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Abstract
Rapid advances in nanofabrication techniques of reproducibly manufacturing plasmonic substrates
with well-defined nanometric scale features and very large electromagnetic enhancements paved the
way for the final translation of the analytical potential of surface-enhanced Raman scattering (SERS)
to real applications. A vast number of different SERS substrates have been reported in the literature.
Among others, discrete particles consisting of an inorganic micrometric or sub-micrometric core
homogeneously coated with plasmonic nanoparticles stand out for their ease of fabrication, excellent
SERS enhancing properties, long-term optical stability and remarkable experimental flexibility
(manipulation, storage etc). In this article, we performed a systematic experimental study of the
correlation between the size of quasi-spherical gold and silver nanoparticle and the final optical
property of their corresponding assembles onto micrometric polystyrene (PS) beads. The size and
composition of nanoparticles play a key role in tuning the SERS efficiency of the hybrid material at a
given excitation wavelength. This study provides valuable information for the selection and
optimization of the appropriate PS@NPs substrates for the desired applications.

Keywords: surface-enhanced Raman scattering, plasmonic, nanoparticles, polystyrene microparticles

Introduction metallic substrates with uniform, reproducible and optimized

plasmonic response [2] played a major role in the final
Almost 40 years after the initial discovery of the surface- translation of the analytical potential of SERS to real appli-
enhanced Raman scattering (SERS) phenomenon [1], spec- cations. As a result, in the last decade we witnessed an
tacular advances in the development of rationally designed exponential increase of applications across many fields of
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science [3-9]. Nonetheless, traditional gold and silver col-
loids prepared via wet chemical methods, such as the well-
known Lee-Meisel [10] and Turkevich [11] methods, still
remain the most common type of SERS-active materials. In
fact, these substrates offer several advantages such as simple
and inexpensive syntheses, versatility, ease of manipulation
and, when aggregated into plasmonic clusters, high SERS
activity due to the concentration of extremely intense elec-
tromagnetic fields at the interparticle gaps (hot-spots)
[12, 13]. Usually, SERS experiments based on these colloids
are either performed in suspension by using long-working
distance objectives to acquire highly averaged SERS spectra
(‘macro’ set-up) or upon deposition of the nanoparticles onto
solid substrates (this experimental ‘micro’ set-up normally
provides lower detection limits to the detriment of signal
reproducibility) [14]. However, these simple colloidal sys-
tems suffer from intrinsic limitations. In particular, we high-
light the limited colloidal stability, which can be easily
compromised when analytes adsorbed onto the nanoparticle
in suspension. Addition of stabilizing agents to overcome this
issue can, on the other hand, severely limits the access of the
target molecules to the metal surface. Furthermore, random
aggregation of nanoparticles has shown to provide very large
SERS enhancements but with limited stability and reprodu-
cibility due to the poor control in cluster size and uniformity
in terms of interparticle spacing and geometry. Additionally,
SERS measurements with colloidal systems normally require
relatively high nanoparticle-to-analyte molecules ratios to
investigate a sufficient number of particles/clusters per unit
volume in suspension (under the average SERS regime) or
deposited onto a solid platform. As a result, the analyte
molecules are ‘diluted’ over a larger metallic surface area,
which consequently increases the minimum concentration of
the target to obtain a distinguishable SERS spectrum.

Our group has been largely involved in the investigations
aimed at the rational design of novel SERS substrates, with
long-term stability and large enhancement efficiency [15—18].
Among others, we have designed and produced discrete
particles consisting of an inorganic micrometric or sub-
micrometric core homogenously coated with plasmonic
nanoparticles which possesses several important positive
features of simple metal colloids (simple fabrication methods
and normally available in all spectroscopy laboratories; facile
surface-functionalization, high SERS activity in their aggre-
gated forms etc) while introducing dramatic improvements in
terms of stability, signal reproducibility and experimental
flexibility [19-21]. These hybrid materials act as robust
microscopic carriers of large ensembles of interparticle hot-
spots concentrated in their external shell. The tens of thou-
sands of nanoparticles anchored to the polymeric surface
provide, in addition to high SERS activity via interparticle
coupling, a highly averaged plasmonic response that ensures
the great homogeneity within the bead to bead Raman signal
enhancing [20, 22, 23]. Therefore, average SERS measure-
ments in suspension can be performed at very low bead
concentration in suspension [21], and single-bead analysis
onto a solid surface (micro set-up) is very straightforward
and simple since the beads are plainly visible with a

