Published on 29 October 2019. Downloaded by University of Zurich on 1/3/2020 8:00:59 AM.

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2019, 11, 21872

Boosting the analytical properties of gold
nanostars by single particle confinement into

yolk porous silica shells¥

Maria Blanco-Formoso,1*® Ana Sousa-Castillo, 1 Xiaofei Xiao,* 7
Andrea Marifio-Lopez,® Mariacristina Turino,? Nicolas Pazos-Perez, 2 °
Vincenzo Giannini,*<® Miguel A. Correa-Duarte*® and

Ramon A. Alvarez-Puebla 2 *°¢

Received 12th September 2019,
Accepted 29th October 2019

DOI: 10.1039/c9nr07889d

rsc.li/nanoscale

Introduction

Gold nanostars (NSts) are among the most efficient particles in
nanophotonics. The particular shape of these star-shaped col-
loids allows for the concentration of extraordinarily high elec-
tromagnetic fields at their tips." This, combined with the con-
ventional position of their localized surface plasmon reso-
nances (LSPRs) in the near infrared (NIR) region, permits their
use in a myriad of different photonic applications. For
example, gold nanostars have been successfully used in tech-
nological applications such as the generation of three-photon
photoemission under continuous-wave illumination,” lasing®
or the fabrication of organic light-emitting diodes* and solar
cells.” On the other hand, these nanostructures are widely
used in biology and nanomedicine due to the fact that they are
biocompatible,® can be easily internalized in cells’ and
tissues® and present LSPRs inside the biological window.’ In
this regard, NSts are commonly employed not only in photo-
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Herein we illustrate an effective protocol to boost the optical enhancing properties of gold nanostars. By
coating single nanostars with a mesoporous silica layer of the appropriate size (yolk capsules), to localize
them under optical microscopy, it is possible to enumerate single particles and design SERS quantitative
methods with minute amounts of metallic particles.

thermal therapy'®'" and photothermal drug delivery'®"® but

also in biological and medical imaging."*"> Furthermore, the
efficient generation of intense electromagnetic fields in NSts is
commonly exploited in plasmon-assisted spectroscopy for the
design of ultrasensitive sensors.'® NSts have been exploited as
direct sensing elements through LSPR shifting”'® or as plat-
forms for metal enhanced fluorescence;'**° although, indeed,
their most prolific applications are those derived from their
use as substrates for surface-enhanced Raman scattering
(SERS) spectroscopy.**

Gold nanostars are among the very few substrates capable
of single-particle ultrasensitive spectroscopy.>>** However, and
in contrast to other substrates in which the SERS intensity
increases with the concentration of nanoparticles by the for-
mation of hot spots, in NSts the intensity decreases with the
particle concentration as previously demonstrated.** This
experimental fact had been explained as inefficient formation
of hot spots due to the symmetry mismatch as a consequence
of the complex shape of these particles.>*** Thus, to solve this
situation, many groups have reported procedures to coat the
nanostars with different porous materials including silica®® and
polymers,* thus looking for the isolation of the plasmonic core
while allowing for small molecules to diffuse inside. Other
approaches to profit from the exceptional optical properties of
these structures rely on their use as encoded particles, where
the plasmonic core is conjugated with a SERS label and isolated
through silica,”” polymeric shell*® or metal organic frames'*"®
from the exterior. These approaches, however, notably restrict
the availability of the plasmonic surfaces limiting their capacity
to interact with the target analytes.

Herein, we engineer a new strategy to boost the analytical
properties of nanostars based on the confinement of single
plasmonic particles in the yolk shells of mesoporous silica. In
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this configuration, the NSt can be cleaned of spurious surfac-
tants on their surface, are free to interact with the surrounding
media and are protected from plasmonic coupling between
themselves. Additionally, this configuration also allows the
fine monitoring of the number of scatterings as they are
visible (and can be enumerated) through the standard confocal
optical microscope commonly attached to the Raman system.

