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W
hen it comes to nanoscience
and nanotechnology, surface-
enhanced Raman scattering

(SERS)1 is the spectroscopist’s poster child:
in no other measurement technique does
the role of nanostructure play such a criti-
cal role. Discovered in the late 1970s, the
field of SERS appears to be undergoing a re-
naissance, with an explosion in the synthe-
sis of novel shapes of SERS-active nanopar-
ticles, significantly enhanced capabilities in
lithography and related techniques, and in-
creasingly sophisticated and accurate
theory and modeling. With this torrent of
activity, the field’s optimists might say that
SERS, after a very long infancy, has finally
reached adolescence, and that the recent
development of nanoscale tools was the
catalyst for growth. Pessimists might
counter that SERS has been sufficiently ma-
ture for two decades yet still remains an
academic curiosity with no useful commer-
cial applications; thus, there must be an in-
trinsic feature of SERS that fundamentally
limits its utility in chemical analysis and/or
bioanalysis.

Both sides have an element of truth.
However, the measurement challenges as-
sociated with homeland security may ren-
der the argument moot. Prior to September

11, 2001, the definition of homeland secu-
rity would have encompassed solely bio-
logical warfare agents (e.g., anthrax), their
chemical counterparts (e.g., sarin), and ex-
plosives detection. It is recognized now that
homeland security encompasses a much
broader scope of measurement scenarios
that includes forensic science, monitoring
of controlled substances (i.e., narcotics),
food safety, water safety, and even detec-
tion of counterfeiting (which generates in-
come for terrorists). The range of analytes to
be detected or quantified runs the gamut
from viruses and bacteria to proteins, DNA,
lipids, and/or low molecular weight (LMW)
species and are found in a wide range of
sample matrices, from solid food to air. To
add to the challenge, measurements typi-
cally need to be carried out in the field, in
real time.

Because of its unique attributes, SERS
may be the best-positioned among all mea-
surement techniques to have a significant
impact on homeland security. To that end,
the ACS Division of Colloid and Surface
Chemistry organized a symposium at the
238th ACS National Meeting (August
16�19, 2009, Washington, DC) entitled
“Nanorods and Microparticles for Home-
land Security”. Drawing mostly but not ex-
clusively from the symposium, this article
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ABSTRACT This Nano Focus article reviews recent developments in surface-enhanced
Raman spectroscopy (SERS) and its application to homeland security. It is based on invited talks
given at the “Nanorods and Microparticles for Homeland Security” symposium, which was
organized by one of the authors and presented at the 238th ACS National Meeting and Exhibition
in Washington, DC. The three-day symposium included approximately 25 experts from academia,
industry, and national laboratories and included both SERS and non-SERS approaches to
detection of chemical and biological substances relevant to homeland security, as well as
fundamental advances. Here, we focus on SERS and how it is uniquely positioned to have an
impact in a field whose importance is increasing rapidly. We describe some technical challenges
that remain and offer a glimpse of what form solutions might take.
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summarizes some advances in SERS-

active materials and in applications of

SERS to problems in homeland security,

ending with a discussion of some op-

portunities for the field as a whole.

Detection and Quantitation in Homeland

Security. Chemical and biochemical

analysis are mature disciplines, and en-

tire industries are based on sensitive, ac-

curate monitoring of species in the gas

phase (H2, CO) and in aqueous solution

(e.g., glucose, cholesterol, prostate-

specific antigen). What factors make an-

alyte detection so difficult in homeland

security applications? (1) The molecular

weight range of substances to be de-

tected is very broad, from LMW species

to cells. (2) In some cases, the species

may not be known or may not appear

in databases. This is particularly true for

biothreats but may also be the case for

chemical warfare agents or even impuri-

ties in food or water. (3) Exceptionally

low error rates (both positive and nega-

tive) are required because the cost for

a mistake can be enormous. (4) Many of

the species are at very low abundance,

either by design or by dilution, pushing

the envelope of detection capabilities.

(5) The potential for continuous moni-

toring must exist. (6) Consumables are

not ideal because they have to be car-

ried in, and any instrumentation needs

to be small, light, and battery-operated.

(7) Tests developed must be able to

work in extremes of temperature, hu-

midity, and wind conditions. (8) In most

cases, answers are needed in real time,

that is, in 5 min or less. (9) Finally, tests

must be able to handle a wide variety of

matrices, from swabs of surfaces (e.g.,

envelopes) to powders to aqueous solu-

tions to air samples composed predomi-

nantly of sand and dust.

Fundamentals of SERS. In SERS, mol-

ecules in extremely close proximity to

Au and Ag nanostructures sized 5�200

nm give rise to million-fold or higher in-

creases (known as enhancement fac-

tors, EFs) in Raman scattering efficiency.

