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Abstract Raman spectroscopy is a valuable tool in various
research fields. The technique yields structural information
from all kind of samples often without the need for
extensive sample preparation. Since the Raman signals are
inherently weak and therefore do not allow one to investigate
substances in low concentrations, one possible approach is
surface-enhanced (resonance) Raman spectroscopy. Here,
rough coin metal surfaces enhance the Raman signal by a
factor of 104–1015, depending on the applied method. In
this review we discuss recent developments in SERS
spectroscopy and their impact on different research fields.
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Introduction

Since the first observation of an enhanced Raman signal of
pyridine adsorbed on a roughened silver electrode by
Fleischmann et al. [1] in 1974, this effect—surface-enhanced
Raman scattering (SERS)—has been a field of great

scientific interest. The SERS technique has gained particular
importance in recent years in many different research fields
like surface science, electrochemistry, biology, and material
science. An even larger enhancement is observed when the
SERS technique is coupled with the resonance Raman
enhancement. Indeed, single-molecule detection has even
been reported with surface-enhanced resonance Raman
scattering (SERRS).

Although SERS spectroscopy is widely applied, the
mechanism leading to the surface enhancement is not
completely understood yet. In general there are two main
contributions: the electromagnetic and the charge transfer
(CT) mechanism.

The electromagnetic contribution of the SERS enhance-
ment is due to an electromagnetic field enhancement caused
by a plasmon excitation through the incident laser light on
the metal surface. Electrons in the metal are excited to an
oscillation against the metal cores, called a surface
plasmon. In nanostructured surfaces the exited surface
plasmons lead to an electromagnetic field, which reaches
out of the metal surface, where the analyte is located [2].

Since surface plasmons have to be excited by the
incident laser light, the excitation wavelength for a SERS
experiment must be adapted to the plasmon wavelength of
the respective metal and also to the nanostructure of the
metal surface, which also has an effect on the plasmon
resonance wavelength. For this reason SERS excitation
lines cover mainly the visible spectral region up to the near
infrared (NIR) between 450 and 1,064 nm. With these laser
wavelengths the surface plasmons of coinage metals like
silver and gold, which are widely used as SERS-active
substrates, can be excited. Excitation with UV light has also
been reported in the literature [3].

The CT mechanism on the other hand is associated with
a charge transfer process between the adsorbed analyte and
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the metal surface. Therefore, vibrations involved in the
charge transfer process are enhanced, which is similar to the
resonance enhancement [4].

The SERS effect is used and applied in several ways, for
example, tip-enhanced Raman spectroscopy (TERS) in
which an atomic force microscopy (AFM) tip is coated
with a SERS-active metal [5]. This tip, through which the
laser light is guided, is brought close to the analyte. This
technique can afford a very high lateral resolution. In
biology SERS is used as an analytical tool for DNA and
bacteria which can be investigated in the living state.
Processes in living cells can also be detected with the
technique. For quantitative SERS measurements the tech-
nique can be combined with fluidic devices or with isoto-
pically labeled standards. This review gives an overview of
the latest developments in such SERS topics.

SERS-active substrates

SERS requires metallic structures with feature sizes clearly
below the wavelength of light. The ability of a metal to
show the SERS effect is determined through the frequency-
dependent complex dielectric function, namely the ratio
between real and imaginary parts and their relation to the
dielectric function of the environment. The enhancement
effect increases with the electrical field gradient experi-
enced by the adsorbed molecule. Thus, any surface
protrusions or particles acting as SERS-active features
should be as sharp as possible due to the so-called
lightning rod or antenna effect. Furthermore, the enhance-
ment can be increased between two or more neighboring
sharp structures, i.e., arrays made of opposite features are
preferable. Further requirements for SERS-active substrates
are: (1) chemical and biological compatibility with the
analytes or cells which have to be measured, (2) chemical
and temporal stability, and (3) reproducible and economical
preparation.

