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Raman spectroscopy is a complete and comprehensive
analytical tool that can be used to make a bridge bet-
ween industrial interests and the ‘Terabithia’ world.
Surface-enhanced Raman scattering (SERS), a subset
of Raman spectroscopy, exhibits greater potential over
other complementary techniques. Further, tip-enhanced
Raman scattering and plasmon excitations ranging
from the visible to the near-infrared region using
nanostructured materials have unprecedented scope
in different sectors related to SERS. In this review, an
attempt has been made to trace the progress of sur-
face-enhanced Raman spectroscopy and its potential
in different multidisciplinary studies. Starting from key
terminologies in brief, several applications are pointed.
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Introduction

RAMAN spectroscopy deals with a change in frequency
when light is scattered by molecules or atoms adsorbed
on the substrate'. Hence, it provides the molecular iden-
tity or fingerprint, information on molecular structure,
intermolecular interaction and inherent dynamics®™. It is
a non-destructive and non-invasive technique, including
in situ and in vitro analysis of biological samples. Raman
spectroscopy can be carried out under a wide range of
conditions, viz. temperature, pressure, etc.®’. Despite all
these benefits, Raman scattering is inefficient and is not
often used for practical applications because of its low
cross-section, ~107° ¢cm? nearly 15 orders of magnitude
lower than complementary fluorescence excitation.
Although intense Raman scattering was reported by
Fleischmann et al® without any indication of surface-
enhanced Raman scattering (SERS), Jeanmaire and Van
Duyne’, and Albrecht and Creighton'® pointed out the
influence of a roughened surface on the unusually high
Raman intensity (thereafter was known as SERS). This
was an immediate breakthrough for using Raman scatter-
ing in science and technology to overcome the low cross-
section signal quality inherent in pre-SERS Raman spectro-
scopy. This technique has attracted more attention due to
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its greater signal enhancement compared to the normal
Raman spectroscopic method. The application of SERS in
surface analysis, catalysis, forensic science, biotechnology,
homeland security, and other disciplines, is drawing
interests because of the irreplaceable benefits of this
technique'' ™. In this article, we have attempted to elabo-
rate the facts and inline trends of SERS in science and
technology. After a brief description about SERS itself,
including the mechanisms behind it, several typical
potential applications of this technique have been out-
lined.

The story behind SERS

SERS is a particular subset within the realm of Raman
spectroscopy, where for certain molecules adsorbed on a
specially prepared metal surface, a Raman spectrum is
observed whose intensity exceeds that of the normal
Raman spectrum'®!” by a factor of 10%-10'°. A simplified
schematic is shown in Figure 1 a. Once the SERS-active
substrate is exposed to laser excitation, the analyte
adsorbed nearby gets polarized and emits enhanced
Raman signal. The phenomenon corresponds to surface
plasmon resonance (SPR)-mediated intense electromag-
netic (EM) field distribution at the apex or the sharp
verges of SERS-active substrates. Figure 1 b depicts the

Rayleigh scattering

@ Laser

I‘)w‘ = F vy Molecule
e - Raman scattering
Polarity w ~—Metal nanoparticle
Polarizability Strong EM field
.
Electric Field |Glass/metal substrate
k i e
— I, b= 647 nm
il
A” je D =50 nm
| “‘I an
E.A) Gap=6 nm
Polarized electrons
doud in metal sphere
@ upon laser excitation @
Figure 1. a, Simplified schematic of the SERS process. b, Polarized

electron cloud in a metal sphere upon laser excitation. ¢, Finite-
difference time-domain analysis of a metal nanoparticle dimer. Local-
ized EM field distribution occurs only in s-polarization. Colour bar
represents 0-20 dBV/m.
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distribution of the electron cloud of typical nanoparticles
and the oscillation is coherent with that of the incident
photons. Using time-variant Maxwell equation, one can
easily get the EM field distribution surrounding the
nanoparticles. Figure 1c¢ shows that localized EM field
distribution occurs only in s-polarization. Thus the analyte
existing at the centre of this distribution will experience
maximum influence and shows strongest enhancement in
SERS.