The phenomenon depends intimately

on the interplay between the excitation

wavelength and the nanostructure ge-

ometry at the 1, 10, and 100 nm

scales.2,3

Three key features of Raman in gen-

eral and SERS in particular appear to be

a perfect match for the technical speci-

fications required for homeland security

detection. First and most importantly,

SERS is a vibrational spectroscopy that

furnishes molecular-level, chemical-

fingerprint-like information. This en-

ables detection of many different spe-

cies and also permits multiplexing,

whereby multiple species are detected

in a single measurement. Sec-
ond, the instrumentation
meets the needs for point-
of-use measurements.
Hand-held spectrometers
with sufficient spectral reso-
lution and sensitivity are
commercially available from
multiple vendors. Excita-
tion wavelengths can be
chosen in the visible or the
near-infrared spectral re-
gions according to the
needs of the application.
Since the phenomenon is
based on scattering, it is
possible to “point-and-
shoot” and collect high-
quality spectral data in
seconds.

The third important at-
tribute of SERS for homeland
security is the capability to be

used for both direct and indi-

rect detection. As shown in the top of

Scheme 1, direct detection refers to the

case when the species of interest ad-

sorbs directly to a SERS-active surface.

Examples of direct detection described

below include bacteria, drug molecules,

and the chemical contaminant

melamine. SERS is the only optical de-

tection technique capable of analyte de-

tection and identification at nanomolar

to picomolar concentration levels. Indi-

rect detection, by contrast, makes uses

of nanoparticles as SERS-active quanti-

tation labels, similar to the way fluoro-

phores are used. These SERS nanotags4

(Scheme 1, bottom) are made by coat-

ing a SERS-active particle with an adsor-

bate (“the reporter”) that has a unique

spectral fingerprint and then encapsu-

lating in silica. The resulting spectrum of

the tag depends solely on which re-

porter is used (R1 vs R2). Conjugation of

antibodies or DNA (or some other

molecular-recognition motif) to the

outer silica surface allows the particles

to be used as quantitation labels in ways

that are exceedingly familiar to develop-

ers of immuno-diagnostic or molecular

diagnostic assays. The ability to gener-

ate multiple spectrally unique tags en-

ables quantification of multiple analytes

in a single measurement.

Scheme 1. Illustration demonstrating methods used for direct detection via SERS (top panel) and
preparation of labels for SERS-based indirect detection (bottom panel).
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Other Methods. To be sure, there are

other viable approaches to detection of

analytes for homeland security applica-

tions. At this meeting, Shawn Mulvaney

of Naval Research Laboratories de-

scribed an innovative fluidic force assay

based on magnetic beads and has dem-

onstrated sensitive assays for staphylo-

coccal enterotoxin B.5 George Farquar

from Lawrence Livermore National

Laboratories described a single-particle

aerosol mass spectrometry system for

detection of intact bacteria.6 Keating,7

Halas,8 Wei,9 and Odom10 have all devel-

oped novel metal nanoparticles or

nanostructures that can be used for

non-SERS-based detection schemes.

Thomas Huser of University of Califor-

nia, Davis described how super-

resolution microscopy might prove to

be a useful detection technique, espe-

cially for single bacteria.11 Even colori-

metric approaches are viable, as was de-

scribed by Allen Apblett of Oklahoma

State University.12 In addition, there are

numerous companies with active com-

mercial programs connected to home-

land security such as Tetracore,13 ICx

Technologies,14 and Smiths Detection.15

However, as of today, SERS is the only

detection technique that is both (i) field

portable without a significant loss in

performance and (ii) capable, via direct

or indirect modes, of identifying LMW

species (known and unknown), lipids,

proteins, DNA, and cells. It is this unique

set of attributes that makes it so well-

suited to address the particular chal-

lenges associated with homeland

security.

Novel SERS-Active Particles and Particle
Assemblies. There are two fundamentally
different approaches to development of
SERS-active materials with “hotspots”,
the particle junctions responsible for
the highest enhancements: bottom-up
assembly, starting with Au or Ag nano-
particles, and top-down synthesis.
whereby macroscopic SERS-active sub-
strates are made using lithography, se-
lective etching, or related approaches.
Below, we describe the advantages and
disadvantages of each and highlight se-
lected approaches from the recent lit-
erature and from the ACS symposium.

In the past decade, advances in the
understanding and control of nanopar-
ticle synthesis have been nothing short
of spectacular.16 A wide variety of regu-
lar shapes and sizes of particles ranging
from a few nanometers to a few hun-
dred nanometers in size have been de-
scribed. Metal nanoparticles offer
multiple advantages for SERS experi-
mentation. (1) They comprise the funda-
mental SERS “building block” and are
easy to isolate. This enables detailed
physical and optical characterization,
which in turn provides high-quality data
for comparison to theoretical model-
ing.17 (2) They are the most straightfor-
ward to use from an experimental
standpoint. In many cases, simple addi-
tion of an analyte to a solution containing
metal nanoparticles causes aggregation,
leading to “hotspots” containing two or
more particles with entrapped analytes.
These structures are strongly enhancing
for SERS. (3) Solution-based synthesis al-
lows SERS-active materials to be made in
all three dimensions of space at once. In

contrast, top-down synthesis creates ma-

terials only in two dimensions. Thus, with

the appropriately sized reaction vessel, it

is possible to create enough material for

many millions of SERS experiments in a

few minutes without additional process-

ing. This cannot be done using the top-

down approach.

