
Bioanalytical Methods
DOI: 10.1002/anie.200804518

SERS Labels for Red Laser Excitation: Silica-Encapsulated SAMs on
Tunable Gold/Silver Nanoshells**
Bernd K�stner, Magdalena Gellner, Max Sch�tz, Friedrich Sch�ppler, Alexander Marx,
Philipp Str�bel, Patrick Adam, Carsten Schmuck, and Sebastian Schl�cker*

The interaction of functional nanomaterials with biomole-
cules is a central topic in nanobiotechnology.[1] Detection,
labeling, and sensing of biomolecules are just a few examples
of applications.[2] Surface-enhanced Raman scattering
(SERS), an ultrasensitive technique of Raman spectroscopy
for molecules near metallic nanostructures, plays an increas-
ingly important role in this research area.[3] In comparison
with established labeling approaches such as molecular
fluorophores, SERS-based detection schemes offer several
unique advantages. A very important benefit is the tremen-
dous multiplexing capacity of SERS: the enormous potential
for the parallel detection of numerous target molecules with
SERS labels is a result of the small linewidth of vibrational
Raman bands.[4] From a practical point of view, simultaneous
excitation of the characteristic spectral signatures from
various distinct Raman labels requires only a single laser
wavelength. Additional important aspects are the quantifica-
tion of target molecule concentration and the extreme
sensitivity of SERS, particularly SERRS (surface-enhanced
resonance Raman scattering).[5]

Various nanoparticle probes for the detection of pro-
teins[6] and nucleic acids[7] by SERS/SERRS are already
available. One major difference in their designs is that they
are based either on a self-assembled monolayer (SAM) of
Raman label molecules on the nanoparticle surface or on the
encapsulation of a submonolayer of Raman labels. An

encapsulated SAM, i.e., the combination of both important
features, however, has not been reported so far.

The presence of a SAM on the nanoparticle surface has
several key benefits. For example, coadsorption of molecules
other than Raman labels is eliminated or at least minimized,
thereby avoiding interference with unwanted spectral con-
tributions. Additionally, a SAM ensures maximum coverage
of the nanoparticle surface with Raman reporter molecules,
thereby providing maximum SERS sensitivity for a given
Raman label. Spectroscopically, the uniform orientation of
the reporter molecules relative to the surface normal of the
nanoparticle leads to narrow and reproducible Raman bands
from only a small number of normal modes (SERS selection
rules[3a]). These properties are all extremely important in
terms of multiplexing. Particle aggregation and desorption of
Raman label molecules from the nanoparticle surface are two
major drawbacks of this concept because the SAM and the
solvent environment are in direct contact. Encapsulation,
however, would eliminate or at least minimize these dis-
advantages, resulting in both chemical and mechanical
stability. A protective shell can be accomplished with differ-
ent materials such as silica and polymers including pro-
teins.[1,2] In particular silica is attractive because of its
potential for long-term storage of the SERS labels. Earlier
designs for silica-encapsulated SERS labels were based on the
coadsorption of Raman reporter molecules together with
SiO2 precursors on the nanoparticle surface.[8] However, this
approach does not provide a complete and densely packed
SAM, with the advantages discussed above.

We report here, for the first time, the silica encapsulation
of a SAM on metallic nanoparticles (Figure 1). In this
approach the advantages of both the SAM and the silica
shell are integrated into a single functional unit. Using a SAM
on gold/silver nanoshells, which are optimized for red laser
excitation, we find that our SERS labels for bioanalytical

Figure 1. Structure of silica-encapsulated and biofunctionalized SERS
labels. Left: Gold/silver nanoparticle with a SAM of Raman label
molecules (red) and a protective silica shell with amino groups (gray).
Middle: heterobifunctional polyethylene glycol spacer. Right: monoclo-
nal antibody for antigen recognition.
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applications give signals approximately 180 times more
intense than those of other labels based on single gold
particles. SERS mapping experiments combined with scan-
ning electron microscopy (SEM) document reproducible
SERS signals on a particle-to-particle basis. Finally, the
application of these improved nanoparticle probes in SERS
microscopy[9] for selective imaging of a target protein in a
prostate tissue sample is demonstrated.

