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Surface-enhanced Raman scattering is the phenomenon where a huge increase of Raman scattering intensity
from molecules situated close to the metal nanoobjects is observed. Our study is focused on the method of SERS-
activation of silver nanoparticles and, in the future, the application of thus obtained SERS substrates for biomedical
purposes. As expected, the intensity of Raman scattering from rhodamine 6G used here as a SERS probe strongly
increase during the early stages of aggregation of silver sol. Moreover, the evolution of extinction spectra and
changes in the degree of the colloid aggregation observed in DLS measurements point out that molecules of the
dye do not participate passively in the aggregation process but greatly a�ect its course.
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1. Introduction

The recent great interest in noble metal nanoparti-
cles is related to their ability to amplify the light scat-
tered from molecules adsorbed on them. This optical
phenomenon called surface-enhanced Raman scattering
(SERS) was discovered and described in the 70's of 20th
century [1, 2] but still remains the subject of intense re-
seArchiv. More recently SERS have also begun to be
used as a microanalytical tool in biotechnological and
biomedical study.

SERS is a combination of two mechanisms. The main
contribution to the SERS originates from electromagnetic
mechanism (EM) [3]. It is related to the resonance of sur-
face plasmons localized on the metallic nanostructures
that arises when the frequency of light matches the os-
cillation frequency of free conduction electrons of metal.
Molecules adsorbed on the surface (or located in a close
proximity) of nanoparticles are a�ected by electric �eld
much stronger than in the absence of metal. The second
contribution to the enhancement is a short-range reso-
nant mechanism of chemical nature. This mechanism
leads to the increase of molecular polarizability, mainly
due to the formation of charge-transfer (CT) complexes
between metal and adsorbate, and requires molecules to
adsorb directly on the nanostructures, in so-called �active
sites� [4].

The average intensity of Raman scattering from
molecules dissolved in suspension containing dispersed
isolated silver nanoparticles increases by a few orders of
magnitude (typically about two orders) in comparison to
pure solution (without silver nanoparticles) but this en-
hancement is still insu�cient for practical SERS applica-
tions. The method to obtain signi�cantly stronger SERS
signal consists in partial aggregation of colloid [5]. It is
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based on the fact that the extremely high electric �eld is
induced in the junction between closely spaced nanopar-
ticles, in so-called �hot-spots�. The intensity of light Ra-
man scattered by molecules occupying such places may
rise up to 11-12 orders of magnitude [6]. This means that
the total enhancement (the result of both mechanisms,
EM and CT) makes possible the detection of SERS sig-
nal from a single molecule. Phenomenon of such giant
enhancement was �rst observed in 1996 [7, 8].
The e�ect of chloride on the SERS-activation of silver

colloid is well known [9]. Chloride ions reduce repulsive
forces between nanoparticles and promote their aggrega-
tion. On the other hand, chloride can act like a catalyst
in adsorption of various molecules on silver surface. The
e�ect of various amount of chloride on the rate of ag-
gregation (in the silver nanoparticles/chloride ions/SERS
probe molecules system) has been the subject of earlier
authors' works. The purpose of this paper is to �nd out
what is the role of analyte (a compound used as SERS
probe) in the aggregation of nanoparticles.
Rhodamine 6G is used in this work both as a SERS

probe adsorbate and the aggregating agent. This cationic
xanthene dye is widely used in industry (as a dye
or gain medium in dye lasers) but also in biochem-
ical and biomedical application, for example in �uo-
rescence labeling. The most direct method that al-
lows to examine the SERS-activity of silver nanoparti-
cles/KCl/rhodamine system is to record the Raman spec-
tra of analyte. However, the analysis of SERS spectra can
not give complete information about the mechanisms be-
hind the observed enhancement, so in this work also other
experimental techniques are used.
Studies presented in this paper are expected to con-

tribute to the development of methods for obtaining
small aggregates (composed of only a few nanoparti-
cles) with SERS-active molecules trapped inside (in �hot
spots�) that will be preserved and protected from the en-
vironment by encapsulation in durable and biocompati-
ble shells (a similar idea is presented in [10]). Therefore,
understanding the mechanisms of adsorption of SERS

(965)

http://dx.doi.org/10.12693/APhysPolA.123.965
mailto:skrusz@cm.umk.pl


966 S. Kruszewski, M. Cyrankiewicz

probe molecules on the surface of the nanoparticles and
their in�uence on the aggregation is particularly impor-
tant. During further work, present authors intend to
functionalize thus obtained systems with targeting lig-
ands (antibodies) capable of recognizing and binding to
speci�c receptors (antigens) on the surface of bacteria,
viruses, or tumour cells. These systems can be perfect for
Raman imaging and/or simultaneous detection of multi-
ple antigen (by di�erent functionalization of nanoparti-
cles labeled with di�erent SERS marker molecules).

