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Raman scattering has long been
a valuable tool for chemical
structure analysis, but its inher-

ently weak signals have traditionally
limited its use for trace-level detection
applications. The Raman scattering
technique uses a laser as a source of
incident photons that gain or lose ener-
gy when they interact with molecules
in the sample, producing a frequency
shift in the scattered photons. For polar-
izable molecules, the incident photon
energy can excite vibrational modes
of the molecules, yielding scattered
photons that are diminished in energy
by the amount of the vibrational tran-
sition energies.

In the mid-1970s, Raman researchers
observed that a large increase in intensity
could be gained by adsorbing an analyte
onto a metal with a roughened surface. Two
factors cause this effect. One is the rough-
ness feature that makes the metal’s conduct-
ing electrons accessible to photo-excitation,
causing amplification in the local electro-
magnetic field, and the other is electronic
orbital coupling between the analyte and
the metal, which augments the Raman-scat-
tered photons. The precise manner in which
these factors interact and quantitatively
contribute to particular enhancements is
still very much under investigation. What-
ever the mechanism, nanogram, picogram,
and, in select recent cases, even single-mole-
cule detection, has been achieved with this
surface-enhanced Raman scattering (SERS)
phenomenon, using mostly gold or silver
substrates, and researchers are seeking new
applications in various fields. 

The Surface Advantage
The primary attraction of SERS is not only
its sensitivity (also present in other meth-
ods, including fluorescence), but its abil-
ity to provide large amounts of structur-
al data. “The value of vibrational
information available via SERS should
not be overlooked,” says Pennsylvania

State University chemistry professor Chris-
tine Keating, who works with the tech-
nique. It can act as a molecular “finger-
print” and can allow simultaneous analysis
of trace analytes in a complex mixture
without the need for extraction and sepa-
ration steps. In addition, says Keating, the
inherent ability of SERS to discriminate
between analytes adsorbed on the surface

and all other species in the matrix envi-
ronment adds to the potential for rapid,
real-time analysis. 

Furthermore, the surface enhancement
can be combined with an additional reso-
nance enhancement, which is derived by
tuning the frequency of the laser used for
Raman scattering to the electronic exci-
tation energy of the analyte, to carry out
a variation called surface-enhanced reso-
nance Raman scattering (SERRS).

At present, roughened metal substrates
for SERS must be prepared individually in
the laboratory and used to analyze model
analytical systems. For SERS to become a
useful method for real-world applications,
substrates must be manufactured repro-
ducibly on a larger scale, using methods
that produce consistent and quantifiable
results.

Substrate Strategy 
The first SERS substrates were roughened
via electrochemical processes, which were
not very reproducible. Two other methods,
aggregated colloidal suspensions and
nanoparticles immobilized on a solid
surface, have emerged as more effective
alternatives. 

The suspension approach is favorable
because of the ease of preparation—a
simple chemical reaction in water. Howev-
er, the roughness feature, vital to the
enhancement effect, is dependent on aggre-
gation. According to W. Ewen Smith, a
professor of chemistry at the University
of Strathclyde (Glasgow, U.K.), aggrega-
tion “is kinetically controlled, so it is diffi-
cult to do the same thing every time.”
However, if the colloid, analyte, and aggre-
gating agent are pumped into a flow cell
and Raman signals are collected at various
points, the accumulated intensities from
different aggregates can been used to
obtain averaged, much more precise results.
Smith and his colleagues have developed
a microfluidic (“lab-on-a-chip”) version
of this process to get reproducible results
at the high sensitivities that SERS is
capable of and provide a means for quan-
tifiable high-throughput analysis (1). 

Recent progress in manipulating
nanoparticles offers different ways of
attaching them to a surface in a consis-
tent manner. However, many of these strate-
gies rely on lithography, making the cost
of large-scale manufacturing too high. This
may not be the case for one approach,
however, which seems the closest to produc-
ing a viable commercial product. Nanoplex
Technologies, Inc. (Mountain View, CA,
www.nanoplextech.com) has developed a
self-assembly process for colloidal gold
particles on organosilane-coated glass slides.
According to Nanoplex CEO Michael Natan,
the method controls the spacing of the
particles, and thus, the roughness covered
by an incident laser beam, very precisely.
“From the point of view of manufactur-
ing,” says Natan, “we can automate the
fabrication of these substrates. We can do
this on very large numbers of substrates,
very reproducibly and very fast.” 
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To SERS, with Love 
and Expectations

Surface-enhanced Raman scattering 
offers great analytical potential.

Electron micrograph of silver colloid prepa-
ration used as a SERS substrate (J. Phys.
Chem. B 2002, 106 (21), 5408–5412).



Despite such progress, it is not yet obvi-
ous what specific applications there are for
a reproducible SERS substrate, whatever
the means of production. Several poten-
tial applications are under evaluation at
present that could eventually find more
general use. 

