surface of each Au NP (taken as 27 nm diameter spheres
obtained from the average AFM height profile) is covered by
R6G (Ageg = 1.76 x 10~ ° pm?).

Results and discussion

The experimental setup for the synthesis of the Au NPs_Q is
sketched in Fig. 1 (see Materials and methods section for the
instrument details). A quartz surface was placed on a glass
vessel containing a 0.4 mM HAuCl, solution, in such a way that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (A) Top (left panel) and front (right panel) photographic view of
the quartz surface over the glass vessel containing the HAuCl, solu-
tion. (B) Photographic image of the experimental setup used to
synthesize the Au NPs_Q. (1) Quartz surface, (2) 0.4 mM HAuCl,
solution, (3) reflective prism, (4) magnetic stirrer, (5) mechanical iris, (6)
box containing dichroic mirrors and (7) laser source. The green arrow
indicates the pulsed laser propagation direction.

the HAuCl, solution completely wets the quartz surface
(Fig. 1A). Both quartz surface and gold solution (under magnetic
stirring) were vertically irradiated with a A = 532 nm pulsed
laser (Fig. 1B).

The extinction spectra of the HAuCl, solution (without the
quartz surface) before (green line) and after (blue line) laser
pulse irradiations are depicted in Fig. 2A (3000 laser pulses,
laser fluence (F) = 510.2 mJ em > and 10 Hz laser pulse
frequency). The absence of an extinction peak around A = 500-
600 nm after the irradiation of the HAuCl, solution indicates
the non-formation of a colloidal suspension of Au NPs. The
same result is also obtained if the HAuCl, solution (without the
quartz surface) is irradiated using another set of laser irradia-
tion conditions (see Fig. S1t). Quite remarkable, after the

A —— AuNPs_Q B

HAUCl, 0.4 mM initial
HAUCI, 0.4 mM after
~— Quartz surface

Extinction

400 500 600 700 800 900
Wavelength, nm

Fig. 2 (A) Normalized experimental extinction spectrum of Au NPs_Q
(black line) obtained after pulsed laser irradiation of a 0.4 mM HAuCl,
solution wetting the quartz surface. Experimental extinction spectra of
a 0.4 mM HAuCl, solution (without the quartz surface) before (green
line) and after (blue line) laser irradiation. In all experiments, the same
conditions were employed (F) = 510.2 mJ cm™~2, 3000 laser pulses and
10 Hz repetition rate. Experimental extinction spectrum of the quartz
surface before laser irradiation (pink line). (B) Representative photog-
raphy of the synthesized Au NPs_Q. The blue circle is guide line for the
eye.
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irradiation of the quartz surface in contact with the HAuCl,
solution (by the arrangement shown in Fig. 1), the extinction
spectrum of the quartz surface depicts the characteristic
Localized Surface Plasmon Resonance (LSPR) of Au NPs with
a peak intensity located at A = 543 nm (Fig. 24, black line). This
result indicates the formation of the Au NPs on the quartz
surface. Note that, the quartz surface extinction spectrum
before irradiation does not present any spectral band (Fig. 24,
pink line). Importantly, the quartz surface occupies the entire
area of the mouth of the vessel containing the gold solution
(Fig. 1A). However, regardless of the contact area of the surface
with the gold solution, in Fig. 2B it can be appreciated that the
formation of Au NPs on the quartz surface is limited to the
regions where the laser beam impinges (appreciated with the
naked eye as a red colour circle on the quartz surface).

The role played by the laser irradiation conditions on the
fabrication of the Au NPs_Q was investigated performing
experiments at different F values and number of pulses (Fig. 3).
The maximum extinction intensity was obtained with 3000 laser
pulses (10 Hz) and F = 510.20 mJ cm 2. Accordingly, these
experimental conditions were chosen to perform the XPS, AFM
and SERS characterisations. Fig. 3A shows that between 1000
and 1800 pulses (F = 510.20 mJ cm *) the 543 nm peak
increases abruptly due to an increment in the amount of gold
nanoparticles on the surface (the same trend was observed by
XPS measurements, Fig. S27).

