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Surface enhanced Raman scattering (SERS) at extremely high enhancement level turns the weak

inelastic scattering effect of photons on vibrational quantum states into a structurally sensitive

single-molecule and nanoscale probe. The effect opens up exciting opportunities for applications

of vibrational spectroscopy in biology. The concept of SERS can be extended to two-photon

excitation by exploiting surface enhanced hyper-Raman scattering (SEHRS). This critical review

introduces the physics behind single-molecule SERS and discusses the capabilities of the effect in

bioanalytics (100 references).

1 Introduction

Raman scattering occurs during inelastic collision of photons

with molecules.1,2 In this scattering process, photons may gain

energy from, or lose it to, the molecules. A change in the

photon energy must produce a change in the frequency Dn =
DE/h resulting in scattered photons hnS shifted in frequency

relative to the excitation photons hnL by the energy of

characteristic molecular vibrations hnM. Therefore, a Raman

spectrum comprising several different ‘‘Raman lines’’ gener-

ated by scattering from different molecular vibrations provides

a vibrational ‘‘fingerprint’’ of a molecule.

Fig. 1 illustrates the Raman scattering (RS) process in a

molecular level scheme. Depending on whether photons interact

with a molecule in its vibrational ground or first excited vibra-

tional state, the scattering signals appear at the low energy side

(Stokes: hnS = hnL � hnM) or high energy side (anti-Stokes:

hnaS = hnL + hnM) of the excitation laser. The scattering signal

powerPRS of a Raman line depends on excitation intensity IL and

the Raman cross section sR, where sR is determined by the

polarizability derivative of the molecular vibration. In general,

anti-Stokes Raman scattering results in much lower scattering

signals compared to Stokes scattering, because only a small

fraction of molecules, 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 simul-

taneously scattered, and thus HRS results in Raman signals

shifted relative to the doubled energy of the excitation laser

(hnHS = 2hnL� hnM and hnHaS = 2hnL + hnM).3 HRS follows

symmetry selection rules different from regular one-photon

RS, and therefore it can probe vibrational modes complemen-

tary 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 depends on the on the excita-

tion intensity to the power of two.

Raman scattering is a very weak effect. Typical Raman

cross section are between 10�30–10�25 cm2 per molecule with

the larger values occurring only under favorable resonance-

Raman conditions when the excitation light matches the

related electronic transition energy in the molecule. For com-

parison, fluorescence spectroscopy exploits effective cross sec-

tions between 10�17 cm2 and 10�16 cm2. To achieve adequate

conversion rates from excitation laser photons to Raman

photons, the small Raman cross sections require a large

number of molecules. Therefore, in general, Raman spectro-

scopy has been considered a technique for structural analysis,

rather than a method for ultra-sensitive trace detection or even

as tool for single-molecule probing.4

Hyper-Raman scattering as a two-photon excited process is a

lot weaker than even one-photon excited Raman scattering. Cross

sections on the order of 10�65 cm4s, 35 orders of magnitude

smaller than cross sections of Raman scattering and 15 orders of
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magnitude below typical two-photon fluorescence cross sections

prevent the use of HRS as practical spectroscopic tool.

However, spectroscopic effects can be strongly affected when

they take place in the immediate vicinity of metal surfaces and

nanostructures due to coupling to surface plasmons.5,6 In sur-

face enhanced Raman scattering (SERS)7–9 resonances between

optical fields and surface plasmons lead to strongly enhanced

Raman scattering signals of molecules in the vicinity of metal

nanostructures.10–18 SERS at extremely high enhancement level

brings the effective Raman cross section to a level of fluorescence

cross sections and enables the measurement of Raman spectra

from single molecules.19,20 In SERS, the dimension of the

probed volume is determined by the confinement of the local

optical field and can be two orders of magnitude smaller than

the limit of Bl/2, which can be achieved in a confocal setup in

normal spectroscopy.21 So-called tip-enhanced Raman spectro-

scopy (TERS) is using highly confined probed volumes in

combination with scanning probe microscopy and allows to

acquire vibrational spectra along with corresponding topo-

graphic profiles at nanoscale resolution.22,23

Local optical fields also provide the key effect for the

observation of so-called surface enhanced hyper-Raman scat-

tering (SEHRS).24 SEHRS benefits even to a greater extent

from the high local optical fields than SERS, because of its

non-linear dependence on the (enhanced) excitation field.25

This article reviews SERS at the single-molecule level and

the potential and capabilities of the effect in bioanalytics. Since

its early days, SERS was particularly appealing in the field of

biophysics and biochemistry and several reviews are devoted

to this topic.26–31 Therefore, this article will mainly review

applications of SERS in biomedical spectroscopy performed

within the recent half decade.