50 x objective. As previously mentioned, it is important to
stress the extreme experimental flexibility offered by these
supports. In fact, their intrinsic resistance against aggregation
allows the desired manipulations (i.e. centrifugations, redis-
persions, surface functionalization, changes in ionic strengths
as well as solvents etc) with no risk of perturbation of their
SERS response.

In this article, we systematically investigate the correla-
tion between the size of quasi-spherical gold (Au NPs) and
silver nanoparticles (Ag NPs) in suspension and the final
optical property of their corresponding assembles onto 3 ym
polystyrene (PS) beads. Colloids were synthesized via stan-
dard wet chemical methods using citrate and/or ascorbic acid
as a stabilizing/reducing agent to yield nanoparticles with
similar surface chemistry (surface properties largely deter-
mine the adhesion of the nanoparticles onto the beads as well
as the affinity of analytes for silver/gold). The SERS activity
of each material was characterized by using thiophenol (TP)
as a Raman label and some of the most common excitation
wavelengths used nowadays in SERS spectroscopy (532, 633
and 785 nm). The experimental results indicate that size and
composition of nanoparticles play a key role in tuning the
SERS efficiency of the hybrid material at a given excitation
wavelength, providing valuable information for the selection
and optimization of the appropriate PS@NPs substrates for
the desired applications.

Experiment

Synthesis of Ag NPs

To synthesize spherical-like Ag NPs with average diameter in
the 40-120 nm range, we used a modified protocol based on
the combination of previously reported approaches [10, 24—
26]. Briefly, 250 mL of milli Q water were heated under
vigorous stirring. A condenser was used to prevent solvent
evaporation. Adequate amounts of aqueous solutions of tri-
sodium citrate (0.1 M) and ascorbic acid (0.1 M) were con-
secutively added to the boiling water. After 1 min, 0.1 M of
AgNO; solution was injected into the reaction vessel under
vigorous stirring. In some cases MgSO, was also used, and
the AgNO;3; and MgSO, aliquots were first premixed (stock
solutions of AgNO3 0.1 M and MgSO, 0.1 M) and incubated
at room temperature for 5 min before the injection. The color
of the solution quickly changed from colorless to yellow and
gradually changed into orange or white-greenish depending
on the nanoparticle size. Boiling was continued for 1 h under
stirring to ensure the completeness of the reaction. The size of
the Ag NPs was controlled by adjusting the concentrations of
the different reactants. As a general trend, by adding MgSO,
and increasing its concentration, the size of Ag NPs increases.
Similar trend is also observed when the ascorbic acid or the
AgNOj; were increased. Table S1 describes the amount of
reactants used in each synthesis whereas figure S1 illustrates
the histogram of Ag NP size distribution and representative
transmission electron microscopy (TEM) images of the dried
colloids.
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Synthesis of Au NPs

Small gold nanoparticles (AuNPs) of ~15 nm diameter were
prepared according to the Turkevich-Frens preparation
method [11, 27]. Briefly, HAuCl, trihydrate (15 mg) was
dissolved in milli-Q water (150 mL) and heated to boil. An
aqueous solution of trisodium citrate (1% v/v, 4.5 mL), pre-
viously warmed to ca. 70-75 °C was then quickly added, and
the mixture was refluxed for further 30 min until the solution
turned ruby red in color. The solution was then allowed to
cool to room temperature under vigorous stirring for several
hours.

