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The enhancing properties of silver nanoparticles in surface-enhanced Raman scattering (SERS) and metal-
enhanced �uorescence (MEF) are studied in this work. The obtained results con�rm that the partial aggregation
of nanoparticles leads to a great increase of Raman scattering cross-section but there are signi�cant di�erences
in SERS-activity of colloidal silver treated with various aggregating compounds. The di�erences are interpreted
through the analysis of both experimental and computational results. The same silver colloid covered with silica
shell preventing the �uorescence quenching makes possible a several-fold increase in �uorescence emission. The
e�ect strongly depends on thickness of the outer layer of nanoparticles. Geometrical parameters of nanoparticles
(radius or radius and thickness of the adsorption layer in core-shell systems) are determined on the basis of the
dynamic light scattering (DLS) data and extinction spectra analysis.
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1. Introduction

Metallic nanoparticles (especially silver and gold) ex-
hibit interesting optical properties related to the excita-
tion of localized surface plasmons (LSP). Interaction of
the incident light and free electrons in the conduction
band results in a strong absorption (extinction) and high
enhancement of the EM �eld in near-�eld region around
nanoparticles. The characteristic plasmonic frequencies
strongly depend on sizes and shapes of nanostructures
as well as on the dielectric function of metal [1, 2]. The
near-�eld enhancement is pro�ted by Raman and �uores-
cence spectroscopy techniques improving their detection
sensitivities.
Surface-enhanced Raman scattering (SERS) is a com-

bination of two mechanisms. The electromagnetic mech-
anism of SERS is related to the previously mentioned res-
onant LSP exitation [3]. The second contribution to the
SERS enhancement is a short-range resonant mechanisms
of chemical nature: chemical bonding and charge-transfer
transitions between metallic nanoparticles and coordi-
nated molecules [4]. On isolated nanoparticles, both
mechanisms allow to obtain local �eld enhancement up
to about 6 orders of magnitude but the average intensity
of Raman scattering from molecules dissolved in macro-
scopic suspension of such nanoparticles can increase by
only 2�3 orders of magnitude in comparison with pure
solution of Raman scatterers. This enhancement is far
from being su�cient for practical applications. SERS
signal can be further ampli�ed through partial aggrega-
tion of colloid [5]. This approach is based on the fact that
the extremely high electric �eld is induced in the narrow
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slits between nanoparticles, in the so-called �hot-spots�.
The intensity of Raman scattered light originated from
molecules occupying such places may rise up to 1012-
fold (1015-fold as the result of both mechanisms) [6].
It makes possible to detect SERS signal from a single
molecule [7, 8]. This paper is an attempt to interpret the
observed di�erences in SERS-activity of silver nanopar-
ticles treated with various aggregating compounds. Rho-
damine 6G is used here as a SERS probe molecule. The
authors analyze and compare SERS-e�ciency, absorp-
tion, and scattering properties and structure of aggre-
gates formed under the in�uence of chloride (KCl) or a
compound which does not contain chloride ions (HNO3).
The second phenomenon where the unique plasmonic

properties of noble metal nanostructures play a substan-
tial role is the metal-enhanced �uorescence (MEF) [9].
The total increase in the intensity of �uorescence light
is a result of two resonance processes: enhancement of
excitation and enhancement of emission of �uorophores
placed in the vicinity of nanoparticles [10]. The enhance-
ment of excitation is related to the increase of the exci-
tation rate of �uorescence molecules and is proportional
to the strength of the local EM �eld at their location.
When excited molecules are near metallic nanoparticles,
the light emitted by these molecules interacts resonantly
with LSP that leads to faster deactivation of �uorophores
and, as a consequence, results in an increase in the quan-
tum yield and also (in most cases) a decrease in lifetime.
One should note that the adsorption of a dye directly
on a metal surface results in a quenching of its �uores-
cence. To avoid the quenching, the nanoparticles have
to be coated with a thin layer of dielectric and non-
�uorescent material. For the preliminary MEF studies
presented in this work, silica-coated silver nanoparticles
were used. FITC molecules were used as a �uorescent
probes.
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2. Experimental