As was mentioned earlier, in 1977, two groups (i.e.
those of Van Duyne and Creighton) independently con-
firmed the influence of a roughened surface on enhanced
Raman scattering, in contrast to the first report by
Fleischmann et al.®. They proposed mechanisms for the
observed enhancement, which still constitute the underly-
ing principles for modern theories of SERS. Jeanmaire
and Van Duyne’ proposed an EM effect, while Albrecht
and Creighton'® proposed a charge-transfer (CT) effect.
One year later, a detailed surface plasmon resonance model
for EM enhancement was explained by Moskovits'® in
1978 and CT complex model through chemisorption was
explained by Otto ef al.'®. The unbelievable capability of
SERS in terms of single-molecule detection was reported
in 1997 by two groups, independently, using different
experimental set-ups”>*'. The details underlying the theory
has also been reported by many groups, including Mosk-
ovits et al.'®, Zhang et al.* and Xu et al.>.

Surface plasmon resonance

Metal nanoparticles are often assumed to comprise of
positive ions surrounded by a “sea of electrons’ (i.e. nega-
tive ions) and the amount of surface atoms (i.e. the number
of free ions) increases with decreasing particle size*™®.
This ‘sea of electrons’ 1s incoherent in motion, and, if
excited by EM radiation, may begin to move about and
oscillate, generating strong EM fields and forming what
are known as plasmons (Figure 1a)*. Like all other
oscillating systems, these plasmons have a natural or
resonant frequency at which they oscillate best. Thus, if
incoming light excites these plasmons into their resonant
mode, we can get an appreciable increase in the local EM
field surrounding the metal. This is the main principle
upon which SERS operates; our target molecule is bound
onto a metallic surface, and through plasmonic resonance
the local EM field and thus the corresponding Raman
signal are enhanced.

Surface plasmon resonance (SPR) is a collective exci-
tation mode of the plasma localized near the surface of
the metal*®®. They can be produced not only by light (on
a smooth surface by attenuated total reflection configura-
tion), but also by electrons (on corrugated surfaces of
nanoparticles)”. It is usual practice to consider the latter case
whenever the scientists talk about SPR or localized SPR
(SPR) using nanoparticles. The latter case indeed reveals a
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series of optical phenomena, such as extraordinary trans-
mission of light, light concentration in self-similar chains
of metal nanospheres, energy percolation by hybridizing
cascaded, localized EM fields, discovery of superlens,
etc.”". The interaction between surface plasmons and
the incident photon is known as surface plasmon polari-
ton, a propagating wave along the surface. However, sur-
face plasmons cannot couple directly to free-space EM
radiation of the same energy, because they travel too
slowly implying that the associated wave vector is too
large to satisfy the conservation of energy and momen-
tum. Fortunately, in low k-vector limit these surface
modes couple with the free EM field to yield a polariton-
type excitation.

SERS mechanisms

The mechanisms involved in SERS enhancement are still
under debate. A number of experiments have demon-
strated that different effects may contribute to the ob-
served enhanced Raman signal, and two mechanisms
have been proposed so far'**>**>%_Since the intensity of
Raman scattering is proportional to the square of the
induced dipole moment (i.e. P = «-E), any enhancement
must come from an enhancement of ¢ (molecular pola-
rizability) or from E (the electric field due to the incident
radiation). The enhancement associated with E is known
as EM enhancement, and the other, associated with ¢, is
known as chemical enhancement.

Two-fold electromagnetic enhancement

The enormous enhancement factor in the order of 10%-
10" is considered to arise mainly from two-fold EM field
enhancement® . This two-fold EM field enhancement is
illustrated in Figure 2. Pettinger’® reported a quantum-
mechanical approach for surface-enhanced optical pro-
cesses summarizing two-fold enhancements; one, from the
incident photon—L SPR interaction and two, from the scat-
tered photon—-LL.SPR interaction. In brief, incident photon
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Figure 2. a, Energy-level diagram of the Raman scattering process.
b, Schematic diagram of two-fold electromagnetic field enhancement
for SERS.
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energy irradiated on the adsorbent is scattered from an
adsorbate because of LSPR-mediated dipole—dipole inter-
action (denoted by M)).