Large gold nanoparticles of ~55, ~65, ~100 and
~165 nm were prepared by following the previously reported
seeded growth method [28]. Briefly, a solution of 2.2 mM
sodium citrate in milli-Q water (150 mL) was heated with a
heating mantle in a 250 mL three-necked round-bottomed
flask for 15 min under vigorous stirring. A condenser was
utilized to prevent the evaporation of the solvent. After
boiling had commenced, 1 mL of HAuCl; (0.25M) was
injected. The color of the solution changed from yellow to
bluish gray and then to soft pink in 10 min. The resulting
particles are coated with negatively charged citrate ions and
hence are well suspended in H,O. Once the synthesis was
finished the solution was cooled down to 90 °C and 1 mL of
HAuCly solution (0.25M) was injected. After 30 min the
reaction was finished. This process was repeated twice. After
that, the sample was diluted by extracting 50 mL of sample
and adding 45 mL of milli-Q water and 5 mL of 60 mM of
sodium citrate. This solution was then used as the seed
solution and the process was repeated again.

Assembly of PS@Au microbeads

PS microbeads of 3 yum diameter (0.5 mL of a 100 mg mL™"
suspension) were first wrapped with alternating polyelec-
trolyte monolayers using the layer-by-layer (LbL) electro-
static self-assembly protocol [21, 29, 30]. Four alternate
layers were deposited: polystyrenesulfonate (PSS, Mw=
1000 000), polyethylenimine branched (PEI, Mw =25 000),
PSS, and, finally, PEL. PS microbeads (0.5mL of a
100mgmL™" suspension) were added to 25mL of a
2mgmL™" PSS aqueous solution containing 0.5 M of NaCl.
After 30 min of sonication and 2h of agitation, the PS
microbeads were extensively washed with milli-Q water and
centrifuged (5800 rpm, 20 min). The same protocol (con-
centrations, elapsed times, and washing protocol) was carried
out for depositing subsequent layers of PEI, PSS and PEI
polyelectrolytes. Finally, the PS beads were redispersed in
10 mL of milli-Q water (final concentration 5 mg mL™").
The adsorption of the particles onto the functionalized
beads was carried out by adding 50ul of PS beads
(5 mg mL™") to 20 mL of Ag colloids ([Ag]=0.15 mM) and
20 mL Au colloids (0.1 mM). After 15 min of sonication, the
PS@Ag and PS@Au beads were left under gently shaking for
two hours and then left to deposit overnight. The clear
supernatant was removed and the process was repeated until
reaching the full bead saturation (i.e. when the supernatant

remained visibly colored). The mixtures were washed first
three times by centrifugation (3000 rpm, 30 min) and then
three times by decantation with milli-Q water. The beads were
redispersed in 500 4L of milli-Q water (final PS bead con-
centration of 0.5 mgmL™).

SERS characterization

For SERS characterization of Ag NPs, 500 uL. of each col-
loidal suspension was passivated by addition of 30 uL. of a 2%
w/w aqueous solution of polyethylene glycol sorbitan
monolaurate, a nonionic surfactant (Tween® 20) in order to
prevent unwanted aggregation of the particles upon addition
of the Raman probe. Then, TP was added to a final con-
centration of 1x107°M and the samples were left aging
overnight. Finally, the samples were centrifuged and redis-
persed in 60 uL of milli-Q water. The same functionalization
protocol was applied for Au nanoparticles, but in this case the
final TP concentration in the samples were 7 x 10~’ M before
the final centrifugation step. The chosen [NP]/[TP] ratio was
carefully selected to afford a sub-monolayer coverage of the
Raman probe onto the metal surface. Thus, the SERS per-
formance of the different colloids can be safely ascribed only
to the individual nanoparticle properties whereas the number
of TP molecules investigated remains constant and the
uncontrolled formation of hot-spots in nanoparticle clusters is
avoided.

For SERS characterization of the PS@Ag and Au beads,
100 uL of PS@Ag and Au (0.5 mgmL™" of PS beads) were
mixed with 1 mL of an ethanolic solution of 107> M of TP.
After 2 h aging, the beads were submitted to one centrifuga-
tion/washing cycle with ethanol and two centrifugation/
washing cycles with milli-Q. The samples were finally
redispersed in 100 4L of milli-Q water and investigated by
SERS under the macro condition using a long working
distance objective. For micro SERS measurements, 10 uL of
the different samples of coated PS@Ag and Au beads was
deposited on a clean glass slide. Each sample was prepared at
least twice at the same conditions, and at least 15 different
beads were measured for each sample to ensure
reproducibility.

