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Exploring How to Increase the Brightness of Surface-
Enhanced Raman Spectroscopy Nanolabels: The Effect
of the Raman-Active Molecules and of the Label Size

Vincenzo Amendola* and Moreno Meneghetti*

Due to the surface-enhanced Raman scattering (SERS) effect, SERS labels
based on noble-metal nanoparticles loaded with Raman-active molecules are
good candidates for ultrasensitive multiplexed assays and in vitro/in vivo
imaging. However, understanding how to maximize the brightness of such
labels is of paramount importance for their widespread application. The effec-
tive differential Raman scattering cross-section (dog/d(2) of SERS labels made
of pegylated gold nanoparticles loaded with various Raman active molecules
(Raman reporters) is studied. It is found that proper choice of the Raman
reporter and of nanoparticle size can enhance the doy/dQ by several orders
of magnitude. The experimental results are understood by considering the
molecular cross-section for resonant Raman scattering and the local electro-

to their proximity to the metal surface.
This latter case is called surface-enhanced
resonant Raman scattering (SERRS).[3]
The signals originating from SERS are
so intense that they can be exploited for
labelling.’-1%! SERS labels usually con-
sist of plasmonic nanoparticles that have
Raman reporters anchored to their surface,
are coated with a protecting/stabilizing
external layer, and are equipped with a tar-
geting function for the selective binding of
analytes like DNA, proteins, or antigens on
cell membranes.”"1 SERS labels have sev-
eral peculiarities when compared to organic

magnetic enhancement factor (Gsggs) in the nearby of gold nanoparticles.
These results are useful to guide the design of SERS labels with improved
performances and to provide a reference for the comparison of the absolute
value of the dogr/d<2 of SERS labels based on metal nanoparticles.

1. Introduction

New physical phenomena of great interest for basic science and
for technological applications are observed in metal nanopar-
ticles, such as the surface-enhanced Raman scattering (SERS)
effect.?l Normally, Raman scattering is weak compared to
Raleigh scattering or fluorescence, but when Raman-active
molecules are adsorbed on the surface of metallic nanostruc-
tures with plasmonic properties, SERS enhances the molecular
Raman scattering cross-section by up to a factor of 10113
Theory and experiments have evidenced that SERS principally
originates from the enhancement of the local electromag-
netic field on the surface of plasmonic nanostructures (elec-
tromagnetic enhancement) and, to a minor extent, also from
charge-transfer processes between the molecule and the metal
substrate (chemical enhancement).l'¥ Further amplification
of the Raman signals is possible when the Raman-active mol-
ecules (Raman reporters) are in resonance with the laser excita-
tion wavelength and suffer strong fluorescence quenching due
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fluorophores or semiconductor quantum
dots: i) the bandwidth of Raman peaks
is one order of magnitude smaller than
fluorescence emission bands;2°22 ii) each
Raman reporter has a distinctive vibrational
fingerprint and multiple Raman reporters
can be combined on a single SERS label
to give multiple distinctive spectral signatures;2°2!l iii) multiple
SERS labels can be excited with the same excitation wave-
length;212%1 iv) SERS labels do not suffer from photobleaching
and basically no blinking is observed for acquisition times of
seconds;”?4 v) background interference in Raman measure-
ments can be avoided by excitation with red or near-infrared laser
lines, while many florescent labels can suffer from autofluores-
cence background, especially if they require visible-light excita-
tion;211 vi) the excitation wavelength can be shifted to the red or
near-infrared, where the tissue penetration depth is greater and
where there is a limited number of bright fluorescent labels;/"??!
vii) bioconjugation techniques for noble-metal nanoparticles are
well consolidated and can be used to confer high selectivity onto
SERS labels;"-*14 viii) gold nanostructures are biocompatible, in
contrast with the cytotoxicity of ordinary semiconductor quantum
dots.?*?] Due to these peculiarities, SERS labels are very attrac-
tive for multiplexed analysis and in vivo labelling.