After a brief introduction into the physics behind SERS at

extremely high enhancement level and single-molecule Raman

detection in Section 2, Section 3 discusses applications of SERS in

bioanalytics including a new generation of labels based on SERS

signals, sensitive detection and monitoring of biomolecules, and

chemical probing in single live cells. Section 4 extends the concept

of SERS to two-photon excitation by exploiting SEHRS.

2 SERS at extremely high enhancement level

2.1 Physics behind SERS

Fig. 2 gives a schematic of surface enhanced Raman scattering.

Molecules (blue dots) are attached to metal nanoparticles

(orange balls); see the electron micrograph of colloidal gold

particles. In analogy to normal Raman scattering, the SERS

signal PSERS depends on excitation intensity IL and an effective

SERS cross section sSERS
eff = sRads A(nL)2A(nS)2, which benefits

from the electromagnetic enhancement described by field

enhancement factors A(nL), A(nS) for the excitation and

scattered field and a chemical SERS effect, described by an

increased Raman cross section sRads of the adsorbed molecule

compared to the cross section in a ‘‘normal’’ Raman experi-

ment sR. N is the number of molecules involved in the SERS

process.

Electromagnetic field enhancement exists due to resonances

of the optical fields with surface plasmons.32,33 This leads to a

redistribution of field intensities in the vicinity of nanoparticles

resulting in areas of enhanced excitation intensities for the

Raman process. Additionally, based on the same resonance

mechanism, nanostructures can be considered as nanoanten-

nae for transmitting and enhancing Raman scattered light.

Electromagnetic field enhancement depends on the resonance

process between plasmons and excitation and scattered fields,

e.g. on morphology and material of the metal nanostructures

and on excitation wavelengths of Raman scattering. A very

simple electrostatic model describes already important proper-

ties of the electromagnetic SERS enhancement: It explains that

silver, gold and copper are the best metals for SERS as they

fulfill the plasmon resonance condition in the visible and near

infrared range and have in this range also small imaginary

parts of e. It also shows that the enhancement is particularly

strong when both excitation and scattered fields are in reso-

nance with the surface plasmons. In general, the shift in

frequencies between excitation and scattered light is small

compared to the width of the plasmon resonance. Therefore,

laser and Raman scattered field gain approximately the same

due to field enhancement (A(nL) B A(nS)) and the electro-

magnetic SERS enhancement factor scales roughly with the

fourth power of the enhancement of the amplitudes of local

optical fields.

Chemical or electronic enhancement (in Fig. 1 sRads/s
R)

includes effects associated with an electronic coupling between

molecule and metal.10,34–39 For example, contributions

of the metal may alter the Raman cross section of the

Fig. 2 Schematic of surface enhanced Raman scattering. The SERS

spectrum shown as example was collected from 10�9 M adenine in a

solution of silver nanoaggregates (adapted from ref. 18).

Fig. 1 Raman and hyper-Raman scattering in a molecular level

scheme.
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molecule–metal system compared to that of a free molecule

leading to more efficient Raman scattering.35,39 A very inter-

esting electronic mechanism based on ballistic electrons and

holes which are generated in the metal and which couple to the

molecular orbitals, has been suggested since the early days of

SERS,10,34 and has been recently discussed again.37 This

model explains SERS as vibrationally inelastic tunnelling of

ballistic electrons to the lowest unoccupied molecular orbital

(LUMO) of the chemisorbed molecule. The return of the

electron to its initial state leads to a strong emission of Raman

shifted photons. All charge transfer processes are critical to the

relative energy of the HOMO and LUMO in the SERS

molecule with respect to the Fermi level in the metal and

could explain the dependence of the SERS enhancement on

the electrode potential and also differences in SERS enhance-

ment factors for different molecules.

Field enhancement factors multiply chemical SERS

enhancement.

An interesting question is the size of the total SERS

enhancement factor. The effect of population pumping of

vibrational levels due to a spontaneous Raman process ob-

served in SERS identified unexpectedly large effective SERS

cross sections on the order of at least 10�16 cm2 per molecule.

