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Abstract Proteins are essential components of organ-
isms and they participate in every process within cells.
The key characteristic of proteins that allows their
diverse functions is their ability to bind other molecules
specifically and tightly. With the development of
proteomics, exploring high-efficiency detection methods
for large-scale proteins is increasingly important. In
recent years, rapid development of surface-enhanced
Raman scattering (SERS)-based biosensors leads to the
SERS realm of applications from chemical analysis to
nanostructure characterization and biomedical applica-
tions. For proteins, early studies focused on investigat-
ing SERS spectra of individual proteins, and the
successful design of nanoparticle probes has promoted
great progress of SERS-based immunoassays. In this
review we outline the development of SERS-based
methods for proteins with particular focus on our
proposed protein-mediated SERS-active substrates and
their applications in label-free and Raman dye-labeled
protein detection.
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Introduction

Background

Raman scattering, inelastic scattering of a photon, can be
dramatically enhanced (102–1014) by adsorption of molecules
on a surface of noble metal, transition metal, or semicon-
ductor substrates [1–5]; this is called surface-enhanced
Raman scattering (SERS). With more than 30 years of
development, SERS has been attracting increasing attention
in the fields of physics, chemistry, surface science, nano-
science, and biomedical science [6–12]. It is very useful for
detecting conformational changes and structural differences
regarding preferred orientations of molecules on a metal
surface [13, 14]. The SERS technique has proved to be a
very effective analytical tool because of its high sensitivity,
high selectivity, and fluorescence-quenching properties.

Recently, SERS and surface-enhanced resonance Raman
scattering (SERRS) have been widely used as powerful
tools for ultrasensitive chemical analysis down to the
single-molecule level under favorable circumstances. Rapid
development of SERS-based biosensors leads to its realm
of applications from chemical-biochemical analysis to
nanostructure characterization and biomedical applications
[11, 12, 15, 16].

Proteins are essential for living organisms, because they are
main components of the physiological metabolic pathways of
cells [17, 18]. To really understand biological processes, we
need to explore how proteins function in and around cells.
Thus, a large-scale study of proteins, called the “Human
Proteome Project” (HPP), was initiated in a quest for protein
structures and functions soon after the accomplishment of the
“Human Genome Project” (HGP) [19–21].

The proteome has been defined as the entire complement of
proteins expressed by a cell, organism, or tissue type [22], and
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proteomics is often divided into two branches (structural and
functional). Conventional identification methods for proteins
usually consist in protein separation and purification (e.g.,
2D PAGE, HPLC), enzyme digestion, and mass spectral
(MS) analysis. MS fingerprints and bioinformatics are
usually used together to predict protein sequences and
three-dimensional structure. X-ray crystallography and
NMR spectroscopy are used to determine protein structures.
Another important aspect of proteomics is the study of
protein-ligand interactions, because the interactions between
proteins and their ligands are crucial for many biological
functions. Yeast two-hybrid assay, chemiluminescence, and
fluorescence-based methods are commonly used to investi-
gate interactions between proteins [23].

Why detect proteins by SERS?

With the development of proteomics, it is indispensable to
develop new detection methods for high-throughput protein
analysis. Most biological methods have the disadvantages
being very time-consuming, consuming large amounts of
materials, and resulting in low product yield, which would
be stumbling blocks for high-efficiency proteomics [23].
For fluorescence-based methods, broad emission spectra
from molecular fluorophores make multiplexing impossi-
ble, and the drawback of susceptibility to photobleaching
may greatly weaken their detection limits. In contrast,
SERS-based methods for biomolecules have great advan-
tages over fluorescence-based methods in terms of photo-
stability and spectral multiplexing [12, 16]; they are also
much more sensitive than chemiluminescence-based meth-
ods. More and more studies have proved the great potential
of SERS in protein identification and detection of protein-
ligand interactions [16].

Based on target objectives, we divide current SERS-based
methods for proteins into two types—label-free and Raman
dye-labeled. The label-free strategy is to detect proteins directly
by adsorption of proteins on SERS-active substrates, and
analyze them by acquiring vibrational information about the
proteins themselves. For example, hemoproteins (e.g., cyto-
chrome c, myoglobin, and hemoglobin) [24–27] were well
characterized by SERRS. Raman dye-labeled methods detect
proteins indirectly by SERS of Raman dyes that are linked to
probes. In the latter methods, metal (e.g., gold, Ag/SiO2)
nanoprobes with various dyes (Cy3, Cy5, MBA, DSNB, Rh
B) [28–31] are usually used to detect target proteins.