2. Experimental

2.1. Materials

Silver nitrate (AgNO3), trisodium citrate
(Na3C6H5O7.2H2O) and potassium chloride (KCl)
were obtained from POCh S.A. (Poland). Rho-
damine 6G was purchased from Sigma-Aldrich. Mili-Q
grade water (18.2 MΩm) was used for the preparation of
all solutions.

2.2. Silver colloids production and samples preparation

The nanoparticles used in experiments were prepared
using a slightly modi�ed Lee and Meisel method [11].
For studies carried out in this work silver nanoparticles
are obtained by mixing of 100 ml of 1 mM silver nitride
with 2 ml of 1% aqueous solution of trisodium citrate.
The last solution was added in 4 portions. First portion
(0.2 ml) was added after silver nitride solution heating
to temperature of 90 ◦C. Next, the solution was heated
to about 96 ◦C and after 20 minutes, the second portion
equal 0.6 ml was added. The next portions (3rd and 4th)
each equal 0.6 ml were added after next 15 and 30 min-
utes, respectively. After adding the last portion, the tem-
perature was still kept at 96 ◦C for about 30 minutes, and
content of �ask was occasionally stirred. Finally, the re-
sultant mixture was cooled down to room temperature
and replenished to the initial volume by addition of pure
water. For further studies (i.e. SERS and extinction
spectra measurements and particle sizing by DLS) it was
5-fold diluted in water. The colloid obtained in such a
way was stable and its extinction spectrum (as well as
the SERS-e�ciency) did not change for a long time (at
least a few months). The stability of the colloid is the
result of presence of a negatively charged citrate layer on
the surface of nanoparticles [12].
KCl was used as the primary aggregating agent. All

samples containing colloids with appropriate amount of
this compound were shaken on vortex stirrer for 30 s after
addition. Then the analyte (rhodamine 6G) was added
and mixing was continued for next 30 s. The thus pre-
pared material was then transferred into three measuring
cuvettes. The measurements were started immediately
after the preparation of each sample.

2.3. Instrumentation

The absorbance spectra were collected using a two-
beam V550 (Jasco Inc., USA) spectrophotometer in stan-
dard 10 mm path length optical glass cells. The time of
single scan of extinction spectrum was about 140 s.

The particle sizes were determined by photon correla-
tion spectroscopy [13]. Fluctuations of the intensity of
dynamically scattered light (DLS) were analyzed on the
system composed of a photon counting unit Photocor-
PC1 (based on Hamamatsu R6358-10 photomultiplier)
and 128-chanells Photocor-FC correlator working in lin-
ear spacing mode. Both devices were purchased from
Photocor Instruments Inc., USA. The power of the in-
cident beam (632.8 nm light from a He-Ne laser source)
was adjusted with circular variable neutral density �l-
ter (Thorlabs Inc., USA) and a width of the beam was
reduced by using lenses and pinholes. Scattering angle
was set to 90◦. The laser light was polarized perpen-
dicularly to the scattering plane. The single accumula-
tion of scattered light took 15 s after which correlator
was stopped, read, and restarted. The obtained autocor-
relation functions were analyzed by means of originally
developed Matlab scripts.
SERS spectra were recorded on DK480 (Spectral Prod-

ucts Inc., USA) 0.5 m spectrometer equipped with
Atla U30-OE camera (Apogee Imaging Systems Inc.,
USA) with open-electrode front-illuminated CCD sen-
sor and programmable thermoelectric cooler. Both
the monochromator and the camera were controlled by
KestrelSpec software (Catalina Scienti�c Corp., USA).
The spectra were excited by 632.8 nm line of 35 mW
He-Ne laser (Coherent Inc., USA). The acquisition time
was 15 s. To improve the precision of measurement, each
recording of SERS spectrum was followed by 15 s accu-
mulation of dark signal in order to perform appropriate
background correction.

3. Results and discussion

3.1. SERS spectra of rhodamine 6G on silver
nanoparticles

In the spectrum of light scattered in SERS (and normal
Raman as well [14]) process one can distinguish several
narrow bands corresponding to the normal vibrations of
the molecule. Fig. 1 shows series of spectra recorded for
selected sample within the �rst hour after preparation.