Rough surfaces and island films

Electrochemically roughened metal electrodes were the first
substrates showing surface-enhanced Raman scattering [1]
and enhancement factors for pyridine of about 105–106

were achieved [6]. Silver nanoparticles, grown on glass
substrates, show the best average enhancement factors of
about 107 [7]. SERS-active surfaces can also be prepared
by deposition onto inexpensive rough substrates, e.g.,
zeolite crystals [8] or porous glass ceramics. Rough surfaces
may offer high sensitivity because their larger surface area
may provide more target molecules. Gold dendrite nano-
structures were prepared by using a galvanic exchange
reaction achieving distances in the range of the effective

plasmon resonance [9]. Nanoporous gold SERS-active
substrates prepared by corroding a silver–gold alloy gave
an enhancement factor of 109–1011 [10]. A similar
approach using random hole arrays in gold films leads to
hole-enhanced Raman spectroscopy (HERS) with an
enhancement of 1011 [11].

Metal colloids and nanoparticles

The preparation of colloid dispersions of metal nano-
particles by an easy reduction of the respective metal salts
with various reduction agents requires only simple chemical
laboratory equipment [12]. Spheres show naturally a
smaller enhancement compared to ellipsoidal or spiky par-
ticles. Particles in colloidal dispersions often show a size
and shape distribution, leading to an undesired broadening
of the resonance.

Beside pure silver or gold nanoparticles, core-shell bimetal
nanoparticles of silver and gold allow a shift of the resonance
frequency as a function of the shell thickness [13]. Jackson
and Halas obtained enhancement factors above 1010 using
silver nanoshells [14]. For the in situ investigation of
catalytic reactions with SERS, mixed colloids of silver or
gold with the catalytically important palladium were
prepared [15]. Not only spherical particles can be prepared,
but a variety of shapes including cubes [16, 17], prisms [18],
rods [19], and octahedra [20] depending on reaction
conditions and surface-active agents.

Nanosphere lithography (NSL) and films
over nanospheres (FON)

Nanosphere lithography (NSL) was proposed by Fischer and
Zingsheim in 1981 [21]. In principle, a solvent containing
nanospheres of homogeneous diameter (mostly polystyrene
latex spheres) is arranged to dry in a dense monolayer on a
substrate serving as a mask for a directed deposition of a
metal layer (10–100 nm), giving an hexagonal array of
triangles. Figure 1 (adapted from [22]) shows the principle
and an example of an NSL array. In 1995 Hulteen and van
Duyne prepared periodic particle arrays showing nanometer
features using single layer and double layer self-assembled
sphere masks. They reported the preparation of defect-free
silver arrays with areas of 4–25 μm2 and proposed the term
nanosphere lithography (NSL) [23]. Enhancement factors
above 107 were measured on benzenethiol adsorbed on
NSL-fabricated silver arrays [24].

The films over nanospheres (FON) approach uses the
NSL process without removing the spheres, resulting in
moth-eye-like metal surfaces as a possible SERS-active
substrate [25, 26]. With FON structures enhancement
factors of about 106 were obtained compared to 108 with
NSL structures [27]. Multilayer FON substrates with gold
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over silver show the high enhancement of 106 of silver,
while providing the long-term stability from gold [28].

Electron beam lithography (EBL)

Electron beam lithography (EBL) as a standard microelec-
tronics technology is an excellent method to prepare highly
reproducible patterns of variable shape down to some tens
of nanometers in size. Etching as well as lift-off were
already tested to produce SERS-active substrates with
different materials, e.g., silver, gold, or copper deposited
by sputtering or evaporation [29]. Felidj and co-workers

[30] measured SERS spectra on oblate gold spheroid arrays
prepared by EBL. The enhancement factor was in the order
of 105, assuming one monolayer to be active. The highest
enhancement factors achieved on gold arrays of 2×106

were reported in [31]. Experiments on gold dot arrays
revealed that repeated usage after substrate cleaning yielded
reproducible results [32].