Results and discussion

Fig. 1A and B show the representative images of 60 nm-sized
gold nanospheres, synthesized through a kinetically controlled
seed-mediated growth,”® and the corresponding nanostars
(~110 nm, Fig. 1A and S17).”> The particles are characterized by
major plasmonic resonances centered at 552 and 779 nm for
spheres and stars, respectively (Fig. 1C). To test their optical
enhancing properties, solutions of 107> M were mixed with
benzenethiol (BT) to reach the final concentration of 107°
M. BT was selected as the optical probe as it presents its
HOMO-LUMO transition, far way in the ultraviolet region,
which allows for the isolation of the enhancement factor as
purely electromagnetic with no contributions of chemical
effects or resonance Raman spectroscopy. Finally, by using a
thiol we ensure a high affinity towards the gold surfaces and
thus the possibility of quantifying the amount of molecules
was retained on the surfaces in each experiment. Note that
this concentration was selected to ensure the formation of a
compact monolayer of the analyte through the nanoparticle
surfaces. Then the samples were directly cast, to generate
aggregated films, or spin-coated, to generate isolated nano-
particles, on glass slides. These films were then mapped with
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a 785 nm laser line through a 100x microscope objective.
Fig. 1D and E show the SERS spectra and the corresponding
average intensities of BT on different films. Fig. 1F-I show the
particle density (SEM), morphology (SEM and optical micro-
graphs) and the intensity distribution (SERS images) of each
film. Notably, the characteristic SERS spectrum of BT*® can be
appreciated in all the samples except for that of the isolated
spheres. Consistent with previous reports,®! this absence of
signal is interpreted as the lack of electromagnetic field in the
single isolated spherical particles to generate enough SERS
signal. Conversely, when the spheres aggregate, the signal
increases mainly due to the formation of hot spots.** In con-
trast, isolated nanostars give rise to an intense neat and clear
spectrum of BT; however, when aggregated, intensity substan-
tially decreases. It is important to note that although for all
the prepared samples the best SERS intensity comes from the
aggregated spheres, the signal of single nanostars is close to
half of that of the aggregated films and present a much lower
standard deviation.

To further understand the optical behavior of nanostars,
the electric fields of interacting particles were simulated. In
the nanostars, the number of configurations leading to excep-
tionally efficient hotspots may increase due to their complex
morphology involved. Thus, for simplicity, gold nanostars were
simulated as one spherical core with one tip either alone or
interacting in different configurations with other nanostars.
Fig. 2 shows the near-field maps at 785 nm (excitation light in
our experiments). For excitation at 785 nm, single nanostars
show intense localization of the electric field at the tip.
However, when two nanostars interact, no matter the geome-
try, the electric field at the tip (normalized for one star)
decreases mainly due to a red shift of the computed LSPR.

Fig. 1 TEM images of (A) spherical gold colloids of 60 hm in diameter used as seeds to produce (B) gold nanostars of 100 nm. (C) Characteristic
LSPR spherical particles and nanostars. (D) SERS spectra and (E) average intensity of benzenethiol on different experiments (F-1). SEM (left), confocal
optical (center) and SERS (right, color scale is shown in the y-axis of (E)) images of films prepared with nanospheres (F) aggregated and (G) with iso-

lated, or with nanostars (H) aggregated and (I) isolated.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FDTD calculations of the extinction spectra of a NSt isolated and
interacting in different configurations (tip to tip at different angles and
tip to core) and the electric near-field intensity maps for each configur-
ation upon excitation at 785 nm. Note that the results are normalized to
one star.

This is corroborated by the excitation of each of the configur-
ations at their maximum extinction, respectively, (Fig. S27)
where a slight increase of the fields can be observed in per-
fectly aligned interacting tips which slightly decreases as they
form an angle. Furthermore, the interaction of the tip of one
star with the core of another star results in both, the decrease
in the field of both tips and the red shift of the field of the
interacting tip. These calculations strongly suggest, in a
certain manner, a similar behavior of the nanostars related to
that of the other nanoparticle shapes. While in nanospheres,
aggregation leads to the random formation of hot spots and
the subsequent red shift of the global plasmon, thus improv-
ing the coupling with 785 nm light; in nanostars, the red shift
due to the random interaction moves away the LSPR hindering
the plasmon coupling with the 785 nm light. Accordingly, as
commercial Raman microscopes are equipped with standard
laser lines in the green (514 or 532 nm), red (633 nm) and NIR
(785 nm) regions, nanostar aggregation leads to a loss of
analytical potential as compared with the use of single isolated
nanoparticles.