To date, several types of SERS labels have been used for bio-
analytical applications or in vitro/in vivo imaging, like isolated
or aggregated gold and silver nanoparticles, Au—-Ag core-shell
nanoparticles, nanorods, nanoflowers, nanostars, and nano-
cages.l7810.1315181926-32] Some of them also have the poten-
tial for photothermal therapy in the near-infrared spectral
window.[%2232-33] Despite the wide variety of SERS labels that has
been developed, no information is currently available to quantita-
tively evaluate which type of label delivers the best performance
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Figure 1. The procedure for the determination of the effective dor/dQ of the SERS labels is summarized here, using as an example the R6G SERS
labels. A) Left: Sketch of the structure of SERS labels. Right: TEM images representative of the R6G SERS labels. B) The MG fitting (gray dots) of the
UV-vis spectrum of the solution of R6G labels (black line) was used to determine the label concentration. C) The most intense band in the Raman
spectrum of R6G labels (at 620 cm™') was fitted with a Lorentzian curve and its intensity was compared to that of the reference bands of two Raman
standards. The spectrum of one of these standard, 2B2MP, is also reported in gray in the graph.

for a given application and what parameters should be con-
sidered to design the SERS label with the highest brightness.
Also, when single-label studies have been reported, like Raman
spectroscopy in the dark-field configuration,”1222 this type of
investigation did not allow an absolute comparison of different
SERS labels. This is a strong limitation for the improvement of
label brightness and for their widespread application,['!:21:3¢:37]
and one possible reason is that many studies have focused on
the enhancement factor in the hot spots as a benchmark for the
comparison of different nanostructures for SERS. However, in
the application of SERS nanostructures for labeling, the relevant
parameter is the brightness of the whole label. The brightness is
proportional to the amount of Raman-scattered photons over the
total of the incident photons and, therefore, it depends on the
Raman-scattering cross-section of the whole label.

Here we report the study of the effective differential Raman-
scattering cross-section (doR/d€2) of SERS nanolabels based on
pegylated gold nanoparticles. Two fundamental parameters were
evaluated quantitatively; the type of the Raman reporter and the
size of nanoparticles. The experimental results were interpreted
by referring to the molecular expression for the resonant Raman-
scattering cross-section and by accounting for the SERS electro-
magnetic enhancement factor Ggggg based on calculations of the
local electric field with the discrete-dipole approximation (DDA)
method. Our results show that the above parameters account for
a variation of the Raman cross-section of several orders of mag-
nitude and, therefore, provide useful indications for the design
of SERS labels with improved performances.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2. Experimental Results

Our SERS labels consist of pegylated AuNPs loaded with 12
different types of Raman reporter molecules (Figure 1a). These
molecules are pyridine (PYR) and 11 cationic dyes: methylene
blue (BM), cresyl violet 670 (CV), hexacyanin 3 (HITC), styryl
13 (LDS), malachite green (MG), malachite green isothiocy-
anate (MGITC), nile blue A (NB), oxazine 750 (OX), rhodamine
6G (R6G), rhodamine B (RB), and tetramethylrhodamine iso-
thiocyanate (TRITC). We used AuNPs obtained by LASIS in
Nacl solution, which possess a negative charge due to the reac-
tion of a small fraction of surface Au atoms (about 6%) with
O and Cl atoms.1®3% The cationic dyes absorb onto negatively
charged particles by means of electrostatic interactions. Dif-
ferent from the cationic dyes, pyridine is well known to adsorb
on bare gold surfaces through a physical bond.*%*! After the
absorption of the Raman reporters, AuNPs were coated with a
stabilizing layer of thiolated PEG. The PEG shell has the func-
tion of conferring solubility in aqueous solution, stability in
physiological medium, and stealth character in biological envi-
ronments to the SERS label and, eventually, it can provide the
external functional groups required for the bioconjugation of
the SERS labels with a targeting moiety.”]

All the Raman reporters were added in large excess (10000:1)
to AuNP solutions and the unbound molecules were removed
by centrifugation after 14 hours of incubation. No traces of the
Raman reporters were detected by UV-visible spectroscopy in
the final SERS label solutions. This finding suggests that less
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than 100-200 molecules are adsorbed for each AuNP in all of
our SERS labels, as previously reported.l*?l Some representative
TEM images for the labels are displayed in Figure 1a, showing
that they predominantly consist of isolated AuNPs and small
AuNP dimers made of two nanoparticles of different size.