2.1. Materials

Silver nitrate, trisodium citrate, potassium chloride,
ethanol and ammonia (NH3, 25%) were obtained from
POCh S.A. (Poland). Tetraethyl-orthosilicate (TEOS)
and (3-aminopropyl)triethoxysilane (APS) were obtained
from Fluka (Switzerland). Rhodamine 6G was purchased
from Sigma-Aldrich. Mili-Q grade water was used for
preparation of all solutions.

2.2. Silver colloids production and samples preparation

The silver colloid used in experiments was prepared
using a slightly modi�ed Lee and Meisel method [11].
SERS experiment. The method of the preparation

of both pure nanoparticles and samples for SERS studies
was described in our previous paper [12]. Simultaneous
measurements (recording of SERS and extinction spectra
as well as particle sizing by DLS) were started immedi-
ately after the preparation of each sample.
MEF experiment. (Step 1) Before the use of the

silver nanoparticles, the originally obtained suspension
was puri�ed by centrifugation at 6000 rpm for 8 min
and the precipitate was dissolved in ethanol to the resul-
tant colloid concentration 2.5-fold smaller (determined
by absorbance measurements) than the original mixture.
Then, the ethanolic solution of silver nanoparticles was
divided into 12 portions of 3.95 mL each. Next, 16 µL of
ammonia and 36 µL of water was added to each of them.
Finally, proper amount of TEOS (from 0.2 µL to 1.0 µL
with a step of 0.1 µL, 1.2 µL and 1.5 µL) was rapidly in-
jected and the reaction was continued on the shaker for
the next 12 hours (at room temperature). As a control,
one sample was left without TEOS.
(Step 2) In order to deposit FITC molecules on the

nanoparticles, 1.7 mg FITC was dissolved in 300 µL of
ethanol. After the addition of 5 µL APS, the mixture
was carefully stirred. A certain volume of the resultant
solution was then 100-fold diluted in ethanol and the re-
actants were allowed to react in the dark for 24 hours.
After this time, 50 µL of this solution was added to each
of 1 mL 10-fold diluted with ethanol dispersions prepared
in Step 1. The samples were stirred for 30 min. After
that, 10 µL of 1% TEOS was injected to all test-tubes,
which were subsequently placed in the dark for the next
24 hours. The �nal concentration of FITC was 7.5 µM.

2.3. Instrumentation

The test apparatus used for recording the absorption
and Raman spectra as well as the particle sizing with
DLS method [13] was described in detail in [12].
Steady-state �uorescence spectra were obtained on

QuantaMaster (Photon Technology International, Birm-
ingham, NJ, USA) spectro�uorometer with some home-
made modi�cations. For �uorescence excitation of FITC,
a monochromatized light from tungsten lamp (480 nm)
was applied.

Both SERS and MEF experiments as well as the proce-
dure of determination of geometrical parameters of silica-
coated nanoparticles consisted of a single series of mea-
surements (recordings of extinction, Raman and �uores-
cence spectra, and DLS measurements, respectively).

3. Numerical algorithm for the size (shape)
distribution retrieval

According to Lambert-Beer's law, the absorbance of
non-interacting spherical particles suspension can be de-
scribed as