Fig. 1. Sample set of SERS spectra of rhodamine 6G
on silver colloid recorded during 1-hour experiment.
The four regions (A, B, C and D) are described in the
text. Elastic scattering and Raman (1510 cm−1) bands
are marked with ellipses.
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As it can be seen in Fig. 1, in the whole measurement
range one can distinguish four areas di�erent from each
other. In the anti-Stokes area designated by �A�, sec-
ondary lines of helium-neon laser overlap the relatively
week Raman bands. In the range marked with �B�, light
reaching the detector is signi�cantly attenuated by the
Notch �lter. In this region only elastically scattered
He-Ne laser line (632.81 nm) emerges from the back-
ground. Spectral range with dominant rhodamine 6G
Stokes bands is labeled by �C�. It should be mentioned,
that in this region the secondary laser lines are also
present and their intensity sometimes can be compara-
ble with the intensity of Raman bands (especially He-Ne
line at about 1650 cm−1). In the last area marked with
�D�, only weaker laser lines can be distinguished.
In Fig. 1, the Mie-Rayleigh and the most prominent

Raman band of rhodamine 6G at 1510 cm−1 (related to
the motion of the xanthene ring) are enclosed with elon-
gated ellipses. The intensity of these two lines will be
used in the next section of this paper as the indicator of
SERS e�ciency during aggregation of silver nanoparti-
cles.

3.2. Time- and rhodamine 6G concentration-dependence
of colloid aggregation

SERS experiment. As it was shown above, the in-
tensity of Raman spectra of rhodamine 6G on silver col-
loid varies during experiment. This variation is the result
of many factors. It mainly depends on the kinetics of an-
alyte adsorption on the silver surface and on the progress
of nanoparticle aggregation.
The plots in the Fig. 2 show some interesting depen-

dencies. In the case of higher concentrations of rho-
damine 6G, the Raman signal drops monotonically start-
ing already from the beginning of the measurement se-
ries, while for lower concentrations of dye the maximum
of SERS intensity is reached only after a certain time.
For rhodamine concentrations of 10 nM and lower, even
after an hour the measured signal continues to rise.
Similar trend is observed for the Mie and Rayleigh scat-

tering. The maximum of intensity of elastically scattered
light is achieved earlier for the sample containing higher
amount of rhodamine. For the concentration of analyte
higher than 0.1 µM, the maximum was reached already
during recording of the �rst spectrum. This behavior can
be interpreted as a consequence of rapid aggregation and
(probably) partial sedimentation of colloid. The initial
increase in the Mie-Rayleigh signal in the case of smaller
concentration of dye can be related to formation of small
aggregates that exhibit strong scattering near 633 nm.
Our numerical calculations prove that small assemblies of
silver nanoparticles approximately equidistant from each
other (1-2 nm) strongly scatter the light within the red
range [15].
The increase of SERS signal of rhodamine 6G during

the measurement series is the e�ect of the adsorption of
dye on silver surface as well as the result of the formation
of aggregates with �hot spots�. Both processes do not run
immediately and require some time. On the other hand,

Fig. 2. The changes of the intensity of Mie and
Rayleigh scattering (�lled circles) and Raman Stokes
scattering 1510 cm−1 (open circles) bands over time
recorded for rhodamine 6G on silver sol with 25 mM
KCl at the following dye concentrations: (A) 1 µM,
(B) 0.32 µM, (C) 0.1 µM, (D) 32 nM, (E) 10 nM,
(F) 3.2 nM and (G) 1 nM.

the averaged electric �eld around nanoparticle ensembles
per one nanoparticle decreases with the size of aggregates
(with the number of nanoparticles constituting the aggre-
gates). Moreover, large aggregates become too heavy to
�oat freely in a suspension and begin to fall to the bottom
of a cuvette together with the dye molecules adsorbed on
them.

The largest SERS intensity can be observed for sam-
ple with 0.3 µM rhodamine. It can be assumed that this
corresponds to the situation when the large part of an-
alyte molecules was adsorbed on the surface of colloid
aggregated to the extend at which a su�cient number of
�hot-spots� was formed inside aggregates.

Analysis of extinction spectra. Processes oc-
curring in the studied systems which determined their
SERS-e�ciency were also re�ected in the evolution of
the extinction spectra. The most important common fea-
ture of all spectra presented in Fig. 3 is a wide band (at
400-450 nm) related to the dipole plasmon resonance of
unaggregated nanoparticles. The second spectral feature
is absorption band of rhodamine 6G at 527 nm. The
third one is broad band that arises in the red and near
infrared region. The latter two features are observed only
at higher concentration of rhodamine.

As one can see in Fig. 3, the extinction in violet-blue
region signi�cantly decreases as the concentration of the
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Fig. 3. The temporal evolution of extinction spectra
of rhodamine 6G on silver sol with 25 mM KCl at the
following dye concentrations: (A) 1 µM, (B) 0.32 µM,
(C) 0.1 µM, (D) 32 nM, (E) 10 nM, (F) 3.2 nM and
(G) 1 nM.

dye rises that can be unambiguously interpreted as reduc-
tion in the number of isolated nanoparticles. An argu-
ment in support of this interpretation is the appearance
of the second extinction band above 600 nm indicating
(according to the theoretical predictions [16]) the forma-
tion of small assemblies of nanoparticles.