There are three corresponding disad-

vantages to metal nanoparticles for

SERS. (1) Only a fraction of the many

novel particle shapes are SERS-active as

prepared. Many are covered with a sur-

factant used to direct shape during syn-

thesis, which inhibits analyte adsorp-

tion. Removal of surfactant leads both

to instability and, in the case of anisotro-

pic particles, to changes in the particle

shape by decreasing the aspect ratio. (2)

Figure 1. Particle-based approaches for SERS: (A) TEM image of a silver nanosphere dimer, with a cartoon inset depicting their architec-
ture. (B) Field emission SEM image of a Au nanodisk array prepared using on-wire lithography (OWL). The disks (bright segments) are 120
nm in diameter with a 30 nm separation. (C) SEM image of silver octahedra assembled into a close-packed film. Panel A reproduced
from ref 18. Copyright 2009 American Chemical Society. Panel B reproduced with permission from ref 19. Copyright 2006 National Acad-
emy of Sciences, USA. Panel C reproduced with permission from ref 20. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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Aggregates of nanoparticles in solution
are inherently unstable and are very dif-
ficult to isolate. (3) Most importantly,
few methods exist for assembly of par-
ticles into stable, well-defined hotspots,
ideally on a macroscopic scale. During
the ACS symposium, however, several
novel approaches to hotspot creation
were described.

The Xia group has pioneered con-
trolled synsthesis of anisotropic metal
nanoparticles and has now turned
their attention to in situ synthesis of
particle dimers with built-in
hotspots.18 Their approach combines
the well-known polyol process in
which ethylene glycol serves both as
a solvent and a precursor to the re-
ducing agent for metal salts. Con-
trolled addition of NaCl leads both to
oxidative etching and particle dimer-
ization (under the proper conditions
of dilution). The Ag nanospheres ob-
tained using this protocol were actu-
ally truncated octahedrons with a
rounded profile (see the inset of Fig-
ure 1A), which are enclosed by a mix
of (111) and (100) facets. SERS spec-
tra of 4-methylbenzenethiol led to en-
hancement factors at the hot spot of
1.9 � 107.

Chad Mirkin described his group’s
continuing efforts to make and charac-
terize SERS hotspots using on-wire
lithography (OWL).19 In OWL, a striped
nanorod is made by electrochemical re-
duction of metal ion salts in cylindrical
templates, with alternating stripes of Au
and Ni. The width of the metal seg-
ments can be controlled down to the
few-nanometer level by coulometry.
After template release and evaporation
of a silica “backing”, etching out of the
Ni leads to voids between two or more
Au disks (Figure 1B). This approach re-
sults in SERS-active structures with vari-
able numbers of disks and, using tem-
plates with different diameters, control
of disk dimensions. Using pulsed depo-
sition, it was shown that the rough sur-
faces between the gap can be
smoothed by a factor of 5-fold to a
roughness of 5 nm, which leads to
sharper plasmon resonances but lower
SERS intensities.21 Also described was
recent work placing the OWL wires on
adjacent electrical pads. This enables

electric-field-based trapping of mol-
ecules and control of electrochemical
potential in SERS experiments, leading
to a 10-fold increase in enhancement.

The Yang group at University of Cali-
fornia, Berkeley, has developed a
Langmuir�Blodgett method to as-
semble a variety of metal nanoparticle
shapes into close-packed, macroscopic
structures. Initially developed for
nanowires,22 more recent activity has fo-
cused on regular Ag polygons such as
cubes and truncated octahedra (Figure
1C).20 One key feature of these surfaces
is that the dense array of nanoparticles
leads a broadband scattering profile
that allows for excitation at a variety of
wavelengths. The particles are made by
the polyol process but are capped in situ
with poly(vinylpyrrolidone) (PVP), which
serves both to stabilize the Ag to oxida-
tion/passivation and to enable analytes
such as arsenate ([AsO4]3�) to be de-
tected at trace levels.

Novel Macroscopic SERS-Active Substrates.
Macroscopic substrates offer several
benefits for SERS. (1) Macroscopic sur-
faces are typically stable and can be
stored for long periods between fabrica-
tion and use. (2) Because they are typi-
cally planar (and often highly reflective
or scattering), it is easier to make mea-
surements where the excitation beam is
properly focused. (3) SERS has its ori-
gins in the surface science community,
and it is easier to probe nanostructures
on surfaces (e.g., by AFM) than in solu-

tion. (4) Macroscopic surfaces are easier

to interface externally, for example, to

electrochemical instrumentation, to al-
low accurate measurement of surface
area or to control surface potential.

Macroscopic surfaces also have
shortcomings for SERS. (1) It is more dif-
ficult to control architecture of larger

surfaces completely from the nanome-

ter to micrometer level; accordingly, it

has proven more difficult to achieve

spot-to-spot and substrate-to-substrate

reproducibility for macroscopic surfaces

than for aggregated colloids, even de-

spite the latter’s instability. (2) As men-

tioned above, they can only be fabri-

cated in two dimensions, making them

far more expensive to use on a per-

measurement basis than colloidal ma-

terials. (3) Macroscopic SERS-active sur-

faces are often very mechanically fragile.