Instrumentation

SERS experiments were conducted using a Renishaw InVia
Reflex confocal microscope equipped with a 1200
grooves mm~' grating for the NIR wavelengths, additional
band-pass filter optics, and a CCD camera. Spectra were
acquired using 532, 633 and 785 nm laser excitations either in
macro condition by focusing the laser onto the sample with a
long working distance objective or in micro set-up by using a
50 x objective (N.A. 0.75). UV-vis spectra were recorded
using a Thermo Scientific Evolution 201 UV-visible spec-
trophotometer. Environmental scanning electron microscopy
was performed with a JEOL 6400 scanning electron micro-
scope. TEM was performed with a JEOL JEM-1011 trans-
mission electron microscope.
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Results and discussion

The preparation of PS beads decorated with Ag or Au
nanoparticles (PS@Ag and PS@Au, respectively) was per-
formed via LbL assembly protocol, as previously described
[21]. Negatively charged PSS and positively charged bran-
ched-PEI were alternatively deposited onto PS beads of 3 ym
diameter to form a final dense external layer of PEIL In a
second step, large excesses of the negatively charged Ag or
Au colloids were left to adhere via electrostatic interaction to
the external positively charged PEI layer of the PS beads,
saturating the microparticle surfaces. Finally, the final com-
posite PS@nanoparticle structures were extensively washed
to remove the unbound nanoparticles. All Ag and Au colloids
were prepared via standard chemical methods using citrate
and/or ascorbic acid as reducing agents and citrate as a sta-
bilizing agent. We carefully avoided the use of surfactants or
polymers such as CTAB or PVP with high affinity toward the
metal surfaces that would have dramatically altered the sur-
face chemistry of the nanostructures thus, their adhesion onto
the PS surface as well as the accessibility of the Raman label
to the metallic surface [26, 31].

Ag and Au colloids

Monodispersed quasi-spherical Ag NPs with average dia-
meters of 39, 49, 56, 70, 92 and 121 nm were prepared using
a modified protocol based on previously reported strategies
[10, 24-26]. Figure S1 shows representative TEM images of
each colloids together with their histograms of size distribu-
tion. The size of Ag NPs was controlled by adjusting the
concentrations of the different reactants in milli-Q water
(trisodium citrate, ascorbic acid, silver nitrate and magnesium
sulfate), as reported in table S1.

Figure 1(A) shows the normalized extinction spectra of
the different Ag colloids in suspension. The spectra reveal the
characteristic localized-surface plasmon resonances (LSPRs)
of spherical Ag NPs centered in the violet spectral range,
which progressively shift to the higher wavelengths and
broaden when the average size is increased. High-order LSPR
modes, such as the quadrupolar resonance appearing as a
blue-shifted shoulder at ca. 360 nm for small nanoparticles,
become more and more evident as the size increased, until
reaching a magnitude even higher than the dipolar resonance
for nanoparticles >100 nm in diameter [12]. In fact, as the
nanoparticle size increases, light cannot polarize homo-
geneously and the field is no longer uniform throughout the
NP, which results in the phase retardation effect. As a con-
sequence, a red-shift and broadening of the dipolar resonance
is observed in the larger particles along with the appearance
of higher-order modes [32, 33].

The Raman enhancing ability of the different mono-
dispersed colloidal suspensions was evaluated by adding TP
as a Raman probe. TP is commonly used as a molecular probe
for characterizing the SERS properties of plasmonic sub-
strates. This is because, on the one hand, its —SH group shows
very high affinity toward noble metal surfaces, which leads to
the formation of covalent sulfur-metal bonds. On the other
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Figure 1. (A) Normalized extinction spectra of Ag colloids. (B)
SERS spectra of TP on Ag(56 nm)NPs colloids at 532, 633 and
785 nm. (C) Normalized SERS intensities of the TP band at

1073 cm™" on silver colloids at 532, 633 and 785 nm for different
nanoparticle size.