Such cross sections, which were inferred for near infrared

(NIR) excitation that was not in resonance with electronic

transitions in the target molecule, imply SERS enhancement

factors of about fourteen orders of magnitude in order to

overcome the gap to non-resonant Raman cross sections of

1030–1029 cm2. The studies also showed that only very few

molecules of those present in the probed volume, are involved

in the SERS process at such a high enhancement level.40 This

level of enhancement was also confirmed in straightforward

experiment by comparing the non-resonant surface enhanced

Raman signals of single molecules and the ‘‘normal’’ Raman

signals of 1014 methanol molecules.19,41

Electromagnetic and/or chemical effects could account for

the observed enhancement level on the order of 1014. However,

many experimental observations available so far provide

evidence that electromagnetic enhancement based on plasmon

resonances gives the mostly important contribution to high

SERS enhancement. This is particularly supported by the fact

that high levels of enhancement are always related to specific

morphologies of nanostructures. Almost all reports on single-

molecule Raman scattering rely on clusters or aggregates

formed by individual silver or gold nanoparticles.19,37,41–44

Spatially-isolated silver nanoparticles exhibited enhancement

factors on the order of 106, in agreement with theoretical

estimates.45 Our experimental results confirm that SERS enhance-

ment factors can be on the order of 1014 for NaCl-activated silver

colloidal aggregates or clusters formed by these nanoparticles.

The strong enhancement factor of 1014 was found to be indepen-

dent of the size of the colloidal clusters. In order to achieve

consistency between the large effective SERS cross sections and

the observed SERS Stokes signal, we have to come to the

conclusion that molecules are involved in the SERS process at

this extremely high enhancement at about 10�12 M concentration

despite the 10�8 M concentration of the analyte in the SERS

sample. Only a small fraction of the molecules in the sample

exhibit a strong SERS enhancement. It might be interesting to

note that 10�12 M is the same order of concentration as that of

the 100–200-nm sized small colloidal clusters in the solution. That

means that a small cluster offers excellent enhancement conditions

for only 1–10 molecules. This number is too small for any

correlation with ‘‘chemically’’ active sites associated with NaCl

activation, for instance.45

Numerous theoretical estimates confirm high field enhance-

ment in junctions between two silver or gold nanoparticles and

for nanoparticle aggregates.46–49 Particularly high enhance-

ment occurs for fractal structures.50–53 Enhancement factors

of almost 1014 can result from the combination of local field

enhancement associated with plasmon excitation and long

range photonic interactions.54 On the other hand, some studies

come back to chemical mechanisms in order to explain

extremely large SERS enhancement factors.55 Still, the extent

of electronic enhancement in SERS remains the subject of

discussion.44,56,57

2.2 Single-molecule Raman scattering

SERS cross sections on the order of 10�16 cm2 enable optical

detection of single molecules. For target molecules showing no

electronic transitions at the excitation wavelength, this

requires SERS enhancement factors on the order of 1014.

For a strong resonance-Raman contribution of the target

molecule in SERRS, the requirements for the surface enhance-

ment effect in single-molecule Raman detection can be greatly

lessened. For example, ‘‘normal’’ resonance-Raman scattering

(RRS) that brings RRS cross sections to a level of about 10�25

cm2, may lessen the requirement for SERS enhancement in

single-molecule experiments to B109.

One approach to single-molecule Raman measurements

exploited extremely high nonresonant SERS cross sections

obtained for silver and gold nanoaggregates at near-infrared

excitation.19,40–42

Single-molecule Raman spectroscopy was also reported,

based on surface enhanced resonance-Raman scattering

(SERRS) using 514 nm excitation and rhodamine 6G ad-

sorbed on silver nanoparticles as a target molecule.20 Single-

molecules detection was concluded from estimated numbers of

molecules in the focal area and strong signal fluctuations and

spectral changes that occurred in seconds on time scale.