A feature to be remarked is that the Au NPs_Q is stable under
different mechanical treatments (rinsing, incubation and
sonication) with a negligible change of the extinction intensity
(Fig. S31), demonstrating that the Au NPs are anchored strong
enough to the quartz surface to resist all the treatments detailed
above making this substrate suitable to be handled in
a conventional way for subsequent experiments.

The XPS survey spectrum and the O 1s, Si 2p and Au 4f
spectra of a Au NPs_Q sample are shown in Fig. 4. From the
survey spectrum, it can be noticed that the elements found on
the surface are only spurious C, Si, O, and Au. The Au 4f spec-
trum shows two main peaks located at 83.9 eV and 87.7 eV,
respectively, assigned to Au 4f,, and Au 4fs;, signals. The

——F=510.2 mJicm?
—— F=350.4 mJ/em?
—— F=254.6 mJicm?
—— F=181.1 mJjem?

0,10 —— 3000 laser pulses
—— 2500 laser pulses
0,08 —— 1800 laser pulses
1000 laser pulses

—— 500 laser pulses

Extinction
Extinction

400 500 600 700 800 400 500 600 700 800
Wavelength, nm Wavelength, nm

Fig.3 (A) Extinction spectra of the Au NPs_Q varying the total number
of laser pulses: 500 (pink line), 1000 (orange line), 1800 (red line), 2500
(blue line) and 3000 (black line) at constant F = 510.2 mJ cm™2. (B)
Extinction spectra of the Au NPs_Q obtained after laser irradiation with
3000 laser pulses at F = 181.1 mJ cm~2 (blue line), 254.6 mJ cm 2
(greenline), F = 350.4 mJ cm 2 (red line) and F = 510.2 mJ cm ™2 (black
line). In all experiments the surface area of laser irradiation was 0.196
cm?,
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Fig. 4 XPS survey spectrum and O 1s, Si 2p and Au 4f core levels
showing the presence of metallic Au on the surface.

binding energy of this pair of peaks is attributed to the presence
of metallic gold (Au (0)) atoms forming Au NPs. Considering
that the precursors on the synthesis of Au NPs_Q are Au(m) ions
(and intermediate Au(i) ions), the presence of these ionic
species adsorbed on the quartz surface could be expected.
Nevertheless, these ionic adsorbed species should be detected
at higher binding energies 85.6-89.1 eV and 87.3-90.4 eV for
Au(1) and Au(mw) species, respectively. The absence of these peaks
(and the absence of chlorides, as shown in the XPS survey,
Fig. 4) indicates that the only species adsorbed on the quartz
surface is metallic Au. Regarding the Si species identified on the
surface, ~90% of the signal could be assigned to SiO, (Si 2p
doublet located at 103.3 eV, typically observed on pure quartz
surfaces, Fig. 4). Accordingly, the only O 1s peak belongs to SiO,
(at 532.6 eV), as shown in Fig. 4. Interestingly, another Si 2p
doublet was detected at lower binding energies (at 100.5 eV).
This doublet is attributed to the presence of reduced silicon
species (Si,) that could be intermediates for Au(0) formation
from Au(m) during pulsed laser irradiation.*