With EBL a number of different shaped structures and
gratings were formed including cylinders and trigonal
prisms in square and hexagonal arrays (see for example
Fig. 2 adapted from [33]) or so-called nanowires, i.e.,
elongated structures with a high aspect ratio, in order to

Fig. 2 Scanning electron micro-
graphs of EBL-prepared
nanoparticle arrays (all 35 nm
in height): a hexagonal array of
cylindrical structures with a
diameter of 200 nm, period
260 nm; b square array of
cylindrical structures with a
diameter of 200 nm, period
250 nm; c hexagonal array
of trigonal prisms with a perpen-
dicular bisector of 170 nm,
period 230 nm; d square array
of cylindrical structures with
a diameter of 200 nm, period
350 nm (adapted from [33])

Fig. 1 Schematic principle (a)
and representative AFM image
(b) of a single layer NSL pat-
tern. The AFM image was taken
from an array prepared using
nanospheres of 542-nm diameter
and 48 nm thermally evaporated
silver (adapted from [22])
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study effects of higher multipole order [34]. De Jesus and
co-workers [35] used a polymer pillar array from the
exposed e-beam resist and metallised it. Arrays of cubic,
hexagonal, and elliptical nanoparticles were created with
the pillars being SERS-active and not the metal film in the
gaps between (see Fig. 3).

Application

The SERS substrates mentioned in the previous section
were used for various applications. This section provides a

short overview of the latest SERS research, e.g., in DNA
detection and multiplexing using SER(R)S, which addi-
tionally even allows single-molecule detection. A totally
new field of SERS investigation is the excitation in the
ultraviolet region with non-coin metal substrates.

Since SERS allows for the detection of very low
concentrations, this method can also be used for quantita-
tive analysis, e.g., of drugs. The application can also be
applied in biospectroscopy for the investigation of bacteria,
eukaryotic cells, or tissues. Combining the SERS technique
with an atomic force microscope affords information with a
spatial resolution below 50 nm. This enables one to detect,
e.g., single carbon nanotubes or even spatially resolve
bacterial cell walls.

Detection of DNA

The specific detection of DNA has gained importance in
recent years because more and more DNA sequences of dif-
ferent organisms are being determined. Such sequence
information can be used for the identification of the genus
or species of microorganisms, diseases, or even a single indi-
vidual. Fast and reliable DNA detection is not only used in
research and development, it also finds increasing applications
in areas like forensics, food safety control, and agriculture.

SERS offers several advantages for the detection of
biomolecules: it is a rapid non-destructive tool, it yields
compound-specific information, and has the potential for
multi-component analysis. Vo-Dinh et al. reported on the
use of SERS for the detection of specific nucleic acid
sequences [36, 37]. However, SERS-active labels were
used to detect the hybridization of complementary DNA
strands. This approach demonstrated the possibility of using
SERS-active labels as specific gene probes [37]. This
technique has been further developed to detect DNA
fragments of the human immundeficiency virus (HIV)
[36]. In another approach Wabuyele and Vo-Dinh [38] used
the vanishing of the SERS signal for the detection of a
specific HIV DNA fragment (see Fig. 4). For this, they
modified gold nanoparticles with single-stranded DNA
hairpin structures. These hairpin structures would bind to
the surface of the gold nanoparticle with a thiol modification.
On the other end of the DNA strand a SERS-active label is
attached. As long as the hairpin structure is closed the label
remains in close proximity to the metal surface and a SERS
signal of the label can be detected. Upon hybridization of a
complementary strand of DNA the hairpin structure opens
and the label is removed from the metal surface, which
leads to the disappearance of the SERS signal.

