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Rational design and synthesis of SERS labels

Yuling Wang and Sebastian Schlücker*

SERS labels are a new class of nanotags for optical detection based on Raman scattering. Central

advantages include their spectral multiplexing capacity due to the small line width of vibrational Raman

bands, quantification based on spectral intensities, high photostability, minimization of

autofluorescence from biological specimens via red to near-infrared (NIR) excitation, and the need for

only a single laser excitation line. Current concepts for the rational design and synthesis of SERS labels

are summarized in this review. Chemical constituents of SERS labels are the plasmonically active metal

colloids for signal enhancement upon resonant laser excitation, organic Raman reporter molecules for

adsorption onto the metal surface for identification, and an optional protective shell. Different chemical

approaches towards the synthesis of rationally designed SERS labels are highlighted, including also their

subsequent bioconjugation.

1 Introduction

Surface-enhanced Raman scattering (SERS) is a vibrational

spectroscopic technique for probing molecules on or near the

surface of metallic nanostructures, which support localized

surface plasmon resonances.1–4 Signal levels observed in SERS

are typically several orders of magnitude higher than in

conventional Raman scattering. The dominant contribution

leading to this dramatic signal enhancement arises from the

electromagnetic mechanism (EM), a purely physical effect

resulting from the very strong electric elds generated upon the

excitation of a localized surface plasmon resonance (LSPR).5,6 In

contrast, the so-called chemical effect is due to the interaction

of the adsorbed molecules with the metal surface, which

includes charge transfer resonances between the adsorbate and

the metal.7

Dyes and molecular uorophores are widely used labelling

agents for the selective detection of biomolecules.8 More

recently, also different types of nanoparticles (NPs) have been

employed as labels for conjugation to biomolecular systems (see

Table 1).9–16 In particular quantum dots are bright and stable

NPs for optical detection via uorescence,9,10while immunogold

is employed for detection via electron microscopy.11,12 SERS

labels are relatively large (typically �20 to 100 nm) NP labels17–24

for the selective and sensitive optical detection of target mole-

cules such as proteins and oligonucleotides.25–28 In SERS NP

labels/nanotags,17–28 Raman labels/reporter molecules are

permanently adsorbed onto the surface of the metal colloid

(Fig. 1). The characteristic SERS signature/ngerprint generated

upon laser excitation is employed for the identication of the

target molecule. Direct conjugation of the biomolecules to the

metal surface or to the Raman reporter molecules is one option.

Generally, a shell encapsulating the SERS label (Fig. 1) is

necessary for particle protection and stabilization, especially for

preventing aggregation. For biological and biomedical appli-

cations, SERS labels must be conjugated to target-specic

ligands such as antibodies for antigen recognition (Fig. 1).

Advantages of SERS labels over existing labelling approaches

include the tremendous spectral multiplexing capacity for

simultaneous target detection due to the narrow width of

vibrational Raman bands; quantication using the ngerprint

intensity of the corresponding SERS label; the need for only a

single laser excitation wavelength to excite the Raman spectra of

all SERS labels; high photostability and optimal contrast by

using red to near-infrared (NIR) excitation in order to minimize

the disturbing autouorescence of cells and tissues. Examples

in Sections 2 and 3 will illustrate some of these advantages. A

disadvantage of SERS labels is their relatively large size and

weight compared with molecular uorophores. This is usually

critical for live cell imaging, but typically not for cell surface

antigens, tissue sections and assays.

The rational design of SERS labels with dened physical and

chemical properties is essential for successful applications in

bioanalytical chemistry and the life sciences. This review

summarizes current designs of SERS labels and highlights the

underlying chemical and physical concepts relevant to central

parameters such as sensitivity (optical/plasmonic properties;

Section 2), multiplexing and quantication (Raman reporter

molecules, Section 3), stability (encapsulation/protection,

Section 4), and bioconjugation (Section 5). Applications of SERS

for bioanalysis, including bioassays and biomedical imaging,

have been summarized recently29–33 and will therefore not be

discussed here.
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2 Design and synthesis of metal colloids

SERS labels (Fig. 1) contain a metal colloid for signal

enhancement via LSPR excitation, Raman labels/reporter

molecules adsorbed onto the metal surface for identication, a

protective layer or shell for particle stabilization, and a ligand

(e.g., an antibody) for molecular recognition of the target

molecule. Each chemical component of a SERS label will be

discussed in this review.

The rst step in the rational design of SERS labels is the

choice of the metal colloid with the desired optical properties,

in particular the position of the LSPR peak and the achievable

signal enhancement. We will discuss the synthesis of quasi-

spherical (Section 2.1) and anisotropic metal NPs (Section 2.2)

as well as composite metallic NPs such as dimers and assem-

blies (Section 2.3), together with the description of their optical/

plasmonic properties.