As an alternative to the use of bare or polymer protected
AuNSts, these particles can be isolated and placed into a sub-
micrometer mesoporous silica shell forming a yolk particle. A
simple strategy to create this kind of yolk-shell particle relies
on the coating of the nanoparticles with organic sacrificial
layers of polymers or surfactants which are removed after the
formation of the silica shell.*> This method of production,
however, requires time and does not produce high yields. Also,
these shells lead however to shells with small free inner
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volume, which is not appropriate for effective solvent exchange
through the mesoporous silica.**** Alternatively, in order to
obtain large shells confining single particles, the gold nano-
spheres can be added directly to a polystyrene (PS) emulsion
reactor, which yields homogeneous PS beads (Fig. S3Af).
Notably within this method, besides the ratio styrene:
nanoparticle, optimized to 140 mL of styrene per mL of 60 nm
nanospheres (1.59 M in Au), the most important factor to
obtain shells with single particles is related to the time of
addition of the gold nanospheres, set, in our case, to five
minutes after the beginning of the polymerization. If the gold
nanoparticles are added before the starting of the polymeriz-
ation, they aggregate generating heterogeneous PS beads con-
taining nanoparticle agglomerates (Fig. S3Bt). Nanoparticle
additions after the optimized time produce also heterogeneous
beads containing more than one nanoparticle per bead
(Fig. S3Cft). Conversely, by adding the initial gold spherical
seeds at the appropriate time, it is possible to achieve homo-
geneous PS beads each containing a single gold nanosphere
with yields above 90% (Fig. 3A). The beads can then be coated
with mesoporous silica®**” (Fig. 3B) and the polystyrene core
can be removed. This last step can be accomplished either by
solvent dissolution of PS*® or by combustion (Fig. 3B). In this
case, we chose the second alternative (600 °C for 6 h) as it
leads to a cleaner material while hardens the silica, and devel-

200 nm

Fig. 3 Scheme and TEM images of the protocol for the preparation of
single star yolk shells. Firstly, spherical nanoparticles are added to an
emulsion polymerization reactor after the beginning of the reaction. (A)
This yields particles composed of a single gold colloid entrapped in a
homogeneous polystyrene bead. (B) Then, the beads can be coated with
a mesoporous coating of silica which, lastly, (C) is calcined. The calcina-
tion stabilizes the silica, develops the porosity and degrades the polymer
generating the yolk shell. (D) The spherical nanoparticles can be then
overgrown to nanostars.

This journal is © The Royal Society of Chemistry 2019
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ops and stabilizes the porosity*>*® and confers colloidal stabi-
lity to the yolk shells in aqueous solution (Fig. 3C).*" However,
this step should be performed carefully as inappropriate con-
ditions of temperature and/or time may lead to shell rupture
(Fig. S471). Finally, nanospheres were grown into nanostars
inside the shell by using the standard DMF/PVP method.>***?
In these particles, as water stability is mainly attained by the
silica shell,* extensive cleaning of the nanoparticles can be
achieved giving rise to appropriately optimized plasmonic
material for optical sensing (Fig. 3C). Note that this fabrication
protocol can be extended to other particle sizes and shapes by
just slightly tuning the method. For example, smaller nano-
stars, obtained with 20 nm gold nanospheres are shown in
Fig. S5.1 Also, the direct inclusion of Au nanostars into the
polymer core was performed. This approach, however, has
several disadvantages. Firstly, the thermal treatment to remove
the polymer may lead to reshaping of the stars. Additionally, if
the polymer is removed with solvents, part of the polymeric
material may remain on the plasmonic surface passivating
them.

The yolk confined nanostars (NSt@SiO,) present similar
optical properties to those uncoated. Fig. 4A shows how the
LSPR redshifts from the red to the infrared region when the
tips are grown on spherical particles either uncoated in solu-
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Fig. 4 (A) LSPRs of uncoated (dotted lines) and yolk-coated gold nano-
spheres (red) and nanostars (blue). (B) SEM, confocal optical image and
SERS mapping of an aggregate of yolk-coated single nanostars prepared
by casting and air-drying a concentrated solution of NSTs incubated
with benzenethiol overnight. (C) SEM, confocal optical image and SERS
mapping of an aggregate of yolk-coated single nanostars prepared by
spin-coating a diluted solution of NSTs incubated with benzenethiol
overnight. Note that the arrows in the optical image mark single cap-
sules (yellow) and capsule dimers (red). (D) Representative SERS spec-
trum of BT and (E) the corresponding SERS intensities for aggregated
and isolated single nanostar yolk shells.
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tion (dotted lines) or inside the yolk shells. To test the optical
enhancing properties of these capsules, samples were incu-
bated with benzenethiol 107> M to ensure full coating of all
the surfaces; then, films were prepared either by casting and
air-drying of a concentrated solution of yolk shells to obtain
aggregates (NSt@SiO, agg, Fig. 4B) or by spin-coating of
diluted solutions to obtain single isolated capsules (Fig. 4C).
Both films were then imaged with a NIR laser to achieve the
SERS efficiencies (NSt@SiO, sp, Fig. 4D). Unlike the case of
uncoated NSts, no matter the aggregation degree, both
samples showed strong SERS intensity, indicating that BT was
able to diffuse freely through the pores of the yolk shell*® and
that this shell was isolating the stars from the plasmonic coup-
ling with other neighboring particles. Furthermore, although
individual capsules can be identified by SEM in both films,
optical microscopy can only discriminate individual particles
when they are isolated in the spin-coated films (see the second
panel of Fig. 4C). Thus, while SERS intensities provided by the
aggregates may be larger, quantification of the number of cap-
sules providing the signal is impossible. Conversely, with the
sample composed of isolated NSt@SiO,, the number of cap-
sules sampled is known and the total intensity can be normal-
ized to a single particle and thus can provide a robust plasmo-
nic substrate for quantitative applications.