The concentration of SERS labels in each solution was eval-
uated by the Mie-Gans fitting of their UV-vis spectrum (an
example is reported in Figure 1b and the fitting parameters for
all samples are reported in Table S1 in the Supporting Informa-
tion). The same solutions were used for recording the Raman
spectra, exciting at 632.8 nm. The strongest Raman band in each
spectra was fitted with a Lorentzian curve, and the corresponding
dog/dQ value was obtained by comparison with the Raman
bands of the two standards (an example is reported in Figure 1c,
for details see the Experimental Section) and by accounting for
the number of labels in solution. In the cases of AuNPs loaded
with BM, NB, and OX two well-defined Raman bands domi-
nate the spectrum (Figure S2 in the Supporting Information)
and the value of doy/dQ was calculated for both bands. The
values of dog/d(2 calculated by this method are the average of
all the SERS labels in solution. As shown in Figure 2, we meas-
ured dog/dQ to be of the order of 1072° cm? sr™! for the single
nanolabel. The highest value was obtained for AuNPs loaded
with malachite green, with dop/dQ = 7.6 £ 1.4 1072 cm? sr™'.
A two order of magnitude smaller value is observed for the less-
bright SERS labels that are AuNPs loaded with pyridine. These
values are lower than the photoluminescence cross-section of
organic dyes or semiconductor quantum dots, which are of the
order of 107-10"" cm? sr™! and 1077-107'¢ cm? sr! respec-
tively.*}] However, the direct comparison of the Raman cross-
section of SERS labels with the photoluminescence cross-section
of fluorophores is not straightforward, because the signal-to-
noise ratio of Raman measurements is generally larger, due to
the small bandwidth and to the low background, especially with
red or near-infrared excitation, and it can be sensibly increased
by using longer integration times due to the absence of photo-
bleaching or blinking.'%224] In any case, these figures suggest
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Figure 2. The differential Raman-scattering cross-section (dog/d€Q)
for excitation at 632.8 nm measured for the most intense bands of the
12 SERS labels. The wavenumber corresponding to the Raman band is
reported above each bar.
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that maximizing the brightness of SERS labels is important for
their widespread application.

The intensity of the Raman-scattering cross-section was
evaluated also as a function of AuNP size d. We prepared SERS
labels with the same Raman reporter but different nanoparticle
size by centrifugation at different relative centrifugal forces
and the Raman-scattering cross-section was evaluated for each
of these preparations. The average size and the percentage of
aggregates for all the AuNPs solutions was evaluated by using
the Mie-Gans fitting and confirmed by means of transmis-
sion electron microscopy (TEM) analysis of selected samples.
The results showed that we obtained AuNPs with average sizes
in the 10-23 nm range and that the fraction of nonspherical
AuNPs remained almost unchanged, independent of the
average AuNP size (fitting parameters are reported in Table S2
in the Supporting Information). In Figure 3 we plot the dog/dQ2
value for OX, MG, CV, and NB as a function of label size. doy/
dQ was rescaled to the value of the sample with a size of ca.
17 nm, to include all the experimental data of the four different
labels in a single plot. A strong dependence of the dog/d€2 value
on the average size of the labels is evident from Figure 3 and all
labels show the same trend. The dependence of the normalized
dog/dQ versus d is well fitted by a power law with an exponent
of 4.2 £ 0.2 (black line in Figure 3).