2.1 Synthesis of quasi-spherical metallic NPs and their

optical/plasmonic properties

For an introduction to the topic of metal colloids for SERS, a

recent monograph by Aroca is recommended.1 Numerous

protocols for the synthesis of metallic nanospheres are avail-

able.34–37 The simplest and most common approach is the

reduction of metal salts with a variety of reducing and capping

agents. For instance, Steinigeweg and Schlücker recently

reported a very simple approach for the synthesis of 20–100 nm

quasi-spherical silver nanoparticles with highmonodispersity.37

Here, we highlight the preparation of Au/Ag nanoshells

according to a procedure described by Xia and co-workers due

to their high scattering cross sections compared with quasi-

spherical solid metal NPs; the position of the LSPR depends on

the size and shell thickness of the Au/Ag nanoshells and can be

tuned across the Vis to NIR region.24,38,39 First, solid silver NPs

are produced in a polyol process, using silver nitrate dissolved

in ethylene glycol together with polyvinylpyrrolidone (PVP) as

both reducing and stabilizing agent. The silver NPs then serve

as a template for the formation of hollow Au/Ag nanoshells

upon addition of Au3+ ions. In this template-based replacement

reaction, three silver atoms of the AgNPs are replaced by one

gold atom: 3Ag(s) + Au3+(aq) / 3Ag+(aq) + Au(s).38 The shell

thickness depends on the relative amount of gold added: it

decreases with an increasing amount of gold, resulting in a red

shi of the plasmon band.39 In addition to these nanoshells

with a solvent core and a Au/Ag shell discussed here, also

Table 1 Various labels for bioconjugation and the technique used for signal read-out

Label Technique Features Reference

Fluorophore Fluorescence spectroscopy Sensitivity, multiplex capacity
(�1 to 5), convenient to use

8

Enzyme UV/Vis absorption spectroscopy Specicity 8
Quantum dots (QDs) Fluorescence spectroscopy Sensitivity, multiplex capacity

(�3 to 10), toxicity
9 and 10

Gold nanoparticles (immunogold) Electron microscopy Very high resolution 11 and 12
Gold nanoparticles UV/Vis absorption or scattering Enhanced visible 13 and 14
Magnetic nanoparticles Magnetic resonance imaging Sensitivity, small size 15 and 16
SERS labels Raman spectroscopy Sensitivity, multiplex capacity

(�10 to 100), relatively large size
17–24

Fig. 1 Components of SERS labels: SERS substrate (plasmonically active metal colloid; here: gold NPs), Raman reporters adsorbed onto its surface (here: SAM), an

optional protective layer (here: glass shell). The SERS label is conjugated to a target-specific binding molecule (here: antibody) via a spacer molecule. [From ref. 24.]
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nanoshells consisting of a solid dielectric core (SiO2) and a gold

shell were produced by Halas and co-workers.40,41 Monodisperse

silica core NPs are synthesized via the Stöber method. Aer the

addition of organosilanes such as 3-aminopropyltriethoxysilane,

small AuNPs (1–2 nm) bind to the surface of the silica core and

serve as nucleation sites for the growth of the gold shell.40 Ag

core/Au shell and Au core/Ag shell NPs are also used as SERS

substrates.42,43 Advantages include the tunability of their LSPR

peaks, which can be achieved by changing the composition but

without signicantly changing the overall particle diameter; the

surface chemistry is dened by the shell material.

The optical properties of metal NPs are important for the

rational design of SERS labels; they strongly depend on the size,

shape, and composition. For quantitative SERS, monodisperse

metal NPs such as Ag and Au with a narrow size distribution are

desired to guarantee similar scattering cross sections and

therefore comparable SERS intensities.34

The LSPR of quasi-spherical Ag and AuNPs occurs in the blue

to green region, while the LSPR of Au/Ag nanoshells can be

tuned across the red to NIR region (Fig. 2, le). The position of

the LSPR peak, lmax, depends on a number of parameters, in

particular the size of the NPs and the dielectric function of both

the metal and the surrounding medium. Fig. 2 (right) shows

experimental extinction spectra of quasi-spherical �60 nm

AgNPs, AuNPs and Au/Ag nanoshells in water; the correspond-

ing LSPR peaks are observed at �430 nm, �540 nm and

�630 nm, respectively.

Optical excitation of the LSPR is achieved either by tuning

the laser wavelength close to the LSPR peak of the colloid or by

shiing the LSPR peak into resonance with a given laser wave-

length. Extinction spectra recorded from metal colloids in a

cuvette contain contributions from both absorption and scat-

tering; only the latter is directly relevant for SERS.

The optical properties of spheres can be calculated usingMie

theory, also called Lorenz–Mie theory.44,45 Fig. 3 illustrates the

tunability of the LSPR peak in single Au/Ag38 and SiO2/Au

nanoshells39 according to Mie calculations. All Au/Ag nano-

shells have a radius of 27.5 nm (ra). The shell thickness d

decreases from le to right (Fig. 3, le). In contrast, the SiO2/Au

nanoshells have the same core radius of 60 nm and the thick-

ness of the gold shell decreases from le to right (Fig. 3, right).

The calculations demonstrate that the LSPR peaks of Au/Ag and

SiO2/Au nanoshells can be tuned across the entire red to NIR

range.

2.2 Synthesis of anisotropic metallic nanoparticles and their

plasmonic resonances

Quasi-spherical metallic NPs supporting LSPR exhibit moderate

isotropic electric eld enhancements. In contrast, anisotropic

NPs such as rods, cubes, prisms, and nanoplates (see electron

micrographs in Fig. 4) exhibit signicantly higher electric eld

enhancements at sharp edges (“lightning rod effect”), which

makes them attractive for use as plasmonic enhancers in SERS.