Despite this, there continues to be a

steady stream of new and interesting

SERS-active substrates described in the

literature, several of which were de-

scribed at the meeting.23�28 For ex-

ample, the Lee group has published

work on a variety of crescent-shaped

particles and voids, such as the random

array nanohole antennas shown in Fig-

ure 2A.26 A variety of wafer-scale litho-

graphic techniques have been used to

create novel architectures, and at the

meeting, Lee described “beak-shaped”

structures made by shadow angle inter-

ference lithography that allowed detec-

tion of 1 fM BPE [trans-1,2-bis(4-

pyridyl)ethene], a favored adsorbate

molecule among SERS practitioners.

The Van Duyne group has made

countless contributions to the field of

SERS, including the seminal paper in the

field.29 Most recently, they described a

new wrinkle on the seemingly well-

studied Ag film over nanosphere (Ag-

FON) surface27 that comprises Ag films

evaporated onto close-packed arrays of

600 nm diameter silica nanospheres

(Figure 2B); namely, that the best EFs

come from surfaces with spherical ar-

rays of Ag rods on the silica particles.

This finding underscores one of the dif-

ficulties of macroscopic surfaces for

Figure 2. SERS substrate approaches: (A) Schematic of nanocrescents prepared using nano-
sphere lithography. (B) SEM image of a silver nanorod film grown over 600 nm diameter silica
spheres. (C) Silver nanorod array prepared by oblique angle vapor deposition onto a glass
substrate. Panel A reproduced from ref 26. Copyright 2009 American Chemical Society. Panel
B courtesy of Richard Van Duyne of Northwestern University. Panel C reproduced from ref
28. Copyright 2008 American Chemical Society.
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SERS: it is necessary to understand the
structure on the many-micrometer scale
(sphere packing), the 100 nm scale (the
gross structure of the Ag film), and the
10�50 nm scale (the relevant rod di-
mensions). It would not be surprising
to learn in the future that the rod sur-
face roughness (which is on the 0.1�5
nm scale) also exerts an influence on the
SERS behavior.

The Dluhy group has perfected
oblique angle deposition as a means to
fabricate stable, strongly enhancing Ag
rod arrays.28 In this approach, evapora-
tion onto glass (or metal) substrates at
angles close to the grazing angle leads

to shadowing of nucleation sites and
subsequent oriented rod growth. Fig-
ure 2C shows a typical array, with rod di-
mensions on the order of 80�90 nm in
diameter, and depending on the condi-
tions, lengths of roughly 800 nm, and
with a mean inter-rod spacing of 140
nm. Each of these parameters can be
adjusted by controlling the oblique
angle, the temperature, and the deposi-
tion rate/length. Enhancement factors
of 108 with spot-to-spot variations of
less than 10% were routinely achieved
for BPE. As described below, these and
similar substrates have proven useful for
direct SERS measurements on bacteria.

Direct Detection of Biological Warfare
Agents. Perhaps the most popular image
of biological terrorism is that of anthrax
spores in the form of a “mysterious
white powder”. Ultimately, though, the
field must be thought of in much
broader terms, encompassing every-
thing from biological toxins (e.g., botu-
lism toxin) to the so-called “weap-
onized” strains of bacteria and viruses,
to the potential threat of such agents
being introduced into food or water
sources. Additional concern must be
given because even a small-scale attack
(both in pathogen quantity and number
of targets) could result in a large out-
break if an infectious pathogen is able
to effectively propagate and spread
from one host to another. Thus, it is criti-
cal not only to detect such obvious ex-
amples as the aforementioned white
powders but to monitor high-risk tar-
gets consistently, to detect very low lev-
els of pathogens, and also to differenti-
ate and to identify very similar species
and strains.

It follows that detection of such
pathogens would ideally be ultrasensi-
tive, rapid, require no extrinsic labeling
steps, and differentiate species and
strains of pathogens. SERS is perhaps
the only technique that has shown the
promise to satisfy all such criteria. The
tremendous signal enhancements ob-
tained from SERS, coupled with the
large scattering cross sections of bacte-
rial cells, allow rather routine acquisition
of spectra from individual bacterial cells.

Figure 4. Discrimination of five Bacillus spore samples and P. agglomerans is shown in
this principal component (PC) analysis plot based on their SERS emission. The lighter-
color spheroids denote the 2� and 3� standard deviations, respectively. Reproduced
from ref 34. Copyright 2008 Society for Applied Spectroscopy.