hand, TP has also a high Raman cross-section, then providing
intense SERS signals with a well-defined vibrational finger-
print. Previously to the addition of TP, the colloids were
passivated with Tween 20, a nonionic surfactant. Differently
to surfactants such as CTAB or PVP, Tween 20 simply
physisorbes on the metallic surface providing an effective
steric protection that prevents the uncontrolled formation of
nanoparticle clusters due to the adsorption of TP molecules
perturbing the colloidal stability [34, 35]. For a meaningful
comparison of the enhancing performance of colloids with
different nanoparticle size and concentration (i.e. different
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silver surface areas available for TP adhesion), we added a
fixed amount of Raman label providing a sub-monolayer
coverage for the all investigated samples rather than saturat-
ing the metallic surfaces. In this way, the number of mole-
cules contributing to the vibrational spectra is constant and,
thus, to a first approximation the final SERS intensity is solely
associated to the Raman signal enhancing properties of the
different nanoparticles in suspension. The validity of this
approximation also lies in the fact that the field enhancement
over nanoparticles of spherical geometry shows a relatively
good uniformity [12]. Figure 1(B) illustrates the characteristic
SERS spectra of TP on Ag colloids acquired at 532 nm,
633 nm and 785 nm excitation respectively. The spectra are
dominated by the intense ring breathing bands at ca. 999,
1023 and 1073 cm™! (the last one coupled with £CS) and the
CC stretching vibrations at ca. 1574 cm™ [36]. The com-
parison of the different SERS efficiency provided by the Ag
colloids is reported in figure 1(C), where the intensity of the
TP band at 1073 cm™" is plotted against the average nano-
particle size. It is known that for the individual quasi-sphe-
rical nanoparticles, it exists a qualitative connection between
the extinction and SERS enhancement [37] (whereas no
correlation is observed for plasmonically interacting objects
[37, 38]). For Ag nanospheres, the most intense electro-
magnetic fields occur when the laser excitation is centered at
the LSPR maxima, even though the long tail distribution of
the SERS enhancements allows to obtain large signal inten-
sification in spectral regions where the plasmon resonances
are very weak [12, 37]. Thus, red-shift of the LSPRs maxima
of Ag colloids toward the spectral position of the excitation
sources by increasing the nanoparticle sizes is expected
to improve the interaction of the external field with the
plasmon resonances. On the other hand, LSPRs significantly
broaden due to radiation losses when the NP size is increased
above ca. 50nm diameter [12]. Therefore, the optimal
nanoparticle size that maximizes the SERS enhancement is
a compromise between these two opposite factors and
depends, among others, on the excitation wavelength. This is
clearly shown by the experimental data illustrated in
figure 1(C) which highlights how the optimum nanoparticle
size approximately increases as we shift the excitation source
to longer wavelength, from 532 to 633 nm and finally to
785 nm.

Highly monodispersed quasi-spherical citrate-stabilized
gold nanoparticles of different average sizes (15, 55, 65, 100
and 165nm) were produced following a seeded growth
strategy based on the classical Turkevich/Frens reaction
(figure S2) [39]. The normalized extinction spectra of the
corresponding colloidal suspensions are illustrated in
figure 2(A), where we observe the characteristic red-shift and
broadening of the LSPR for larger nanoparticle diameters
[12]. Differently to silver, quadrupolar resonance modes are
only observed for the particle size above 100 nm [33], as
clearly revealed by the shoulder at shorter wavelengths
appearing in the 165 nm gold colloids. Figure 2(B) shows the
SERS spectra of TP on the Au (55 nm) NPs suspensions upon
excitation with 633 and 785 nm lasers. Due to the large
optical absorption of gold at shorter wavelengths (<600 nm)
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Figure 2. (A) Normalized extinction spectra of Au colloids. (B)
SERS spectra of TP on Au(55 nm)NPs colloids at 633 and 785 nm.
(C) Normalized SERS intensities of the TP band at 1073 cm™' on
gold colloids at 633 and 785 nm for different nanoparticle size.