Synthesis approaches towards various anisotropic metallic NPs

are available.46–49 One of the most widely employed approaches

is seed-mediated growth, which involves seed formation and

growth. So far, silver and gold nanorods,46 branched metal

nanoowers,50 and silver nanoplates51 have been prepared by

the seed-mediated method and used as efficient SERS

substrates. Here, we highlight the synthesis of gold nanorods

since their LSPR peak can be tuned by varying their size and

aspect ratio. First, quasi-spherical �4 nm gold seeds are

produced by reducing gold salts with a strong reducing agent

such as sodium borohydride. Subsequent reduction of more

metal salt with a weak reducing agent such as ascorbic acid in

the presence of structure-directing additives such as cetyl-

trimethylammoniumbromide (CTAB) leads to the formation of

gold nanorods; the aspect ratio can be controlled by the relative

concentrations of the reagents.46

In the polyol process, anisotropic NPs are generated by the

thermal reduction of metal salts in an organic solvent with a

relatively high boiling point, such as ethylene glycol (EG) or N,N-

dimethylformamide (DMF), and in the presence of a polymeric

stabilizer such as PVP, as reported by Liz-Marzán's group and

Xia's group.47–49 The shape of the resultant nanoparticles can be

tuned by controlling the concentration of glycolaldehyde and

the reaction temperature. Many of these anisotropic metal NPs

can be used as plasmonic substrates for efficient generation of

SERS. For example, silver nanocubes exhibiting sharp edges

gave more intense SERS signals than their truncated counter-

parts owing to the lightning rod effect.52

Fig. 2 Photographs (left) and experimental extinction spectra (right) of different metal nanoparticles (AgNPs, AuNPs and Au/Ag nanoshells) in water.
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Several groups have reported the synthesis of gold nanostars

via seed-mediated growth by using either PVP as the capping

agent in DMF53 or CTAB as the capping agent in aqueous

solution.54 To avoid the use of CTAB and toxic DMF, Schütz et al.

have developed a biocompatible synthesis route towards

monodisperse gold nanostars (Fig. 4F) in water, with sodium

citrate and hydroquinone as reducing/capping agents;55 it was

demonstrated that the as-prepared gold nanostars can be used

as efficient SERS labels for tissue imaging.

The optical properties of metal NPs are strongly dependent on

their shape. For gold nanorods, the optical properties can be

calculated with Gans theory.56,57 Fig. 5 depicts experimental and

calculated extinction spectra of gold nanorods, in which the posi-

tion of the LSPR peak strongly depends on the aspect ratio; the

calculations were performed with the Gans theory and the discrete

dipole approximation (DDA) method, respectively.57 Gold nano-

rods have transverse and longitudinal surface plasmon resonance

modes due to their anisotropy, giving rise to LSPR peaks at

�500nmand�600 to700nm, respectively (Fig. 5).With increasing

aspect ratio, the LSPR peak of the longitudinalmode exhibits a red

shi and a higher intensity. This tunability of the LSPR peak over

the entire red to NIR range in combination with high scattering

cross sections makes gold nanorods attractive for SERS.58

Generally, the interest in using plasmonic nanostructures as

efficient SERS substrates in combination with red to NIR laser

excitation is oen triggered by the minimization of auto-

uorescence. In SERS microscopy on cells and tissue, the

minimization of disturbing autouorescence from biological

specimens leads to an improved image contrast which may be

more important than the maximization of absolute SERS signal

levels. For optical applications in vivo it is additionally essential

to pass through tissue such as the skin barrier, taking advantage

of the “biological window” in the NIR region.

2.3 Synthesis and optical properties of metal NP clusters and

assemblies

Very high electric eld enhancements do not only occur at sharp

tips or edges of anisotropic metal NPs, but also in the junction

between two metal NPs. The extremely strong electric elds in

Fig. 3 (Left) Calculated extinction spectra of single Au/Ag nanoshells with a radius of 27.5 nm and varying shell thickness. (Right) Calculated extinction spectra of silica

core/gold shells NPs (core radius 60 nm) with varying shell thickness. [From ref. 36, 39 and 40.]

Fig. 4 Typical electronmicrographs of anisotropic nanostructures for efficient SERS. Nanorods (A), nanoflowers (B), nanoplates (C), nanoprisms (D), nanocubes (E), and

nanostars (F). [From ref. 46–48, 50, 51 and 55.]
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these highly localized regions or “hot spots” arise from plas-

monic coupling between two particles. The most primitive way

for the fabrication of metal NP clusters is to induce particle

aggregation in an uncontrolled way by centrifugation or by

changing the dispersion medium or its ionic strength.59,60 In

contrast, controlled aggregation is much more difficult to ach-

ieve. Therefore, signicant efforts have been made to chemi-

cally synthesize metal NPs clusters such as dimers, trimers and

larger assemblies. Several methods for the controlled synthesis

of dimers and assemblies of metal NPs have been developed;

they have been summarized in recent reviews.61,62

Dimers of metal NPs are the smallest possible clusters, which

exhibit a single hot spot between the two NPs upon resonant

laser illumination. Important approaches towards the controlled

synthesis of dimers are biomolecular directed assembly and

conjugation by chemical linkers. Alivisatos and co-workers and

Mirkin and co-workers have demonstrated the assembly of

AuNPs into dimers, trimers and larger clusters based on a DNA-

programmed procedure.63,64 Chemical linkers such as rigid,

multivalent thiol-linkers,65 phenylacetylene,66,67 thiol-terminated

hydrophobic ligands68 and diamines69,70 have been demonstrated

for the fabrication of dimers with a relatively high yield. To be

used for efficient SERS, Xia and co-workers proposed a simple

and one-step method that generates dimers without any addi-

tional assembly steps by introducing a small amount of sodium

chloride into the reaction medium. The formation of dimers was

achieved due to the change of the colloidal stability.71 However, a

major challenge for the synthesis of dimers is the production

yield since usually only a mixture of clusters comprising mono-

mers, dimers, trimers and larger clusters is generated.

