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Abstract
In this paper we highlight the accurate spectral detection of bovine serum albumin and
ribonuclease-A using a surface-enhanced Raman scattering (SERS) substrate based on gold
nanocylinders obtained by electron-beam lithography (EBL). The nanocylinders have diameters
from 100 to 180 nm with a gap of 200 nm. We demonstrate that optimizing the size and the
shape of the lithographed gold nanocylinders, we can obtain SERS spectra of proteins at low
concentration. This SERS study enabled us to estimate high enhancement factors (105 for BSA
and 107 for RNase-A) of important bands in the protein Raman spectrum measured for 1 mM
concentration. We demonstrate that, to reach the highest enhancement, it is necessary to
optimize the SERS signal and that the main parameter of optimization is the LSPR position.
The LSPR have to be suitably located between the laser excitation wavelength, which is
632.8 nm, and the position of the considered Raman band. Our study underlines the efficiency
of gold nanocylinder arrays in the spectral detection of proteins.

1. Introduction

Surface-enhanced Raman scattering (SERS) is a powerful
technique for chemical and biological sensing applications.
Widely used for ultrasensitive chemical analysis down to
single-molecule detection [1–6] its field of application has been
expanded from chemical–biochemical analysis to nanostruc-
ture characterization and biomedical applications [7–12].

Based on the excitation of localized surface plasmons
(LSP), SERS has become a very effective tool to analyse
molecules, by greatly increasing the Raman signals coming
from molecules which have been adsorbed on metal nanosized
structures, in particular Au, Ag or Cu [13–19].

Currently most researchers agree on the existence of
two processes in the SERS effect: firstly, the enhancement
of the local electromagnetic field [20, 21] and, secondly,
the chemical enhancement [22]. The latter enhancement
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involves the interaction between electronic states of the
adsorbed molecule and the surface of the metal. This
makes possible a charge transfer between the surface and the
adsorbed molecule. This transfer may increase significantly the
polarizability of the molecule through the interactions between
the electronic states and the metal electrons. However, the
dominant contribution to the SERS enhancement is due to the
electromagnetic effect (1012 enhancement factor), while the
chemical effect contributes to the enhancement only by two
orders of magnitude. Indeed, when a metallic nanoparticle is
irradiated at the resonance frequency of the LSP, its excitation
causes a huge enhancement of the local electromagnetic field
in the metal particle vicinity and induces an enhancement of
the Raman signal of the adsorbed molecules [20, 21].

Extensive studies have revealed that the SERS intensity
strongly depends on the localized surface plasmon resonance
(LSPR) [20, 23–28]. Different papers dedicated to the study
of the influence of the LSPR position on SERS intensity
demonstrated that, for cylindrical particles, the maximum

0957-4484/10/475501+06$30.00 © 2010 IOP Publishing Ltd Printed in the UK & the USA1

http://dx.doi.org/10.1088/0957-4484/21/47/475501
mailto:marc.lamydelachapelle@univ-paris13.fr
http://stacks.iop.org/Nano/21/475501


Nanotechnology 21 (2010) 475501 C David et al

enhancement must be obtained for an LSPR wavelength
located between the laser excitation wavelength and that of the
studied Raman mode [24, 26, 29]. However, the enhancement
of the observed signal depends on many parameters, including
the nature of the metal, the molecule, the type of roughness and
the chemical environment.

The SERS effect can be obtained using different metallic
substrates such as metal island films [2, 30–34], aggregated
metal colloids [35, 36], electrochemically roughened elec-
trodes [23] or gold and silver colloidal monolayers [37]. In
spite of this, due to their complex and irregular structure these
substrates often do not lead to uniform, highly sensitive and
reproducible SERS effects.

Recent developments in nanofabrication techniques have
opened ways to overcome this limitation: nanosphere lithog-
raphy (NSL) [15] and electron-beam lithography (EBL) [24]
permit the manufacture of reproducible nanostructured sur-
faces with complex patterns. They provide an exceptional
opportunity to engineer controllable SERS substrates.