[12], no distinguishable SERS signal can be collected when
illuminating gold nanoparticles with the 532 nm excitation
source. As for Ag NPs, the Raman signal enhancing ability of
the different monodispersed colloidal suspensions was eval-
uated by adding a sub-monolayer amount of TP molecules in
the presence of Tween 20 as a stabilizing agent. The nor-
malized SERS intensities of the ring breathing band at
1073 cm™" are plotted against the average nanoparticle size in
figure 2(C), showing a marked increase of the SERS activity
upon enlarging the nanoparticle diameter up to a maximum
around 100 nm. This is consistent with previous experimental
studies [40, 41]. In fact, incrementing the nanoparticle size
causes a red-shift of the LSPR, which maximum is tuned
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Figure 3. (A) Extinction spectra of PS@Ag composite materials in
suspension (normalized and stacked). (B) Representative TEM
images of PS@Ag beads.

closer to the wavelengths of the excitation sources. However,
for sizes larger than ca. 100nm, the radiation damping
becomes dominant [12], significantly reducing the electro-
magnetic fields at the metallic surface, as it can be observed
by the poor enhancing performance of the 165nm gold
nanoparticles.
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Figure 4. (A) Extinction spectra of PS@Au composite materials in
suspension (normalized and stacked). (B) Representative TEM
images of PS@Au beads.

PS@Ag and PS@Au composite materials

Silver and gold nanoparticles were then assembled onto the PS
beads until surface saturation (figures 3 and 4, and figure S3).
As a result, the plasmonic coupling of the interacting metallic
nanoparticles on the bead surface leads to a reshaping of the
extinction spectra as well as the alteration of the nanoparticle
size-dependent pattern of the SERS response [23].
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Figure 5. (A) Normalized SERS intensities of the TP band at

1073 cm™" on PS@Ag at 532 nm, 633 nm and 785 nm respectively
for different nanoparticle size. (B) Normalized SERS intensities of
the TP band at 1073 cm™! on PS@Au at 532 nm, 633 nm and

785 nm respectively for different nanoparticle size. (C) Relative
SERS efficiency of PS@Au(55 nm) and PS@Ag(56 nm) at the three
excitation wavelengths. In this case, for a specific excitation
wavelength, the SERS measurements were performed under the
same experimental conditions for both PS@Ag(56 nm) and PS@Au
(55 nm); subsequently, the recorded TP SERS intensities (peak
height at 1073 cm™) were normalized to the maximum value.

The extinction spectra of the PS@Ag beads in suspen-
sion are shown in figure 3(A). First of all, we notice how
the PS core contributes to the overall spectra with a large

scattering background, characterized by a well-defined band
centered at ca. 470 nm and a long tail at the longer wave-
length. Nonetheless, it is possible to recognize two new
contributions in the extinction profile of PS@Ag: one blue-
shifted with respect to the PS feature at 470 nm and a second
broader one in the ca. 500-580 nm range. The latter can be
ascribed to the dipolar coupling between individual nano-
particle dipolar LSPRs whereas the resonances appearing at
shorter wavelengths can be due to the poor/null plasmonically
interacting single nanoparticles and/or the high-order inter-
actions between single-sphere dipolar LSPRs [12].

Similarly, the plasmonic interaction between closely
spaced gold nanoparticles is revealed by the change of the
extinction spectra (figure 4). We observe a significant red-
shift of the plasmon resonances, overlapping the large scat-
tering background of the PS cores, as compared to the original
LSPRs of the monodispersed colloids. It is worth noticing that
the PS@Au(165 nm) suspension retains a significant amount
of unbound Au nanoparticles which were not possible to
efficiently remove through the normal sedimentation protocol
as for the other samples. This difficulty arises from the fact
that the colloidal solution of large AuNPs naturally sediment
from solution due to the gravitational force. Thus, the UV-vis
spectrum of PS@Au(165 nm) may be significantly biased by
the contribution of free gold nanoparticles.