The optical properties of dimers have been extensively

investigated since the 1980s72 and computer simulations are

capable of explaining the enormous eld enhancements

occurring in dimers of metal NPs.73–76 For example, Xu et al.

reported calculations on the enhancement factor of single gold

and silver NPs as well as on the corresponding dimers for

different gap sizes.74 McMahon et al. used the nite element

method (FEM) to determine extinction spectra and electro-

magnetic contributions to SERS in silica-encapsulated gold

dimers. For instance, the calculations conrmed the ndings

from Xu et al.,74 namely that the EM enhancement depends

critically on the particle spacing (d).75 Sharp rises in EM

enhancement were observed as d is decreased, in particular,

signicant changes appeared as d is decreased from 1 to 0.5 to

0.25 nm, where the maximum EM enhancement increased by

three orders of magnitude. Therefore, the interparticle spacing

within nanoparticle clusters is a crucial dimension for plas-

monic coupling. However, for very small gaps below 1 nm,

quantum mechanical effects such as tunneling must be taken

into account, which can severely degrade the quality of the

plasmon mode.76

Plasmonic nanoassemblies with multiple hot spots can also

be obtained by using biomolecular/chemical linking. Kim and

co-workers demonstrated the preparation of silica-encapsulated

assemblies comprising a silica core and silver satellites.77 Silica

particles (�180 to 210 nm) serve as a template for the deposition

of small AgNPs onto the glass surface, followed by the adsorp-

tion of Raman labels onto the metal surface of the AgNPs and

subsequent encapsulation of the assembly with silica. This

leads to relatively well-dened assemblies, in particular because

of the monodisperse and perfectly spherical silica templates

resulting from the Stöber method. Recently, Schlücker and co-

workers successfully fabricated 3D plasmonic nanoassemblies

via electrostatic self-assembly (Fig. 6a).78 Monodisperse 80 nm

gold nanospheres were incubated with Raman reporters and

encapsulated with an ultrathin,�2 to 3 nm thick silica shell and

functionalized with amino groups, yielding positively charged

glass-encapsulated Au cores. Negatively charged, citrate-stabi-

lized 20 nm AuNPs were then assembled onto the surface of the

Au cores via electrostatic attraction. TEM images of the 3D

plasmonic superstructures are shown in Fig. 6b and c at high

and low magnication, respectively. FEM calculations (Fig. 7)

indicate that the plasmonic coupling between the core and

satellite particles as well as between satellites results in the large

|E|4 values of up to �2 � 1010. More recently, Xu et al. reported

the fabrication of regiospecic plasmonic assemblies composed

of gold nanorods and gold nanospheres by using DNA as the

linker and it was demonstrated that the as-prepared plasmonic

Fig. 5 Experimental (left) and calculated (right) extinction spectra of gold nanorods with tuneable plasmonic resonances. Calculations (right) are based on Gans

theory (A) and the DDA method (B), respectively. [From ref. 57.]
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nanoassemblies are efficient for in situ Raman imaging in live

cells.79

Quantitative chemical, bioanalytical and life science appli-

cations of cluster/assembly-based SERS labels require the use of

pure/uniform colloid samples. Separation methods are oen

required since usually only mixtures with different NP pop-

ulations are generated (e.g., different percentages of monomers,

dimers, trimers and larger clusters). Different separation tech-

niques such as chromatography,80 size-selective precipitation,81

capillary electrophoresis82 and gel electrophoresis83 have been

employed. Among them, density gradient centrifugation has

been shown to be very powerful for separating different cluster

populations. This method was applied to NPs by Dai and co-

workers for separating FeCo@C and Au nanocrystals, by care-

fully adjusting the density of the column material and the

centrifugation speed.84 Furthermore, Chen and co-workers

achieved efficient separation of AuNPs monomers, dimers and

trimers assembled from 15 nm AuNPs with high yield (95%). By

using an abrupt density step and conventional centrifuge speed,

the small particle clusters could be separated (Fig. 8).85 Soon

aer, Schlücker and co-workers developed a fast and cost-

effective purication of AuNPs in the size range of 20–250 nm by

employing amultilayer quasi-continuous gradient, enabling the

separation and purication of larger NPs and glass-coated

clusters thereof.86 Separation techniques will likely become

more and more important for obtaining larger amounts of

monodisperse, plasmonically active assemblies for quantitative

and reproducible SERS.

3 SERS labels: SERS nanoparticles coated
with Raman labels

The second step in the design and preparation of SERS labels

(Fig. 1) is the choice of Raman reporter molecules with a charac-

teristic spectral signature. Ideal Raman labels exhibit the following

properties: (i) high Raman scattering cross sections for high signal

levels, (ii) a small number of atoms and/or high symmetry, leading

to a minimal number of Raman bands for spectral multiplexing,

(iii) low or no photobleaching for signal stability, and (iv) surface-

seeking groups for chemisorption onto the metal surface.

3.1 Fluorescent dyes for SERRS and multiplexing

Fluorescent dyes adsorbed onto the surface of metallic NPs

usually give rise to an extra signal enhancement (SERRS, surface

Fig. 6 (a) Synthesis of rationally designed 3D plasmonic nanostructures (6) via self assembly. 80 nm AuNPs (1) are coated with Raman reporters (Ra) (2), coated with an

ultrathin silica shell (3), functionalized with amino groups (4), and finally conjugated to 20 nm AuNP satellites (5). (b and c) TEM images of 3D plasmonic nanostructures

at high and low magnification, respectively. [From ref. 78.]