At the same time, the scattered photon from the mole-
cules is in resonance with the plasmon, because its wave-
length is close to that of the incident photon. Then the
EM field is further enhanced (denoted by M5) and accu-
mulated strong Raman scattering light is emitted. The
enhancement factor for SERS, M, is given by
Loc 2 Loc 2
vy | BRG] B Gy )

| B | ] Bt |

=M, (A) X My (A £ Ag),

X

where E' and E~*° are the amplitudes of the incident and
local electronic fields respectively, Ap is the excitation
wavelength, +Az and —Ag are the wavelengths of the anti-
Stokes and Stokes Raman shift respectively, and M; and
M, are the first and second enhancement factors respec-
tively.

Chemical effect

In addition to the EM mechanism, several evidences sug-
gest that there is an additional enhancement mechanism
which operates independently and both mechanisms can
occur simultaneously. In short, a specific interaction of
an adsorbate with a nanoparticles surface leads to a
charge transfer from the adsorbate into the empty levels
on the metal surface or from the occupied surface levels to
the adsorbate (Figure 3)*"'. Although experimental
results have led to a wide acceptance of the order of 10°
to 10° solely due to the EM mechanism, it is also true that
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Figure 3. Energy-level diagram of the coupled molecule-adsorbent

system. HOMO and LUMO highest occupied and lowest unoccupied
molecular orbitals of adsorbates are broadened into resonances by
interaction with the metal surface. Possible charge transfer is shown by
arrows (i) and (ii). Double-ended arrow shows the possible intermedi-
ate resonant Raman process involving molecular states.
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the Raman polarizability is substantially enhanced (10 to
1000) when the frequencies of the incident or Raman
scattered photons become nearly resonant with the CT
excitation of the absorbate—metal coupled system**.

Based on photon—electron couplings, the first complete
theory of adsorbate-induced Raman scattering (known
thereafter as the CT mechanism) was proposed by Otto’s
group™™™®. The idea is to create electron-hole pairs at par-
ticular sites and excitations. Once initiated, it interacts
strongly with the molecules adsorbed at this site and can
be understood by resonant intermediate states in Raman
scattering. If a resonant negative state is formed by trans-
formation of an electron between the metal and the
adsorbate, the Raman scattering cross-section may be
substantially enhanced. The so far well-understood CT
mechanism involves the following steps; (a) an incident
photon with energy A induces an intraband transition cre-
ating a hole; (b) an electron transfer between the metal
and the excited electron level of the adsorbate via tunnel-
ling for physisorbed adsorbates and via hybridizing for
chemisorbed adsorbates, and (c) photon emission with
energy A’ occurs as this electron recombines with the hole
somewhere below the Fermi energy. Since the highest
occupied molecular orbit (HOMO) and lowest unoccu-
pied molecular orbit (LUMO) of the adsorbate are
symmetrically disposed in energy with respect to
Fermi energy of metal, CT can occur at about half the
energy of the intrinsic intermolecular excitations of the
adsorbate.

Surface-enhanced resonance Raman scattering

SERS requires that the underlying substrates or adsorb-
ents should be roughened enough to produce nanoscale
corrugative surface. The objective of the roughness is to
create local features in the surface plasmon that enable
enhanced scattering. The nature of this roughness affects
the resonant frequencies at which the surface plasmon
will scatter light, and for SERS the most effective scatter-
ing takes place when excitation frequencies are near the
resonant frequency. However, for surface-enhanced reso-
nance Raman scattering (SERRS), the resonance frequen-
cies of the plasmon and the molecular absorption of the
analyte have to be considered. The large enhancements in
SERS can be further improved by using an analyte having
molecular absorption near the resonant frequencies to
give strong SERRS signals. The first ever SERRS obser-
vation was reported by Van Duyne and his group’ in
1977. Because of the higher enhancement in SERRS in
the range 10°~10"", several groups, including ours, confir-
med the resonance phenomenon and some others changed
the detection limit of molecules from an ensemble to the
single-molecule level>**™* Ttoh et al.* reported several
observations on correlated plasmon resonance Rayleigh
scattering and SERRS using single Ag nanoaggregates.
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Surface-enhanced hyper-Raman scattering