We then investigated the size-dependent profile at dif-
ferent excitation wavelengths of the normalized SERS
intensity of PS@Ag and PS@Au samples (figures S(A) and
(B), respectively). The illustrated data were obtained by
averaging the SERS response of the beads in suspension
investigated with a long working distance objective (macro
set-up) and 15 different beads dried onto a glass slide using a
50 x objective (micro set-up). This averaging process was
performed to minimize the contribution to the final results of
experimental uncertainties associated with, for instance, the
exact bead concentration in suspension after several cen-
trifugation/washing cycles, the focusing of the laser spot on
each beads etc. The SERS activity of the PS@Ag beads was
tested by measuring the signal intensity of the TP band at
1073 cm™. In this case, the beads were fully saturated with
the Raman label by exposing them to an excess of TP in
ethanolic solution which implies that the number of TP
molecules yielding the final SERS spectra differs from sample
to sample. Thus, to correct such variations, we express the
results in terms of SERS intensities per 1nm? of metallic
surface available on the PS coated-bead. This estimation was
performed by assuming a full monolayer coating of metallic
nanoparticles on top of the PS surface. The results illustrated
in figure 5(A) highlights a drastic change of the size-depen-
dent SERS performance of Ag NPs when assembled onto the
surface beads as compared to their individual condition in
suspension (figure 1(C)). For green laser excitation, the SERS
activity decreases with the increase of nanoparticle size,
whereas in the case of 633 and 785 nm the SERS performance
reaches a maximum for Ag NPs of 56 nm and ca. 56-70 nm,
respectively. On the other hand, the averaged and normalized
SERS values obtained for PS@Au composites are reported
in figure 5(B) against the average nanoparticle diameter. At


https://www.researchgate.net/publication/265038699_Principles_of_Surface-Enhanced_Raman_Spectroscopy_And_Related_Plasmonic_Effects?el=1_x_8&enrichId=rgreq-bf1f3438-bd83-44b1-9eb7-fd092f2f7350&enrichSource=Y292ZXJQYWdlOzI3NzU1NDIxODtBUzoyODg1MTM4NDIwMDgwNjRAMTQ0NTc5ODQ2ODA2NA==

J. Opt. 17 (2015) 114012

B Mir-Simon et al

both excitation wavelengths, the enhancing performance of
the composite materials approximately decreases according
to the following order: PS@Au(55 nm) >PS@Au(65 nm) >
PS@Au(15 nm) >PS@Au(100 nm) >PS@Au(165 nm).

Finally, in figure 5(C) we compared the relative SERS
efficiency of PS@Auss and PS@Ag(56 nm) at the different
excitation wavelengths. Silver-based composite provides a
much more efficient SERS substrate for shorter wavelengths
whereas the enhancement performances of PS@ Auss beads
become competitive and finally overcome those of PS@Ag
(56 nm) at 785 nm. This is associated with the generation of
interparticle gap-associated resonances, the most important
ones for SERS, which are shifted beyond 600 nm, where the
optical absorption of gold is low and both metals (Ag and Au)
behave similarly [12].

Conclusions

In summary, we performed a thorough investigation of the
correlation between the size of quasi-spherical Ag and Au
nanoparticles and the SERS efficiency of the corresponding
composite hybrid materials, comprising of a PS micro-core
and a dense external layer of interacting nanoparticles. TP
was selected as an efficient Raman label for our SERS study.
The results show how the enhancing ability of the PS@Ag/
Au substrates are strongly determined by the size (and com-
position) of the individual nanoparticles, and the dependency
to the selected excitation wavelength. In the case of PS@Ag
composite microparticles, Ag NPs of ca. 39, 56 and 56-70 nm
yielded the most efficient substrates at the three investigated
excitation wavelengths (532nm, 633nm and 785 nm,
respectively). On the other hand, for PS@Au, gold nano-
particles of ca. 55 nm diameter resulted the best choice for all
laser sources. Regarding the nanoparticle composition, silver-
based hybrid beads generated the most intense SERS signals
when illuminated with the 532 and 633 nm lasers, whereas
under the 785nm excitation the SERS performances of
PS@Au(55 nm) and PS@Ag(56-70) are similar. We believe
these findings offer important information to researchers for
the fabrication and appropriate selection of the optimum
PS@Ag/Au substrates for a different set of potential
applications.
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