
Chapter 1
Introduction

Modern analytical techniques should be highly specific and sensitive enough to
identify and quantify an analyte of interest with minimum requirements for sample
pretreatment. Raman spectroscopy is a highly specific technique that enables iden-
tification of molecules through their specific molecular fingerprint information as
observed in their Raman spectra. However, the Raman scattering (RS) effect is
intrinsically quite weak and the Raman spectra cannot be obtained from low analyte
concentrations. Surface-enhanced Raman scattering (SERS) spectroscopy can over-
come this problem by using certain metallic1 nanoparticles (NPs) or nanostructures
which significantly amplify the RS signals coming from analytes attached to (or at
least be in close proximity to) such nanostructural surface. “S” means that SERS is
a “surface” spectroscopy technique (the analytes must be on or close to the surface),
“E” means signal “enhancement” (ensured by plasmon resonances in the metal) and
“R” means “Raman” (providing fingerprint information about studied analyte). Last
“S” can mean “scattering” or “spectroscopy”.2 Thus, the SERS technique efficiently
combines the specificity of Raman signature with high sensitivity.

Surface-enhanced Raman scattering (SERS) was discovered in the seventies by
the Fleischmann group who observed a surprisingly strong Raman signal of a single
monolayer of pyridine on an electrochemically roughened silver electrode
(Fleischmann et al. 1974). The experiment was soon confirmed and quantified by the
Van Duyne group (Jeanmaire and Van Duyne 1977) and Creighton group (Albrecht
and Creighton 1977), reporting that enhancement of RS of pyridine is in order of
105–106. For more details about SERS discovery see reviews of McQuillan from the
Fleischmann group (McQuillan 2009), Creighton (Creighton 2010) and Van Duyne
(Haynes et al. 2005). Nowadays, SERS is understood as a very large enhancement of
RS effect (basically 104–106, but even 1011 in some special cases) coming from

1The term “metallic” is used in meaning of “made from metal” (e.g. metallic substrate, metallic
structure, metallic NP). On the other hand, the term “metal” is used in the case of the “metal
properties” will be emphasized (e.g. metal surface).
2In certain literature, the abbreviation RS means “Raman spectroscopy” to emphasize the tech-
nique. Here, RS for “Raman scattering” is used to emphasize the Raman scattering effect. By
analogy “S” means “scattering” in RRS, SERS, SERRS, TERS, etc.
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molecules adsorbed on metal nanostructural surfaces. The decade following the
SERS discovery was a period of intense activity in theoretical aspects of SERS with
special emphasis on finding the origin of this enhancement (Moskovits 1985).
Because of a poor understanding of the enhancement mechanism as well as many
experimental problems, SERS remained a technique only used by a limited number
of research groups. The simple use of Ag hydrosols as SERS-enhancing media
(Creighton et al. 1979) opened up many possible applications of SERS for
biomolecular studies (Koglin and Séquaris 1986; Cotton 1988). The observation of
single-molecule (SM) detection by SERS (SM-SERS) reported in 1997 (Kneipp
et al. 1997; Nie and Emory 1997) also significantly stimulated the interest in SERS
applications.

The improvement of Raman instrumentation and the development of nanotech-
nologies (notably in terms of SERS enhancing substrate design and functionaliza-
tion) in the end of the 1990s dramatically extended the field of SERS applications.
Nowadays, scientists from a large range of disciplines including chemistry, physics,
material and life sciences are beginning to use the SERS technique and fully exploit
its tremendous potential. This can be seen in the growing number of publications
about SERS and its applications as illustrated in Fig. 1.1. It includes several excellent
review papers namely the first SERS review by Moskovits from 1985 (Moskovits
1985) and a recent one by Schlücker (2014). I would like to highlight many themed
Journal issues namely in Journal of Raman Spectroscopy (2005, Editor Z.Q. Tian), in
Faraday Discussions (2006, Editor Susan Weatherby), in Chemical Society Review
(2008, Editors D. Graham and R. Goodacre), in Physical Chemistry Chemical
Physics (2009, Editor P.G. Etchegoin), in Analytical Bioanalytical Chemistry (2009,
Editors J. Popp and T. Mayerhöfer), in Chemical Communications (2011, Editors
D. Graham, Z.Q. Tian and R. Van Duyne) and in MRS Bulletin (2013, Editors
N.J. Halas and M. Moskovits). Several monographs covering SERS theory and
applications are also available: “Surface-Enhanced Vibrational Spectroscopy”
(R. Aroca, Wiley, 2006), “Surface-Enhanced Raman Scattering: Physics and