Figure 3. (A) SERS spectra of six bacterial species obtained under identical conditions. Spectra are offset for clarity and are arranged
vertically according to their phylogenetic relationship. (B) Raman scattering obtained from B. anthracis using SERS (top) and non-SERS
(bottom) methodologies. Spectra were acquired using 785 nm excitation. The bottom trace shows the resulting Raman spectrum after
subtraction of the broad background associated with the bulk Raman measurement. Panels reproduced from ref 30. Copyright 2005
American Chemical Society.
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Ziegler and colleagues have shown
that SERS spectra can be obtained after
deposition of bacteria onto a colloidal
Au-based substrate, and that these
spectra are approximately 104-fold more
intense than the corresponding bulk Ra-
man signals.30 Distance-dependent en-
hancement mechanisms enhance pref-
erentially those vibrational modes
within close proximity to the substrate,
resulting in simpler spectra compared
to native Raman scattering. Importantly,
these simple spectra were shown not
only to be distinct for six different bac-
teria species (Figure 3A) but also to pro-
vide better Raman differentiation
among the species than their native Ra-
man spectra. Presumably, this is be-
cause the cell surface compositions of
bacteria are more specialized for their
function and environment than are the
components of the cytoplasm, so the
extra “weighting” of SERS measure-
ments is advantageous.

Fluorescence has long been an is-
sue when acquiring Raman spectra, as
the resultant background often masks
the much weaker Raman scattering
bands. Since these problems are most
often encountered in the visible-light
regime, Raman instruments incorporat-
ing near-infrared (NIR) excitation
sources have recently become com-
monplace, most often utilizing 785, 830,
or even 1064 nm laser sources. Even
with NIR excitation, though, one can
still encounter fluorescence from bacte-
ria.30 In addition to enhancing the Ra-
man scattering intensity, metal surfaces
also have the ability to quench such en-
dogenous fluorescence and produce
much higher quality data. After deposit-
ing the same bacteria onto a SERS sub-
strate, the Raman spectrum becomes
the dominant feature, allowing rela-
tively straightforward analysis (Figure
3B).

An underlying theme that must ac-
company all discussion of direct SERS
measurements is that of data analysis.
Much effort has recently been devoted
to the accurate differentiation of spe-
cies/strains of bacteria and virions31,32

using principal component analysis
(PCA) and hierarchical clustering analy-
sis (HCA).33�36 Guicheteau demon-
strated PCA discrimination between

five Bacillus species/strains and Pantoea

agglomerans that had been dried in the

presence of colloidal silver.34 Of special

note was the differentiation between

the killed and live versions of B. anthra-

cis sterne, which is clearly shown in their

PCA experiments (Figure 4). A similar

sample set was tested by Ziegler, but

PCA was also performed on first- and

second-derivative spectra, resulting in

improved discrimination.33 Further-

more, using an advanced barcoding

method (based on the sign of the

second-derivative spectra) as an input

for PCA consistently provided additional

benefits.

Even with the recent advancements

in detection of pathogens by SERS, a

number of issues must be resolved be-

fore effective field implementation,

some of which are presented in the re-

cent overview by Zeiri.37 One of the big-

gest concerns is general sample prepa-

ration, which includes the exact

substrate or colloid used to generate

enhancement and the actual bacterial

sample. While most reports suggest

high levels of reproducibility within a

study, there have been mentions33,37 of

identical strains of bacteria producing

quite different SERS responses across

different laboratories. This could be

caused by a number of factors, but is

most likely due to using different SERS

substrates and acquisition conditions:

Zeiri’s work clearly demonstrates a dif-

ference in spectra obtained from bacte-

ria incubated with Au or Ag. Çulha also

discusses the manner in which samples

are prepared and shows how substan-

tially different spectra are generated

based simply on the sample pH, both

because it affects the adsorption of col-

loid to the bacteria and because it im-

pacts the ionization state of the bacte-

ria’s functional groups.38 Another

suggested factor is the possibility of

graphitization of samples, which is even

more likely in the presence of metal

substrates.37 Graphitization manifests it-

self as an intense background that tends

to overwhelm the desired spectrum

but can be mostly avoided by use of

low laser powers or slight defocusing

of the laser beam. Low levels of degra-

dation could slightly distort spectra,

causing reduced species discrimination
while being rather difficult to monitor.

Finally, sample collection is a major
concern. Detection of individual organ-
isms still requires they at least pass
through the focal spot of a laser beam
that might be smaller than the organism
itself. Similarly, most samples tend to
be somewhat inhomogeneous (due to
low pathogen concentration or non-
uniform SERS substrates) and thus re-
quire time-consuming sample manipu-
lation, spatial averaging, removal of
“spurious” spectra, or a combination of
all of the above to obtain consistent re-
sponses. Even with such manipulation,
most PCA experiments require addi-
tional filtering and spectral processing
to obtain optimal differentiation. Thus,
implementing automated field-
operable systems will require substan-
tial efforts, meaning that, for now, deter-
mination of pathogens using SERS re-
mains best suited to laboratory testing.