Due to the confinement of extremely high SERS enhance-

ment to nanoscale dimensions, it is possible to spectroscopi-

cally select ‘‘a few’’ or single molecules from a larger

population and to measure SERS spectra, that exhibit

single-molecule behavior, even when more molecules are

present in the probed volume, since the SERS signal is

dominated by single molecule(s) residing in the ‘‘hottest

spot’’.57–59 Although blinking had been claimed as a hallmark

of single-molecule detection, power fluctuations and spectral

changes in SERS spectra are not necessarily connected to

single molecules and are inherently related to lower concen-

tration ‘‘many-molecule’’ SERS.60–62 Different effects can

account for these observations, such as thermally and non-

thermally activated diffusion of target molecules and/or im-

purities into and out of hot spots.63

Single-molecule Raman detection was proved by statistical

analysis of SERS signals measured in time sequence in a SERS
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experiment using single analyte molecule-loaded silver

nanoaggregates in solution.19,41,42 When the average

concentration of the target molecule in the probed volume is

one molecule or less, Brownian motion of the metal nano-

aggregates is moving single target molecules into and out of

the probed volume leading to quantized scattering signals

(Fig. 3). This reflects the probability to find 0, 1, 2 or 3

molecules in the probed volume during the actual measure-

ment. The probability of observing 0, 1, 2 or 3 molecules is

determined by a Poisson distribution corresponding the aver-

age number of molecules in the probed volume.

The change in the statistics of the Raman signal from

Gaussian distribution, which is characteristic for many mole-

cules to a Poisson distribution when the average number of

target molecules in the scattering volume approaches one or

fewer is evidence for single-molecule detection. Measurements

performed at ten times higher concentration of the target

molecule result in a Gaussian distribution of the scattering

signals.19,42

Counting molecules based on quantized SERS signals

for single molecules and Poisson statistics imply relatively

uniform SERS enhancement factors for all target molecules.19

Therefore, a Poisson distribution of single-molecule

SERS signals can be observed only in SERS systems that

avoid heterogeneity in the molecule–metal interactions and

in SERS enhancement. This can be achieved in experiments

on silver or gold nanoaggregates in solution with analyte

concentrations { concentration of the enhancing nano-

aggregates as described in Fig. 3. Under these conditions,

each single analyte molecule can find the ‘‘hottest spot’’ on

‘‘its own’’ nanoaggregate, where it is reasonable that

the hottest spot on each nanoaggregate exhibit the

same enhancement level. Experiments show, that hottest spots

must have dimensions below 2 nm and that they provide an

enhancement factor on the order of 1014. Directing of single

molecules to the hottest spots, most likely due to high

field gradients, is one of the key questions in single-molecule

detection based on SERS. So far, experiment performed

at extremely low concentrations show that B80% of

the molecules present in the solution find a place at the

‘‘hottest spot’’.19,42w
Recent SERRS experiments confirm single-molecule Ra-

man detection by using spectral information of two different

competing analyte molecules instead of signals strengths.62 In

the study, silver nanoaggregates were covered with a 1 : 1

mixture of two isotopologues of Rhodamine 6G, which are

‘‘absolutely equal’’ molecules regarding adsorption properties,

but each of them offers unique vibrational signatures. Single-

molecule behavior can be verified by tracking the spectral

signature of the individual silver particles: When sufficiently

low concentrations of both analyte molecules are introduced

to a solution of silver nanoparticles such that, on average, only

one type of molecule is adsorbed to each nanoparticle, each

SERS spectrum contains spectral features of only a single

isotopologue. On the other hand, as the coverage is increased

such that both analytes should be present on a single nano-

particle, one should observe the vibrational characteristics of

both analytes. Thus, one can distinguish single- vs. multi-

molecule SERS by the number of peaks in the SERS spectrum

(see also Fig. 4).

3 SERS in bioanalytics

There are several potential capabilities that make SERS a

promising method in bioanalytics.31 Most excitingly, the effect

combines the high level of molecular structural information of

a vibrational spectroscopy with ultrasensitive detection limits.

This allows to detect molecules and to establish their structural

identity in very small quantities down to the single-molecule

level. Probed volumes at the nm opens the opportunity to

probe small biological structures. Effective SERS cross sec-

tions on the level of fluorescence cross sections of good

fluorophores along with spectral signatures composed from

several narrow lines suggest optical labels based on SERS

signals.64,65 Compared to conventional fluorescence labels,

SERS labels offer several advantages and have the potential

to become the next-generation labelling technology for bioa-

nalytics.

Fig. 3 100 SERS spectra (lex = 830 nm) from single crystal violet-

loaded silver nanoaggregates in solution collected in time sequence.