Our approach to SERS labels for biomedical applications
presented here (Figure 1) is based on single colloidal gold/
silver nanoshells with tunable plasmon resonances in the red
to near-infrared region.[10, 11] This is important because long-
wavelength laser excitation minimizes cellular or tissue
autofluorescence, which degrades the signal-to-background
ratio and image contrast. In particular, it is important for
applications in vivo.[12] The gold/silver nanoshells form the
SERS substrate, which is completely covered with an organic
SAM of Raman labels.[9b, 11a] The outermost shell of silica has
not only a protective function, but it also allows efficient
bioconjugation.[13] Nanoparticle encapsulation and function-
alization are therefore essential for obtaining the required
selectivity, sensitivity, and stability.

Gold/silver nanoshells were prepared according to proce-
dures published by Xia and co-workers.[10] The average
diameter is about 60 nm, the shell thickness is about 5 nm
(Figure 2). Silica encapsulation for SAM protection and

further biofunctionalization was achieved by coating the
SAM with a polyelectrolyte (layer-by-layer deposition) and
then growing the silica shell by a modified St�ber method.[14]

In this polyelectrolyte method, the SAM is first covered with
poly(allylamine hydrochloride) and then coated with poly-
vinylpyrrolidone. Growth of the silica shell is achieved by
using an ammonia/2-propanol mixture and tetraethylorthosi-
licate (TEOS) in 2-propanol. The TEM pictures of the silica-
encapsulated gold/silver nanoshells in Figure 2 document the
high reproducibility of this method. In Figure 2 a, the gold/
silver nanoshell is covered with a silica shell roughly 10 nm
thick. A thicker silica shell (� 25 nm) is obtained by increas-
ing the amount of TEOS (Figure 2b, c).

In order to demonstrate that the nanoshells give reprodu-
cible SERS signals on a particle-to-particle basis, we per-
formed a combined SERS/SEM experiment (Figure 3). The

SEM image (Figure 3a) shows that the majority of particles
are monomers and that only a small fraction (15–16 %) are
encapsulated dimers. The overlaid false-color SERS image
was obtained in a Raman mapping experiment on the same
particles (Figure 3b). The bright pixels indicate that the few
dimers have a high signal strength. The corresponding SERS
spectra (Figure 3c) demonstrate that the SERS signals are
reproducible. The Raman label precursor was 5,5’-dithiobis(2-
nitrobenzoic acid), which exhibits dominant SERS bands at
roughly 1340 cm�1 (symmetric NO2 stretch), and at 1050 and
1550 cm�1 (phenyl ring modes).

The presence of a SAM on a SERS substrate has several
important implications. One aspect is the number of bands
observed in the corresponding spectra. Figure 4 shows a
comparison between 4-mercaptobenzoic acid (4-MBA) as a
SAM and rhodamine 6G (R6G) on gold/silver nanoshells. It is
obvious that the presence of a SAM is beneficial in terms of
multiplexing: the SERS spectrum of 4-MBA (Figure 4 a)
exhibits only two dominant SERS bands at 1082 and
1592 cm�1, while many more peaks are observed in the R6G
spectrum (Figure 4b).

The signal strength of the SERS labels is a further very
important aspect. Here, the advantages of a complete SAM
comprising only Raman label molecules is most evident: it
provides the maximum surface coverage and therefore the
highest possible sensitivity. In Figure 5a the higher sensitivity
of a complete SAM compared with that of a submonolayer
coverage of Raman labels, both on the same SERS substrate,
is evident. Colloidal solutions of gold/silver nanoshells were
incubated with a) 4-MBA and b) a 1:9 mixture of 4-MBA and
3-mercapto-n-propyltrimethoxysilane (MPTMS), both in eth-

Figure 2. TEM images of silica-encapsulated SERS labels with silica
shells �10 nm (a) and �25 nm (b,c) thick. The diameter of the gold/
silver nanoshells is �60 nm.

Figure 3. a) Scanning electron microscopy (SEM) image of silica-
encapsulated SERS labels on a silicon wafer. b) False-color SERS map
overlaid with the SEM image. c) SERS spectra obtained from squares
labeled 1–8 in (b). The Raman label precursor molecule is 5,5’-
dithiobis(2-nitrobenzoic acid).
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anol/polyvinylpyrrolidone. This and other stoichiometries
(1:20) were used in prior approaches for silica encapsulation
of SERS labels, in which MPTMS makes the nanoparticle
vitreophilic.[8] SERS signals of the Raman label (4-MBA)
were normalized to the Raman band of ethanol at 882 cm�1.
For the complete monolayer coverage, the SERS signals were
22� 5 (n = 3 measurements) times more intense than those of
the submonolayer coverage (Figure 5a). In addition to the
maximum surface coverage with approximately 45 000 Raman