Bearing in mind the above statement, an experiment was
performed with a constant concentration of capsules (2 x 10~°
M in gold; 2.26 x 10’ capsules per pL) incubated overnight
with different concentrations of BT (from 107> to 10~"* M) and
spin-coated (after dilution) to form isolated capsule films
(Fig. 5). The SERS examination of these films by using a NIR
laser and a 50x objective yielded strong SERS signals for indi-
vidual particles until reaching BT concentrations in the nano-
molar regime. From this point onwards, BT signals were only
obtained on capsule aggregates. By estimating the surface area
per nanostar as a sphere exceeding 50% the average length of
the tips, it is possible to approximate the number of molecules
per particle (4.52 10* nm?), and assuming the surface area of a
BT compact monolayer as 0.3 nm?** it is possible to estimate
the number of BT molecules adsorbed on each single capsule
(Table 1).

According to this approach, and assuming a complete reac-
tion of BT with gold, a full monolayer of BT is achieved only at
10™° M. From 107° to 107'° M, NSts are coated with a BT sub-
monolayer, while from 107" M onwards only one or less mole-
cules are present on each star. Thus, in full agreement with
the above description, an individual yolk capsule can enhance
the signal of minute amounts of analyte (tens of molecules),
while for further sensitivity (i.e., less analyte concentration),
aggregates composed of many capsules are required. This is
also observed in the representation of the SERS intensity
versus the concentration which shows an S-shaped curve imply-
ing a quantitative regime only between moderate to low quan-
tities of the analyte, in the micro to nanomolar regimes.
Ultrasmall traces of the analyte can also be determined but
not quantitatively as the enumeration of yolk capsules in an
aggregate is impossible with confocal microscopy.

Nanoscale, 2019, 11, 21872-21879 | 21875
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Fig. 5 SERS spectra recorded on spin-coated films after incubation
with BT at different concentrations. Confocal optical images of the
spectra recorded and comparison of the SERS intensity as a function of
the analyte concentration.

Table 1 Number of BT molecules available per volume, area, and nano-
particle. Showing also when the NP surface is saturated, and the excess
of BT remains in solution

Ads BT Free BT
[BT]tina BT molecules/pl molecules/NSt molecules
107° 6 x 10" 1.5 x10° 1.16 x 10°
107° 6x 10" 2.73 x 10*
1077 6x 10" 2.73 x 10°
1078 6 x 10° 2.73 x 10*
107° 6 x10° 2.70 x 10"
107 6x 10’ 2.70
107" 6 x10° 2.70 x 107"
1072 6% 10° 2.70 x 1072
1071 6 x 10* 2.70 x 1073

Conclusions

In summary, we illustrate here an effective protocol to boost
the optical enhancing properties of gold nanostars. By placing
single nanostars in the interior of mesoporous silica shells of
the appropriate size (yolk capsules), it is possible to isolate
their electromagnetic field avoiding the red-shift produced by
the plasmonic interaction in between stars which leads to a
consistent drop of signal in nanostar aggregates due to the
loss of resonance with the incident laser. Furthermore, due to
the sub-micrometric size of the yolk shells, the nanostars can
be localized and enumerated with an optical microscope. This
paves the way to the generation of new SERS quantitative

21876 | Nanoscale, 2019, 11, 21872-21879

View Article Online

Nanoscale

methods with minute amounts of metallic particles. On the
other hand, these yolk shells act as molecular sieves which
also enhance the optical properties of the star as it restricts
the contact of the plasmonic material with spurious large
molecules present in all real fluids, either environmental or
biological. Furthermore, the large steric and colloidal stabiliz-
ation obtained with the coating avoids aggregation and facili-
tates the washing of metallic surfaces enabling their reaction
with the analytes.

