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Abstract Sensitive and detailed molecular structural

information plays an increasing role in molecular bio-

physics and molecular medicine. Therefore, vibrational

spectroscopic techniques, such as Raman scattering, which

provide high structural information content are of growing

interest in biophysical and biomedical research. Raman

spectroscopy can be revolutionized when the inelastic

scattering process takes place in the very close vicinity of

metal nanostructures. Under these conditions, strongly

increased Raman signals can be obtained due to resonances

between optical fields and the collective oscillations of the

free electrons in the metal. This effect of surface-enhanced

Raman scattering (SERS) allows us to push vibrational

spectroscopy to new limits in detection sensitivity, lateral

resolution, and molecular structural selectivity. This opens

up exciting perspectives also in molecular biospectroscopy.

This article highlights three directions where SERS can

offer interesting new capabilities. This includes SERS as a

technique for detecting and tracking a single molecule, a

SERS-based nanosensor for probing the chemical compo-

sition and the pH value in a live cell, and the effect of so-

called surface-enhanced Raman optical activity, which

provides information on the chiral organization of mole-

cules on surfaces.

Keywords Nanosensor � Raman spectroscopy �
Cells � Single molecule � Plasmonics

1 Introduction

Most of optical and spectroscopic tools in biophysical and

biomedical research, which are currently in use are based

on fluorescence spectroscopy. Methods can exploit intrin-

sic fluorescence of the biological object, but, in most cases,

objects of biomedical interest, such as cells, proteins, or

others are labeled with organic dye molecules or quantum

dots, which act as reporter species providing stronger and

more specific fluorescence signals than biomolecules [1, 2].

But also in case of intrinsic fluorescence signals originating

from the biomolecules, the information on molecular

structure and chemical composition of the biological target

object is limited. Therefore, an important challenge in

biospectroscopy is to develop optical tools, which also

deliver molecular structural information on biological

samples, particularly also sensitive information on mole-

cular structural changes. Such information can provide new

insight into biophysical and biochemical processes and a

deeper understanding of the development of diseases at a

molecular level.

In general, detailed molecular structural information

can be provided by the vibrational spectrum. The energy
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Charité University Medicine, Berlin, Germany

H. Bohr � K. Kneipp

Physics Department, Danish Technical University,

Lyngby, Denmark

e-mail: katrin.kneipp@fysik.dtu.dk

123

Theor Chem Acc (2010) 125:319–327

DOI 10.1007/s00214-009-0665-2



of the vibrational levels is determined by the kind of

atoms and bonding strengths between them. The symmetry

of the molecule determines the transition matrix elements,

i.e., signal strength of specific vibrational modes in a

spectrum.

Molecular vibrations can be probed by infrared (IR)

absorption spectroscopy or by inelastic scattering of pho-

tons from vibrational quantum states, called Raman scat-

tering. The frequency shift between incoming and Raman

scattered light is determined by the energy of molecular

vibrations. Depending on the applied wavelength for

excitation, in Raman spectroscopy, information on mole-

cular vibrational frequencies is transferred from the IR

energy range to the visible, near ultra violet, or near

infrared range, respectively, where some technical advan-

tages, such as sensitive detectors, notch filters, better light

sources, fiber-optic probes, combination of Raman spec-

troscopy, and microscopy etc. exist [3]. These improve-

ments are of interest, particularly also for biomedical

applications of Raman spectroscopy [4–8].

In general, Raman scattering signals are exceedingly

weak. Typical Raman cross sections range between 10-30

and 10-25 cm2, with the larger values occurring during

resonant Raman conditions. In exceptional situations for

some dyes, resonant Raman cross sections can reach

10-23 cm2. In comparison, fluorescence exploits cross

sections of about 10-16 cm2, IR-absorption cross sections

are between 10-20 and 10-17 cm2.

However, the situation for Raman scattering totally

changes when the inelastic scattering process takes place

in the very close vicinity of metal nanostructures. Now

strongly increased Raman signals can be obtained, which

occur mainly due to resonances between optical fields

and the collective oscillations of the free electrons in a

metal. This effect of surface-enhanced Raman scattering

(SERS) allows to push vibrational spectroscopy to new

limits in sensitivity, molecular structural selectivity, and

lateral resolution [9]. This is of particular interest for

biological and biomedical applications of Raman scat-

tering [10–19].