E ≈ ELB =

∫ rmax

rmin

Cext (λ, r) f (r) dr, (1)

where Cext denotes the extinction cross-section of par-
ticle of radius r. The relation between noiseless ab-
sorbance ELB (the measured absorbance Einevitably in-
cludes some error) and the unknown size distribution
function f (Cext is a weighted (kernel) function that char-
acterizes this relationship) is a Fredholm integral equa-
tion of the �rst kind. The above formula can be easily
extended to the two- or more-dimensional problem (e.g.
a suspension of layered particles characterized by core
radius r and shell thickness t, see Sect. 4.2.). Finding
the unknown size (but also shape or other features of
the studied system) distribution function f for a known
kernel and right-hand side belongs to the class of ill-
posed problems that can be successfully solved applying
Tikhonov's [14] regularization technique. Denoting by C
the matrix containing calculated spectra (as columns),
and by e the column vector representing experimental
data, the regularization problem can be de�ned as

min
f

(
‖Cf − e‖2 + α2 ‖Lf‖2

)
, (2)

where α is called the regularization parameter and wgL
is an operator chosen to obtain a solution with desirable
properties (e.g. identity matrix). According to the de�-
nition of the Tikhonov's functional (expression (2)), the
regularized solution f (column vector) can be written as

fα = argmin
f

∥∥∥∥∥
[

C

αL

]
f −

[
e

0

]∥∥∥∥∥ . (3)

In this work the solution f (a nonnegative distribution
function) was calculated using the NNLS algorithm [15].
The presented method not only needs a properly de-

�ned kernel function (i.e. an adequate model of the ab-
sorbance with carefully chosen dielectric permittivities of
the particle materials as well as appropriate optical con-
stants of the surrounding medium) but also requires an
e�ective criterion for selecting the best solution with little
or no a priori knowledge. The procedure gives an in�nite
set of solutions but it turns out that for each value of α,
exactly one solution exists. A very convenient and in-
tuitive tool for a choice of the optimal value of α is the
so-called L-curve criterion. This name refers to the shape
of parametric curve (ρα, σα), where ρα = log ‖Cfα − e‖
and σα = log ‖Lfα‖.
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4. Results and discussion

4.1. SERS-activity of aggregated silver nanoparticles

It is well known that the partial aggregation of metallic
nanoparticles is prerequisite for e�ective enhancement of
Raman scattering. As one can see from Fig. 1 the result
strongly depends on the amount of added aggregating
compound. One can also notice signi�cant di�erences
between the e�ects of KCl and HNO3. The apparent
di�erences may be also related (but in a very limited way)
to the di�erent age of colloid when it was used for both
tests. Measurements with the use of KCl were carried
out shortly after preparation of nanoparticles while the
impact of HNO3 was tested about a week later.

Fig. 1. Extinction and SERS spectra and the corre-
sponding results of DLS measurements of 0.8 µM Rh6G
on silver colloid with various amounts of KCl or HNO3

added to solution. Vertical scales of both Raman spec-
tra panels are identical. The DLS intensity distribution
functions are normalized to equal maximum.

The application of both aggregating agents led to the
decreasing and broadening of the violet-blue absorption
(extinction) band but in the case of chloride, a second
spectral band in the red region arose and then increased
and shifted towards longer wavelengths with the increas-
ing concentration of KCl.
After addition of both compounds, the maximum of

DLS intensity distribution function shifted to the larger
values of hydrodynamic radii but the results of DLS
measurements of samples acidi�ed with HNO3 indicated
much larger changes (broadening) of the particle (or ag-
gregate) sizes spectrum. It was consistent with a low
stability of the samples.

TABLE

The composition of silver colloids calculated on the basis
of analysis of the experimental spectra.