In our studies we have developed several SERS-based
methods for direct [32] and indirect [33, 34] detection of
proteins. The greatest difference between our methods and
other SERS-based methods is that our strategy is to prepare
SERS-active substrates for target proteins on the basis of the
strong interactions between proteins and metal nanoparticles.
Moreover, we use SERS-active substrates in biological

protein detection systems without labeled metal nanoprobes,
and thus combine SERS with biological techniques, taking
their advantages together. Our objective is to improve
conventional detection methods for proteins in terms of
sensitivity, simplicity, and photostability by SERS.

SERS-active substrates for proteins

Early SERS-based protein studies usually used common
SERS-active substrates (e.g., metal electrode and colloid)
that were prepared for small molecules. Because of
selection rules of SERS, there are significant differences
between the SERS spectra of macromolecules and those of
small molecules. According to previous studies [35], SERS
spectra of adsorbed macromolecules may not closely
resemble their normal Raman spectra, because only the
residues near the metal surface will be enhanced. Recently,
adaptive SERS substrates for macromolecules such as DNA
and proteins have attracted increasing attention.

Electrode, metal colloid, and island films

Roughened metal electrodes are usually prepared by
performing several oxidation-reduction cycles (ORC), and
the effect of potential on the SERS spectra of target proteins
is sometime investigated [35, 36]. Silver electrode surfaces
can be coated by self-assembled monolayers (SAM) that
carry charged head groups, for example carboxylate (CO2-
SAM), and which enable variation of the charge density of
the monolayer surface and provide biocompatible surfaces
[37–39].

Silver colloid produced by the Lee and Meisel [40]
citrate reduction method is often used in SERS studies, and
colloidal gold is widely used as Raman dye labeled probes
in immunoassays [28–30]. Keating et al. found that protein:
Ag/Au colloid conjugates could induce stable SERS and
control protein orientation [41]. In addition, silver colloid
mixed with protein samples was sometime dried to improve
SERS signals [42].

Metal island films are generally fabricated by vacuum
evaporation with an electron beam. Drachev et al. prepared a
type of adaptive silver substrate for soft adsorption of proteins
by modified silver island films [43, 44]. The layer-by-layer
(LBL) technique was also used to assemble multi-layer silver
nanoparticles, which could induce strong SERS [45].

Protein-mediated substrates

In biochemistry, silver staining is one of the most popular
non-radioactive methods for protein detection. It is avail-
able for detection of proteins separated by gel electropho-
resis with 100-fold greater sensitivity than Coomassie
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brilliant blue staining [46]. The basic mechanism underly-
ing silver staining of proteins is that silver ions bonded to
amino acid side-chains (primary COO−, −SH) are reduced
to free metallic silver by a reductant (citric acid, formalde-
hyde, or photoreduction) [47, 48].

In most SERS-based studies, SERS-active substrates are
first prepared and then analytes are assembled on these
substrates for further SERS detection. In our studies [32, 34],
we use a different method to produce a SERS-active substrate
which is mediated by target proteins and used for detection of
these protein. We developed a new silver staining method for
proteins with high sensitivity by using silver colloid, an
excellent SERS-active substrate, as a staining reagent. Silver
nanoparticles can be adsorbed by immobilized target pro-
teins, because strong interactions (i.e., hydrophobic, electro-
static, and covalent interactions) between metal nanoparticles
and the proteins result in aggregation of silver nanoparticles
and a consequent SERS effect. In this way, we combine
protein staining and SERS with silver colloid and take
advantages of both to detect proteins.

Label-free detection methods

Simple and conjugated proteins

Proteins that contain only amino acids are called simple
proteins; conjugated proteins are those made up of a protein
and a prosthetic group attached by covalent bonds or by
weak interactions to the apoprotein [17]. For simple
proteins, early SERS studies mainly focused on investigat-
ing modes of adsorption of amino acid residues, or
preferred adsorption groups, for example, carboxyl and
amino groups, on a metal surface [35, 49]. SERS spectra of
the same simple protein from different research groups are
often significantly different because of selective enhance-
ment of amino acids near a metal surface or denaturation of
proteins resulting from interactions between proteins and
metal surfaces [35]. Some studies of proteins furnished
SERS of amino acid side residues only whereas some
groups did indeed obtain SERS signals from both amide
groups and side residues [49].

Hemoproteins are the most conjugated proteins charac-
terized by SERRS, and, unlike those of simple proteins,
SERRS spectra of these proteins are much easier to
analyze, because almost all SERRS bands arise from a
heme group. Molecule orientation on a metal surface [41,
50], electron-transfer mechanism [37, 51] and single-
molecule [52, 53] detection are all hot topics for SERRS
studies of cytochrome c. Xu et al. [54] first reported single-
molecule (SM) SERRS of hemoglobin, and dynamic
oxygen release in hemoglobin was also observed by use
of SERS by Etchegoin et al. [26]. Moreover, a recent study

by Feng et al. achieved characterization of the native
structure of myoglobin by SERRS using a home-designed
flow system [55].