Cao et al. [39] also reported on a SERS-based detection
scheme for DNA that involves gold nanoparticles. They
used gold nanoparticles specifically modified with special
oligonucleotides with a thiol modification, for binding to

Fig. 3 Scanning electron micrographs of elliptical resist patterns with
different symmetries (right). The insets (left) are the Auto-CAD
drawings used for the EBL pattern generation. Each pattern has an
aspect ratio of 1:3 with a spacing and short axis diameter of 50 nm.
All micrographs were collected at ×90k magnification. The top-right
inset shows a ×40k micrograph after deposition of 25 nm silver
(adapted from [35])
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the gold surface, and a SERS-active label (a fluorescent
dye) integrated in the DNA strand. Those gold nanoparticle
labels were then used to label a DNA chip. However, the
bound nanoparticles could not be detected via SERS after
binding. The authors assumed that the nanoparticles were
not packed closely enough on the surface to give an
electromagnetic field enhancement. After an additional
silver deposition step, very specific SERS signals were
detected [39]. This detection scheme was also transferred
from chip-based detection to a glass-bead-based parallel
detection [40]. The authors were able to show that they
could specifically detect defined mixtures of SERS-active
labels thereby enabling a vast number of possible labeling
combinations and the possibility of a highly multiplexed
detection scheme. It was pointed out that this detection
technology could be easily adjusted to the detection of
proteins and other biomolecules [40, 41]. Recently, the read
out of a DNA chip using SERS without any additional
labels has been reported. The authors used unique silver
torus nanostructures as substrates for the chip and a shift in
the SERS signal for the detection of the binding of
complementary DNA to a complementary surface immobi-
lized capture DNA [42].

An approach using surface-enhanced resonance Raman
scattering (SERRS) has been reported by Graham and co-
workers [43–46] in which they used specific Raman-active
labels for detection. Even so the possibility of the detection
method is demonstrated in their work; to our knowledge no
sequence-specific approach detecting the hybridization of a
complementary capture and target probe has been reported
by them yet. However they were able to demonstrate the
detection of labeled oligonucleotides in a lab-on-a-chip
approach using microfluidics [43].

The ever growing demand for fast and accurate techni-
ques for the detection of nucleic acids and other biomole-
cules is a great opportunity to develop SERS into a valuable
tool for the detection of biomolecular interactions. Further
improvements have to be made especially in producing
reproducible substrates and developing easy-to-use detection
devices as well as automating the detection process. Such
obstacles might be overcome in the future to make SERS an
interesting alternative in the investigation of DNA.

Surface-enhanced resonance Raman scattering (SERRS)

In comparison to SERS, where the excitation wavelength
used is far away from the electronic absorption state of the
analyte, SERRS uses the additional enhancement when the
excitation wavelength is in or near an electronic vibration
of the analyzed molecule. Therefore, the detection limit can
be lowered.

SERRS studies have been carried out in numerous
research fields. Many investigations used dyes such as
triphenylmethane, rhodamine, fluorescein, phthalocyanine,
and azo dyes adsorbed on colloidal silver, silver island
films, or silver electrodes to investigate orientation effects
or influences of chromophores and substituents on the
SERRS spectra. Even coverage dependence, the usability
for qualitative and quantitative analysis, and the detection
of dye-labeled DNA have been the focus of investigation
[47–49]. SERRS was also used to detect indicator mole-
cules for the presence of an analyte [50] or for pH
determination [51]. Cotton and co-workers studied various
biomolecules, e.g., cyanine dyes, chlorophyll a, bacterio-
chlorophyll a, and bacteriopheophytin a, in Langmuir–
Blodgett monolayers on silver films [52].

Fig. 4 Left schematic representation of the hybridization and optical
detection scheme. Binding of nanoprobes to a capture region of the
PCR product quenches the optical signal, whereas unbound nano-
probes generate a detectable SERS signal. Right SERS spectra of HIV-1
SERS MS nanoprobe with no target DNA sequence (blank) and in the

presence of a noncomplementary DNA target sequence (negative
diagnostic) and a complementary HIV-1 DNA target (positive
diagnostic). The threshold level of the SERS signal from the SER-
MS nanoprobe is indicated by the dotted line (adapted from [38])
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Many investigations were performed on proteins such as
heme proteins [53, 54], phytochrome [55], and non-heme
metalloenzymes [56]. In addition, investigation of the
potent drugs hypericin and emodin on aqueous silver
colloid [57] and the interactions of hypericin with DNA
[58] where performed by Bertoluzza and co-workers.