The extremely low cross-section of normal hyper-Raman
cross-section (~107°*em®) can be accessed through a
surface-enhanced phenomenon analogous to SERS. Thus,
SERS and surface-enhanced hyper-Raman scattering
(SEHRS) can appear at comparable signal levels because
of strong surface-enhancement factors. Although SEHRS
of several dyes adsorbed on the aggregated silver colloids
has been reported®® in the 1980s, its inherent weak inten-
sity hindered the extensive work on SEHRS. Van Duyne
and his group reported an estimated surface enhancement
factor of 10 from the SEHRS spectra of pyridine adsorbed
on the roughened silver electrode™ >, Similar observation
was also reported by Nie et al.”®. Kneipp et al.> reported
an enhancement factor on the order of 10 comparing the
near-infrared (NIR)-SERS enhancement factors of crystal
violet on colloidal silver clusters. Several groups, including
ours, reported the SEHRS study of molecules adsorbed on
different active substrates, including the randomly rough-
ened electrode surfaces, aggregated noble metal colloids,
and metal-nanoparticles immobilized-on-smooth-elect-
rodes, to improve the efficiency of SEHRS and to explore
its application in chemical, biological and materials sci-
ences > Ttoh et al.>® compared hyper Rayleigh scatter-
ing and SEHRS of dye-adsorbed silver nanoparticles using
continuous-wave NIR laser. Green emission because of
hyper Rayleigh scattering in addition to optical trapping of
silver nanoparticles was observed. Strong SEHRS intensity
and two-photon excited luminescence were observed on the
addition of R6G and NaCl to the samples.

Single molecule surface-enhanced Raman
scattering

Detection and molecular characteristics of single mole-
cules by SERS was not possible till the 1990s. The
observation of a single molecule and its individual prop-
erties and structural transformation can provide useful
insights relating to intrinsic characteristics that cannot be
studied in an ensemble of molecules due to averaging.
Two groups™*' independently reported single molecule
(SM)-SERS nearly at the same time. It was based on the
concept of ultra-low concentration achieved by decreas-
ing the concentration of the analytes adsorbed on a small
number of adsorbents. In addition, there are several metho-
dologies reported to obtain SM-SERS>®°. Amongst all
the techniques, SERS combined with near-field micro-
scopy achieves the best suitable control on the characteris-
tics and spatial localization of a single hotspot producing
SM-SERS signals.

Tip-enhanced Raman scattering

SERS from analytes adsorbed on nanostructures is
obtained due to the excitation of LSPR. Analogous to this
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general concept, a single metal nanostructure, i.e. a metallic
nanosized needle-like tip, can induce SERS at the tip
apex provided that the analytes exist near the apex. Raman
scattering enhanced by such a tip is termed as tip-enhanced
Raman scattering (TERS). The essential feature is the inci-
dent electric field enhancement at the tip apex, thus access-
ing localized near-fields and avoiding the problem of
diffraction of light. It is so attractive that the spatial reso-
lution can be scaled down to few nanometres and the SERS
characteristics can be obtained even from single mole-
cules. The development of SERS towards TERS was intro-
duced by combining near-field scanning optical microscopy
with the SERS technique. TERS has been accepted as one
of the most intriguing developments of SERS® %,

Correlated imaging and spectroscopy

Correlated imaging and spectral analysis are two potential
ways to understand the influence of SPR on SERS®.
Hossain et al.® reported correlated SPR and SERS
images carried out at the same spatial position using gold
nanoaggregates. Good correlation was reported between
plasmon excitations and the SERS activity of the same
sample. Unlike a dimer or a trimer, localized SPR excita-
tion was observed to be specific to the local structure in
nanoscale. Several localized SPR excitations were excited
in different parts of the aggregates. Figure 4a and ¢
shows SPR and SERS images of gold nanoaggregates res-
pectively. Figure 4 b and d depicts SPR and SERS spectra
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Figure 4. a, SPR image of gold nanoparticle aggregates with 50 nm
diameter, indicating intensity variation corresponding to SPR excita-
tions excited on the sample. b, SPR spectrum of the same sample
obtained at the marked position ‘X’ in (&), showing a broadened SPR
peak centred at 570 nm, in addition to a trail in the longer wavelength
region (~700 nm). ¢, SERS image of CV adsorbed on the same sample
indicating good correlation to (a). d, SERS spectrum of CV adsorbed
on the same sample obtained at the marked position ‘Y’ in (¢). The
scale bar in (¢) shows the size of the SPR and SERS images. The dotted
vertical line in (b) shows the laser excitation position. Reprinted with
permission from Hossain et al.%.
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Dyes TRITC Atto610
(Laser) 514.5nm A 568nm
Concentration 9 pg/mL 0.9 ng/mL 1p g/mL 1 ng/mL

Fluorescence

SERRS/SEF

Figure 5. Fluorescence, SERRS and SEF images of TRITC and Attto610 at different concentrations.