labels,[15] also the efficiency of the SERS substrate upon red
laser excitation must be considered (see the Supporting
Information).[11b] The comparison between gold/silver nano-
shells and gold nanospheres as SERS substrates is shown in
Figure 5b. In both cases the same Raman label precursor, 5,5’-
dithiobis(2-nitrobenzoic acid), was used. 60 nm gold/silver
nanoshells exhibit 4.6� 0.7 (n = 4) times more intense signals
than gold nanospheres of the same size. Both colloidal
solutions were filtered with 220 nm and 100 nm filters to
remove dimers and then measured at same optical densities.
According to Mie calculations, the extinction coefficient of
the 60 nm gold/silver nanoshells is 1.7 times larger than that of
the gold nanospheres (see the Supporting Information). This
is equivalent to a roughly eightfold increase in sensitivity for
the same particle concentration. Together, the two parame-
ters—surface coverage (SAM vs. submonolayer) and SERS
efficiency of the substrate (Au/Ag shell vs. Au sphere)—result
in an increase in overall brightness by a factor of � 176 = 22 �
8 compared with existing SERS labels based on single gold
nanospheres with submonolayer coverage.[8]

The improved SERS labels were tested for tissue imaging,
using prostate-specific antigen (PSA) as the target protein.
The corresponding immuno-SERS labels contain approxi-
mately 225 antibody copies per nanoparticle (see the Sup-
porting Information). SERS microscopic experiments with
red laser excitation clearly demonstrate the specific binding of
SERS-labeled PSA antibodies in the epithelium of the
prostate combined with high signal levels and minimal
autofluorescence (see the Supporting Information).

Experimental Section
Silver nitrate, polyvinylpyrrolidone (PVP), ethylene glycol,
tetrachloroauric(III) acid (HAuCl4), 5,5’-dithiobis(2-nitrobenzoic
acid) (DTNB), 4-mercaptobenzoic acid (4-MBA), poly(allylamine
hydrochloride) (PAH), tetraethoxyorthosilicate (TEOS), 3-amino-n-
propyltrimethoxysilane (APTMS), 3-mercapto-n-propyltrimethoxy-
silane (MPTMS), 2-propanol, ethanol, and phosphate-buffered saline
(PBS) were purchased from Sigma/Aldrich/Fluka. Succinimidyl-[(N-
maleimidopropionamido)(dodecaethylenglycol)] ester (heterobi-
functional cross-linker) was purchased from Pierce Biotechnology.
Monoclonal mouse antihuman prostate-specific antigen (PSA) was
obtained from Dako cytomation. In all reaction steps ultrapure water
(18.2 MW) was used.

Silica encapsulation of SAM-coated SERS labels: The synthesis
of SERS labels is described in the Supporting Information. The
colloidal SERS label solution was centrifuged twice (40 min,
4000 rpm) to remove excess Raman label molecules and then
redispersed in water. This solution was added dropwise with vigorous
stirring to an aqueous solution of PAH (2 gL�1 PAH and 3.5 gL�1

NaCl in water), which had been sonicated for 15 min. The solution
was stirred for 3 h and then centrifuged for 40 min at 4000 rpm. The
gold/silver colloid was redispersed in H2O and added dropwise to an
aqueous PVP solution (4 gL�1 PVP in H2O). The solution was then
stirred and allowed to react overnight. The solution of polyelectro-
lyte-coated particles was centrifuged twice at 4000 rpm for 40 min and
redispersed in a mixture of water and 2-propanol. A mixture of
ammonia and 2-propanol (4 vol % NH3) was added. TEOS (1 vol%
TEOS in 2-propanol) was added with vigorous stirring in six portions
over 6 h. The thickness of the silica shell can be changed by adjusting
the amount of TEOS. A similar procedure was used for the silica
encapsulation of cetyltrimethylammonium bromide (CTAB)-stabi-
lized gold nanorods.[17] The morphology and the shell thickness of the

Figure 4. a) The SERS spectrum of 4-mercaptobenzoic acid present as
a SAM on gold/silver nanoshells exhibits only two dominant Raman
bands. b) In contrast, the SERS spectrum of rhodamine 6G exhibits
many bands. Both spectra were obtained with red laser excitation
(l = 632.8 nm).

Figure 5. a) Influence of the surface coverage on the SERS signal
strength: complete SAM compared to submonolayer coverage with
Raman labels. b) Influence of the SERS substrate: Au/Ag nanoshells
compared with Au nanospheres for red laser excitation.[16]
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silica-coated SERS labels were determined by transmission electron
microscopy (Figure 2).
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