SERS for Direct Chemical Detection. Al-
though there have been reports in the
SERS literature over the past decade on
detection of toxic gases,39�43 a quantita-
tive approach toward SERS gas detec-
tion has been deficient from the litera-
ture. Van Duyne and colleagues from
Northwestern University presented data
representing a considerable advance to-
ward the real-time gas detection of
chemical warfare agents (CWAs). In this
work, they measured the kinetics of
benzenethiol adsorption from the gas
phase onto the SERS-active AgFON sur-
faces described above and developed a
comprehensive adsorption model in-
tended to improve accuracy and quanti-
tation of measurements. The key
finding was that adsorption was unex-
pectedly slow, likely due to a require-
ment for S�H bond scission. In a recent
publication, methods for improving the
adsorption kinetics have been have
identified.44 This study provides insight
into routes to use SERS as a gas-phase
detection modality.

For the detection of airborne mol-
ecules with parts per trillion sensitivity
and high specificity, Martin Moskovits
and co-workers have developed a field-
portable chemical detector that com-
bines free-surface microfluidics with
SERS.45 They demonstrated that this
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analytical platform is ideal for the detec-

tion of polar explosive molecules that

readily absorb into the microchannel

flow. In their approach, airborne mol-

ecules that are absorbed and accumu-

lated in a microfluidic channel are

flowed through a field containing Ag

colloid. The colloid aggregates and is

detected downstream (as aggregation

continues) at the location where the

highest signal is obtained. A nice fea-

ture of this approach is that only small

volumes of colloid are used per mea-

surement, with the remainder not ex-

posed to ambient, meaning the device

can be used repeatedly with no degra-

dation of signal.

John Lombardi presented data from

a collaborative research effort that uti-

lized SERS for trace identification of the

controlled substances morphine, co-

deine, and hydrocodone (unpublished

results). In this research, Ag nanoparti-

cles were used as SERS substrates,46 pro-

viding signal enhancement in the

visible-to-NIR region. Because the ana-

lytes of interest have an intense fluores-

cence band, NIR SERS allowed for ampli-

fication of the analyte signal with

concomitant suppression of the fluores-

cence interference. Given the similar

structure of the molecules in question,

density functional theory calculations

were used to supplement SERS mea-

surements to elucidate spectral

differences.

SERS has likewise proven useful for

analysis of chemical contaminants. For

example, Mengshi Lin discussed the fea-

sibility of using Au substrates for direct

SERS detection of melamine, a milk and

pet food contaminant that has garnered

recent worldwide attention.47 In this

work, trace amounts of melamine were

quickly and accurately detected and

characterized using commercially avail-

able Klarite48 SERS substrates. The de-

tection limit of melamine was found to

be 33 ppb, which was much lower than

that of high-performance liquid chro-

matography (HPLC) analysis (100 ppb)

in samples of wheat gluten and chicken

feed. For the detection of melamine in

milk, the detection limit was 2 ppm due

to the fact that melamine binds to pro-

teins in milk causing it to be more diffi-

cult to detect via direct SERS
measurements.

Challenges for Direct SERS Detection. Re-
producible, low-cost, strongly enhanc-
ing, and stable SERS substrates were
prepared by Au and Ag colloid self-
assembly over a decade ago.49 Like-
wise, SERS-active macroscopic sub-
strates were made by lithographic
techniques a decade before that.50

Given the availability of these and sev-
eral dozen other SERS substrates, what
has prevented SERS from being used to
solve problems in analytical and/or bio-
analytical chemistry?

The main limitation to direct detec-
tion by SERS is its intrinsic lack of selec-
tivity. Real-world samples are complex
and contain numerous SERS-active spe-
cies (e.g., chloride) that bind strongly to
SERS-active surfaces. For example, a
molecule that can be detected at 1 ppb
in pure water using SERS can typically
be detected only at parts per million lev-
els when dissolved in a 5 mM aqueous
solution of NaCl. Likewise, proteins tend
to bind to and denature on bare metal
surfaces, complicating analysis of bio-
logical samples. This phenomenon con-
tributed to the aforementioned poorer
limit of detection (by 2 orders of magni-
tude) for melamine in milk compared
with water.47

There are four approaches to solve
this problem: (1) Work only on samples
that are intrinsically clean. Obviously,
this is very limiting. (2) Clean up the
samples to remove adsorbing impuri-
ties. The question then becomes, “is
SERS a significantly better detection
method on ‘clean’ samples relative to
mass spectrometry, surface plasmon
resonance (SPR), immunoassays, elec-
trochemical detection, and so on?” Our
view is that it is not. (3) Use chemomet-
rics and sophisticated spectral analysis
tools to tease out information about ad-

sorbed analytes. As shown above, this
approach has merit for analysis of bacte-
rial surface proteins and lipids associ-
ated with biological warfare agents, but
it is unclear how well the methods will
work on challenging, dirty samples in
complex matrices. (4) Develop perm-
selective coatings for SERS-active sur-
faces that have weak Raman spectra,
prevent adsorption of unwanted spe-
cies, and ideally, promote adsorption of
the analyte, imparting a level of selectiv-
ity. There are few examples of this in
the literature. Vo-Dinh used a coating
of PVP to improve the performance of
SERS-active surfaces for detection of
gas-phase molecules.39 Carron used an
organothiol self-assembled monolayer
(SAM) coating on a Ag substrate to im-
prove detection of aromatic amines,
which do not absorb strongly to SERS-
active surfaces.51 Van Duyne has used
organothiol SAM coatings to detect glu-
cose directly by SERS.52 Recently, Haes
has developed53 and described at the
ACS meeting a porous silica coating for
SERS-active nanoparticles that allow dif-
fusion of low molecular weight (LMW)
species through the pores to the par-
ticle surface. Though it is not clear
whether the coating provides selectiv-
ity based on molecular dimensions,
charge, or a combination of factors, it is
definitely an excellent first step to creat-
ing SERS-active particles (or surfaces)
that do not adsorb all species in
solution.