3. Discussion

We can express the doy/dQ value of a SERS label as the sum
of the Raman-scattering cross-section of all the Raman reporter
molecules hosted in the label as Equation 1:

do_ Nrr Nrr

R i

<_dQ ) Z Giprs Fae = Frr Z Girs (1)
Label i

1

N, is the total number of Raman reporters in the single label
and can be considered proportional to the surface area of gold
nanoparticles, i.e., Ng, is proportional to d2. Fy, is the term that
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Figure 3. The normalized dog/dQ value versus average AuNP size for
MG (circles), CV (stars), OX (squares), and NB (triangles) labels. In all
cases, the normalized values of doR/dQ2 show a power-law dependence
on the average AuNPs size as d*2*02,
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depends on the Raman-scattering cross-section of the Raman
reporter. Ggggs is the SERS enhancement factor and it accounts
for the actual local electric field E,. that is probed by each
molecule on the surface of the metal nanoparticle during the
Raman measurement, therefore it depends on the structure of
the nanoparticle and on the localization of the Raman reporter.
From Equation (1) it is clear that the performances of the SERS
labels can not be compared only by looking at the enhancement
factor and one must consider also the Raman-scattering cross-
section of the single Raman reporters and the summation over
all the Raman reporters hosted in the label. In particular, the
dog/dQ value of ordinary organic molecules is of the order of
10732-1073° cm? sr™!, but it can be as high as 1072 cm? sr™! in
the case of resonant Raman scattering.**l Some of the Raman
reporter molecules are dyes with electronic transitions close
to the 632.8 nm excitation wavelength. The single-molecule
Raman-scattering cross-section depends on the molecule polar-
izability tensor,*>#%l and in close to resonance conditions the
only relevant contributions are those corresponding to the tran-
sition from the ground to the excited electronic state. There-
fore, for a vibrational mode with energy wg, we can express Fg,
by the following simplified expression:*+>l

(0L — wg)* /o [(fv") (v']i)]?

Fro ™ K [1— exp(—hws/ks T)] (@ge — @1)> + T2 (2)

where oy is the frequency of the incoming excitation photons;
@, is the frequency of the transition from the vibrational state
i of the ground electronic state g to the vibrational state v* of
the excited electronic state ¢; f is the final vibrational state of
the inelastic scattering process; ( f|v’') and (v'|i) are the Franck—
Condon overlap amplitudes; I' is the damping term of the
electronic transition; kg is the Boltzmann constant; T is the
temperature and K contains all the other constant terms. It
is worth pointing out that the second term of Equation 2 is a
Lorentzian with a maximum where the laser excitation wave-
length equals the electronic resonance. In Figure 4, we show
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Figure 4. Values of dop/d(Q2 versus the optical excitation energy fiwg. of
the 12 SERS labels (circles) is well fitted by a Lorentzian curve (black line)
centered at the laser excitation energy fic_ of 1.96 eV (632.8 nm). Inset
shows a magnification of the region around the Lorentzian maximum.
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that the experimental values of doy/d(2 plotted as a function of
@, for the 12 Raman reporters are well fitted by a Lorentzian
cruve with @; set at 632.8 nm. Deviations from the Lorentzian
fit can be due to slight differences in wg, I', and the Franck—
Condon factor for the 12 different Raman reporters. One
should consider also that different dyes can have different sur-
face coverage on the AuNPs, although our experimental proce-
dure should help in minimizing these differences (for details
see Experimental Section). In any case, Figure 4 points out that
the brightness of the SERS labels can be increased by one to
two orders of magnitude simply by using Raman reporters that
are resonant at the excitation wavelength.

The data reported in Figure 3 evidence, instead, the depend-
ence from a structural parameter like the average size d of gold
nanoparticles. In Equation (1), the dependence on the struc-
ture of the nanoparticles is present in the Ggprg term. A com-
plete calculation of the SERS enhancement for a monolayer of
molecules on the surface of a metal nanoparticle, as required
by Equation (1), is a complicated problem. Le Ru et al. theo-
retically solved the problem for the special case of a dimer com-
posed of two identical metal nanoparticles.*”) The theoretical
solution was confirmed experimentally by the same authorsl>%
and by Dlott et al.’!l They demonstrated that the distribution
of enhancement factors p(Gsggrs) for metal nanoparticles in the
presence of a collection of hot spots with different geometrical
parameters has a long tail nature that can be well described
according to the following analytical expression:>?!