The experimental results presented in this work show the
formation, after laser irradiation, of Au NPs on the quartz
surface. First, it is important to consider that evidence of Au(m)
ions absorption on silicate surfaces has been reported in
previous works.?® For example, Wojtaszek et al.>”*® have inves-
tigated the mechanism of gold chloride adsorption on silica
supports, founding that the HAuCl, adsorption on the silica
surface occurs through H-bond complexes by the interaction
between the Au-Cl bond of the gold complex and Si-OH groups
on the surface of silica. Furthermore, Mohammadnejad
et al.*®?° have studied the adsorption of gold chlorides onto
different types of silicates, founding that the amount of adsor-
bed gold was related to the type of silicate, the surface area and
the pH of the solution. The XPS measurements performed in
the present work show the presence of Au ions and chlorides on
the quartz surface outside the laser spot irradiation, indicating
the adsorption of HAuCl, on silicate surface from the solution
(see Fig. S4t). Note that, the number of chlorides adsorbed
inside the region of the laser spot is almost negligible, indi-
cating the formation of naked Au NPs.
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Although the quartz surface is very unreactive, the surface
defect sites are the main cause of the reactivity on silicates.**
These defects can be created by different methodologies
(mechanical action, irradiation, among others). For example,
Deventer et al.”® obtained surface defects by mechano-chemical
activation (grinding) on different silicates, and they proposed
a mechanism for adsorption and reduction of gold chloride to
metallic gold, on the defect sites on silicate surface. When
reactive sites are created, covalent bonds such as =Si-OH are
broken, giving free radicals or ions.**??**>3° These reactive
species (=Si" and =Si-O" radicals for homolytic cleavage, and
=Si" and =Si-O~ ions for heterolytic cleavage) could re-form
siloxane =Si-O-Si= units or well react with other surround-
ings atoms or molecules, even with water.*>*" In this sense, the
generation of OH' or H' radicals species from the moisture of
the quartz surface on the solution can reduce the adsorbed
Au(m) ions. Importantly, the hydroxyl radicals were also iden-
tified as the reducing agent in a study of reduction of HAuCl, on
silica.>®** Therefore, it could be considered that AuNPs are
formed by the reduction of Au(m) in the presence of =Si-O" as
well as OH" or H" radicals, among others reactive species.

From this basis, and consistent with the experimental results
present above, the mechanism of formation of AuNPs on the
quartz surface could be explained as reduction of adsorbed
Au(m) ions with reactive species such as =Si-O°, HO" or H', that
were generated by pulsed laser irradiation.

The topology of the surface was characterised by AFM
measurements. A representative AFM image of the Au NPs_Q
(Fig. 5A) supports the presence of Au NPs on the quartz surface.
Fig. 5B shows the height profiles of Au NPs obtained in the
regions highlighted with different colours in Fig. 5A. The
statistical analysis of the Au NPs gives an average height of 27 &
10 nm. Also, based on the statistical analysis of AFM, we have
calculated the density of Au NPs deposited on the quartz
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Fig. 5 (A) Representative AFM image of the pulsed laser induced
formation of Au NPs_Q. (B) Height profiles of the sample for the
regions indicated in panel A as arrows with the same color. SEM image
of AuNPs_Q surface outside (C) and inside (D and E) the laser irradi-
ation area. (F) Size distribution of Au NPs on the AuNPs_Q sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface. The density of Au NPs was 40 + 6 Au NPs per pm®
demonstrating the relative homogenous distribution of Au NPs
per um® obtained by the present pulsed laser irradiation
approach. The morphological characterization of the AuNPs_Q
substrate performed by SEM outside and inside the laser irra-
diation area (Fig. 5C and D, respectively) indicates the presence
of Au NPs only on the laser spot region. Moreover, the formation
of spherical Au NPs (Fig. 5E) was also observed, with a size
distribution shown in Fig. 5F (mean diameter = 26 + 7 nm). The
density of Au NPs calculated by SEM was 37 & 6 NPs per pm>
quite consistent with the AFM results.

The capabilities of the Au NPs_Q to be used as a clean SERS
substrate were tested performing a series of different experi-
ments. The Raman spectra of the quartz surface wetting the
Au(m) solution before (black line) and after (red line) pulsed
laser irradiation (Fig. 6) show the same Raman modes corre-
sponding to the quartz surface at 491, 605 and 797 cm™ . The
Raman modes at 605 and 491 cm ™" were assigned to oxygen-
breathing associated with 3-membered and 4-membered SiO,
rings, respectively. The Raman mode at 797 cm ™' corresponds
to the Si-O-Si bending/deformation mode.** Importantly, after
Au NPs formation there is a wide spectral range between 800
and 3000 cm ™" without any Raman mode. This feature is quite
significant since it demonstrates that this new Au NPs_Q
substrate should not give rise to any Raman signal overlapping
with most organic and inorganic molecules whose main spec-
tral signatures are within this spectral range.

As a proof of concept, the capability of Au NPs_Q to enhance
the Rhodamine 6G Raman signal was tested. Fig. 7 shows the
conventional Raman spectrum of 1 mM (black line), R6G solu-
tions and the SERS spectrum of the R6G molecule on the Au
NPs_Q platform (red line).