Analyte concentrations ofB10�14 M, which isB100 times lower than

the concentrations of the nanoaggregates, ensures that statistically one

out of hundred nanoaggregates carries a single analyte and that the

average number of analytes in the probed volume is one or less. Below

is the statistical distribution of the signals of the crystal violet line at

1175 cm�1 (adapted from ref. 19).

w It should be noted that our experiment is different from experiments
carried out at the presence of a few hundred molecules98 or in tip-
enhanced SERS experiments.99,100 Experimental conditions in these
experiments prevent that the collected SERS signal is generated by
single molecules that experience a relative uniform enhancement level.
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Gold nanoparticles or nanoaggregates probe chemistry in

their local environment by delivering the enhanced Raman

spectra of molecules in their vicinity and can serve as nano-

sensors to probe small biological structures such as cells and

bacteria.66–72

In the following, we present some recent applications, in

order to illustrate the above mentioned capabilities of SERS in

bioanalytics.

3.1 SERS label

One interesting application of SERS in biomedical sensing

includes SERS labels based on highly selective surface en-

hanced Raman spectrum of a reporter attached to an enhan-

cing silver or gold nanostructure.73–75 Additionally, the SERS

tag can be functionalized using specific linker in order to target

specific biomolecules or biological structures. Au or Ag cores

functionalized with Raman active molecules can also be

encapsulated in a glass shell, which provides the SERS label

with mechanical and chemical stability.76

Distinguishable spectral signatures even for similar reporter

molecules enable a large pool of spectrally non-overlapping

labels. Since SERS works also well in the non-resonant regime,

SERS labels do not suffer from photobleaching or self quench-

ing. As SERS works also with non-resonant excitation, all

labels can be used at the same excitation wavelength. There-

fore, SERS labels benefit from real multiplexing capabilities,

for example, in labeling and simultaneous identification of

many different DNA strands.74,75,77,78

3.2 Ultrasensitive detection and monitoring of biomedically

relevant molecules

To detect and to identify single molecules by fluorescence, in

most cases, they must be labelled using fluorescence tags such

as dye molecules or quantum dots to achieve high enough

fluorescence quantum yields and distinguishable spectral pro-

perties. Alternatively to fluorescence, single biomolecules can

be detected based on the spectral signature of a SERS tag or

by their intrinsic surface enhanced Raman spectrum.79 In

general, SERS spectra, comprised of different vibrational

modes, provide high structural information content on the

target molecule, 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 a known

molecule and for monitoring its distribution without the use

of fluorescence labels.

Enkephalin, an endogeneous substance in the human brain

showing morphine-like biological functions, has been detected

at the single-molecule level based on the surface-enhanced

Raman signal of the ring breathing mode of phenylalanine,

which is one building block of the molecule. For enhancing the

Raman signal, the enkephalin molecules were attached to

silver colloidal cluster structures. 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. The reported result suggests

the use of the phenylalanine 1000 cm�1 SERS line as spectro-

scopic signature for monitoring single proteins containing this

amino acid as a building block.79

As another example, gold nanoparticles were capped with a

bifunctional molecule capable of forming a covalent link with

the aromatic residues of the protein moiety. The typical

vibrations of the diazo bond established between the bifunc-

tional molecule and the target protein are found to be selec-

tively enhanced by the conjugated gold nanoparticles, and

therefore, constitutes a Raman marker. After the interaction

of functionalized gold nanoparticles with antithrombin as a

sensitive recognition element, immobilized on a capture sub-

strate, the detection of thrombin was reported at a concentra-

tion of about 10�13 M.80

A particular challenge is to apply SERS in living systems

and to real medical problems. A first in vivo application of

SERS demonstrated quantitative in vivo glucose measurements

from an animal model.81 A SERS active structure was sub-

cutaneously implanted in an animal such that the glucose

concentration of the interstitial fluid could be measured by

optically addressing the sensor through an optical window in

the animal’s body. The key questions in this application

include the development of a stable and biocompatible SERS

active substrate to ensure uniform and strong average

enhancement and reversibly binding of glucose. Single-

Fig. 4 Representative SERRS spectra (lex = 532 nm) measured from

two nanoaggregates in which it is evident that there is only one

isotopologue of rhodamine 6G present on each. Below is the histo-

gram of occurrences of the three most likely possible cases that

R6G-d0, R6G-d4 or both molecules are present on the silver particle

(reproduced with courtesy from ref. 62).
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molecule sensitivity is not required in this application, but a

linear response of the SERS signal in the range of physio-

logically relevant glucose concentrations. The result of the

study indicate that glucose binds reversibly to the SERS-active

surface and that changes in concentration as rapid as 30

seconds can be spectroscopically measured.