SERRS is also used for detection in flow injection
analysis in a spectroelectrochemical cell [59], as an extra
HPLC detector for nitrophenol compounds [60], or for
characterizing compounds separated by column liquid
chromatography [61].

SERRS investigations of inorganic complexes adsorbed
on silver electrodes or colloids represents a wide field of
investigation [62, 63]. Studies on the interactions between
DNA and ruthenium complexes were performed by Cordier
and co-workers [64].

Single-molecule detection

One application of surface-enhanced resonance Raman
scattering (SERRS) is the detection of single molecules (SM
SERS). Most tests of SM SERS use excitation wavelengths
located close to the surface plasmon resonance and also to the
optical transition of the analyzed molecule. Nie and Emory
acquired an enhancement factor in the order of 1014–1015 by
the exploration of single rhodamine 6G molecules adsorbed
on single silver nanoparticles [65]. During their work they
observed that a few particles, so-called hot particles, offer
exceptionally high enhancement efficiencies. It was shown
that only larger aggregates, which are created by salt-induced
aggregation, exhibit large SERS intensities [66–68]. Käll and
co-workers investigated proteins such as hemoglobin or
horseradish peroxidase by incubating the analyte with silver
colloidal solution [69, 70]. In these cases the proteins are
used to induce aggregation of the nanoparticles to utilize the
enhanced electromagnetic field that exists between particles,
which is predicted to be up to 103 higher than the incident
optical field. Unlike most works, in which silver colloids are
used, Aroca and co-workers applied Langmuir–Blodgett
monolayers on silver island films to detect single perylene
dyes [71, 72].

Another possibility to detect single molecules by means
of SERS was executed by Kneipp and co-workers. They
exploited the huge SERS cross section obtained on
colloidal clusters (100- to 150-nm-sized silver clusters
prepared from a silver colloidal solution with NaCl as
aggregating agent) to detect non-resonant single molecules
[73]. SERS enhancement factors of 1014 were observed for
dye molecules attached to the silver clusters. Further studies
by the same group investigated anti-Stokes signals of single
molecules for a better understanding of the localized
surface plasmon resonance of the silver clusters at 830 nm
excitation [74] and hyper-Raman scattering [75].

The most important limitation is that only a few clusters
of the aggregated nanoparticles, so-called hot particles,
show inordinate SERS intensities to allow single-molecule
detection. To make SM SERS a qualitative and quantitative
analytical tool these clusters must be produced reproducibly
and accurately defined.

UV-SERS

Extending the excitation wavelengths from the visible and
near infrared spectral region to the ultraviolet would allow
SERRS applications in particular on important biological
molecules such as DNA or proteins showing absorption in
the UV.

Since the SERS enhancement mainly depends on the
electromagnetic (EM) enhancement mechanism, which is
due to a plasmon excitation in the substrate metal, it is
mainly not possible to obtain SERS spectra with coinage
metals in the UV as in the visible spectral region. Hence
other substrate metals must be investigated for their UV-
SERS activity. So far UV-SERS experiments have been
performed with 325-nm excitation wavelength. The first
UV-SERS enhancement was reported by Ren et al. in 2003
[76] who used roughened rhodium and ruthenium electro-
des as SERS substrate and showed an enhancement for
pyridine as a model substance. The authors also calculated
enhancement factors for silver and rhodium in the UV
spectral region and could show that Ag does not show an
enhancement factor for excitation wavelengths under
350 nm but Rh does. In addition, Wang and Wu [77]
presented SERS spectra from an electrochemically rough-
ened gold electrode with the thiocyanate ion as model
substance. In agreement with the results of Ren et al. [76]
they showed by the use of extended Hückel molecule
orbital calculations that for gold in the UV spectral region,
only the charge transfer (CT) mechanism contributes
to the SERS enhancement. Wen and Fang [78] also pre-
sented studies of an Au electrode with UV excitation on
p-hydroxybenzoic acid (PHBA). The authors claim, like
Wang and Wu, that the increased intensities of the Raman
bands in the surface Raman spectrum in comparison to the
UV-Raman spectrum is due to the non-radiative CT
mechanism. Another reason for this is that the relative
band intensities vary strongly with the given potential at the
electrode and the bands shift with the electrode potential
about 3–10 cm−1. It should be pointed out that the potential
at which resonance occurs varies with the vibrational mode.
Therefore, the PHBA molecules are chemisorbed on the Au
surface and the metal PHBA–bond is influenced by the
potential. In addition, Lin et al. [79] published UV-SERS
experiments of pyridine on Rh electrodes as well as
thiocyanate on Rh, Ru, and Co electrodes. Recently, a
different approach with excitation in the deep UVat 244 nm
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and sputtered aluminum surfaces as SERS-active metal was
reported [80].