Fig. 7 Calculated spatial |E|4 distribution in a 3D plasmonic superstructure for

l1 ¼ 613 nm, l2 ¼ 706 nm and l3 ¼ 833 nm. Hot spots between the core and the

satellites are observed, particularly for l1 ¼ 613 nm. [From ref. 78.]

Fig. 8 Density gradient centrifugation for the separation of monomers, dimers

and trimers of monodisperse AuNPs from a crudemixture of various AuNPs clusters

together with the TEM images of the corresponding fractions. [From ref. 85.]
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enhanced resonance Raman scattering) compared with elec-

tronically non-resonant molecules. Spectral multiplexing is the

parallel/simultaneous detection of spectrally distinct labels in a

single experiment. Graham and co-workers have performed

multiplexed experiments for DNA detection, using either

custom-made benzotriazoles87 or commercially available dyes

including BODIPY, Cy5.5, FAM and ROX.88–90 Mirkin and co-

workers19,21 employed commercially available dyes (Cy3, Cy3.5,

Cy5, Rhodamine 6G, tetramethyl rhodamine and Texas red) as

Raman labels adsorbed onto small �13 nm AuNPs in

conjunction with subsequent silver staining; the corresponding

SERRS spectra are shown in Fig. 9. Aer bioconjugation to

oligonucleotides, different DNA target sequences were detected

in a microarray format with high specicity and sensitivity.

More recently, Chang and co-workers reported the synthesis of

NIR Raman reporters for multiplexed NIR-SERRS detection with

NIR laser excitation for bioimaging with minimal interference

from autouoresences.91–93

3.2 SAM of Raman reporters and spectral multiplexing

capacity

Compounds with functional groups such as thiols, iso-

thiocyanates and amines are good candidates for Raman labels

since they contain surface-seeking moieties for chemisorption

onto the metal colloid. Porter and co-workers have introduced

arylthiols/disuldes as Raman labels because they form self-

assembled monolayers (SAMs) on gold surfaces via stable Au–S

bonds.17,20,26 Using a SAM of Raman reporter molecules has

several advantages.17,20,24,26,28 Reproducible SERS signatures are

obtained due to the dense packing and uniform orientation of

the Raman reporter molecules within the SAM relative to the

surface normal of the metal colloid.24,94,95 The dense packing of

Raman reporter molecules within the SAM also avoids or at least

minimizes unwanted spectral interferences from other mole-

cules on the metal surface, e.g., via adsorption from the

surrounding medium. A complete monolayer with 100%

surface coverage ensures maximum SERS sensitivity since it

maximizes the number of Raman reporter molecules on the

metal surface, in contrast to only sub-monolayer coverage

(Fig. 14, le and middle). A complete/full monolayer SAM

therefore leads to signicantly higher SERS signals compared

with sub-monolayer coverage. For instance, hollow gold/silver

nanospheres covered with a complete SAM yield ca. 22 times

Fig. 9 Multiplexed SERRS detection with dyes as Raman reporters. [From

ref. 19.]

Fig. 10 SERS spectra and barcode diagram of one-component SAMs on AuNPs. [From ref. 96.]

2230 | Analyst, 2013, 138, 2224–2238 This journal is ª The Royal Society of Chemistry 2013

Analyst Tutorial Review

P
u
b
li

sh
ed

 o
n
 0

5
 F

eb
ru

ar
y
 2

0
1
3
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
si

ty
 o

f 
Q

u
ee

n
sl

an
d
 o

n
 0

8
/1

0
/2

0
1
5
 0

7
:2

1
:4

8
. 

View Article Online

http://dx.doi.org/10.1039/c3an36866a


more intense SERS signals compared with the sub-monolayer

coverage upon red laser excitation (632.8 nm).24 Spectral mul-

tiplexing can be achieved by using SAMs of Raman reporters

with characteristic Raman spectra since there is little spectral

overlap due to the narrow bandwidth of vibrational Raman

bands. Figure 10 shows the SERS spectra of three different

arylthiols (5,50-dithiobis(2-nitrobenzoic acid), (DTNB), 2-bromo-

4-mercaptobenzoic acid (BMBA) and 4-mercaptobenzoic acid

(MBA)) as Raman reporters present as a complete SAM on the

surface of AuNPs. In the corresponding barcode diagrams, peak

positions and intensities of vibrational Raman bands are

encoded in the horizontal position and width of each bar,

respectively.96

The size and symmetry of Raman reporter molecules directly

affect the number of vibrational bands. A nonlinear (linear)

molecule with N atoms exhibits 3N � 6 (3N � 5) vibrational

bands. Smaller Raman labels are therefore benecial for spectral

multiplexing due to the smaller number of vibrational peaks.

Fig. 11 shows the SERS spectra of 4-mercaptobenzoic acid (MBA)

and the dye Rhodamine 6G (R6G) adsorbed onto Au/Ag nano-

shells. The smaller size of MBA, which is present as a SAM on the

surface of the metal colloid, leads to the appearance of only a few

dominant Raman bands.97 However, dyes such as R6G usually

yield an extra enhancement via SERRS (as also demonstrated by

Amendola and Meneghetti98), which is very important for sensi-

tivity; spectrally overlapping contributions from different dyes

can be differentiated by multivariate approaches.