Code Struct. NPs Colloid with KCl Colloid with HNO3

R [nm] D [nm] % R [nm] D [nm] %

M 1 44.55 1.00 15.7 37.61 1.00 12.3

D 2 44.95 1.20 9.8 37.53 1.04 9.8

C3 3 44.10 1.38 7.8 38.03 1.16 7.4

L3 3 46.23 1.39 3.6 35.98 1.04 8.5

C4 4 41.47 1.50 5.7 38.78 1.32 6.0

L4 4 47.53 1.00 4.2 36.25 1.02 9.2

C5 5 36.70 1.96 3.4 39.35 1.36 4.2

C7 7 43.14 1.36 13.3 36.30 1.10 9.2

C8 8 38.34 1.34 12.8 40.40 1.32 1.8

CL9 9 41.95 1.35 3.7 42.90 1.29 4.9

C13 13 39.49 1.10 14.1 48.13 1.50 1.8

CL13 13 42.19 1.35 2.9 43.20 1.22 6.4

S13 13 44.20 0.80 3.0 36.64 0.94 18.6

Avg 42.42 1.29 38.06 1.11

Despite the higher degree and rate of aggregation,
a relatively weak Raman signal was obtained from
nanoparticles treated with HNO3. The samples contain-
ing 8 mM and more KCl were signi�cantly more SERS-
active. Chloride ions can facilitate the adsorption of rho-
damine 6G on the silver surface but in this work it is
assumed that the major factor of the increase of Raman
scattering intensity was the formation of assemblies that
were more favorable in terms of SERS phenomena.

The authors do not have any instrumental method that
allows to determine the structure of colloid at the single
aggregate level. On the other hand, the sample prepa-
ration (e.g., for imaging by electron microscopy) itself
can easily change the con�guration of nanoparticles. The
method described in Sect. 3 allows to solve (at least par-
tially) the stated problem in a completely non-destructive
way. In this work, the extinction spectra of the samples
were decomposed into a set of spectra calculated for cho-
sen regular structures. The GMM [16] computations were
done for various radii of nanoparticles (30 nm, 35 nm,
40 nm, 45 nm, and 50 nm) and for various interparti-
cle distances (0.25 nm, 0.5 nm, 0.75 nm, 1 nm, 1.5 nm,
2 nm, 3 nm, and 5 nm). The values of mean radii (R)
and mean distances (D) between nanoparticles forming
the aggregates of given shapes as well as their fraction
in the total number of aggregates calculated for samples
with 33.3 mM KCl and 5 mM HNO3 are presented in
Table I. The mean absolute errors (MAE) of the model
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spectra (the results of the multiplication of kernel matri-
ces C by appropriate distribution functions � column
vectors f , see Sect. 3) of colloids with KCl and HNO3

were 0.0052 (1.29% of the maximum of absorbance of a
measured spectrum) and 0.0044 (1.20%), respectively.
Looking at Table I one can conclude that the aggrega-

tion of silver nanoparticles in two of the analyzed samples
proceeded in a slightly di�erent manner. After the ad-
dition of chloride nanoparticles tended to aggregate into
more compact (cluster-like, e.g. C8 and C13) structures.
Moreover, at the moment of registration of the spec-
trum, a relatively large part of nanoparticles remained
unaggregated. The same colloid in presence of HNO3

seems to prefer the other geometric patterns of aggre-
gation (linear-chain, L3 and L4, mixed, e.g. CL13, and
star-like � S13). The obtained results should be care-
fully related to real colloids, however the slightly greater
interparticle distance in the case of using KCl may indi-
cate that the molecules of rhodamine formed a dense ad-
sorption layer preventing direct contact between metallic
particles.

Fig. 2. Local electric �eld distribution around a
densely packed cluster consisting of 13 spherical silver
nanoparticles of radius 40 nm placed in water. The dis-
tance between nanospheres used in calculations is 5 nm.
The wavelength of incident light is 420 nm.

Because the intensity of SERS provided by chloride-
activated colloids was at least 10-fold higher, it can be
supposed that in these aggregates the number and width
of interparticles junctions were more advantageous for
SERS (as in Fig. 2). In the presented work, the maximal
enhancement factor exceeded 6 orders of magnitude.