P(Gsrs) = AGgins exp [(Gserss/Ghigs)"] ()
where A, k, and n are phenomenological parameters of the
system that do not vary much for different systems and Ggggps!
is related to the maximum enhancement of the collection of hot
spots. Equation 3 is the product of a truncated Pareto distribu-
tion with a stretched exponential and it is a direct consequence
of the fact that the contributions of the points far from the hot
spots are negligible.*>>? In case of systems with just one type
of hot spots, the exponential term becomes 1 and equation (3)

reduces to the truncated Pareto distribution of Equation 4:4952]
—(1+k
P(Gskrs) = AGsigs " for Gsers < GYA )

where GMaX is the maximum enhancement factor of the

system. In this case, the average enhancement factor (Gsgrs)
over the surface of the nanoparticle can be analytically evalu-
ated*! as Equation 5:

(Gorms) = T (GURY'™ )

Since the term 1-k is ~1 (k is ca. 0.1), independent of nano-
particle size and composition and of interparticle gap, the
average enhancement on the surface of a nanoparticle dimer is
roughly proportional to the maximum enhancement GYA4X .14
Le Ru et al. speculated that the trend described by Equation 4
for a dimer is qualitatively and semiquantitatively still valid
also for different nanostructures, provided that a single type
of hot spot is present.*”) This assumption is especially true
when nanostructures of the same type and composition are
compared (for instance, dimers with dimers, trimers with
trimers etc.).
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If we express the Raman-scattering cross-section of
Equation 1 as a function of the average enhancement factor, as
in Equation 6:

do &
(d_R) = Fue Y Gligs = Fie Nue (Gsprs) (©)
Q Label i

we can see that the dependence of doy/d<2 on the AuNP size d
is contained in Ny, and in (Gsgrs). The calculations of Le Ru,
Etchegoin et al. suggest that we can obtain indications about
the dependence of (Gsgrs) on d by looking at the dependence
of GMAX on d. As a first approximation, Ggppg can be consid-
ered similar to the fourth power of the ratio between the E,
probed by the Raman reporters and the incident field E,.>>>*
We used finite element calculations with the DDA method to
evaluate the distribution of the Ggprg on the surface of AuNPs.
We calculated Gsprs = (| Eiocl/| Eol)* in the proximity of spher-
ical AuNPs with sizes in the 5-35 nm range, when excited by
linearly polarized electromagnetic radiation at 632.8 nm. In
Figure 5a we give three examples of the Gggrs distribution for
spherical AuNPs (graphs I, II, III), which show that Gggrs of the
order of 102 are measured only in a limited portion of the area
near the particle surface. This result is in agreement with the
results of Equation 5, namely that the prevailing contributions
to the summation of Equation (1) will be from Raman reporters
in the proximity of the region with the highest Ggggs value. The
log plot of G¥4X at a distance of 0.5 nm from the surface of
the AuNPs (indicated by the yellow arrow in Figure 5a) showed
a dependence on d with an exponent of 0.40 £ 0.01 (black line
in Figure 5b). By accounting also for Ng,~d?, we estimate an
overall dependence of doy/dQ on d** The experimental data
of Figure 3 showed a dependence on d*?, meaning that other
contributions to dog/dQ must be considered. In particular, the
MG fitting of UV-vis spectra clearly evidenced the presence of
approximately 20%-40% nonspherical nanoparticles and the
TEM analysis showed that these nonspherical nanoparticles are
AuNP heterodimers (Figure 1a). According to experimental and
theoretical calculations, the value of Ggggs can be as high as of
10°-108 in the hot spots at the junction between two spherical
AuNPs, like in small aggregates.*>4-03 Therefore, Ggpgg calcu-
lations were performed also on i) heterodimers composed by a
first AuNP of 5 nm and a second nanoparticle with size varied
in the 5-30 nm range and ii) homodimers composed by two
identical AuNPs with size varied in the 5-30 nm range (all the
plot of Gggrs are shown in Figure S3).