Enhancing Pharma 
Pharmaceutical and biomedical analysis
could potentially benefit from SERS. For

example, its multiplexing ability offers prom-
ise for rapid molecular biological assays used
for tasks like genotyping. Smith, in fact,
foresees it as a future replacement for the
fluorescence (and radioactive) labels current-
ly used for DNA analysis (Smith mostly uses
SERRS). Different SERRS-active dyes, which
are more varied than fluorescent labels, can
be used to label different DNA sequences
for very specific identification. “SERRS,”
says Smith, “gives sharp vibrational spec-

tra in suspension and is said to be as sensi-
tive as fluorescence. This means multiple
labels, each on a different capture oligo,
can be detected without separation.” 

His team has published several prom-
ising results in this direction using DNA
labeled with SERRS-active dyes adsorbed
to colloidal silver substrates. A recent study
demonstrated multiplex genotyping in
which SERRS spectra definitively resolved
the normal, mutant, and mixed versions
of the cystic fibrosis gene (2). Others,
notably Tuan Vo-Dinh at Oak Ridge Nation-
al Laboratory (TN), have performed geno-
typing experiments with SERS chip-based
designs in which the chip surface is coat-
ed with a roughened metal environment
and immobilized with sequence targets (3).

Natan, however, doesn’t think SERS will
take on an important role in this area.
“To be frank, there are so many other
approaches to genotyping I fail to see how
SERS is going to be compelling.” Molecu-
lar biologists, he believes, are already happy
with fluorescence and it would take an
extremely well-designed system to attract
them away from it. On the other hand,
SERS might hold promise for small-mole-
cule drug analysis, according to Natan. The
advantage of Raman is in providing finger-
prints for low-molecular-weight compounds.
SERS may provide a rapid and nonde-
structive multiplexing approach for these
molecules in tasks such as high-through-
put screening or dissolution monitoring.
However, even here, techniques like HPLC-
MS are extensively used and won’t be easi-
ly replaced. 

In the Field, in the Body
SERS has attracted particular attention for
field monitoring and in vivo applications
in which the sample environment is espe-
cially complex and time is of the essence.
The prospect of not having to perform
extraction and separation, the increasing
flexibility of Raman instrumentation, and
progress in technologies such as fiber optics
are specific benefits of the technique.

For instance, on the forensics front, a
collaborative group in the United Kingdom
is attempting to develop a device for
trace contraband detection based on a
SERRS technique, which relies on analyte
modification with SERRS-active tags. This
device might be used for roadside drug
analyzers or detecting explosives in airports
(the U.S. Federal Aviation Administration
has also shown interest). In addition, SERS
is being explored for rapid in vivo (4) moni-
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toring of analytes such as neurotransmit-
ters and for remote environmental moni-
toring using techniques in which the tip
of an optical fiber is coated with rough-
ened metal particles.

For these kinds of applications, howev-
er, the high surface selectivity may not
always be an advantage. If, in a complex
biological or environmental matrix, a large
number of impurities and the analytes of
interest have very similar affinities to the
metal substrate, some complicated spec-
tral interference could result. This could
require additional sample preparation steps,
which, of course, takes away from the SERS
advantage of one-step analysis.

Alternatively, scientists could try to
attract certain compounds and exclude
others by chemically modifying the
substrate surface.

Keith Carron at the University of
Wyoming (Laramie) has taken the lead
on this approach. His lab makes alkylthi-
ol coatings for the metal substrates for
analyte-specific binding. So far, Carron’s
group has succeeded in several applica-
tions, particularly for environmental

cyanide monitoring. The current method
for cyanide analysis involves a number of
steps, including acidification, distillation,
and titration, and, according to Carron, it
takes about a half hour. On the other hand,
his SERS technique “does it in about 10
seconds.” Carron’s group is also looking
at hormones, illicit drugs, and several
disease biomarkers. 

High-Value Applications
Other applications being explored for SERS
include characterizing inherent surface
processes, such as platinum-group cataly-
sis, nanoscale film growth, and semicon-
ductor synthesis, without the need for bulk
phase subtraction (5). Recent observations
of extraordinarily high enhancement factors
have made single-molecule detection possi-
ble, a feat previously only achieved by fluo-
rescence. This development has practical
and fundamental implications (6).

In terms of commercialization, it is diffi-
cult to know which areas will be improved
enough by SERS to persuade scientists to
switch from current techniques. “In our
opinion,” states Natan, “no one has devel-

oped a high-value application of SERS yet.”
Smith, however, generalizes promising
applications as anything with “difficult
targets worth the pain of developing some-
thing new.” As long as such targets persist,
SERS research should remain very active.
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David Filmore is an associate editor of
Today’s Chemist at Work. Send your
comments or questions about this article to
tcaw@acs.org or to the Editorial Office
address on page 6. ◆
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