4.2. The enhancement of �uorescence emission on silica
coated silver nanoparticles

As it was shown so far, the citrate-reduced silver colloid
was capable to e�ectively enhance Raman signal. Before
the use of these nanoparticles as a MEF substrate, they
had to be coated with a dielectric layer of an appropriate
thickness. This was done following the recipe given in
Sect. 2.2. (Step 1). Colloids obtained at this stage were
then 10-fold diluted with water. In order to determine
their geometrical parameters, the extinction spectra were
recorded and DLS measurements were performed as well.
The main feature of the spectra (not presented here) was

a wide band related to the excitation of surface plas-
mons localized on silver nanoparticles. The absorbance
in this region was about 0.3. LSPR band shifted toward
longer wavelengths as the amount of added silica pre-
cursor (TEOS) increased. The collected extinction spec-
tra were analyzed using the method described in Sect. 3.
The kernel matrix C was created from the spectra (250�
700 nm) calculated on the basis of the extension of Mie
theory given by Aden and Kerker [17]. Both the radii
of silver cores and thicknesses of the outer silica shells
were computed. MAE of numerically reproduced spec-
tra ranged between 0.0029 and 0.0060 (1�2%). Fig. 3
(left graph) shows that the results obtained from both
method (regularization applied to the extinction spectra
and analysis of DLS) are consistent. The mean outer
radii of all colloids studied here are almost identical in
both cases.

Fig. 3. Geometrical parameters of silica-coated silver
nanoparticles obtained by DLS and extinction spec-
tra analysis for colloids prepared with various amount
of TEOS (left graph) and the corresponding �uores-
cence spectra of FITC adsorbed on these colloids (right
graph).

The colloids analyzed above were then used in the
proper MEF experiment. Unfortunately, some samples
were destroyed in the course of the procedure described
in Sect. 2.2 (Step 2). The remaining ones were placed
in sequence in a chamber of the spectro�uorimeter and
excited at the wavelength of 480 nm. The recorded �u-
orescence emission spectra are shown on the right graph
of Fig. 3. As one can see, the strongest signal was ob-
tained for the nanoparticles prepared with 0.3 µL TEOS
(in Step 1). Such amount of the compound corresponds
to the silica layer with an average thickness of about 20
nm. The obtained result is consistent with the observa-
tions reported in [18, 19]. Only a mild enhancement of
the �uorescence emission of FITC (approximately 9-fold
increase relative to pure 7.5 µM FITC solution) obtained
in a single attempt does not allow to draw any �rm con-
clusions. More detailed studies are needed to reveal the
nature of the observed gain. Also the method of coat-
ing the nanoparticles with silica and depositing on them
chosen �uorescent molecules requires further re�nement.
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5. Conclusions

Agglomeration of nanoparticles (and, as a conse-
quence, creation of narrow slits between them with the
so-called �hot spots�) was found to be a prerequisite for
e�cient SERS. In this work, the nitric acid, probably
due to its acidic nature, caused much stronger aggrega-
tion than KCl. However, the observed Raman signal was
signi�cantly weaker in this case. The higher SERS en-
hancement factor observed in samples treated with KCl
was the result of both the co-adsorption rhodamine 6G
and chloride ions on the surface of metal as well as the
formation of nanoparticle assemblies exhibiting optical
properties more preferred from the point of view of SERS.
An essential part of the work has been devoted to the
analysis of structures of these aggregates (and also their
e�ect on the extinction spectrum and SERS-e�ciency of
colloid). Within the analysis, the results of experimental
and computational studies were successfully confronted
with each other. The both approaches lead to the con-
clusion that nanoparticles in presence of KCl tended to
aggregate into more compact cluster-like structures while
the same colloid with the addition of HNO3 arranged into
more loose and extended structures.
The same colloid (in non-aggregated form) coated with

silica layer preventing the �uorescence quenching allowed
to observe a several-fold enhancement of �uorescence
emission of FITC. The highest �uorescence intensity was
obtained for silica shell about 20 nm thick.
The geometrical parameters of nanoparticles (radii or

radii and thicknesses of the outer layer in core-shell sys-
tems) were determined on the basis of analysis of ab-
sorption spectra. The results were consistent with those
obtained by traditional DLS methods.
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