Multi-protein detection

A protein mixture from cells or tissues is usually separated
by electrophoresis and then transferred by electroblotting
on to immobilizing membranes, which is called protein

protein mixture

electrophoresis

protein blotting

colloidal silver staining

SERS detection

Laser SERS

Fig. 1 “Western-SERS” procedure for label-free multi-protein detec-
tion (from Ref. [32], reproduced by permission of the American
Chemical Society)
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Fig. 2 SERRS of myoglobin and SERS of BSA on an NC membrane
by the proposed “Western-SERS” procedure
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blotting, electrophoretic transfer, or Western blot, for
identification of individual or specific classes of protein
by immunochemical detection methods [56, 57]. Based on
Western blot and SERS, we developed a new analytical
procedure for label-free protein detection designated “West-

ern SERS”, consisting of protein electrophoresis, Western
blot, colloidal silver staining, and SERS detection (Fig. 1)
[32]. We combined SERS and Western blot by using
colloidal silver staining, combining their advantages. The
most important feature of this method is that it enables
multi-protein detection on one nitrocellulose (NC) mem-
brane, which is inaccessible for other SERS-based detection
methods.

A novel method of silver staining for Western blot that
uses a silver colloid, an excellent SERS-active substrate,
was first proposed in this study [32]. After protein blotting,
the colloidal silver is used to stain all proteins on an NC
membrane, which enables multi-protein detections. Silver
nanoparticles are adsorbed along the net of the membrane
to which proteins have already adhered, resulting in the
formation of silver aggregates along the net of the NC
membrane with SERRS or SERS emerging [16]. SERRS of
myoglobin (Mb) and SERS of BSA on a NC membrane
were observed by the proposed method (Fig. 2).

This “Western-SERS” method offers the dual advantages
of simplicity and high sensitivity. Compared with Western
blot and mass spectrometry, we can detect label-free
proteins directly on an NC membrane without time and
reagent-consuming procedures. Moreover, the detection
limit of Western-SERS is almost consistent with the
detection limit of colloidal silver staining (2 ng/band), and
SERS signals do not self-quench, unlike fluorescence.
Thus, the new method has great potential for identifying
proteomic components or proteins of differential expression
in some proteomes.

Detection of proteins in aqueous solutions

As mentioned above, it is difficult to obtain reproducible
SERS spectra from roughened metal surfaces and dried
colloids, especially for proteins with no chromophores,
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Fig. 3 Concentration-dependent SERS of (A) lysozyme and (B)
catalase in aqueous solutions
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Fig. 4 Versatile metal nanopar-
ticle probes for SERS-based
immunoassays
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because of irreproducible SERS substrates and different
orientation of analytes on a metal surface. Also, no previous
SERS-based study of proteins has enabled routine detection
of label-free proteins with high sensitivity in an aqueous
solution because halide ions, which are commonly used
aggregation reagents, can form a strongly bonded surface
layer which repels adsorption of proteins [58, 59].

In our new study, we designed an H+ and protein-
mediated strategy to induce strong SERS in aqueous
solutions. We use an acidified sulfate as an aggregation
agent, and target proteins are diluted by this aggregation
agent before SERS measurements. Weak binding of SO4

2−

makes it possible to induce much stronger SERS, probably
as a result of the high solubility product of silver sulfate
[60]. On the other hand, excess H+ cations are also
indispensable, because under low pH conditions (lower
than the pI of most proteins), all the target proteins carry net
positive charges, enabling easy adsorption on a COO−

coated silver surface by electrostatic interactions.
In this way, we have greatly improved detection methods

for label-free proteins in aqueous solutions. After being
mixed with protein containing aggregation agent, silver
colloid aggregated instantaneously and could then be used
immediately for SERS measurement. We obtained
concentration-dependent SERS spectra of simple and
conjugated proteins with high sensitivity in aqueous
solutions (Fig. 3). Moreover, when silver nanoparticles are
aggregated by the proposed protein-associated aggregation
agent, target proteins with net positive charges are
sandwiched among silver nanoparticles in aqueous solu-
tions, so vibrational information about the whole proteins
would probably be displayed in their SERS spectra with
remarkably enhanced reproducibility. Therefore, the detec-
tion procedure for label-free proteins has combined sim-

plicity, rapidness, sensitivity and reproducibility, and has
great potential in practical label-free protein detection.