By using local field calculations in AuNP heterodimers
(Figure 5a and S3), we found G}4% values of 10*-10°, namely
two to three orders of magnitude larger than for isolated spher-
ical AuNPs. The plot of G¥AX versus the effective dimer size
degr, defined as degr = (3 Vaimer/4m)® where Vjipe, is the dimer
volume, revealed a dependence on the 2.6™ + 0.1 power of
degr (red circles in Figure 5b). When accounting also for the
dependence of the number of molecules on d?, we estimate
an overall dependence of doyp/dQ on d*¢, which is close to the
experimental value of d*2. This result indicates that the Raman
reporters in the hot spots of AuNPs heterodimers dominate the
summation in Equation 1.

Interestingly, in the case of homodimers, the G¥AX in the
hot spots reach values of the order of 10°-108, which is much
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higher than in heterodimers. The observation of larger enhance-
ments at the hot spots of homodimers than of heterodimers is
in agreement with what has previously been reported about
silver nanoparticles.®#%! In homodimers, we found that GYA%
depends on the 6.9™ + 0.8 power of the effective dimer size dg
(green line in Figure 5b), which is far from what we observed
experimentally. On the other hand, homodimers were not evi-
denced in TEM analysis of our samples.

4, Conclusions

In summary, we quantitatively studied the dog/dQ values of
SERS nanolabels based on pegylated AuNPs loaded with dif-
ferent Raman reporters. The experimental results pointed out
that the brightness of SERS labels can be increased of several
orders of magnitude by using resonant Raman reporters. More-
over, the experimental data show the existence of a power-law
dependence of doy/d2 on the size of AuNPs. By using DDA
calculations of the local electric field, we found that the experi-
mental results can be explained by the strong dependence of
the SERS enhancement factor Ggprg on the AuNP size and by
the presence of hot spots in the AuNP heterodimers. Moreover,
DDA calculations suggest that hot spots in homodimers can
provide the highest value of Ggprs and the strongest depend-
ence on the AuNPs size. These results are useful in guiding
the development of SERS labels with improved performances,
which is a stringent requirement for their widespread appli-
cation in ultrasensitive multiplex labeling and in vitro/in vivo
imaging.

5. Experimental Section

Synthesis of SERS Labels: We obtained SERS labels based on pegylated
AuNPs by a procedure similar to that previously reported.l*2 We used
AuNPs obtained by laser ablation synthesis in solution (LASiS). AuNPs
with average size of 19 nm were obtained by 9-ns laser pulses at 1064 nm
(from a Nd:YAG Quantel YG981E laser) focused with a 10-cm focus lens
on a 99.99% pure gold plate placed at the bottom of a cell containing a
107° m NaCl solution in double-distilled water.?842 Pulses with fluence
of 10 ) cm? at 10 Hz repetition rate for 60 minutes were employed.

Freshly prepared Raman active dyes solutions (1 mw in ethanol) were
added to a 2 nm AuNP solution in a 1:50 volume ratio. The following
dyes were used: methylene blue (BM, trihydrate, Sigma-Aldrich); cresyl
violet 670 (CV, Perchlorate, Exciton); hexacyanin 3 (HITC, Perchlorate,
Exciton); styryl 13 (LDS925, Perchlorate, Exciton); malachite green (MG,
oxalate salt, Sigma-Aldrich); malachite green isothiocyanate (MGITC,
Invitrogen); nile blue A (NB, sulfate, Sigma-Aldrich); oxazine 750 (OX,
perchlorate, Exciton); pyridine (PYR, Sigma-Aldrich); rhodamine 6G
(R6G, chloride, Exciton); rhodamine B (RB, chloride, Sigma-Aldrich);
and tetramethylrhodamine isothiocyanate (TRITC, mixed isomers,
Sigma-Aldrich). After 30 minutes under mild stirring, a freshly prepared
aqueous solution of thiolated poly(ethylene glycol) (PEG, MW 5000,
Lysan Bio) was added to the AuNPs in a ratio of 15000 PEG molecules to
each nanoparticle. The mixtures were maintained under mild stirring for
14 hours at room temperature. After incubation, the suspensions were
washed several times by centrifugation at 3000 rcf for 10 minutes. At the
end of the washing procedure, all solutions were filtered with hydrophilic
0.45-um cellulose filters.