SERS as an analytical tool

Both Raman and SERS spectroscopic investigations can be
performed in the presence of water, and thus these tech-
niques can be applied for the investigation of organic and
biochemical substances in their natural environment [81, 82].
The pH-dependent absorption behavior of various biomole-
cules has been studied by means of SERS [83, 84].

To perform a quantitative analysis more subtle methods
have to be applied, since the SERS signal depends largely
on the age and the state of aggregation of the used substrate
[85, 86]. Up to now a lot of work has been done on the
production and synthesis of reproducible SERS-active
substrates (see SERS-active substrates). Unfortunately
highly significant surface enhancement needs aggregated
hot spots (see Single-molecule SERS), which could not be
performed reproducibly.

One possibility for a quantitative analysis of, e.g.,
organic trace pollutants in aqueous solutions is the imple-
mentation of a fluidic cell. In fluidic systems one can
generate a mean spectrum over a defined period of time,
where the inhomogeneous particle and particle aggregate
distribution of the colloidal solutions due to hot spots can
be circumvented. In addition to a constant mixing behavior
the time period between activation and measurement can
also be kept constant. In order to minimize the needed
sample volumes the fluidic systems have been recently
adapted into chip-based systems. Even colloid synthesis has
been implemented [87, 88]. Figure 5a schematically depicts
the setup of such a microfluidic device. Via an external
syringe pump system the different solutions are pumped
into the channels of the chip, where they are combined and
mixed thoroughly before the SERS spectrum is detected
with a laser focused into the channel. Choo and co-workers
successfully detected nicotine, cyanide ions, and methyl

parathion in an alligator-teeth-shaped PDMS channel [89–
91], whereas Docherty et al. succeeded in detecting labeled
oligonucleotides in a microfluidic lab-on-a-chip system
[43]. The analysis of mitoxantrone, an anti-cancer agent,
in blood serum has been performed by McLaughlin et al.
[92]. To circumvent the problem of a memory effect caused
by sedimentation of nanoparticle aggregates [92] we
implemented a two-phase liquid/liquid segmented flow
system for a quantitative detection of crystal violet [93].
A concentration dependency plot is shown in Fig. 5b.

In order to prevent poor batch-to-batch reproducibility a
different approach is to add an internal standard to the
analyte solution which shows a similar binding behavior to
the SERS substrate. Bell et al. detected dipicolinic acid in
the presence of CNS− anions as an internal standard to
compensate for changes in experimental parameters such as
fluctuations in the laser power [94]. To minimize the effect
of fluctuations in the SERS substrate isotopically labeled
internal standards were applied which have nearly the same
binding affinity to the metal colloid [95, 96]. In Fig. 6
SERS spectra of the individual isotopomers of creatinine
are shown as well as a mixture of both spectra. Different
force constants of the isotopes lead to a small wavenumber
shift of the respective bands.