These techniques enable the fabrication of highly
reproducible patterns containing nanoparticle arrays with
different geometries, shapes and sizes [38–40]. These
parameters can be easily modified, thus leading to a spectral
shift of the LSPR throughout the visible [26, 40] and IR [41]
ranges. In these conditions, the position of the plasmon
resonance can be controlled [42]. With such substrates,
the SERS enhancement is important (∼105) and strongly
depends on the nanoparticle coverage and the position of the
studied mode with respect to the wavelength of the plasmon
resonance [43].

The present paper is dedicated to a systematic study
of SERS efficiency at 632.8 nm excitation wavelength of
gold nanocylinder arrays obtained by EBL and having
different diameters in order to develop a highly reproducible
nanobiosensor. Taking into consideration the lack of SERS
studies using these kinds of metallic gratings in the case of
biomolecules, the main purpose of our study is to determine
the influence of the position of the LSPR on the SERS intensity
of proteins.

Since SERS provides important molecular structural
information, we carried out SERS spectra of bovine serum
albumin (BSA) and bovine pancreatic ribonuclease-A (RNase-
A) in order to detect conformational changes and structural
differences regarding preferred orientations of the molecules
with respect to the metal surface [13, 43].

2. Materials and methods

The gold nanocylinder arrays are fabricated on glass substrates
by EBL and lift-off techniques (for more details see [40]). The
diameters of the nanocylinders range from 100 to 180 nm while
their heights are kept constant at 50 nm, the grating constant
between particles being 200 nm (edge to edge). The proteins,
BSA and RNase-A, were purchased from Sigma-Aldrich and
were used without further purification. All the proteins were
prepared at 1 mM concentration in high purity water. The
pH of the aqueous solutions at 22 ◦C was 7.0 for BSA and
8.6 for RNase-A. A drop of each protein was deposited on

the SERS substrate until completely dried. The extinction and
SERS spectra were recorded with a Jobin-Yvon micro-Raman
spectrophotometer (Labram 300). The extinction spectra were
recorded in transmission configuration with a 10× objective
(NA = 0.25) by removing the edge filters and on an area of
150 × 150 μm2 selected by the confocal hole. The sample was
illuminated in normal incidence with collimated white light.
The SERS spectra were measured using a 100× magnification
objective (NA = 0.90) in back-scattering geometry, with a
spectral resolution of 3 cm−1 and a spatial resolution about
1 μm. For classical Raman measurements in solution, a macro-
objective with a focal length of 40 mm was used (NA = 0.18).
All Raman measurements were carried out with the 632.8 nm
line of an He–Ne laser. The position of the band maxima
was reproducible within ±1 cm−1. The laser equivalent power
density was 1350 Wm−2 for SERS measurements.

3. Results and discussion

3.1. SERS measurements

Our SERS measurements were performed for both proteins,
BSA and RNase-A. Albumins are the most abundant proteins
in blood plasma and they act as transport proteins for numerous
endogenous and exogenous compounds [44]. BSA is an
albumin with a 66.4 kDa molecular weight and its structure
is composed of 583 amino acids. The secondary structure of
this protein is, for the most part, helical (70%) [45].

The structure of RNase-A, which plays an important
role in the hydrolysis of RNA, is more stable than that of
BSA. It contains 124 amino acids (13.7 kDa) whose spatial
arrangement describes two types of secondary structure: α-
helix and β-sheet.

The vibrational spectrum of BSA was revealed by both
classical Raman [46, 47] and SERS spectroscopy [19, 48]
a long time ago by different research teams. The spectral
assignment of this protein is well known, as well for RNase-
A which has been studied extensively by Raman [49, 50] and
SERS spectroscopy [19].

In figure 1, we present the SERS spectra measured for
BSA and RNase-A at 1 mM in aqueous solution concentration
using the lithographed gold nanocylinders as the SERS
substrate.

If comparing the SERS spectrum of BSA (figure 1(A(a.)))
with the classical Raman spectrum of BSA in powder state
(figure 1(A(c.))) or in aqueous solution at 1 mM concentration
(figure 1(A(b.))), one can note that the protein adsorption
directly on the nanocylinder arrays does not seem to induce
important conformational changes in its structure. In the SERS
spectrum, we can easily identify the amide I band (1658 cm−1),
the protein side chain deformation (1453 cm−1) or even the
contribution of the disordered α-helix structure of the BSA in
the amide III band (1252 cm−1).