As a first approximation, one can speculate that the coating of metal
nanoparticles with cationic dyes due to electrostatic interactions will
generate a uniform molecular distribution on the surface, according
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Figure 5. Gggps calculations for 632.8 nm excitation. A) The plots of Gsgrs for AuNPs monomers of 5 (1), 15 (I1), and 35 (I11) nm respectively, for AuNPs
heterodimers of 5 and 10 (IV), 15 (V), and 27.5 (VI) nm respectively and for AuNPs homodimers of 5 (VII), 15 (VIII), and 25 (IX) nm respectively.
B) Givas in the point of maximum amplification for a distance of 0.5 nm from the surface of AuNPs (indicated by yellow arrows in (A)) are shown for
monomers (black squares), heterodimers (red circles), and homodimers (green triangles) versus the effective size of the target d¢ and are fitted with
a power law with exponent of 0.40 £ 0.0 (black line), 2.6 £ 0.1 (red line), and 6.9 = 0.8 (green line) respectively.

to what is usually assumed.F%%667] However, there may be differences  reporters can diffuse towards or outwards the hot spots on the surface
in the surface distribution of different dyes because i) different dyes  of metal nanoparticles and this process may take place in a different
may have a different affinity to the AuNP surface; ii) some dyes may  way for different dyes.[**%8 Obtaining experimental information about
accumulate preferentially at the hot spots in dimers; iii) the Raman  the distribution of cationic dyes on AuNPs surface is a very complicated
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problem, but in the present work the differences in the surface
distribution of the Raman reporters are partly reduced because i) all
SERS labels were obtained by the same procedure; ii) we used high
concentrations of dyes, which facilitated the saturation of the AuNP
surface; iii) we performed the coating of AuNPs in solution, instead of
drying the solution of dyes on a substrate containing aggregated metal
nanoparticles (which could facilitate accumulation of dyes at specific
points during solvent evaporation); iv) we used a stabilizing PEG layer
around AuNPs coated with the Raman reporters, to prevent the release
of dyes from the AuNPs’ surface or their migration on the surface of
AuNPs.

Size selection of SERS labels was carried out by centrifugation at
speeds in the 500-2000 rcf range and collecting the supernatant and the
deposit as separate fractions.

Characterization of SERS Labels: SERS labels were characterized both
using UV-vis spectroscopy by a Varian Cary 5 spectrometer in 2 mm
optical path quartz cells, and TEM, by collecting images at 300 kV
with a JEOL JEM 3010 microscope equipped with a Gatan Multiscan
CCD Camera model 794. The samples for TEM analysis were prepared
by evaporating AuNP suspensions on a copper grid covered with an
amorphous carbon holey film.

AuNP size and concentration were evaluated by the Mie—Gans model
fitting of UV-vis spectra, according to a well-consolidated procedure
previously reported and by a fitting program that can be downloaded
freely from the web.[% The fitting model requires three parameters to
account for spherical (Mie model) and nonspherical (Gans model)
AuNPs: i) the average size of the nanoparticles (d); ii) the fraction of
spherical to nonspherical gold nanoparticles; iii) the standard deviation
(0c) of a Gaussian function used to describe the shape distribution of
nonspherical nanoparticles. For AuNPs, we used the dielectric constant
of gold reported by Palik and corrected for the size according to
Kreibig.[6%-72

The results of the Mie—-Gans fitting were confirmed by independent
TEM measurements on several SERS label samples and showed an
accuracy of the order of 6% when compared to TEM-measured average
size, in agreement with that already reported previously for tens
of AuNP solutions.[®] In our previous report, we also measured by
independent inductively coupled plasma mass spectroscopy (ICP-MS)
analysis that the accuracy of the Mie—Gans model for the estimation of
the concentration of AuNPs in water is of the order of 4%.144 Therefore,
we exploited the Mie—-Gans model to obtain the rapid determination of
AuNP size and concentration over a large number of samples, without
the need for TEM and ICP-MS measurements on each individual
sample.