Here, after a brief introduction of surface-enhanced

Raman scattering, we highlight three directions where

SERS can offer interesting new capabilities in molecular

biospectroscopy. We discuss SERS as a technique for

detection and tracking single biomedically relevant mole-

cules. In a second example, we introduce a SERS-based

nanosensor for structurally selective chemical probing and

pH measurements in small biological structures, such as

cellular compartments. Finally we show that SERS gives

rise to interesting new results for the effect of so-called

Raman optical activity (ROA), which can be obtained for

chiral molecules and has the capability to differentiate

between left and right-handed species.

1.1 Physics background—a brief introduction

to Raman scattering and surface-enhanced Raman

scattering

Figure 1 shows a schematic of the Raman scattering (RS)

in a molecular energy level diagram. Depending on whe-

ther photons interact with a molecule in its vibrational

ground or first excited vibrational state, the scattering

signals appear at the low energy side (Stokes:

hmS = hmL - hmM) or high energy side (anti-Stokes:

hmaS = hmL ? hmM) of the excitation laser. The scattering

signal power PRS of a Raman line depends on excitation

intensity IL and the Raman cross section rR, where rR is

determined by the change of the polarizability during the

molecular vibration. In general, anti-Stokes Raman scat-

tering results in much lower scattering signals compared to

Stokes scattering, because only a small fraction of mole-

cules, determined by the Boltzmann population is in an

excited vibrational state and can contribute to anti-Stokes

Raman scattering.

In hyper Raman scattering (HRS) two-photons are

simultaneously scattered, and thus HRS results in Raman

signals shifted relative to the doubled energy of the exci-

tation laser (hmHS = 2hmL - hmM and hmHaS = 2hmL ?

hmM). HRS follows symmetry selection rules different from

regular one-photon RS, and therefore it can provide addi-

tional molecular structural information by probing vibra-

tional modes complementary to those that appear in a

‘‘normal’’ RS spectrum. The power of RS signals PRS is

linearly dependent on the excitation intensity, whereas

HRS signals depend on the excitation intensity to the

power of two. As a non-linear, incoherent Raman process,

HRS is an extremely weak effect with scattering cross

sections of the order of 10-65 cm4 s, 35 orders of magnitude

smaller than cross sections of ‘‘normal’’ (one-photon-

excited) Raman scattering and 15 orders of magnitude

below typical two-photon absorption cross sections. These

Fig. 1 Raman (RS) and hyper Raman (HRS) Stokes and anti-Stokes

scattering (the right part of each figure displays the Stokes process,

the left part the anti-Stokes process)
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extremely small cross sections have so far precluded

application of HRS as practical spectroscopic tool.

The structural information content of Raman scattering

can be further extended to chiral information by exploiting

differences in Raman signal strengths obtained for left- and

right-circularly polarized light. The effect of ROA mea-

sures the normalized difference between scattering signals

of right and left circularly polarized excitation and/or

scattered light. ROA is introduced as dimensionless cir-

cular intensity difference (CID) with CID = (RIR - LIL)/

(RIR ? LIL). Superscript and subscript R and L indicate

right and left circularly polarized excitation and Raman

light, respectively. Due to its origin in higher order effects

ROA is an extremely weak phenomenon, usually 3–5

orders of magnitude smaller than Raman scattering

resulting in CID numbers of 10-3 at best [20, 21]. There-

fore, extracting ROA spectra from molecules of biological

interest requires high excitation powers and long collection

times up to hours. Recently, the technique has been pushed

to new limits. Instrumental advances in ROA combined

with quantum chemical computations made it possible to

determine the absolute configuration of chiraly deuterated

neopentane [22].

Optical effects can be strongly affected when they take

place in the immediate vicinity of metal surfaces and

nanostructures due to coupling to surface plasmons. Based

on resonances with its surface plasmons, gold- and silver

nanostructures give rise to enhanced local optical fields,

where spectroscopy takes place. This results in enhanced

spectroscopic signals. Figure 2 illustrates surface-enhanced

Raman scattering schematically. The formula shown in the

figure estimates the scattering signal in a SERS experiment.

The total Stokes SERS signal PSERS is proportional to the

Raman cross section rRads, the excitation laser intensity IL

and the number of molecules N involved in the SERS

process.

Two effects are operative in this surface-enhanced

Raman scattering: The first enhancement mechanism is

related to resonances between the surface plasmons of the

metal nanostructures and the excitation and scattered fields

during the Raman process, giving rise to enhanced local

optical fields. So-called field enhancement factors A(mL)

and A(mS) account for this ‘‘electromagnetic’’ SERS

mechanism.