Raman dye-labeled detection methods

Nanoparticle probe-based detection methods

Owing to the much higher Raman cross-section of Raman-
active small molecules, Raman dye-labeled strategy is very
useful for high-sensitivity detection of biorecognition [28–
31]. In recent years, gold nanoparticle probes with versatile
Raman dyes have become popular for SERS-based immu-
noassays [28–30]. Raman-active dyes and analytes are
sometime both directly linked to metal nanoparticles [28,

microtiter plate antigen coating
blocking

immunoreaction

colloidal silver stainingSERS detection

SERRSLaser

Fig. 5 Schematic diagram of
FITC-linked immunoassay
(from Ref. [33], reproduced by
permission of the American
Chemical Society)
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29] (Fig. 4 A, B). Another method is first to link the Raman
dyes to the analytes and then to attach metal nanoparticles
[30] (Fig. 4C). In order to improve low SERS enhancement
by small gold nanoparticles, Ag+ cations are sometimes
reduced on gold probes after immunoreactions (Fig. 4A),
and several modified procedures (Fig. 4B) are used, for
example Ag/Au, Ag/SiO2, polyelectrolyte-coated Ag nano-
particles, [31, 61, 62], or modification of gold island film
on solid chips [30] (Fig. 4C).

Although these metal probes have great advantages of
high sensitivity and high selectivity, the complex procedure
for synthesis of nanoparticle probes may restrict their
applications to high-throughput protein detections. More-
over, binding sites of target analytes to their ligands
(especially those containing sulfhydryl groups) may be
destroyed by metal nanoparticles [17]. In contrast, fluores-
cent probes are widely used in practical biochemistry and
biomedicine with advantages of safety and sensitivity [63].
In this section, we present our SERS-based methods in a
fluorescent probe-based system without labeled metal
nanparticle probes [33, 34].

Colloidal silver staining-based detection methods

FITC-linked immunoassay

As is well known, in enzyme-linked immunoabsorbent
assay (ELISA), an enzyme acts as an amplifier, and target
proteins are indirectly detected as chemiluminescence from
products of enzyme-catalyzed reaction [64]. Thus, besides
two immunoreactions (antigens are commonly sandwiched
between two antibodies), the ELISA procedure also con-
sists of enzyme-catalyzed reaction, which is very cumber-
some and reagent-consuming. By using fluorescein
isothiocyanate (FITC) as a Raman probe, we have
developed a simple and sensitive method for immunoassay
based on SERRS [33]. For the first time, a SERRS-based
immunoassay on the bottom of a microtiter plate has been

reported. We have applied the main pretreatment method of
ELISA in the proposed method, and combined the
advantages of good solid supports of ELISA and the high
sensitivity of SERRS.

Figure 5 shows the procedure of the proposed FITC-
linked immunoassay. The method has two major advan-
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tages for immunoassay. First, we can determine target
antigens via SERRS fingerprints of FITC molecules that are
directly attached to antibodies, and thus the process is
simple and reagent-saving. Second, by using SERRS of
FITC, this method is sensitive enough to detect antigens at
a concentration of 0.2 ng mL−1 (concentration-dependent
SERRS spectra of FITC are shown in Fig. 6), which is
comparable with the detection limit of Sandwich ELISA
[65] and much lower than the FITC fluorescence-based
method. Therefore, the proposed SERRS-based immunoas-
say may have great potential in high-sensitivity and high-
throughput immunoassays.

Detection of protein-ligand interactions

Protein chips with versatile applications play an important
role in high-throughput proteomic studies. The purpose of
functional protein arrays is to quickly probe the activity of a
given protein against many targets simultaneously, and the
currently preferred detection method for protein arrays is
fluorescence [66–68]. Based on advantages of SERS over
fluorescence described above, we developed a SERS-based
procedure for detection of protein-ligand interactions [34].

As shown in Fig. 7, after interactions between proteins
and their corresponding ligands on aldehyde-functionalized
glass slides, we employed colloidal silver staining to
produce active substrates for SERS. TRITC and Atto610
were used as Raman and fluorescence reporters for
determinations of the interactions between human IgG and
TRITC-anti-human IgG and that between avidin and Atto
610-biotin; 514.5 and 568 nm laser lines were used for
SERRS of TRITC and Atto610, respectively. As a result,
we observed both SERRS and SEF by use of the proposed
system. Probably, some fluorescent labels, which are very
close to silver nanoparticles, are fluorescence quenched,
whereas others, relatively farther from the silver surfaces
because of the three-dimensional structure of the protein,
are enhanced to different degrees [69, 70].