Indirect SERS Detection for Homeland
Security Applications. An alternative to ad-
dressing the selectivity issue associated
with direct SERS is to use indirect SERS
detection and to obtain selectivity
through molecular recognition. Oxon-
ica Materials Inc. (Mountain View, CA)
has developed a series of assays that use
the SERS tags described in Scheme 1.
These particles offer numerous advan-
tages for detection and identification of
analytes and bioanalytes. (1) Because
the silica coating locks in the reporter
molecules, the SERS signal is fixed, elimi-
nating issues with surface fouling. In-
deed, the signal is impervious to matrix
effects, ionic strength, and other effects.
(2) It is simple to attach oligonucle-
otides or antibodies (Abs) covalently to
the silica outer surface. (3) Importantly,
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only the SERS spectrum of the reporter
is detected (as opposed to the Abs, mol-
ecules bound to Abs, or any species in
solution. (4) The tags can be designed
for NIR excitation (typically 785 or 1064
nm), allowing their use in dirty samples
without regard to removal of fluores-
cent impurities.

Oxonica recently reported a novel
“no-wash” sandwich immunoassay us-
ing a magnetic particle functionalized
with a capture Ab and a SERS tag func-
tionalized with a detection Ab.54 After
an Ab-mediated two-particle “sand-
wich” is formed around the analyte, the
magnetic particles are concentrated
into a pellet from which a SERS spec-
trum is acquired. The signal intensity is
proportional to the number of bound
SERS tags, which in turn is proportional
to the analyte concentration. No wash
steps or processing steps are required;
the entire reaction and detection takes
place in an Eppendorf tube. Sensitive
detection of circulating tumor cells in
whole blood was demonstrated. Dur-
ing the symposium, Michael Natan pre-
sented data from two separate sets of
experiments that demonstrated the use
of this platform for the detection of afla-
toxin B1 in peanut butter and 2,4,6-
trinitrotoluene (TNT) from air. In both
cases, a competitive immunoassay for-
mat55 was employed because these an-
alytes are too small to be bound by mul-
tiple Abs. For the alfatoxin study,
samples were extracted into methanol
prior to introduction in the SERS-
magnetic bead-based assay, and a limit
of detection of �0.7 ng aflatoxin B1/mL
was achieved. TNT was extracted from
air samples via bubbling TNT-tainted air
through deionized water. Analysis of
the resulting aqueous samples yielded
a TNT limit of detection 0.56 ng/mL.

Marc Porter and colleagues have de-
veloped an effective variation of the in-

direct SERS detection method that uti-
lizes an immunoassay chip platform in
conjunction with SERS tags as optical la-
bels.56 Analytes are first captured onto
an antibody-functionalized organothiol
SAM-coated Au slide. The SERS detec-
tion agent is then introduced, which
comprises a Au nanoparticle coated
with a succinimidyl ester-terminated
SAM with a built-in reporter, with a de-
tection Ab attached through the succin-
imidyl ester. The group has focused on
optimizing the platform by determining
factors such as the optimal particle
sizes for the detection tag and ideal
binding distances from the surface. For
instance, they have determined that the
SERS enhancement factor increased by
an order of magnitude when a 60 nm
particle was immobilized 1.2 nm above
the gold substrate as compared to that
for a 30 nm particle.57 The group has
also worked to improve the assay kinet-
ics, allowing the platform to be more ef-
fective in real-world applications. Be-
cause diffusion of molecules to a two-
dimensional substrate is slow, the team
has developed a method of rotating the
capture substrate, which improved
binding kinetics from 24 h to 25 min,
and resulted in a 10-fold improvement
in the limit of detection.58 Using this in-
direct approach, detection of low levels
of cancer markers, biowarfare simulants,
viral pathogens, and bacteria has been
accomplished.56,59

Using a format and materials identi-
cal to that used by Oxonica Materials
Inc., General Electric developed a mag-
netic bead-based sandwich immunoas-
say for rapid identification of five differ-
ent bacterial strains of Escherichia coli.60

Also presented were results of a study

on assay robustness for the detection
of anthrax in the presence of common
household items and environmental
matrices.