One can see that the extinction band related to the
plasmon resonance of individual silver nanoparticles con-
sistently decreases during 1-hour observation. The rate
and extent of these changes strongly depend on the con-
centration of rhodamine 6G. Their dynamics increases
with the amount of the dye. One can also notice that the
red band in extinction spectrum shifts to longer wave-
lengths with time. This shift is related to the increasing
size of aggregates and further closing the distance be-
tween nanoparticles (see [15]).

Particle sizing by DLS. Fig. 4 shows the tempo-
ral changes of hydrodynamic radii of aggregates. These
parameters (RH or RH1 and RH2, respectively) were
calculated on the basis of Stokes-Einstein equation [17]
where translational di�usion coe�cients were obtained
from one- or two-exponential analysis of autocorrelation
function of time-dependent �uctuations in the scattering
intensity.

Considering the fact that the amount of rhodamine in
all samples was many orders of magnitude lower than

Fig. 4. The changes of hydrodynamic radii (the
method of calculation is described in the text) of sil-
ver sol with 25 mM KCl and various amounts of rho-
damine 6G: (A) 1 µM, (B) 0.32 µM, (C) 0.1 µM,
(D) 32 nM, (E) 10 nM, (F) 3.2 nM and (G) 1 nM.

the amount of KCl, one could expect that the in�uence
of the dye on the aggregation process should be negligi-
ble. However, DLS measurements clearly show that the
aggregation rate depends heavily on the concentration of
rhodamine. The aggregation proceeds much faster for
higher concentration of the dye. It seems that this e�ect
should be smaller at lower concentrations of chlorides but
further research work is necessary to con�rm this suppo-
sition.

3.3 The enhancement of Raman signal of rhodamine 6G
on silver sol

Fig. 5 shows normal Raman spectrum of 0.2 mM water
solution of rhodamine 6G and the highest intensity SERS
spectra of the 1 nM and 10 nM rhodamine 6G on silver
colloid, respectively. The appearance of a disproportion-
ately high peak at 1650 cm−1 is the result of overlapping
Raman band and un�ltered laser line.
By measuring the (background subtracted) height of

the chosen Raman band (the best choice seems to be a
line at 1510 cm−1) in normal Raman and SERS spectra,
one can determine the SERS enhancement factor. It can
be calculated from the following formula:

EF =
ISERS

INR
· CNR

CSERS
, (1)

where CSERS and CNR are concentrations of analyte for
SERS and normal Raman measurement, respectively,
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Fig. 5. The comparison of normal Raman spectrum of
rhodamine 6G at concentration of 0.2 mM and SERS
spectra of the dye on silver colloid at concentrations
of 1 nM and 10 nM (left panel). Stokes and anti-Stokes
Raman bands shown in the common axis of Raman shift
(right panel).

and ISERS and INR are the corresponding intensities of se-
lected vibrational bands. Usually, the intensity of vibra-
tional bands is very week in comparison to �uorescence
background but in the presented case (633 nm He-Ne
laser line is far from the absorption/excitation maximum
for rhodamine 6G) it is relatively easy to state that maxi-
mum enhancement approaching a factor of about 3×107.
The observed SERS enhancement is, in fact, an aver-

age over all places occupied by molecules of rhodamine
within the whole scattering volume. Locally (outside and
inside aggregates) enhancement factor can vary from val-
ues near unity to values exceeding 1011. The high en-
hancement that was achieved in our experiments allowed
the observation of anti-Stokes lines (see right panel of
Fig. 5). Recording and analysis of the spectra in this
range is the method to overcome completely the problem
of unwanted �uorescence.

4. Conclusions

The fact that silver nanoparticles aggregate upon ad-
dition of chloride-containing compounds is well known
and widely described in the relevant literature. How-
ever, there are no in-depth studies on the e�ect of rho-
damine 6G on the rate of aggregation and the size of
formed aggregates. Presented experiments con�rm that
potassium chloride is necessary (in presented case) to ini-
tiate the aggregation of silver nanoparticles. Moreover,

the obtained results point out that the presence of rho-
damine 6G de�nitely a�ects the �ow of this process and
this impact strongly depends on the concentration of dye.
Presented observations are qualitative only but, in the

future, they certainly will be helpful to determine, con-
trol, and monitor the optimal conditions for preparation
of SERS-active �nanocapsules�.
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