The second enhancement mechanism occurs due to so-

called ‘‘chemical or electronic effects’’, where a molecule

in contact with a metal (nanostructure) exhibits a ‘‘new

Raman process’’ with a larger cross section than that of a

free molecule. rR
ads describes an enhanced cross section of

the adsorbed molecule due to ‘‘chemical’’ SERS enhance-

ment compared to the cross section rR
free in a ‘‘normal’’

Raman experiment without the presence of metal nano

structures. For more explanation of the origin of ‘‘elec-

tromagnetic’’ and ‘‘chemical’’ SERS enhancement see refs.

[23–25].

Total enhancement factors obtained in SERS can reach

14 orders of magnitude. In general, the contribution of

electromagnetic and chemical enhancement mechanisms to

the total SERS effect remains a subject of discussion.

However, in many experiments performed on nanometer-

scale silver or gold structures, electromagnetic enhance-

ment plays a key role. In the visible and near infrared

frequency range, silver and gold nanostructures can result

in electromagnetic SERS enhancement factors up to 12

orders of magnitude [26–28].

Electromagnetic enhancement also provides the key

effect for the observation of surface-enhanced hyper

Raman scattering (SEHRS). Small aggregates, consisting

of gold and silver nanoparticles and fractal structures of

these metals that provide extremely strong field enhance-

ment, which can give rise to enhancement factors for HRS

signals up to 20 orders of magnitude. This results in

effective two-photon cross sections similar or higher than

the best cross sections for two-photon fluorescence [29]. In

general, two-photon spectroscopy provides several advan-

tages over one-photon excitation, including the application

of light of a longer wavelength and the limitation of the

excitation volume in a sample [30]. These specific char-

acteristics of two-photon excitation are of particular

interest for biomedical applications of spectroscopy and

microscopy [31–33]. So far, two-photon excitation has

been applied in fluorescence spectroscopy. New approa-

ches in two-photon excited surface-enhanced hyper Raman

spectroscopy combine the advantages of two-photon

spectroscopy with the structural information of vibrational

spectroscopy, and the high sensitivity and nanometer-scale

local confinement of plasmonics-based spectroscopy [29].

Fig. 2 Surface-enhanced Raman scattering (schematic) and a SERS

spectrum of 10-9 M adenine. Molecules (blue dots) are in the close

vicinity to gold or silver nanospheres (orange), for comparison see,

TEM images of a SERS-active gold nanoaggregate (scale bar is

100 nm). Reprinted with permission from Ref. [9]
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1.2 Ultrasensitive label-free detection and tracking

of biomedically relevant molecules

Extremely high SERS enhancement factors allow the

ultrasensitive detection and structural identification of

molecules based on intrinsic Raman signals. In particular,

SERS opens up opportunities for monitoring biologically

relevant molecules at the single molecule level [10].

Applications range from Raman spectroscopic characteri-

zation of specific DNA fragments down to structurally

sensitive detection of single DNA bases without the use of

fluorescent or radioactive tags, based on the intrinsic sur-

face-enhanced Raman scattering signals [34].

As an example, Fig. 3 displays surface-enhanced Raman

spectra of the DNA base adenine using one- and two-

photon excitation [29]. Effective SERS cross sections for

adenine were shown to be of the order of 10-16 cm2. As

Fig. 3 shows, strong SEHRS signals are obtained for ade-

nine as well. Compared to the SERS spectrum its SEHRS

spectrum shows several additional strong scattering lines

that can be ascribed to IR-active vibrations. Effective

SEHRS cross sections for adenine have been inferred to be

between 10-46 and 10-45 cm4 s (=104–105 GM). Figure 3

shows that one-photon SERS cross sections are at the level

of fluorescence cross sections of ‘‘good’’ fluorophores.

Moreover, two-photon cross sections obtained in SEHRS

from adenine exceed by far the two-photon fluorescence

cross sections encountered for common biomolecules.

Due to the electromagnetic origin of the enhancement, it

should be possible to achieve SERS cross sections for other

DNA bases in the same order of magnitude as obtained for

adenine when they are attached to colloidal silver or gold

clusters.