Fig. 1.1 Growing popularity
of the SERS technique. This
plot shows citation data in
Web of Science for the term
“surface enhanced Raman or
SERS” (for 2015, it is
incomplete, showing its value
on June 30)
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Applications”, (Editors K. Kneipp, M. Moskovits, H. Kneipp, Springer, 2006),
“Principles of Surface-Enhanced Raman Spectroscopy and Related Plasmonic
Effects” (E. C. Le Ru, P. G. Etchegoin, Elsevier, 2009), “Surface-Enhanced Raman
Spectroscopy: Analytical, Biophysical and Life Science Applications” (Editor
S. Schlücker, Wiley, 2011) and “Frontiers of Surface-Enhanced Raman Scattering:
Single Nanoparticles and Single Cells” (Editors Y. Ozaki, K. Kneipp, R. Aroca,
Wiley 2014). A prestigious Faraday Discussion event about SERS spectroscopy was
held at Imperial College London at September 2006. After over 40 years of SERS,
hundreds of scientists are actively working in SERS field and the number of publi-
cations about SERS has exceeded 26,000 (Fig. 1.1).

SERS has many advantages over ordinary spectroscopic analytical techniques
such as extremely high sensitivity, molecular selectivity, intense signals and great
precision. However, the development of SERS technique so that it can become a
standard analytical tool is still a big challenge and at least two main problems must
be solved. First, a major issue for a routine quantitative SERS application (SERS
sensing) is the requirement of a uniform SERS-enhancing substrates providing
reliable and reproducible spectral signature of the studied analyte. A big effort is
being made to rational designing of new SERS-enhancing substrates with aim to
improve their sensitivity and spectral reproducibility (Banholzer et al. 2008).
Second, SERS is a highly molecular specific technique and SERS detection is
usually limited to molecules with surface-seeking groups since only molecules on
or near the metal surface experience high surface enhancements. The problem to
detect molecules with no surface-seeking groups or providing only weak SERS
effect can be solved by chemical modification such as the labelling with highly
SERS-active label (Smith 2008). With this approach the SERS spectra of labels
instead of molecules are obtained leading to indirect but extremely sensitive
detection. An alternative to the labelling of a target molecule is a SERS tag formed
by attaching a molecule (called Raman reporter) to the metallic NPs providing a
strong SERS signal (Wang et al. 2013). The surface of SERS tag can be further
functionalized with a biorecognition element such as an antibody to make the tags
with a specific binding feature (such as cancer biomarkers). The possibility of
introducing metallic NPs or rationally designed NP tags into living cells or living
organisms enables many in vitro and in vivo medical applications including diag-
nostics, therapy, theranostics and surgery guidance with sufficient sensitivity
(Zavaleta et al. 2011; Vo-Dinh et al. 2013).

The main aim of this book is to provide a compact and full-length review of
bioanalytical, biomolecular and medical applications of SERS spectroscopy
reported during the last two decades. Following this introduction you will find two
chapters describing basic principles of RS and SERS spectroscopy including some
practical aspects related to bioapplications. The next four chapters summarized key
concepts and bioanalytical (Chap. 4), biomolecular (Chap. 5), cellular (Chap. 6) and
medical (Chap. 7) applications of SERS. The last chapter gives conclusions and
outlook. Of course, it was impossible to include all applications from the extensive
SERS literature in this book. Besides the monographs and themed Journal issues
mentioned above many recent reviews covering SERS bioapplications are highly
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recommended for a complete overview: Cotton (1988), Cotton et al. (1991), Dou
and Ozaki (1999), Kneipp et al. (2002), Hering et al. (2008), Chourpa et al. (2008),
Huh et al. (2009), Abalde-Cela et al. (2010), Alvarez-Puebla and Liz-Marzán
(2010), Vo-Dinh et al. (2010), Li (2010), Procházka and Štepánek (2012), Banz
et al. (2011), Aoki et al. (2013), McNay et al. (2011), Culha et al. (2012), Han et al.
(2012), Larmour and Graham (2011), Faulds (2012), Ochsenkühn and Campbell
(2012), Drescher and Kneipp (2012), Harper et al. (2013), Vendrell et al. (2013),
Culha (2013), Xie and Schlücker (2013), Wang et al. (2013), Vo-Dinh et al. (2013),
Xie and Schlücker (2014), Schlücker (2014), Nima et al. (2014), McAughtrie et al.
(2014), Howes et al. (2014a, b), Cialla et al. (2014), Zheng and He (2014), Li et al.
(2015), Vo-Dinh et al. (2015).
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