Experimental
Materials

Tetrachloroauric acid (99.9%), ammonium hydroxide solution
(NH,OH, 28-30%), trisodium citrate dehydrated (>99.5%),
sodium lauryl sulfate (99%), potassium persulfate (99%),
styrene (99%), tetraethylorthosilicate (TEOS, 98%), cetyltri-
methyl ammonium bromide (CTAB, 96%), N,N-dimethyl-
formamide (DMF, 99.8%), polyvinylpyrrolidone (PVP, MW:
10 000), benzene thiol (BT), and ethanol (EtOH, absolute,
>99.9%) were purchased from Sigma-Aldrich. All chemicals
were of analytical grade and used without further purification.
Milli-Q water (18 MQ cm™") was used in all aqueous solutions,
and all the glassware was cleaned with aqua regia before use.

Synthesis of 20 and 60 nm Au nanoparticles

Citrate-stabilized gold nanoparticles of 20 nm were prepared
according to the well-known Turkevich method.”” Briefly, a
flask containing Milli-Q water (250 mL) was heated to 100 °C.
After boiling had commenced, a solution of sodium citrate
(5.5 mL, 0.1 M) was added to achieve the final citrate concen-
tration of 2.2 mM. Boiling was continued for 1 min under vig-
orous stirring. Then, 0.416 mL of an aqueous solution of
HAuCl, (0.1 M) were injected to the boiling solution. Boiling
and stirring were continued for 30 min. A condenser was uti-
lized to prevent the evaporation of the solvent. During this
time, the color of the solution gradually changed from color-
less to purple becoming, finally, red. The obtained nano-
particles have an average size of 21 + 2 nm.

Alternatively, 60 nm-sized gold nanoparticles were syn-
thesized following a kinetically controlled seed-mediated
growth strategy.”® First, Au NPs of 20 nm were produced as pre-
viously described. Immediately after the synthesis of the
20 nm Au seeds, the reaction was cooled to 90 °C. Then, 5 mL
of HAuCl, (25 mM) were sequentially injected with a 30 min
delay (1.67 mL each addition). After 30 min of the second
addition, the first growth step is completed. After that, 90 mL
of the sample were collected and diluted with 86.7 mL of water
and 3.3 mL of sodium citrate (60 mM). This colloidal suspen-
sion was used as a seed solution by proceeding in the same
way as for the first step (3 additions of 1.67 mL HAuCl,
(25 mM) with a 30 min delay between each addition). By
repeating this process several times (four steps), gold particles
with an average diameter of 60 + 3 nm were obtained. Both col-
loidal solutions were extensively cleaned and concentrated by

This journal is © The Royal Society of Chemistry 2019
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centrifugation (7000 rpm, 60 min and 4500 rpm, 30 min) to
30 mL and 135 mL, respectively. The final [Au’] was 1.12 mM
for the 20 nm Au NPs and 1.59 mM for the 60 nm Au NPs.

Near field enhancement calculations

The 3D numerical simulations were carried out using a finite-
difference time-domain method (Lumerical FDTD Solutions).

In these simulations, the incident waves were directed onto
the nanostructures with polarization along the dimer axis, as
shown in the near field plots. To obtain the field enhancement
shown in Fig. 2 or S2,7 we used incident light with different
wavelengths (785 nm, 935 nm, 938 nm, 784 nm, and 866 nm,
respectively). In all simulations, the diameter of spheres was
50 nm.

The mesh size was set to 0.5 nm around the structures. A
perfectly matched layer was applied in all directions.

Extinction spectra for nanostars were obtained by extra-
polating to 6 tips the calculated result for a particle with a
single tip by using the following relation: ospn + 6(6p — Gsph),
where o1, is the extinction of a gold sphere with the same dia-
meter as the core in the nanostar, and o, is the averaged
spectrum for a single-tip particle.*®

Synthesis of Au-PS composites

In the first step, sodium lauryl sulfate (0.028 g) was dissolved
in a mixture of 25 mL of ethanol and 3 mL of water. Then, the
solution was heated to 70 °C under a nitrogen flow, and 3 mL
of potassium persulfate (0.03 M) were added. Subsequently,
420 pL of styrene were injected under magnetic stirring. After
5 minutes, 3 mL of each of the previously synthesized gold
nanoparticles were slowly added, and the reaction was kept
under stirring for 8 hours. Finally, the as-synthesized Au-PS
composites were collected via centrifugation (6000 rpm,
20 min) and washed several times with ethanol. The obtained
polystyrene spheres exhibited an average size of 450 nm.