3.3 Chemical probing in live cells

Gold nanoparticles have been tools of the trade in cell biology

because of their favorable physical and chemical properties

and biocompatibility. An exciting new aspect in their applica-

tions exploits gold nanoparticles as multifunctional SERS

nanosensors. These mobile sensors can probe cellular chem-

istry at subendosomal resolution by delivering the enhanced

Raman spectra of cellular molecules in their nanoenviron-

ment.66,71,82 Due to the large effective Raman scattering cross

section, SERS probes fulfill the requirements of dynamic

in vivo systems—the use of very low laser powers and very

short data acquisition times. For example, gold nanoparticles

have been used to directly probe the chemical composition of

endosomes of different stages and for the detection of specific

cellular molecules, such as adenosine monophosphate

(AMP).70 Gold or silver nanoparticles can serve in cells also

as labels that highlight cellular structures based on the surface-

enhanced Raman signature of a reporter molecule linked to

them.68,83,84

Moreover, gold or silver nanoparticles with reporter

molecules attached that exhibit a known and calibrated pH

dependent SERS signature,85–87 can act also as intracellular

pH probe.72,88 Determining and monitoring pH in cells and

cellular compartments is of particular importance for a

better understanding of a broad range of physiological

and metabolic processes. Fig. 5 demonstrates pH imaging in

single live cells at subendosomal resolution using SERS

nanosensors.

4 Extension of SERS to two-photon excitation

Two-photon excitation is gaining rapidly in interest and

significance in spectroscopy and microscopy. For biological

applications, the greatly reduced possible phototoxicity and

stress to the sample due to longer wavelengths excitation, as

well as the confinement of the two-photon interaction to the

focus of the laser beam are major advantages over one-photon

methods.89,90 The development of optical methods that are

suitable for two-photon excitation is therefore an important

task in advancing optical techniques for biological applica-

tions.

Hyper-Raman scattering (HRS) (see Fig. 1) is a potential

tool for two-photon excited vibrational spectroscopy. HRS

follows symmetry selection rules different from regular one-

photon RS, and therefore the spectral information obtained in

HRS can be complementary to the information from RS.

Surface enhanced hyper-Raman scattering (SEHRS) is analo-

gous to the enhancement of one-photon-excited Raman sig-

nals in SERS. SEHRS has been demonstrated since the early

days of SERS.24 Small aggregates, consisting of gold and silver

nanoparticles and fractal structures of these metals that pro-

vide extremely strong field enhancement, can give rise to

enhancement factors for HRS signals up to 20 orders of

magnitude.91 The strong field enhancement can compensate

for the extremely small cross section of HRS and allows the

measurement of SEHRS spectra at excitation intensities of

106–107 W cm�2, conditions that can be easily achieved with

mode-locked picosecond lasers under weak focusing condi-

tions92 but also in tightly focused continuous wave (cw)93 or

low-energy pulsed lasers.94

Effective cross sections of SEHRS have shown to be on the

order of 10�46–10�45 cm4s, comparable or even better than the

best cross sections for two-photon fluorescence obtained so

far.25 This suggests versatile optical SERS/SEHRS labels

suitable for both one- and two-photon excitation. Fig. 6 shows

Fig. 5 Probing and imaging pH values in single live cells using a SERS nanosensor, which exploits the pH sensitive SERS spectrum of

4-mercaptobenzoic acid (pMBA) on gold nanoaggregates. (a) Photomicrograph of an NIH/3T3 incubated with the pMBA gold nanosensors. (b)

pH map of the cell shown as false color plot of the pH sensitive ratios of the SERS lines (c) SERS spectra collected in the cellular compartments

exhibiting different pH (reproduced with courtesy from ref. 72).
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the schematic of a SEHRS/SERS label along with its spectral

signature. e.g. SEHRS and SERS spectra of the ‘‘reporter dye’’

Rose Bengal.