As shown in Fig. 4, the nucleotide bases show well-

distinguished surface-enhanced Raman spectra. This sug-

gests DNA sequencing based on SERS [34]. After cleaving

single native nucleotides from the DNA strand into a

medium containing colloidal silver or gold clusters, direct

detection and identification of single native nucleotides

should be possible, due to unique SERS spectra of its

bases. It is interesting to estimate the detection rate of

single nucleotides in such an experiment. Single molecule

Fig. 3 SEHRS and SERS spectra of adenine in aqueous solution with

silver nanoaggregates. One-photon excited SERS spectra were

measured using 514.5 nm cw light, two-photon excited SEHRS

spectra were measured using 1,064 nm mode locked ps pulses.

Reprinted with permission from Ref. [29]

Fig. 4 Schematic of DNA

sequencing based on the

intrinsic Raman spectra of the

four bases G, A, T, and C

(spectra are shown in the boxes).

After cleaving single native

nucleotides from the DNA

strand into a moving stream of c

silver or gold nano clusters,

single nucleotides will meet

SERS-active silver or gold

nanoclusters in the sequence of

cleaving. Nucleotides are

detected and identified when

nucleotide loaded nanoclusters

move through a laser spot and

give rise to characteristic

specific SERS signatures.

Reprinted with permission from

Ref. [11]
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adenine spectra can be measured at good signal-to-noise

ratios of 10 in 1-s collection time at 3 9 105 W/cm2

excitation. Assuming a SERS cross section on the order of

10-17 to 10-16 cm2 and a vibrational lifetime on the order

of 10 ps, saturation of SERS will be achieved at 108 to

109 W/cm2 excitation intensity. Extrapolation to saturation

conditions shows that single molecule SERS spectra over

the complete fingerprint region (ca 700–1,700 cm-1)

should be measurable in milliseconds or at kHz rates. This

opens spectacular potential applications for rapid DNA

sequencing at the single molecule level [34].

In general, identification of a molecule is based on a

SERS spectrum, comprised of different vibrational modes,

but also measuring only one typical SERS line and using

this Raman line as a spectroscopic signature for the

specific molecule is a useful tool for detecting and

tracking a known molecule without the use of fluores-

cence labels.

Figure 5 demonstrates this by monitoring the small pro-

tein enkephalin on a fractal silver surface [35]. Enkephalin is

a mixture of two pentapeptides, [Leu]enkephalin and

[Met]enkephalin. As Fig. 5 shows, enkephalin can be moni-

tored at the single molecule level based on the strongly

enhanced ring breathing mode of phenylalanine around

1,000 cm-1, which is a building block of both the penta-

peptides. The SERS signal of the strongly enhanced mode of

phenylalanine can be used as intrinsic marker for detecting a

single enkephalin molecule without the use of a specific

label.

1.3 SERS nanosensors for chemical- and pH-probing

in live cells

Probing cellular structures and cellular processes on the

molecular level and at subendosomal resolution is one of

the major methodological challenges in cell biology [36,

37]. Gold nanoparticles have been tools of the trade in cell

biology studies because of its favorable physical and

chemical properties and biocompatibility. An exciting new

aspect in its applications exploits gold nanoparticles as

multifunctional SERS nanosensors. These mobile sensors

can probe cellular chemistry at subendosomal resolution by

delivering the enhanced Raman spectra of cellular mole-

cules in their nanoenvironment [38, 39]. Figure 6 illus-

trates the principle of a SERS sensor.

The ultrasensitive detection and structural characteriza-

tion of molecules in a live cell provides key information for

monitoring cellular processes, such as enzymatic activity or

release of neurotransmitters [40].

As a further development of SERS nanosensors, gold

nanoparticles with reporter molecules attached, which

exhibit a known and calibrated pH dependent SERS sig-

nature, can also act as intracellular pH meter. SERS spectra

measured from 4-mercapto benzoic acid (pMBA) show

such pH dependence due to dissociation of the carboxyl

group at higher pH values [41]. The line at 1,423 cm-1 (see

spectra in Fig. 7) belongs to the COO- stretching mode

and can be used as an indicator for the dissociation of the

carboxyl group at higher pH values. Signal ratios of the

Fig. 5 a SERS spectra with one

enkephalin molecule in the focal

spot measured in a spectral

window, which displays the

1,000 cm-1 SERS line of

phenylalanine. The line at about

750 cm-1, which can be

ascribed to a citrate impurity on

the surface demonstrates the

uniform signal level for ‘‘many

molecules’’. b Raman signal

measured at 1,000 cm-1 from

the same spot in a time

sequence (1-s collection time

each). The characteristic

changes in scattering signal

between noise level (see for

example spectrum A) and a

relatively uniform signal (see

spectra B–E) can be explained

by diffusion of single

enkephalin molecules.