On the other hand, the deposition of one drop of RNase-
A in aqueous solution at 1 mM concentration on the gold
nanocylinder arrays leads to strong conformational changes of
the protein structure. This behaviour is observed when we
compare the SERS spectrum (figure 1(B(a))) with the classical
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(A) (B)

Figure 1. (A) SERS spectrum measured for BSA at 1 mM concentration (a) with acquisition time of 100 s: comparison with the Raman
spectra of BSA in aqueous solution at 1 mM (b) and in powder state (c). The intensities were normalized with respect to the intensity of the
band located at 1658 cm−1. (B) SERS spectrum measured for RNase-A at 1 mM concentration (a) with acquisition time of 20 s: comparison
with the Raman spectra of RNase-A in aqueous solution at 1 mM (b) and in powder state (c). The intensities were normalized with respect to
the intensity of the highest band located between 1600 and 1700 cm−1.

Raman spectra in the powder state (figure 1(B(c))) or aqueous
solution of the RNase-A (figure 1(B(b))). The lack of the amide
band (around 1665 cm−1) in the SERS spectrum strongly
indicates that there is a significant change in the secondary
structure of RNase-A.

It has been shown that the vibrational bands of the aro-
matic amino acids are sensitive to the microenvironment upon
the protein folding/unfolding process [51–53]. Obviously,
the conformational change of RNase-A is highlighted by the
presence in the SERS spectrum of strong enhanced vibrational
bands specific to the different aromatic amino acid vibrations
(Trp and Phe bands located at 1614, 1370, 1203 and 797 cm−1).

From another point of view, if we look closely at the SERS
spectra, we can observe that the enhancement of the Raman
signal varies as a function of the diameters of the nanoparticles.
For a detailed analysis, we represented the SERS intensity of
one specific Raman band for each protein as a function of
nanocylinder diameters (figures 2(a) and (b)). The considered
Raman bands for BSA are the amide I band located at 1658 and
1624 cm−1 and for RNase-A the considered Raman band is that
located at 1614 cm−1 assigned to Trp and Phe ring vibrations.
The SERS intensity is estimated from the fit of the Raman
bands using a Lorentz function.

Figure 2 shows that the maximum SERS intensity for BSA
(figure 2(a)) is obtained in the case of the nanocylinder having
a diameter of about 170 nm while for RNase-A (figure 2(b))
this diameter is about 100 nm.

3.2. Estimation of the enhancement factor

We have estimated the enhancement factor of the Raman signal
of the amide I band of BSA (1658 cm−1). For this, we
have determined the number of molecules excited by the laser
beam in the case of two types of measures of BSA at 1 mM
concentration: classical Raman in aqueous solution and SERS
on gold nanocylinders. The enhancement factor per molecule

is defined as [24]

G =
(

N2

N1

)(
ISERS

Iref

)
. (1)

Here N2 represents the number of molecules excited within
the volume of the laser waist for the BSA solution at 1 mM
and N1 is the number of molecules contained in the monolayer
deposited on a gold substrate illuminated by the laser spot. The
term ISERS is the intensity of the BSA Raman amide I bands
recorded on the gold nanoparticles while Iref is the intensity
of the same bands in the BSA spectrum measured in aqueous
solution at a concentration of 1 mM.

In the case of gold nanocylinders having a diameter of
around 170 nm the collection area is about 1.5 × 10−10 m2

for a pattern that contains 665.6 nanocylinders. Taking into
account the fact that the surface of one BSA molecule is about
40×10−18 m2 and assuming that there is a single monolayer of
absorbed molecules, N1 is found to be approximately 3.75 ×
105 molecules on the nanocylinder array.