While not yet as plentiful as work
on SERS substrates, there is an increas-
ing body of work on alternative materi-
als for indirect SERS detection.61�66 In
addition, Amar Flood at Indiana Univer-
sity described an interesting approach
to indirect detection whereby chemical
receptors are used to detect analyte
binding events in solution-phase mea-
surements. If the receptor is designed
such that the receptor�analyte com-
plex can be resonantly excited (i.e.,
surface-enhanced resonance Raman
scattering), a significant improvement
in signal-to-noise can be achieved. His
group is applying the method to the de-
tection of TNT.

OUTLOOK
In the immediate future, the making

of new nanoparticles, new nanostruc-
tures, and new substrates must give
way to better characterization of exist-
ing materials. Highly enhancing SERS-
active media are not currently a limit-
ing factor in the use of SERS. Moreover,
since the Raman spectra of adsorbed
impurities are enhanced to the same ex-
tent as that of adsorbed analytes, SERS-
active surfaces with increased EFs do
not lead to any improvement in signal-
to-noise (though it could lead to less ex-
pensive detectors). Thus, the impetus
should be to understand the fundamen-
tal aspects of performance (what is re-
sponsible for the enhancement, wave-
length response, analyte generality,
stability, durability, repeatability) rather
than optimization of the EF, a number
that is never even reported in analytical
or bioanalytical measurements.

There must also be a move to the
NIR region of the spectrum. As dis-
cussed above, one way SERS is differen-
tiated from other analytical methods is
that it can operate on “dirty” samples,
an attribute of obvious importance for
the point-of-use mandate for homeland
security. However, real-world samples
invariably contain fluorescent impuri-
ties, and a high fluorescent background
renders SERS signals undetectable. As
the excitation wavelength moves fur-
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ther to the red, fluorescence dimin-
ishes. SERS experiments that are impos-
sible to carry out using 514 nm
excitation because of background fluo-
rescence become possible at 633 nm,
easy at 785 nm, and trivial at 1064 nm.

In the near term, the indirect detec-
tion, no-wash format of SERS is most
likely to have an impact for homeland
security because commercial products
are actively being developed. The indi-
rect method circumvents the “elephant
in the room” of selectivity in direct SERS
detection. Furthermore, it leverages the
ability to use NIR excitation on unproc-
essed samples and the here-and-now
availability of hand-held Raman read-
ers. The capability to multiplex can be
used to detect simultaneously multiple
biothreat targets or to detect several
epitopes on a single target to minimize
false positives or false negatives. Finally,
indirect detection using reporter-loaded
SERS-active nanoparticles can easily
take advantage of improvements in
nanoparticle size/shape/aggregation
state to make tags with optimal bright-
ness and wavelength response.

In the intermediate term, SERS and
homeland security will both benefit by
an infusion of organic synthesis. Sophis-
ticated permselective materials will
have a significant impact on all SERS ap-
plicatons. These materials, likely poly-
mers, will serve to concentrate analytes
near or at the SERS-active surface, while
blocking all other SERS-active (or inac-
tive) species. The concentration of ana-
lytes near the surface will be especially
important for SERS detection of agents
(such as nerve gases) that might not ad-
sorb strongly to uncoated Ag or Au.An-
other area where synthesis can have an
impact is in the development of general
approaches to make SERS hotspots.

Another area where synthesis can
have an impact is in the development
of general approaches to make SERS
hotspots. In her talk, Jennifer Shumaker-
Perry described a synthetic route to make
dimers of any particles.67 The approach
involved binding particles to a surface,
coating the particles with a SAM, and
then lifting off the particles to expose
the uncoated region protected by the
surface. Functional groups can be added
to this naked region of the surface that

leads to selective dimerization. While
such dimers would not be useful for SERS
(since the entire particle surface and es-
pecially the region between particles is al-
ready coated with tightly bound mol-
ecules), it nonetheless constitutes new
thinking on how particles can be brought
together in a controlled fashion.

In the longer term, when these ad-
vances come to fruition, SERS stands to
have a major impact not just for home-
land security but for a wide variety of
analytical and bioanalytical measure-
ments. Pam Boss showed coating of
magnetic particles with Au colloid
coated with pentachorothiophenol
(PCTP) could be used to improve the
performance of a direct SERS measure-
ment for napthalene.68 By forming a
magnetic pellet, she effectively concen-
trated a dispersed SERS substrate, and
the PCTP coating extracted and concen-
trated the naphthalene from aqueous
solution. From an operational perspec-
tive, this experiment is identical to the no-
wash, indirect detection assay. Thus, one
could imagine combining such assays in a
single tube, enabling, for example, ultra-
sensitive direct detection of a LMW ana-
lyte and ultrasensitive indirect detection
of a protein via a sandwich immunoassay
in a single measurement. Such a mea-
surement is not possible with any other
detection modality.

The first measurements on fluoro-
phores attached to proteins were made
over 60 years ago; since then, the inte-
grated impact of fluorescence on life sci-
ence has been incalculably large. We
believe a similar age is dawning for SERS
and look forward to seeing both the
analytical/bioanalytical insights and
practical, real-world advancements this
nanoscale phenomenon will enable.

Conflict of Interest: M.J.N. declares that he
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