Reprinted with permission from

Ref. [35]
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1,423 cm-1 to an aromatic ring vibration at 1,076 cm-1

can be used to generate a calibration curve of the pH sensor

[42–44]. Figure 7 demonstrates pH measurements in a live

cell using such a SERS nanosensor.

As Fig. 7 shows, the SERS signal of pMBA can be

analyzed in order to allow one to differentiate between

various pH values within the endosomal compartment of a

eukaryotic cell.

The concept of a SERS-based pH sensor can be exten-

ded to two-photon excitation using surface-enhanced hyper

Raman scattering (SEHRS) of pMBA. The pH sensor based

on two-photon excitation benefits not only from all

advantages related to excitation in the near infrared, but

also additionally, compared to SERS, SEHRS spectra of

pMBA exhibit a spectral signature that allows an extension

of the accessible pH range. Compared to other optical pH

sensors based on one- or two-photon excited fluorescence,

which in most cases require the application of multiple

probes to cover wider pH ranges, the same SERS/SEHRS

sensor can operate between pH values of 8 and 2 enabling

the probing of a variety of cellular compartments including

those of extreme pH, e.g., very acidic lysosomes. Based on

Raman scattering, SERS and SEHRS pH sensors deliver

strong signals also under electronically non-resonant

excitation. This avoids photodecomposition of the sensor

and allows free selection of the excitation wavelengths

optimized for the biological object under study.

As a particular advantage for applications in biological

environment, SERS/SEHRS pH nanosensors infer infor-

mation using the relative signals of spectrally narrow

‘‘pairs’’ of Raman lines in the same spectrum (see for

example the 1,423 cm-1 and 1,076 cm-1 line in Fig. 7).

This allows quantitative measurement without any correc-

tion regarding cellular background absorption and emission

signals.

1.4 Surface-enhanced Raman optical activity

for probing the chiral character of biomolecules

on nanostructures and on surfaces

Chirality has become the theme of increasing interest

during the recent years. Demand for chiral recognition and

separation has increased due to the importance of chirality

in many fields, particularly also in biomedical research and

pharmaceutics. Numerous biotic events, ranging from

pharmacological aspects of chiral drugs [45] to the origins

of life on Mars [46] are being investigated by studies of

enantiomeric composition.

Fig. 6 High resolution sensors for sensitive cellular probing (sche-

matic). Gold nanoaggregates deliver SERS spectra of cellular

molecules in its nano environment. In most cases, the nanoparticles

are applied via the cell culture medium. Reprinted with permission

from Ref. [39]

Fig. 7 Probing and imaging pH values in single live cells using a

SERS nanosensor, which exploits the pH sensitive SERS spectrum of

the reporter 4-mercapto benzoic acid (pMBA) on gold nanoaggre-

gates. The left hand side shows the photomicrograph of an NIH/3T3

cell incubated with the pMBA gold nanosensors. The color image

displays a pH map of the cell shown as false color plot of the pH

sensitive ratios of the SERS lines. The right hand side shows the

SERS spectra collected in the cellular compartments exhibiting

different pH. Spectra were collected in 1 s each using 3 mW 830 nm

cw excitation. Reprinted with permission from Ref. [44]
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Different spectroscopic methods are applied to achieve

the analysis of chiral enantiomeric compounds [47]. The

effect of ROA is particularly sensitive to chirality and

provides important information on the chiral character of a

molecule based on differences in Raman spectra generated

by left- and right-circularly polarized light [48–50].

Here, we discuss ROA measurements performed in local

optical fields of silver nanoparticles. Figure 8 shows a

surface-enhanced ROA spectrum measured from adenine

adsorbed on silver nanoparticles.

To explain the measured ROA spectra, we must assume

that adenine adsorbed on the silver nanoparticles forms a

chiral structure. The free planar adenine molecule has a

single mirror plane and has been regarded as a ‘‘prochiral’’

molecule. The spectral signature of measured SEROA

spectra are in good agreement with theoretical calculations

performed for adenine adsorbed on small silver clusters

recently reported [51]. The computation indicate the exis-

tence of two strong SEROA signatures at 730 and

1,330 cm-1 showing opposite sign as it had been found

experimentally [52].