N2 was estimated from the volume of the laser waist which
is approximated to a cylinder with a radius of 150 μm and a
depth in the sample of 10 mm. The calculated volume is about
7 × 10−10 m3 (7 × 10−7 l), thus leading to an N2 value of
approximately 4 × 1012 molecules. According to formula (1),
the enhancement factor for the BSA Raman band located at
1658 cm−1 is found to be about 106.

In the case of RNase-A, we have also estimated an
enhancement factor for the vibrational band located at
1614 cm−1 in the SERS spectrum. Following the same
approach as previously, we found that the collection area is
about 8 × 10−12 m2 and contains 1012.5 nanocylinders with a
diameter of 100 nm each. Taking into account that the surface
of one RNase-A molecule is 6.0 × 10−18 m2, the number of
RNase-A molecules (N1) covering the collection area is about
1.33 × 106.

Replacing the data in equation (1), one can obtain
the estimated enhancement factor for the band located at
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(a) (b)

Figure 2. SERS intensity as a function of the nanocylinder diameters: (a) for the BSA Raman bands located at 1614 and 1658 cm−1 and
(b) for the RNase-A Raman band located at 1614 cm−1. In order to make the error bars more readable in (b) we applied a break on the Y axis
(between 0.22 and 0.78).

1614 cm−1 in the SERS spectra of RNase-A, which is about
107.

The estimated values for the enhancement factor are in
agreement with those proposed in the literature [24] and show
the efficiency of gold nanocylinders in the case of proteins.

Comparing the SERS spectra of the two proteins with their
Raman spectra in aqueous solution (as shown in figure 1), we
noted that the degradation of the secondary structure of the
protein when reacting with the metal surface could give rise
to strong Raman enhancement of some aromatic acids from
the protein structure. This fact underlines that the Raman cross
sections of the studied modes of these proteins remain the same
and the SERS effect occurs rather from the enhancement of the
local electromagnetic field. Nevertheless, the conformational
changes of the protein when deposited on the metallic surface
may be overcome by employing the functionalization of the
surface, e.g. using antibodies or other intermediate molecules.

3.3. SERS optimization: LSPR characterization

When varying shape, size and distance between the
nanoparticles, LSPR positions are shifted to a large extent
over the visible spectrum [24, 29]. Therefore we investigated
the relation between the position of the LSPR and the Raman
enhancement in order to optimize the SERS signal and to use
the substrate as a biosensor chip.

In order to find the exact LSPR wavelength to maximize
the SERS intensity, we first measured the extinction spectra
for each nanocylinder array. At first sight, these spectra
(figures 3(a) and (b)) strongly suggest that the protein
deposition on the nanocylinders leads to a redshift of the LSPR
if compared to the position of the plasmon resonance measured
in the presence of air.

The redshift of the LSPR for RNase-A is about 68 nm
(figure 3(b)) whereas that in the case of BSA is almost zero
with respect to air (figure 3(a)). BSA is a larger protein
than RNase-A. We should then assume that the deposition
of BSA at the nanocylinder surface leads to a larger change
in the dielectric constant of the surrounding medium and
thus should lead to a larger redshift of the LSPR. Since it

does not correspond to our observation, we suggest that the
dipolar mode is shifted in the near-infrared spectral range
and that the observed LSPR corresponds to the third order
of resonance. This is confirmed by the observation of an
increase in the extinction intensity for a wavelength higher
than 800 nm. We assume that this increase corresponds to
the high frequency side of the dipolar LSPR. In this latter
case, the dipolar LSPR should be located close to 950 nm,
corresponding to a shift around 250 nm. Since the third order
of resonance of nanocylinders gives lower enhancement than
the dipolar one [28], this observation can also explain the lower
enhancement factor measured for BSA compared to RNase-A.