Extremely strong SEHRS signals are also obtained for

adenine, at two-photon excitation with 1064 nm laser light

(see Fig. 7). Compared to the SERS spectrum of adenine its

SEHRS spectrum shows several additional strong scattering

lines that can be ascribed to IR-active vibrations.95 Adenine

absorbs in the UV spectral region, and hence SEHRS cannot

benefit from any one- or two-photon molecular electronic

resonance contribution. The example of adenine illustrates,

that effective SEHRS cross sections can exceed by far the two-

photon fluorescence cross sections encountered for common

biomolecules.96

High effective two-photon cross sections as well as addi-

tional information on the vibrational spectrum of a molecule

make SEHRS a promising two-photon spectroscopic tool for

molecular structural probing.

5 Conclusion

Despite controversy on the origin of the enhancement, there

seems to be no doubt on the existence of effective SERS cross

sections on the order of 10�16 cm2, e.g. cross sections that

enable optical detection of single molecules. Most molecules

display unique Raman features whereas far less molecules

show fluorescence. Due to the primarily electromagnetic origin

of the enhancement of the Raman signal, it should be possible

to achieve an equally strong SERS effect for each molecule,

thus making SERS a single-molecule tool for a broad range of

molecules.

Another interesting aspect of SERS for single-molecule

detection involves the total number of photons that can be

emitted by a molecule, which is determined by the maximum

number of excitation-emission cycles a molecule survives.

Compared to fluorescence, SERS avoids or strongly reduced

photodecomposition. Another number that is of particular

interest for the rapid detection and screening of single mole-

cules is the maximum number of photons that can be emitted

by a molecule per time interval. Under saturation conditions,

this number is inversely proportional to the lifetime of the

excited molecular states involved in the optical detection

process. Due to the shorter vibrational relaxation times as

compared to the electronic relaxation times, a molecule can go

through more Raman cycles than fluorescence cycles per time

interval. Therefore, the number of Raman photons per time

interval that can be emitted by a molecule under saturation

conditions can be higher than the number of fluorescence

photons by a factor of 102 to 103.97

Structurally selective detection of single molecules and

quantification of matter by counting single molecules repre-

sent the ultimate limit in chemical analysis and trace detection.

Counting of singe molecules requires a uniform level of highest

SERS enhancement and directing single molecules to these

‘‘hottest spots’’.

Extremely high enhancement of surface enhanced hyper-

Raman scattering allows successful extension of SERS-based

concepts in spectroscopy to two-photon excitation. The ap-

proach suggests highly efficient two-photon labels based on

the SEHRS signature of a reporter molecule on gold- or silver

nanoaggregates as well as two-photon vibrational

Fig. 6 SEHRS (a) and SERS (b) spectra of 10�8 M Rose Bengal on

silver nanoaggregates. For this molecule, RS and HRS spectrum show

the same modes. Two-photon excited SEHRS spectra were measured

using 1064 nm mode locked ps pulses. One-photon excited SERS

spectra were collected using 785 nm cw light (c) schematic of a

SERS/SEHRS label (reproduced with courtesy from ref. 25)
Fig. 7 SEHRS and SERS spectra of 10�6 M adenine in aqueous

solution with silver nanoaggregates. One-photon excited SERS spectra

were measured using 514.5 nm cw light, intensity 7 � 1022 photons

cm�2 s�1. Two-photon excited SEHRS spectra were measured using

1064 nm mode locked ps pulses (7 ps, 78 MHz repetition rate, triangle

pulse shape), intensity 9 � 1026 photons cm�2 s�1 (reproduced with

courtesy from ref. 25).
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spectroscopy, where the SEHRS spectrum can provide addi-

tional structural information. For non-destructive chemical

probing, SEHRS combines 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.

A big challenge in all basic studies and applications is

control of SERS enhancement. So far, best enhancement

factors are experimentally observed for random SERS systems

formed by nature, such as aggregates of gold and silver

nanoparticles. Further development in nanotechnology will

enable us to build such nanostructures in a controlled way and

to probe these structures with nm resolution using one- and

multiphoton excitation. In addition to ‘‘nanoscale’’ design

between 10 and 100 nm, which controls the electromagnetic

enhancement, electronic and ‘‘atomic scale’’ properties will be

important in order to control also the ‘‘electronic ‘‘ contribu-

tion to the enhancement as well as binding, and potential

wandering and release of target molecules.

Overall, SERS at extremely high enhancement level trans-

forms Raman spectroscopy from a structural analytical tool to

a structurally sensitive single molecule and nanoscale probe,

suitable for one- and two-photon excitation. Exciting applica-

tions demonstrate the potential of the method, particularly

also in biospectroscopy.
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