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The surface enhanced Raman spectroscopy (SERS) materials are 
of great current interest1–13 as principally new analytical tools for 
environmental chemistry and biomedical diagnostics.14–19 Almost 
all known preparation techniques of silver nanoparticles yield 
plasmonic nanoparticle ensembles with different size distribu­
tion functions; however, they are traditionally characterized by 
the medium size of nanoparticles. In these terms, UV-VIS 
spectroscopy is often used as a simple test for the presence of 
nanoparticles.17–19 However, this optical characterization seems 
to reflect nanoparticle properties in a complicated manner in the 
case of polydispersed ensembles of nanoparticles.17–19 Indeed, 
the energetic positions of plasmon resonance bands in the optical 
spectrum is substantially affected by the material, size, shape, 
and dielectric surrounding of nanoparticles; thus, the optical spectra 
contain important but not self-sufficient structural information.15,19 

In this work, we prepared a number of typical silver nano­
particle sols in accordance with the Leopold and Lendl14 proce­
dure by varying the temperature in a range of 25–60 °C with 
post-preparation ageing for two months; then, the samples were 
investigated in detail to discover key features for the SERS 
studies of biology-related objects. 

The Leopold and Lendl procedure is based on the reduction 
of silver nitrate in alkaline aqueous solutions by hydroxylamine 
hydrochloride, and such sols are a typical example of materials 
for SERS measurements. The size distribution functions of the 
sols are bimodal (Figures 1, 2); moreover, the distribution 
function parameters shift in time in a complicated manner even 
on  storage at 4 °C thus leading to different absorption spectra 
(Figure 2). The preparation route yields a silver phase in a form 
of either rounded nanoparticles with a small admixture of aniso­
tropic rods or platelets (Figure 1). A typical size of the isotropic 
nanoparticles was 10–100 nm depending on the preparation 
temperature and ageing time of the hydrosols (Figures 1, 2). The 
nanoparticles are mostly polyhedral and demonstrate pentagonal 
capping typically appeared for this system due to twinning.2,3,7,8 
The particle size distribution is not uniform, as evident from the 
TEM data, and DLS estimates silver particle sizes below 200 nm 
[Figure 1(b)]. In particular, room temperature preparation affords 
10 nm spherical nanoparticles, while other samples contain larger 
elongated particles. 

An increase in either the preparation temperature or the ageing 
time produces the red shift of the plasmonic band position by 
about 50 nm and decreases the absorption intensity of the nano­
particle ensemble [Figure 2(a)]. The DLS [Figure 2(b)] and TEM 
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The strongest plasmonic band in UV-VIS absorption spectra is commonly supposed to be a sole characteristic of the optical properties 
of silver hydrosols determining their effectiveness in surface enhanced Raman spectroscopy (SERS). However, we found that the real 
enhancement coefficients of SERS correlate well with the contribution of the smallest nanoparticles rather than with overall light 
absorption as a feature of the whole ensemble of the nanoparticles of all fractions.
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Figure  1  Microstructures of as-prepared and aged silver nanoparticle 
ensembles [transmission electron microscopy (TEM), LEO912 AB OMEGA 
(Carl Zeiss)]. (a), (c), (e) The samples prepared at 25, 40 and 60 °C, respec­
tively. (b), (d), (f) The same samples after ageing for two months. The insets 
show particle distribution functions for 200+ particles counted. 
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data (Figure 1, insets) evidence for a gradual increase in the 
medium size and a decrease in the contribution of 10 nm particles 
probably due to the Ostwald ripening. Thus, the experimentally 
obtained nanoparticle ensembles exhibit a wide distribution of 
particle sizes and shapes leading to an inhomogeneous broadening 
of the resulting plasmon resonance peaks.

Each nanoparticle makes its own contribution to the extinc­
tion spectrum in dilute sols independently of the neighboring 
particles. This assumption gives a possibility to compute the 
extinction spectrum of the particle ensemble additively as the sum 
of individual particle contributions. The discrete dipole approxi­
mation method15,16 is a useful and versatile computational tool 
for testing the absorption, scattering and extinction properties of 
nanoparticles with arbitrary shapes. Some experimental results 
of such a simulation are displayed in Figure 3. 

First, it is obvious that any ensemble of spherical particles 
does not physically give a broad extinction spectrum observed 
experimentally (Figure 2) since isotropic particles possess a very 
narrow plasmon peak; moreover, this narrow peak is red shifted 
by only 15–20 nm even if the particle size becomes several times 
larger.17–19 Figure 3(a) shows that the peak of 10 nm spherical 
particles is located at about 400 nm, as is well known. Much 
larger, almost isotropic 40×40×48 ellipsoids have two peaks at 
about 405 and 425 nm; therefore, even a small anisotropy gives 
already a contribution to the red-shifted part of the overall extinc­
tion spectra. Other components are given to simulate anisotropy 
of the overall spectrum. 