The micro-Raman measurements of SERS labels solutions were
recorded by focusing the 5X objective (NA 0.12, 36% coverage) of a
Renishaw InVia micro-Raman instrument (charge-coupled device; CCD
detector with 100 im slits) on the middle of a 2-mm optical path quartz
cuvette and using the 632.8 nm line of a He-Ne laser with an output
power of 13 mW. The Raman signal collected on an internal silicon
chip was used every time to account for small (less than 5%) intensity
fluctuations of the Raman spectrometer. Acquisition times of 100-300 s
were used.

Calculation of dogr/dQ: The calculation of the differential Raman-

scattering cross-section followed a procedure already described
in the literature. The absolute differential Raman-scattering cross-
section dogp/dQ for a single scattering object is defined according to
Equation 7:14473]
I () = %/f(&)m @)
where I;(A) is the incident laser power with wavelength 4; and Ig(Ag) is
the intensity of the Raman radiation scattered at Az in the solid angle
0Q. The Raman-scattering cross-section (doR/d€) e for single SERS
labels can be evaluated using Equation 8:

(daR ) — ILabe\s CStandard (dUR > 3
dQ2 /e Clabels  Istandard dQ /gndard @)
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where Cipeis is the concentration of AuNPs constituting the SERS
labels, obtained by fitting the labels UV—vis spectra with the Mie-Gans
model, I peis is the intensity of Raman signals of each sample, Is;ngard
is the intensity of the Raman signal of a Raman standard with known
concentration Cgngarg @nd  known Raman-scattering cross-section
(dGR/d'Q)Standard'

Two different standards were used: 2-bromo-2-methylpropane
(2B2MP, >98%, Sigma Aldrich) and dichloromethane (DM,
anhydrous, >99.8%, Fluka). 2B2MP and DM have been frequently
used as Raman standards."#473] 2B2MP or DM was placed in a 2 mm
optical path quartz cuvette and analyzed with the same experimental
conditions adopted for the SERS label solutions. The spectra of
the two standards are reported in the Supporting Information.
The 302 (4.75 1073° cm? sr7') and 516 cm™ (5.58 10730 cm? sr)
modes of 2B2MP and the 713 cm™ (3.10 1070 cm? sr)
mode of DM were used for obtaining absolute values of doz/dQ. The
Raman bands of standards and SERS labels were fitted with a Lorentzian
curve, according to literature procedures, to obtain a more accurate
comparison."#73 The doyp/dQ value was calculated for the most intense
band in the Raman spectrum of each SERS label, by comparison with
the three bands of the Raman standards, therefore we obtained three
values for each sample. The standard deviation on the three values of
doR/dQ is of the order of 18% and is the dominating error source of our
method, since the errors due to the quantum efficiency of the Raman
spectrometer at different wavenumbers in the 300-1700 cm™' range for
excitation at 632.8 nm are negligible, according to the specifications
provided by the producer of the instrument.

Local Electric Field Calculations: The local electric field in the proximity
of AuNPs was calculated by the DDA method using the software
developed by Draine and Flatau (DDSCAT 7.1 and the relative DDFIELD
code).” We considered three different shapes (targets): i) isolated
spherical nanoparticles with sizes in the 5-35 nm range; ii) dimers
where one of the AuNP had a fixed size of 5 nm and the other AuNP
had a size varied in the 5-35 nm range, with an interparticle gap of 1 nm
(heterodimers); iii) two nanoparticles with the same size, varied in the
5-35 nm range and with an interparticle gap of 1 nm (homodimers). We
used a number of dipoles varied between 600000-800000 for each target,
which corresponded to a maximum interdipole spacing of 0.27 nm. For
metal particles in the 2-200 nm size range, an error smaller than 10%
is usually achieved by using a number of dipoles at least of the order of
10* and using interdipole spacing much smaller than the wavelengths
of interest.72747] The refractive index of water and the size-corrected
dielectric constant, as reported for the Mie—Gans fitting,[%°>-72 were used.
We considered the incident wavelength of 632.8 nm and the electric field
parallel to the axis of the dimers.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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