Another interesting topic concerning SERS and its poss-
ible application to quantify unknown concentrations of
molecules is presented by van Duyne and co-workers. They
developed a silver nanostructured substrate modified by a
self-assembled monolayer (SAM) of alkanethiolates for the
detection of glucose [97]. In comparison to the bare silver
surfaces, which show only a very weak or nonexistent binding
affinity to the glucose molecules, the SAM-modified struc-
tures can reversibly bind glucose. Another advantage is that
the SAM stabilizes the silver surface and protects it against
oxidation [98]. By combining these SAM-modified struc-
tures with a flow cell, the group succeeded in producing a
reversible glucose sensor even in the presence of blood
serum protein mimic conditions [99].
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Fig. 5 Schematic depiction of a lab-on-a-chip integrated microfluidic device (a) and a quantitative analysis of crystal violet measured in such a
chip (b)
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Investigation of bacteria by means of SERS spectroscopy

The first SERS spectra of whole bacterial cells were
published in 1998 by Efrima and Bronk by coating Gram-
negative E. coli cells with silver nanoparticles [100]. In the
following years several research groups continued the
investigations of E. coli, and other bacteria. Mainly silver
or gold nanoparticles are used as SERS-active substrates.
They are prepared directly in the outer cell wall of the
bacteria by external coating [101–103] or adsorption of
these nanoparticles to the cell wall [104–106]. In addition,

solid substrates like immobilized nanoparticles on a
microscope glass slide [107], metal deposited island films
[108], and metal FON (film over nanospheres) [109] layers
are mentioned as SERS-active substrates for investigations
of bacterial cells.

Most of the SERS measurements on bacteria were
performed in a glass cuvette or on bulk material resulting
in an averaging over a lot of bacterial cells which increases
the SERS intensity [103–105]. However, SERS spectra of
single bacterial cells or spores using optical tweezers [110]
or confocal microscopy [108, 111] have been reported in
several studies.

A TEM image of an E. coli cell coated with silver
nanoparticles by adhesion on the outer cell wall is depicted
in Fig. 7a [106]. The nanoparticles are in close contact with
the outer cell wall, so that only components of the outer
membrane contribute to the SERS spectra. In Fig. 7b
several SERS E. coli spectra obtained from different
research groups are shown. Zeiri et al. [103] used the
external silver coating to prepare SERS-active nanoparticles
directly in the outer cell membrane. In comparison
Sengupta et al. [106] and Jarvis et al. [104] applied silver
colloids as SERS-active substrate for coating the bacteria.
As shown in Fig. 7b [106] the band positions are nearly
identically but the band intensities vary due to different
SERS-active substrates.

Investigation of living cells and tissues

Beside the characterization and identification of bacteria,
eukaryotic cells and tissues have also been analyzed by
surface-enhanced (resonance) Raman spectroscopy. One
approach uses silver colloids to minimize fluorescence in
living tissues and enhance signals of components of
interest, respectively. This technique has, for example,

Fig. 7 SERS on E.coli cells: a
TEM images of MC4100 E. coli
cell coated with Ag nanopar-
ticle, b comparison of the SERS
E. coli spectra obtained from
several research groups (adapted
from [106])

Fig. 6 SERS spectra of the two isotopomers (- - -) and a SERS
spectrum of the sum of both (•••) are compared to the experimental
SERS spectrum of an equimolar mixture of both isotopomers (—)
(adapted from [95])
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allowed mint taxas to be characterized by identifying the
composition of the essential oil inside their glandular
trichomes [112, 113].

A number of different SERS experiments have been
performed localizing the colloids inside or outside the
investigated cells. Incubating rat PC 12 cells with silver
colloids allows for the monitoring of the neurotransmitters
dopamine, adrenaline, and noradrenaline at the outer cell
wall [114]. Kneipp et al. [115, 116] used gold colloids
inside epithelial cells to investigate native chemicals and
their distribution inside a cell.