Reprinted with permission from Han ef al.”.

obtained at the “X” and “Y’ positions in Figure 44 and ¢
respectively. A broadened SPR peak centred at 570 nm
appears in addition to another peak near the longer wave-
length region. The SERS peaks observed here are consis-
tent with those reported so far. In a random aggregate
sample, the number of interstitials per micrometre is less
and some aggregates are not SERS-active with the laser
excitation at 647 nm.

Applications

SERS overcomes the long collection times and high
detection limits inherent in normal Raman spectroscopy
and makes possible the detection of single cells. SERS is
also useful for label-free detection and fluorescence
rejection. In addition, NIR photons are not in resonance
with molecular transitions and thus avoid photodecom-
position of the probed molecule. In the NIR region both
silver and gold clusters are used for in vivo applications,
but gold is more suitable because it is more inert’"’%.

Label-free detection of protein

Several groups, including ours, attempted to detect bio-
molecules by SERS. Recently, silver nanoparticles con-
jugated biomolecules have been investigated by Han et
al.” through correlated SERRS and surface enhanced
fluorescence (SEF) measurements at the same spatial
position. TRITC and Atto610 are used as both Raman and
fluorescence reporters through the ligands in the study.
Interactions between human IgG and TRITC-anti-human
IgG (Fc-specific) and between avidin and Atto610-biotin
were detected. Figure 5 shows fluorescence images of
two fluorescent molecules after interactions between pro-
teins and target analytes, and their SERRS and SEF im-
ages after colloidal silver staining”>. Note that the SERRS
and SEF images of each fluorescent molecule show signi-
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ficant differences with different concentrations of the
target analytes. By varying the concentration of fluore-
scence-labelled target analytes, it was found that at higher
concentration or at certain concentrations (9 ng/ml
TRITC-anti-human IgG and 1 ng/ml Atto610-biotin),
fluorescent images were dominant. This study indicates
the potential of SERRS and SEF images in ultrasensitive
determination of protein—-ligand interactions. Figure 6
shows SERRS and fluorescence spectra of TRITC-labelled
immunocomplex (TRITC-antihuman IgG, 0.9 ng/ml) and
Atto610-labeled biotin/avidin complex (Atto610-biotin,
0.1 ng/ml)”. Strong enhanced Raman scattering and fluo-
rescence were obtained.

Ultrafast detection

Spectroscopy of single haemoglobin molecules, glucose
detection and cancer gene detection are few examples of
ultrafast detection by the SERS technique’""’. A new
trend in biochip technology for label free detection of
pathogens and their toxins has also been introduced
recently”. Unlike fluorescence, SERS is not limited by
the need to label and photobleaching, and hence provides
detailed chemical information about molecules even in a
complex environment. Fast acquisition time and higher
enhancement factor have made the SERS technique irre-
placeable in detecting molecules mixed with complex
environment.

Bioimaging and living cells

SERS appears to be an informative method for the study
of living cells both in intracellular and extracellular
measurements. Eliasson et al.” identified biomolecules or
intracellular components independently in single cells by
SERS measurements on gold-incorporated lymphocyte
living cell. Distinguished rhodamine signal from the
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Figure 6. a, SERRS spectra of TRITC-labelled immunocomplex with 514.5 nm excitation. b, SERRS spectra of Atto610-labelled biotin/
avidin complex with 568 nm laser excitation. ¢, Fluorescence and SEF spectra of TRITC-labelled immunecomplex (0.9 ng/ml TRITC-anti-

human IgG) with 514.5 nm laser excitation. d, Fluorescence and SEF spectra of Atto610-labelled biotin/avidin complex (0.1 ng/ml
1.7,

Atto610-biotin) with 568 nm excitation. Reprinted with permission from Han ef a

r’

R T

O

TrsEEsREERE s

Intensity/a.u.

Intensity/a.u.