Quantication is a further very important aspect. Various

groups have demonstrated that the SERS signal response is

proportional to the concentration of SERS labels99,100 and that

SERS/SERRS can quantify the concentration of DNA90 and

proteins,101 respectively.

Isotopologues of Raman reporter molecules, which exhibit

different Raman signatures primarily due to the mass effect

(H/D), are particularly well suited for quantitative studies since

they exhibit the same cross section and surface affinity.100,102

4 Protection and stabilization

Protection and stabilization of SERS labels is a prerequisite for

practical applications in bioanalytical chemistry. For instance,

the resulting chemical and mechanical stability of the colloid

allows particle storage and prevents particle aggregation.

Furthermore, desorption of Raman labels from the metal

surface as well as adsorption of spectrally interfering molecules

from the environment onto the surface can be eliminated or at

least minimized. The encapsulant can be functionalized for

subsequent bioconjugation. Overall, a protective shell usually

signicantly improves colloidal stability, water solubility, and

biocompatibility, and provides the functional groups for further

bioconjugation.

Various encapsulants are available, including hydrophilic

SAMs,94,103,104 proteins,22 organic polymers,105–109 and

silica.24,25,95,99,110,111 In this section, different encapsulation

approaches for SERS labels will be discussed.

4.1 Hydrophilic stabilization of SAMs

The stability and water solubility of SAM-coated metal colloids

usually depend on the Raman reporter molecules. Hydrophilic

spacers attached to the terminus of a Raman reporter can

ensure both stability and water solubility. In the rational design

of SERS labels depicted in Fig. 12, the stabilization of the SAM is

achieved by covalently attaching hydrophilic monoethylene

glycol (MEG) units with terminal OH groups to the Raman

reporters. A small portion of Raman reporter molecules is

covalently conjugated to longer triethylene glycol (TEG) units

with terminal COOH moieties for bioconjugation.94 The

following advantages result from this strategy: (i) maximum

sensitivity due to full monolayer surface coverage; (ii) the SERS

labels are water soluble due to the terminal EG spacers, inde-

pendent of a particular Raman reporter; (iii) increased sterical

accessibility of the SAM for bioconjugation via the longer TEG

spacers with terminal COOH groups, and (iv) the option for

controlled bioconjugation by varying the ratio of the two spacer

units (MEG–OH : TEG–COOH).

Fig. 11 SERS spectrum of MBA (SAM) in comparison with Rhodamine 6G (no

SAM) adsorbed onto the surface of Au/Ag nanoshells. [From ref. 97.]

Fig. 12 Hydrophilically stabilized SERS labels for controlled bioconjugation. A

complete SAM of arylthiols as Raman reporters is adsorbed onto the surface of

the metal colloid. Hydrophilic mono- and triethylene glycol spacers (MEG and

TEG, respectively) are conjugated to the Raman reporters and stabilize the SAM.

[From ref. 94.]
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A further advantage of the hydrophilic EG units is the

minimization of non-specic binding.94,103,104 This is a highly

important aspect in many biological and biomedical applica-

tions: the binding selectivity is determined by the target-specic

bindingmolecule and should not be diminished by non-specic

binding of the labeling agent, which leads to false-positive

results.

4.2 Stabilization by polymers including biopolymers

Stabilizing SERS labels by polymers is a widely used approach.

For instance, Nie and co-workers investigated the protection of

SERS labels with a layer of thiolated polyethylene glycol (PEG).112

Aer addition of the Raman reporter dye, thiolated PEG was co-

adsorbed onto the surface of the gold colloid in order to avoid

aggregation of the colloid and enable subsequent bio-

conjugation. The Biomedical/Life Sciences Division of the

Digital Health Group from Intel Corporation has introduced a

concept for the Raman label-induced, controlled aggregation of

silver NPs, which they termed COINs (composite organic–inor-

ganic nanoparticles).22 A shell of bovine serum albumin (BSA)

protected COINs was employed for stabilization and bio-

conjugation.101,113,114 Similarly, McCabe et al. developed a

SERRS-labeled bead for encapsulating aggregates of SERRS-

active NPs into a functional polymer shell for stabilization of the

NPs and providing functional groups such as free carboxylates

for bioconjugation.106 Chen and co-workers developed polymer-

encapsulated SERS nanoprobes by using an amphiphilic

diblock copolymer (polystyrene-block-poly(acrylic acid)) for

coating the NP surface via self assembly as shown in Fig. 13.105 A

central advantage is that polymer shells with a uniform thick-

ness can easily be prepared using a one-pot synthesis. The

polymer-encapsulated SERS labels provide good SERS signals

and are protected against aggregation, even under harsh

conditions such as high ionic strength, and against chemical

oxidation.

4.3 Silica-encapsulation of SERS labels

A glass shell around a SERS label is attractive because it

provides high mechanical stability and the option for long-term

storage. Natan and co-workers have introduced the concept of

silica encapsulation for SERS NPs99 through co-adsorption of

Raman labels and silanes (typically in a 1 : 20 stoichiometry)

onto the metal NP surface. This leads to the formation of a sub-

monolayer coverage with Raman reporter molecules on the

metal surface as shown in Fig. 14 (middle), which is followed by

silica encapsulation with a modied Stöber method.115 Soon

aer, Doering and Nie presented a very similar approach

towards glass-coated SERS labels.110 Generally, a glass shell

provides chemical and physical stability to the SERS labels. For

example, a 20 nm thick silica shell leads to a signicantly

increased lifetime of gold nanocrystals in the presence of aqua

regia: 3 h in comparison to 15 s for the bare Au colloid.99 Further

advantages are storage stability and protection against

mechanical deformation.