However, to go further in our analysis, we plotted the
SERS intensity as a function of LSPR position for both
proteins, as shown in figures 3(c) and (d). Whatever the
protein is, one can observe that the maximum enhancement is
obtained for an LSPR wavelength located between the laser
excitation wavelength and that of the studied Raman mode
(that of 1658 cm−1 for BSA and of 1614 cm−1 for RNase-
A). However, due to the LSPR shift towards the third order of
resonance, there is no real maximum enhancement in the case
of BSA. These results provide evidence that the optimization
of the gold nanocylinders’ size is required in order to obtain
a high enhancement factor and a better sensitivity. Indeed,
our study is encouraging but it is obvious that it is necessary
to continue with further experiments to improve at the same
time the enhancement of the Raman signals of proteins and
the detection limit. We saw that the SERS efficiency of
these substrates is different from one protein to another and
the SERS experience from biomolecules should take into
account this consideration. It is not obvious that increasing
the nanocylinder diameter will lead to a better enhancement of
the Raman signals. In contrast, the position of resonance of
the plasmon plays a very important role in the SERS activity.
Indeed, as shown in figure 3, the optimization should not
be done on the geometrical parameters of the nanocylinders
but on their optical properties since in both cases we get the
best SERS signal for an LSPR position located between the
excitation wavelength and the Raman mode.
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(a) (b)

(c) (d)

Figure 3. Extinction spectra measured for BSA (a) and RNase-A (b) in the case of nanocylinder arrays with a diameter of 140 nm, showing
the shift of the position of the plasmon resonance due to the protein deposition on the nanoparticles with respect to the air. SERS intensity as a
function of the position of the plasmon resonance calculated for the BSA Raman bands located at 1614 and 1658 cm−1 (c) and the RNase-A
Raman bands located at 1614 cm−1 (d). The excitation wavelength (λexc) is 632.8 nm and the considered Raman band (λR) for BSA is located
at 707 nm and for RNase-A at 705 nm. In order to make the error bars more readable in (d) we applied a break on the Y axis (between 0.22
and 0.78).

On the other hand, throughout this study we demonstrate
that, by using the gold nanocylinder arrays obtained by the
EBL method, it is possible to measure SERS spectra of BSA
and RNase-A. In order to estimate the potential sensitivity
of such a substrate, let us discuss the signal-to-noise ratio
obtained with our Raman set-up. For BSA, this ratio is around
10 whereas it is around 60 for RNase-A. Thus, with such a
ratio, we assume that lower concentrations of proteins can
be detected with our SERS substrate. A limit of detection
(LOD) can be estimated to be close to 10−4 M for BSA
and between 10−4 and 10−5 M for RNase-A. These LOD
are not very low but it is known that cylinders are not the
most efficient nanoparticles to reach the highest enhancement
factor. Thus, using other structures such as nanowires or
coupled nanoparticles using EBL, we could decrease these
LOD and increase the sensitivity of our SERS substrate. These
reproducible SERS substrates can actually be used to develop
a highly sensitive nanosensor chip for pathogen biosensor
applications.

4. Conclusion

In this study, we have demonstrated that the lithographed gold
nanocylinders obtained by the EBL technique provide SERS

spectra of bovine serum albumin and ribonuclease-A at 1 mM
concentration in aqueous solution. The reproducibility of the
SERS substrate and thus of the SERS spectra of proteins
can help us to better understand the origin of the SERS
mechanism and to correlate its effects with the Raman intensity
enhancement as shown in this paper. The gold nanocylinders
are good candidates to reveal a significant SERS effect for
proteins at 1 mM concentration, with a gain/molecule of
about 105 for BSA and 107 for RNase-A. This SERS effect
depends in a critical manner on the position of the Raman band
maximum relative to the plasmon resonance wavelength. On
the other hand, we have clearly proved that the Raman gain
rises to a maximum when the LSP resonance wavelength is
located between the laser excitation wavelength and that of the
studied Raman mode.

Our results strongly suggest that these nanoparticles could
be used to manufacture a highly reproducible SERS sensor. In
order to determine the sensitivity of this SERS substrate, we
have estimated the detection limit for these two proteins under
the same experimental conditions (around 10−4 and 10−5 for
BSA and RNase-A, respectively). Greater sensitivity and a
high molecular specificity could be reached by a high degree
of control and optimization of the sensor parameters: the
nanoparticle geometrical parameters, their optical properties,
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their enhancement factor and their functionalization. With such
control, it is possible to reach a high level of reproducibility in
the selectivity and the sensitivity of our sensor and in its main
characteristics.
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