©

800 4

&
<
o
Ly

200 4

Surface-enhanced Fluorescence

M

50

T
800

T

650

Wavelength/nm

Surface-enhanced Fluorescence

T

3000 4
20004
Fluorescence
1000 4 :
800 850 700
Wavelength/nm

1700 1600 1500 1400

Raman shift/em™

1m0

1600 4500 140C

Raman shift/em™

Figure 7. a, Normal cell dark field image and SERS spectroscopy image. b, Raman measurements. ¢, Single cancer cell: bright field image (left),
SERS image (right). d, Bright-field image and SERS mapping for single cancer cell. Reprinted with permission from Lee et al.”.
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a, Dark field image of a yeast cell. b, Dark field image of Ag adsorbed on yeast cell surfaces (scale 1 um).

¢, AFM images of a yeast cell. d, AFM image of Ag adsorbed yeast cell. e, Height trace along the line drawn therein.
f, Ag nanoaggregates on a yeast cell surface. g, The corresponding SERS image (scale 1 um). Reprinted with permission

from Sujith et al.®.

combined intercellular components of lymphocyte single
living cell was successfully detected. On the other hand,
silver colloidal aggregates have been incubated with
breast cancer-resistant cells to elucidate the affinity
amongst the cellular components. SERS is not only of
interest as a method for ultrasensitive detection and struc-
tural characterization of biomolecules, but it has been
also applied to study processes of living cells. Breuzard
et al.* applied SERS to study the adsorption of mitoxan-
trone on the plasma membrane of sensitive (HCT-116 S)
or BCRP/MXR-type resistant (HCT-116 R) cells.

Kneipp et al.”® proposed a sensitive optical probe based
on the SERS spectroscopic signature of dye indocyanine
green [ICG on gold nanoparticles. In addition to its own
detection, the in vivo compatible ICG-gold nanoprobe
also delivers local molecular structural information about
its biological environment. This may become important
for understanding cellular processes. The spectra provide
clear evidence for vibrations originating from the DNA
backbone and of C-N and ring stretching modes from
DNA and RNA. SERS has recently been successfully
applied to differentiate cancerous cells. For example, to
obtain a highly sensitive cellular image of living normal
HEK?293 cells and HEK293 cells expressing PLCy1 using
the SERS technique, functional nanoprobes based on
Au/Ag core-shell nanoparticles, conjugated with mono-
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clonal antibodies, were used by Lee er al.””. PLCy1 is a
protein whose abnormal expression may be associated
with tumour development. A schematic illustration of
silver-coated gold nanoprobes with R6G for the SERS
imaging of cancer cells is given in Figure 7.

Sujith et al.®® recently attempted to study the cell-wall
biochemistry of living single yeast by SERS. Figure 8a
and b shows dark field images of living yeast cells
without and with Ag nanoparticles respectively. This cor-
respondence is evident from AFM images of a yeast cell
surface (Figure 8¢) and a yeast cell surface adsor-
bed with Ag nanoparticles (Figure 8d). Figure 8 fand g
shows the dark field and corresponding SERS image
of Ag nanoparticles adsorbed on the cell wall respecti-
vely.

Conclusion

The academic understanding of SERS has promoted
many practical applications, such as photonic materials,
heterogenous catalysis, chemosensors, biosensors, optical
traps and tweezers, near-field optical microscopy, and
other surface-enhanced spectroscopies. Though there are
still unanswered questions, the advancement of know-
ledge regarding Raman effect and SERS in the last 80
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years has provided a solid foundation for continued
research and development in the 21st century. The under-
standing and development of SERS could be substantially
advanced by the steady progress of nanotechnology. Thus
SERS and nanotechnology would expect to support each
other in the near future.

It is noteworthy that the outcomes reported herein are a
small part of several studies on SERS in different labora-
tories. There are still several to be investigated, including
the nature of the photon—electron interaction process, the
excitation and relaxation behaviour of LSPR, quenching
effect of confined EM fields due to secondary roughness
of the constituent nanoparticles, hybridization and per-
colation of highly localized energy, etc. We are looking
forward to the dedicated scientists and mentors for rigor-
ous and evidential support in the SERS world. Thanks to
C. V. Raman for initiating such a useful and comprehen-
sive analytical tool for modern science and nanotechno-

logy.
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