Schlücker and co-workers have introduced the concept of

silica-encapsulated SERS labels comprising a full SAM, i.e.,

complete coverage of the metal surface with Raman reporter

molecules (Fig. 14, right); this approach combines the advan-

tages of the high chemical stability of a glass shell and the

maximum and dense surface coverage of Raman labels in a full

SAM for higher sensitivity.24 Fig. 15 shows two different

synthesis routes towards silica-encapsulated SERS labels

comprising a full SAM.24,95 In the rst route, depicted in Fig. 15,

le, the addition of Raman labels (Ra) to AuNPs leads to SAM-

coated AuNPs (1a). Layer-by-layer deposition of poly(allylamine

hydrochloride) (PAH) and polyvinylpyrrolidone (PVP) onto the

SAM leads to polyelectrolyte-coated SAMs (1b and 1c, respec-

tively). The silica shell in 1d is then formed upon addition and

hydrolysis of tetraethoxyorthosilicate (TEOS) followed by

condensation. This route towards silica-encapsulated SAMs (1d)

involves several steps including different solvents and multiple

centrifugation steps and is therefore labor-intensive and

time consuming. In particular, it requires that the SAM is

covered by a polyelectrolyte layer prior to silica encapsulation.

A faster, simpler and generally applicable route towardsFig. 13 Polymer-encapsulated SERS labels. [From ref. 105.]

Fig. 14 SERS labels with full monolayer coverage of Raman reporters but without glass shell (left), only sub-monolayer coverage and glass shell (middle), and both full

monolayer coverage and glass shell (right).
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silica-encapsulated SERS labels is possible via a SAM containing

terminal SiO2-precursors (Fig. 15, right): both the Raman

reporter molecule (Ra) and the terminal SiO2-precursor are

covalently bound to each other (Ra–SiO2), i.e., both functions

are merged into a single molecular unit.95 In this approach,

APTMS (3-amino-n-propyltrimethoxysilane) was covalently

conjugated to mercaptobenzoic acid derivatives as Raman

reporters. The addition of TEOS, its subsequent hydrolysis and

condensation then led to the formation of a silica shell since the

SERS labels are already vitreophilic due to the terminal SiO2

precursor. This route towards silica-encapsulated full SAMs has

the advantage that it is much faster and, more importantly,

independent of the SAM's surface charge, i.e., the type of a

particular Raman reporter Ra in Fig. 15 top, and is therefore

ideally universally applicable. However, it requires an addi-

tional organic synthesis step for obtaining the Raman reporter–

SiO2 precursor conjugate95 (Ra–SiO2 in Fig. 15, right). The

transmission electron microscopy (TEM) images in Fig. 16

demonstrate the monodispersity of the resulting glass-encap-

sulated SERS labels.24 The thickness of the glass shell can be

controlled by the amount of TEOS. The 60 nm Au/Ag nanoshells

in Fig. 16 have a�10 nm (top le) and �25 nm (bottom le and

right) thick silica shell.24 In addition to AuNPs and Au/Ag

nanoshells, the silica encapsulation has also been demon-

strated for a variety of other plasmonic NPs, including gold

nanorods,116 gold nanostars,117 dimers of gold NPs,86 aggre-

gates,77 and assemblies,78 which highlights the potential of this

approach.

5 Bioconjugation to SERS labels

For bioanalytical applications, SERS labels must be conjugated

to ligands for target recognition (Fig. 1), e.g., antibodies for

antigen recognition. The ligands can be conjugated either

directly to the Raman labels in the absence of a protective shell

(Fig. 17, le) or to the encapsulant such as a silica shell (Fig. 17,

right). In this section, we will discuss different strategies for the

conjugation of biomolecules to SERS labels.

5.1 Direct conjugation of ligands to unprotected SERS labels

Direct conjugation of ligands to SERS labels can be accom-

plished either by electrostatic or covalent binding. For instance,

adsorption of proteins to colloidal gold (immunogold) based on

electrostatic forces has been explored for decades.11,118

An initial design of SERS labels for immunoassays by Porter

and co-workers was based on the co-adsorption of antibodies

and Raman labels on the surface of AuNPs as indicated in the

scheme of Fig. 17 (le).17,119 In this case, both the antibodies and

the Raman reporter molecules (arylthiols) are directly co-

immobilized onto the surface of the AuNPs. However, this

design suffers from non-specic binding and “cross-talk”

between different SERS labels.26 Porter and co-workers contin-

uously improved their design by covalently binding the anti-

bodies to the Raman reporter molecules.20 However, a drawback

of this improved design is the reduced steric accessibility of the

COOH moieties in the densely packed SAM on the Au surface.

Fig. 15 Two different routes towards glass-encapsulated SERS labels containing a self-assembled monolayer (SAM) of Raman reporters on the surface of the metal

nanoparticle core. Left: three-step synthesis, starting from a SAM of Raman reporter molecules (Ra) on the surface of Au/Ag nanoshells (1a), subsequent layer-by-layer

deposition of the polyelectrolytes PAH (1b) and PVP (1c), and finally the glass encapsulation using tetraethoxyorthosilicate (TEOS) to 1d.16 Right: one-step approach via

a SAM of Raman reporter molecules containing terminal SiO2 precursors (Ra–SiO2) (2a) and its direct silica encapsulation to 2b using TEOS. [From ref. 24 and 95.]