If slightly anisotropic large silver nanoparticles are present 
while a fraction of the smallest isotropic 10 nm nanoparticles is 
negligible [Figure 3(a)], the spectrum resembles that observed 

for original experimental samples since the elevated preparation 
temperature washes out small silver nanoparticles (10–15 nm). The 
shape of overall extinction spectra 2 in Figure 3(a) is broadened, 
more absorption and scattering occur at the blue end of the 
spectrum. Further drastic changes in the shape of spectrum 3 in 
Figure 3(a) occur with broadening in a range of 350–550 nm, 
like for the real spectra in Figure 2; actually its median position 
at 450 nm corresponds to nothing real since this is a sum curve 
of different contributions from several fractions of the nanopar­
ticle ensemble. Such a shape evolution has the same tendency as 
that experimentally observed for the aged samples (Figures 1, 2). 
Note that this analogy is achieved due to an introduction of a 
rather small anisotropy of the particles allowing them to con­
tribute to the red shoulder of the spectra. The TEM data (Figure 1) 
confirm that, indeed, all the samples contain both polyhedral 
spherical and ellipsoidal nanoparticles while particle size dis­
tribution after the  ageing of original nanoparticle ensemble 
(Figures 1, 2) is consistent with the assumptions presented in 
Figure 3. 

Surprisingly, SERS enhancement parameters are not so dras­
tically different for various samples (Figure 4) although particles 
larger than 80–100 nm do not actually contribute to SERS20 and 
this means that aged samples or samples prepared at 40–60 °C 
could not demonstrate bright SERS spectra. We assume that the 
contribution of remaining small nanoparticles compensates the 
lost SERS activity due to the growth of other nanoparticles. 
Therefore, it is meaningless to correlate artificially the SERS 
enhancement and the average size of the entire particle size 
distribution (or plasmonic band position21) because the concen­
tration of small nanoparticles seems much more important for 
SERS. 

Thus, the optical properties of the test ensembles of silver 
nanoparticles allowed us to believe that a mean particle size and 
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Figure  2  Characteristics of particle distribution functions of hydrosols and 
their optical properties. (a) UV-VIS absorption spectra; I, II and III – 
samples prepared at 25, 40 and 60 °C, respectively [Lambda 35 (Perkin-
Elmer)]; ageing times, (1) a day, (2) a week, (3) a month and (4) two months. 
(b) Particle size distribution (Malvern Zetasizer Nano ZS instrument; 25 °C; 
He–Ne laser, 4 mW; wavelength, 632.8 nm; beam diameter, 0.63 nm). The 
scattering and detection angles were 175 and 12.8°, respectively. The samples 
were placed in standard Malvern zeta potential disposable capillary cells 
and polystyrene cuvettes for zeta potential and size measurements, respec­
tively. All the measurements were repeated several times. (1) The sample 
prepared at room temperature, (2) the same sample, aged for two months, 
(3), (4) preparation at 60 °C and ageing for two months, (5), (6) a similar 
group prepared at 60 °C.
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Figure  3  Discrete dipole approximation of the simulated extinction spectra 
of nanoparticle ensembles with different contributions of rounded and 
slightly elongated silver particles. (a) Plasmonic bands for a mixture of 
70×70×105, 40×40×60, 70×70×84, 40×40×48 nm ellipsoids and 10 nm 
spheres with contributions (%) of (1) 10:10:10:30:50, (2) 35:10:35:10:10 and 
(3) 50:20:20:10:0. (b) Spectral components of the simulated spectra: (1) 10 
and (5) 70 nm spheres, (2) 10×10×15 nm, (3) 40×40×60 nm, (4) 40×40×48 nm, 
(6) 70×70×84 and (7) 70×70×105 nm ellipsoids (DDA method based on the 
DDSCAT 7.1 software15 for aqueous surrounding and the number of dipoles 
of 6×104–9×104).
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the complex morphology is not the only reason for usually 
observed broad plasmonic peaks but it is particle size distribution 
peculiarities that contribute substantially to the overall optical 
properties of the nanoparticles and SERS enhancement parameters.
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Figure  4  SERS spectra of cytosolic hemoglobin recorded using different 
hydrosol samples under 514 nm laser illumination. Raman spectra of (1) 
diluted hemoglobin used for SERS measurements and (5) the original 
solution of hemoglobin before dilution, (2)–(4) hydrosol samples prepared 
at (2) 25, (3) 40 and (4) 60 °C. The cytosolic hemoglobin was isolated 
from  the cytoplasm of red blood cells taken from male Wistar rats using 
a  phosphate buffer with pH 7.2 and diluted by a factor of 104. SERS 
measurements were optimized for each type of silver nanoparticle sols by 
adjusting a volume ratio between cytosolic hemoglobin and silver nano­
particle solutions and selection of the highest enhancement factor of the 
SERS signal. An optimal ratio between silver sols and diluted hemoglobin 
was 2 : 3. The inset shows the structural formula of heme b that gives SERS 
spectrum of hemoglobin. 