This procedure exploits several advantages of simplicity
over other SERS and SEF-based related methods because of
the protein staining-based strategy for silver nanoparticle
assembly, high sensitivity from SERRS and SEF (Fig. 8A),
and high photostability (Fig. 8B) compared with fluorescence-

based protein detections. Therefore, the proposed method for
detection of protein-ligand interactions has great potential in
high-sensitivity and high-throughput chip-based protein func-
tion determination.

Sandwich substrate for versatile protein detection

SERS spectra of an analyte from Ag substrates are
susceptible to changes because of different orientation on
the metal surfaces or conformational changes because of
intermolecular interactions, as described in the sections
“SERS-active substrates for proteins” and “Label-free
detection methods”. For reproducible SERS-based proteins,
metal sandwich substrates bridged by proteins have been

1600 1400 1200 1000

PA-Screening

200cps

TRITC-Immunoassay

In
te

n
si

ty
 (

a.
u

.)

 C

B

Cyt c -Indentification

A

100cps

1000cps

Raman shift/cm-1

Fig. 10 SERS of cytochrome c, TRITC and pipemidic acid (PA) from
the Au/Ag sandwich substrate

Laser
SERS

CBA

Ag

Au

Fig. 9 Proposed sandwich met-
al substrate for versatile protein
detection: (A) protein identifi-
cation, (B) immunoassay, and
(C) drug-screening

Surface-enhanced Raman scattering for protein detection 1725



created in our recent study (Fig. 9). The sandwich
architectures are fabricated on the basis of a layer-by-layer
(LbL) technique [71, 72]. The first gold monolayer is
prepared by self-assembly of gold nanoparticles on a poly
(diallyldimethylammonium chloride) (PDDA)-coated glass
slide. The sandwich structure is fabricated by the inter-
actions between proteins in the middle layer and the metal
nanoparticles in two metal layers [73].

Many SERS studies have revealed that SERS spectra from
gold substrates are much more stable than those from silver
substrates, while the average SERS enhancement ability of
gold nanoparticles is much weaker than that of silver ones
[74]. The most significant feature of this method compared
with other SERS-based methods for protein detection is that
a self-assembling gold nanoparticle monolayer is used for
both capturing proteins and producing the SERS-active
substrate with the second silver layer, making the proposed
sandwich substrate more accessible and sensitive than other
gold based SERS methods, and more reproducible than other
silver-based SERS measurements.

Enormous SERS “hot spots” may emerge among metal
aggregates formed on the edges between the two metal layers
and between the junctions of metal nanoparticles [75] in the
second metal layer. SERRS/SERS spectra with both high
sensitivity and reproducibility, which are crucial for an
analytical method, were obtained. By using these metal
sandwich substrates, SERS-based versatile protein detection
(i.e., identification, immunoassay, and drug screening)
(Fig. 10) have been effectively carried out. The reproduc-
ibility of target molecules from Au/Ag sandwiches is
comparable with those from Au/Au sandwiches. Moreover,
SERRS intensities about seven times stronger can be
obtained from the Au/Ag sandwiches compared with those
from the Au/Au sandwiches. All the results presented in this
study indicate that the proposed sandwich strategy holds
great promise in SERS-based structural and functional
proteomic studies.

Conclusion and perspectives

SERS-based detection methods outperform conventional
assays in terms of sensitivity, selectivity, and stability.
Unique features of proteins allow proteins to interact
readily with metal nanoparticles, on the basis of which
nanoparticle probes can be prepared for biorecognition, and
protein-mediated SERS-active substrate is also accessible.
Our protein-mediated strategy can be used for both protein
identification and detection of protein-ligand interaction,
and for both label-free and Raman dye-labeled detection
with the advantages of simplicity, high sensitivity and low
consumption. However, there are still some challenges for
SERS detection of proteins; for example, the accuracy of

quantitative detection because of inhomogeneous SERS-
active substrates. In addition, few SERS studies have been
conducted on detection of label-free protein–protein inter-
actions because of large differences between SERS spectra
from changing orientation of proteins without conjugated
chromophores.

The promise of all these SERS-based assays is in
practical biomedicine and biodiagnostics. A good attempt
is that, as an excellent substrate of SERS, colloidal gold has
recently been used for in-vivo targeting of a tumor [76].
Disease-related agents, for example viral pathogens [77]
and Mycobacterium avium subsp [78] can be detected by
SERS at a much lower detection limit than conventional
methods, thus potentially enabling earlier detection of these
diseases. However, most SERS-based assays have not been
studied in real-world applications, and future advances will
require more biocompatible SERS-active substrates and
close collaboration between chemists and experts in
biomedical fields
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