Fig. 16 Transmission electron microscopy (TEM) images of silica-encapsulated

SERS labels with �10 nm (top left) and �25 nm (bottom left and right) thick silica

shells. The diameter of the gold/silver nanoshell core is �60 nm. [From ref. 24.]
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Recently, Lipert, Porter and co-workers presented a further

improvement by introducing the mixed monolayer approach

based on two different thiols: an aromatic thiol for the gener-

ation of intense and characteristic Raman signals and an

alkylthiol with a terminal functional group (e.g., succinimidyl

group) for bioconjugation. In addition to proteins and anti-

bodies, oligonucleotides can also be bound directly to SERS

nanoparticles for DNA detection. For example, Graham and

McKenzie conjugated thiolated DNA to SERRS labels through

the strong Au–S bond for DNA detection.120

5.2 Conjugation of ligands to protected SERS labels

a Hydrophilically stabilized SAMs. Water-soluble SERS

labels stabilized by hydrophilic SAMs can be conjugated to

biomolecules via the terminal carboxyl moieties of the longer

TEG spacers (Fig. 12). Aer the activation of the carboxyl group

by N-hydroxysuccinimide (NHS) and carbodiimides, the result-

ing NHS esters are then conjugated to primary amines, e.g.,

from lysine residues in proteins. Antibodies directed against the

protein p63 were conjugated to SERS labels with this protocol

and were employed in immunohistochemistry.55,94,121

b Polymer-encapsulated SERS nanoprobes. Polymer-

encapsulated SERS labels oen provide terminal functional

groups from the polymer shell. For instance, Nie and co-workers

introduced AuNPs coated with thiolated PEG containing

terminal carboxyl groups, to which single-chain variable frag-

ments (scFv) could be covalently linked.112 Overall, polymer

shells can exhibit multiple terminal functional groups, which

can facilitate the conjugation of SERS labels to ligands such as

antibodies, oligonucleotides, etc. For example, McCabe et al.

have demonstrated that dye-labelled aggregates of AgNPs

encapsulated by a functional polymer can be conjugated to

oligonucleotide probes and be used for the specic detection of

target DNA.106

c Silica-encapsulated SERS nanoprobes. Bioconjugation of

silica-encapsulated SERS labels typically requires the introduc-

tion of functional groups via silane chemistry, e.g., APTMS

(NH2) or MPTMS (SH). The introduction of functional groups on

the glass surface then allows bioconjugation via established

protocols as displayed in the scheme of Fig. 17 (right). For

instance, a heterobifunctional polyethylene glycol spacer was

employed for both functionalization of the glass surface and

subsequent bioconjugation to antibodies.24 Widely used

functional moieties are amino groups (via succinimides,

isothiocyanates or hydrazines), carboxyl groups (via carbodii-

mides), thiol groups (via maleimides or acetyl bromides) and

azides (via click chemistry).122 Various biomolecules such as

proteins, antibodies and oligonucleotides have been successfully

conjugated to silica-encapsulated SERS labels for targeted

research.23,24,77,123

Since SERS is a strongly distance-dependent effect, only the

Raman label moiety close enough to the NP surface will expe-

rience the drastic electromagnetic near eld enhancement and

no spectral contributions from the target-specic ligands,

which are spatially separated from the metal surface by the

protective shell and too distant for experiencing the near-eld

enhancement, are observed.

6 Summary and outlook

SERS is a vibrational spectroscopic technique, which is widely

used in bioanalytical chemistry and the life sciences. During the

last few years, SERS labels have been developed as a novel and

attractive class of biological labelling agents with unique

advantages and applications that are not achievable with organic

dyes or molecular uorophores. Advantages include spectral

multiplexing and quantitation in combination with high sensi-

tivity and photostability. Signicant advances in the design and

synthesis of plasmonic NPs have been accomplished, including

control over size and shape. In contrast, the design and synthesis

of stable and well-dened 3D plasmonically active nano-

assemblies with multiple hot spots for very high sensitivity still

remains a challenge. For reproducibility and quantication, the

use of puried colloids with a well-dened composition (no

mixtures) as well as the design and synthesis of Raman reporters

with similar Raman cross sections are very important.
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assembled plasmonic superstructures of gold nanospheres:

synthesis and characterization at the single-particle level,

Small, 2011, 7, 3445–3451.

79 L. G. Xu, H. Kuang, C. L. Xu, W. Ma, L. B. Wang and

N. A. Kotov, Regiospecic plasmonic assemblies for in situ

Raman spectroscopy in live cells, J. Am. Chem. Soc., 2012,

134, 1699–1709.

80 J. P. Wilcoxon, J. E. Martin and P. Provencio, Size

distrubutions of gold nanoclusters studied by liquid

chromatography, Langmuir, 2000, 16, 9912–9920.

81 M. Chandler McLeod, M. Anand, C. L. Kitchens and

C. B. Roberts, Precise and rapid size selection and

targeted deposition of nanoparticle populations using

CO2 gas expanded liquids, Nano Lett., 2005, 5, 461–465.

82 F. K. Liu, F. H. Ko, P. W. Huang, C. H. Wu and T. C. Chu,

Studying the size/shape separation and optical properties

of silver nanoparticles by capillary electrophoresis, J.

Chromatogr., A, 2005, 1062, 139–145.

83 S. Pierrat, I. Zins, A. Breivogel and C. Sönnichsen, Self-
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121 S. Schlücker, M. Salehi, G. Bergner, M. Schütz, P. Ströbel,
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