To obtain the SERS spectrum the Au NPs_Q was incubated in
a 1 uM R6G solution for 12 h and then dried for 10 h at room
temperature. Note that in the conventional Raman spectrum of
1 UM R6G solution (Fig. 7, blue line) any Raman signal could be
appreciated demonstrating that the Au NPs_Q is capable to
enhance the Raman signal.

1000

Raman quartz surface
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Fig. 6 Raman spectrum of the quartz surface before laser irradiation
(black line) and SERS spectrum of the Au NPs_Q (red line).
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Fig. 7 Raman spectrum of a 1 mM (black line), 1 uM (blue line) R6G
solutions and SERS spectrum of R6G adsorbed on the Au NPs_Q
substrate (red line). The black error bar is the standard deviation for the
1361 cm™t and 612 cm™! R6G Raman modes.

Importantly, there is an almost perfect agreement between
the SERS R6G vibrational modes with the conventional Raman
modes obtained in 1 mM R6G spectrum. This fact highlights
the most important feature of the Au NPs_Q substrate which is
the absence of any Raman signal interference in this kind of
SERS platform. Some representative examples of the presence of
interferent in SERS substrate can be observed in the synthesis of
Au nanorods and nanostars,*** cellulose in paper-based
substrates,***” carbon supported NPs,*® among others.**

The SERS spectra in Fig. 7 (red line) is the average over 15
SERS spectra recorded in the different regions of the Au NPs_Q
shown in Fig. S5.f The strong Raman modes located at
612 cm~ ' and 1361 cm ™" are attributed to an in-plane bend of
C-C-Cring and the stretching of aromatic C-C, respectively.*>*
The calculated average Raman intensities are 1180 £ 245 and
1020 =+ 160 counts for the 1361 cm ™" and 612 cm ™' vibrational
modes, respectively (the standard deviation for both modes is
shown as black error bars in the SERS spectrum of Fig. 7). The
relatively small standard deviations indicate the spatial homo-
geneity of the SERS signal. The SERS substrate enhancement
factor (SSEF) for the 612 and 1361 cm™' Raman modes was
calculated according to the following expression:

SSEF = (Isp/Nsp)/(Irm/Nrm) (1)

where Isg and Iry are respectively the SERS and conventional
Raman intensities, while Ngg and Ngy; are the number of R6G
molecules in the laser scattering volume for the SERS and
conventional Raman experiments, respectively.”® The SSEF
calculations and the experimental conditions to record the
respective SERS and Raman spectra are described in the Mate-
rials and methods section. The experimental average SSEF
values for the 1361 cm " and 612 cm ' vibrational modes
calculated according to eqn (1) are 3827 and 4170, respectively.
These SSEF values are within the same order of magnitude than
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those reported in previous work for 20-40 nm Au NPs in
suspension or immobilized on a silicate substrate.>***

Conclusions

In summary, bare Au NPs on quartz surface by high intensity
pulsed laser irradiation were synthesized. The absence of
stabilizing agents on the Au NPs or additional molecules that
functionalize the quartz surface allows their application as
a SERS sensor in a wide spectral region without any signal
overlapping. The almost excellent agreement between the
Raman spectrum of R6G in solution with the SERS spectrum on
the Au NPs_Q demonstrates this important feature. Other
remarkable points of this pulsed laser irradiation approach are
its simplicity, quick fabrication time (5 min) and large active
SERS surface area (determined by the pulsed laser beam area).
Moreover, this method contrast with others such as nano-
lithography or electrodeposition, which require large execution
time and highly trained staff.

The lack of ligands/stabilizing agents on the Au NPs surface
allows its direct modification extending the range of applica-
tions. It can be envisioned that this pulsed laser-triggered
photochemical synthesis for preparing Au NPs_Q could be
extended for the design of specific SERS platforms or LSPR
optical sensors by a suitable modification of the Au NPs surface
with different targets molecules such as biorecognition agents
or molecules with host-guest interactions. Besides this plat-
form has the potential to be used for the development of plas-
mon improved catalysis devices coating the Au NPs surface with
different dielectric compounds (for example magnetite, SiO,,
TiO,).
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