Mesoporous silica coating and formation of the yolk-shell
nanostructures

First, a SiO, shell was grown on top of the Au-PS composites
using a modification of the well-known Stober method.*® More
concretely, 12.5 mL of the Au-PS composite dispersion (1 mg
mL™") were added to a mixture containing water (125 mL),
ethanol (50 mL), and ammonia (1.5 mL). The mixture was
sonicated for 10 min and, tetraethylorthosilicate ethanolic
solution (5% v/v, 2.06 mL) was added dropwise. The mixture
was mechanically stirred for 48 h. The excess of reagents was
removed by three centrifugation-redispersion cycles with etha-
nolic solution (4500 rpm, 30 min). Yolk-shell silica micro-
capsules were obtained by calcination of PS present in the
composites, at 600 °C for 6 h. The final powder was dispersed
in 10 mL of ethanol.

Solvent transfer of Au nanoparticles

The aqueous dispersed spherical Au NPs were transferred to
EtOH using PVP as a phase transfer agent. To do that, 3 mL of
each of the Au nanoparticle solutions (20 and 60 nm) were

This journal is © The Royal Society of Chemistry 2019
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added drop by drop under stirring to a previously sonicated
(30 min) aqueous PVP solution (5 mL, 0.27 mM) and kept
under stirring for 24 h at room temperature. Finally, the Au
NPs were centrifuged (9000 rpm, 60 min and 7000 rpm,
35 min) and redispersed again in 3 mL (EtOH).

Synthesis of Au nanostars

Four different batches of Au nanostars were prepared using
the previously produced Au nanoparticles as seeds (20 and
60 nm).>**** Two of them were prepared using the PVP
capped AuNPs in EtOH, and the other two were prepared using
the yolk-shell silica encapsulated ones. The nanostar growth
was achieved by dissolving 1.5 g of PVP in DMF (15 mL). After
its complete dissolution, the mixture was further sonicated for
30 min. Next, 1 mL of the Au seeds (either PVP coated or yolk-
shell) was added and stirred for 2 h. Finally, an aqueous solu-
tion of HAuCl, (30 pl, 0.1.038 M) was injected under rapid stir-
ring at room temperature. Within 15 min, the color of the solu-
tion changed from pink to blue, indicating the formation of
Au nanostars. The solution was left under stirring overnight to
ensure the reduction of all reactants. DMF and excess of PVP
were removed by several centrifugation steps, a first one at
7500 rpm for 40 min, followed by two more at 7000 rpm for
10 min; in all the steps the particles were resuspended in
EtOH (35 mL).

NP substrate deposition

All NPs (with and without the silica yolk-shell) were extra
cleaned by four centrifugation steps (7000 rpm, 10 min) and
resuspended in EtOH to achieve the final Au® concentrations
of 2 x 107> M. Each of these solutions were further incubated
with benzene thiol ([BT]gna = 107> to 107" M) for 12 h before
substrate deposition. Next, to achieve high particle densities
and aggregates, the samples were directly drop-cast (10 pL) on
silicon wafers (0.5 x 0.5 cm). To achieve lower particle densities
of approx. 5 and 50 particles x pm™, 10 pL (10~° M in gold) of
NPs were diluted in ethanol and spin-coated ((1st ramp)
500 rpm, 10 s; (2nd ramp) 3000 rpm, 30 s, with an acceleration
rate for both ramps of 500 rpm per s) on silicon wafers
(0.5 x 0.5 cm).

Characterization

UV-vis-NIR spectra were obtained using a Hewlett-Packard
HP8453 spectrophotometer. Size, shape and topographical
characterization of the nanoparticles and the substrates were
performed by transmission and scanning electron microscopy
(TEM, LEO 922 EFTEM operating at 80 kV, TEM, JEOL JEM
1010 operating at 100 kV and a LEO 1530 FE-SEM, Zeiss). SERS
spectra were recorded in backscattering geometry with a
Renishaw inVia Reflex system equipped with a 2D-CCD detec-
tor and a Leica confocal microscope. Excitation of the sample
was carried out with a 785 nm laser line with acquisition times
ranging from 0.5 to 10 s and power of about 0.15 and 3 mW in
the sample. The laser was focused onto the sample with either
a x100 or x50 objective, providing a spatial resolution of ca.
0.5-1 pm.
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