A different approach for the SERS investigation of
single cells is the use of SERS labels. Specific SERS labels
which are selective for, e.g., ketones inside cell surface
proteins were prepared and linked to silver colloids. This
allows the selective localization of these proteins inside
HeLa cells [117]. For a more complex approach, dyes like
rhodamine 6G or cresyl violet were used with metal
colloids. The localization not only of the native chemicals
like DNA bases or amino acids but also of different
concentrations of rhodamine 6G as a probe molecule can
be investigated by using gold colloids inside lymphocytes
[118]. Different receptors inside endothelial cells were
localized by linking these Raman labels to target molecules
like biotin or other substances [119]. Also antibodies linked
to a labeled gold colloid can be used [120]. With this method
specific cancer markers can be localized in, e.g., kidney
cells in order to investigate tumor development [121, 122].

The use of metal colloids always leads to a contamina-
tion of the whole cell or tissue. In order to minimize the
partly degenerative effect of metal colloids inside cells a
highly localized SERS substrate would be preferable.
Therefore, Geßner et al. [123, 124] localized silver colloids
on the surface of an etched glass fiber tip for the
investigation of yeasts, red blood cells, and plant tissue.
With this SERS tip it was possible to combine a high spatial
resolution with a high enhancement factor.

Tip-enhanced Raman spectroscopy (TERS)

In order to obtain even higher spatial resolutions single
metallic nanoparticles on a cantilever were used to combine
SERS spectroscopy with atomic force microscopy (AFM)
in the so-called tip-enhanced Raman spectroscopy (TERS).
The first results applying the TERS technique were
published in 2000 by the research group of Zenobi and
Deckert [5]. For TERS different approaches and tips like
AFM cantilevers with deposited silver nanoparticles or
etched thin metallic wires were investigated [5]. TERS
spectra of C60 (bucky balls) were measured with a tuning
fork set up to handle the TERS tip [5].

In the following years a lot of research groups have
improved the TERS technique using different kinds of
analytes both inorganic and organic substances. Some of
the most investigated analytes are carbon-based clusters
like carbon nanotubes [125–128], bucky balls (C60) [129,
130], or carbon onions [131]. Using the TERS technique it
is possible to investigate single carbon clusters in order to
get information about the deformation of these structures
with increasing tip pressure [132] and investigate encapsu-
lated biomolecules in single-wall carbon nanotubes [133].
In addition, TERS spectra of organic dyes were recorded
and the signal-to-noise ratio can be increased by choosing
the excitation wavelength nearby the absorption maximum
[134–137]. Additionally, DNA components like the DNA
bases were investigated using the TERS technique [138–140].

Preliminary studies of biomolecules pointed out that
more complex biological systems can also probably be
probed by means of TERS. First results investigating single
bacterial cells using the TERS technique are shown in
Fig. 8 [141]. TERS spectra with a high signal-to-noise ratio
can be achieved and are dominated by contributions of the
outer cell wall. However, over time the TERS signal
changes due to fluctuations of cell components on the
outer cell wall [141, 142].
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Fig. 8 TERS on single S. epi-
dermidis cells: a pseudo-three-
dimensional AFM image of
single S. epidermidis cells on a
glass surface, b reference TERS
spectrum of the glass surface,
c single TERS spectra measured
on the top of a single bacterial
cell using a silver-coated AFM
cantilever, d false-color plot of
the evolution of the TERS signal
during the measurement period.
The ever-present Raman band
around 520 cm−1 is attributed to
the silicon tip
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Conclusion

In recent years the developments in the field of SERS
spectroscopy have opened a great variety of different
applications. New and reproducible substrates with high
enhancement factors were designed, leading to applications
not only in surface analysis but also in a wide field of
biospectroscopy. The extension of laser excitation into the
ultraviolet range is a promising approach for further
investigations of biomolecules. In addition to substance
analysis, SERS is also used in the field of bacteria research
and identification. The possibility to analyze living cells
and tissues by means of conventional or labeled colloids
enables further insight into cell metabolism. TERS as the
combination of surface-enhanced Raman spectroscopy with
atomic force microscopy enables new research possibilities
with a spatial resolution in the nanometer range. With this
method even the surface of living cells (e.g., bacteria) can
be investigated on the cellular level.
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