Interestingly, the ROA signature of adenine attached to

silver surfaces is similar to features in the ROA spectrum

of poly(rA) at positions of adenine vibrations. This sug-

gests formation of ordered structures similar to those of

adenine in poly(rA). For example, adenine rows were

observed on a Cu(110) surface [53].

The SEROA spectrum shown in Fig. 8 was generated

from one spectrum for each polarization collected over

10 s using 50 mW, 514.5 nm excitation. The concentration

of adenine in silver colloidal solution was 10 lg/mL

(8 9 10-5 M). For comparison, ROA spectra of molecules

of biological interest are typically measured using 700–

1,000 mW excitation and hours collection time at typical

concentrations of the target molecule of tens of mg/mL

[54]. These numbers indicate the enormous improvement

in experimental conditions of SEROA compared to ROA.

Measuring ROA signals under such improved experi-

mental conditions is possible because of two effects. First,

Raman signals are surface enhanced in the local optical

fields of the silver nanoparticles, resulting in improved

conditions for the collection of very good signal-to-noise

Raman spectra. Second, as it was inferred above, the values

of CID were found to be of the order of 10-2, i.e., one

magnitude higher than the best values reported for classical

ROA. Increased CIDs for molecules adsorbed on metal

surfaces have been discussed theoretically in terms of large

field gradients, in which the Raman scattering takes place

[55–57]. Our experimental results confirm this prediction.

As our experimental results and recent computation

indicate that there might exist a so-called ‘‘surface-induced

chirality’’ for adsorbed molecules. This suggests that cau-

tion needs to be practiced in interpreting SEROA spectra

regarding conclusions on the chirality of the non-adsorbed

molecule. On the other hand, ROA measurements in

combination with SERS have the capability to provide

unique information on the internal structure, organization,

and molecular orientation of molecules on surfaces.

2 Conclusion

This article discusses some examples of how surface-

enhanced Raman scattering, i.e., Raman scattering in local

optical fields of gold and silver nanostructures can advance

Raman spectroscopic methods for biophysical and bio-

medical applications.

Most exciting for biophysical studies might be the trace

analytical capabilities of SERS, which enable to establish

the molecular identity at the single molecule level. This is of

great interest since biologically relevant molecules are often

available for characterization in extremely small amounts

only. For example, a spectroscopic way for characterizing

very small amounts of DNA would open exciting oppor-

tunities for reducing or even avoiding PCR amplification.

Identification and structural characterization of an

unknown molecule is based on its unique vibrational fin-

gerprint, which usually contains several spectral features.

But for detecting and tracking a known molecule one single

strong Raman line of the target molecule can be used. For

example, the reported result (see Fig. 5) suggests the use of

the phenylalanine 1,000 cm-1 SERS line as spectroscopic

signature for monitoring single proteins containing this

amino acid as a building block.

Fig. 8 a SEROA (top trace) and SERS (bottom trace) spectra of

8 9 10-5 M adenine in silver colloidal solution calculated from

spectra measured with right and left circularly polarized excitation

and scattered light RIR and LIL. Reprinted with permission from Ref.

[52]
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SERS opens up exciting capabilities for developing

biocompatible SERS nanosensors for transducing chemical

information from different cellular compartment within

individual live cells. Additionally, SERS nanosensors can

deliver information on the acidity in different endosomes.

Determining and monitoring pH in cells and cellular

compartments is of particular importance for a better

understanding of a broad range of physiological and meta-

bolic processes. In particular, a combination of molecular

structural information together with monitoring the pH

value in a live cell as it can be delivered by SERS sensors

provides a new means to improve our understanding of

cellular processes on the molecular level.

Surface-enhanced Raman measurements can also

advance information on the chiral character of molecules.

Detection limits in ROA measurements can be improved

and data collection times and excitation powers can be

considerably reduced by exploiting the effect of surface

enhancement. In particular, ROA measurements in com-

bination with SERS have the capability to provide a sen-

sitive tool for probing organization and self-assembling of

biologically active molecules on surfaces. This is of par-

ticular interest in the growing field of nanobiotechnology.

Here, the development of biocompatible materials and

biosensors requires a better understanding of the behavior

and organization of organic molecules at surfaces. More-

over, chiral organization of molecules on surfaces is

becoming a topic of basic scientific interest [58, 59].
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