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Raman spectroscopy is rapidly finding favour for applications in the life science due to the
ease with which it can be used to extract significant data from tissue and cells. However, the
Raman effect is an inherently weak effect, which hinders the analysis of low concentration
analytes. The Raman sensitivity can be improved via the Surface Enhanced Raman
Scattering (SERS) effect. In SERS, Raman spectra are dramatically increased when a
molecule is adsorbed onto nanoroughened noble metal surfaces such as silver and gold. The
degree of enhancement enables single molecule detection, which offers the potential for the
unambiguous identification of analytes at concentrations that are useful in both a forensic and
a chemical biology context. Here we discuss some of the practical applications of SERS to
both low-level narcotic detection, and how this can be applied to chemical biology.

Abbreviations:

DNA Deoxyribonucleic acid

FIA Flow Injection Analysis

FT-IR Fourier Transform Infrared

GFP Green Fluorescent Protein

HPLC High Pressure Liquid Chromatography

NIR Near Infrared

ppm Parts per million

SERS Surface Enhanced Raman Scattering

SERRS Surface Enhanced Resonance Raman Scattering
TLC Thin Layer Chromatography

Introduction

Raman spectroscopy is now a well established analytical technique in the physical sciences,
as it offers many advantages over other vibrational spectroscopic techniques such as FT-IR
and Near Infrared (NIR) absorption spectroscopy [1,2]. The adoption of Raman techniques
for life science applications is also attracting attention due to the ease with which it can be
used to extract significant data from complex environments such as living tissue and cells.
However, the most significant drawback with Raman spectroscopy it is that it is an inherently
weak effect, which makes it unsuitable for trace analysis. The discovery of the Surface
Enhanced Raman Scattering (SERS) effect in the 1970’s offered the exciting possibility of
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overcoming this lack of sensitivity. The SERS enhancement is due to a combination of
chemical and electronic effects and which are described in more detail in various reviews [3,
4, 5]. Coupling the high sensitivity of SERS with the instrumental benefits of Raman
spectroscopy (including the sensitivity to small structural changes, non-invasive sampling
capability, minimal sample preparation, and high spatial resolution) yields a methodology
that can provide highly specific molecular information on the microscopic scale. It is this
unique combination of sensitivity and specificity that makes it such as attractive technique for
a wide variety of applications from forensics to healthcare. The degree of sensitivity that can
be achieved in carefully controlled environments is very impressive with atto mol (10728 M)
concentrations being observed in many cases [6, 7].

SERS is achieved by carefully controlling both electronic and chemical effects, first by
careful design of the physical substrates, and second the manner in which the analyte is
adsorbed. This is a very dynamic field of research and there is no universal best SERS
substrate/method, and so careful consideration of the analyte is required before choosing a
SERS method. One recent example of a significant advance in SERS methodology
concerned the use of aggregating agents. For metal colloids (the simplest, easiest to prepare,
and most sensitive SERS substrate) optimum SERS signals are usually obtained only after an
aggregating agent is added to the colloid. The most widely used agent is NaCl, which is
employed in most of the studies discussed in this review. However, Koo and co-workers [8]
showed that by replacing NaCl with LiCl, SERS signals could be dramatically enhanced (10
fold or more). This underlines the very fluid nature of SERS research, where dramatic
improvements in sensitivity occur on a regular basis, and that established methods can be
rapidly outperformed by seemingly trivial changes in the experimental method.

This review focuses on the use of SERS for narcotics and chemical biology applications from
the point of view of analyte size. It begins by looking at SERS for small molecule detection
(drugs & narcotics), then progress to amino acids, and from there to oligonucleotides,
proteins, and eventually to whole organisms such as bacteria. It is hoped that this will
provide an insight into the potential application of SERS and how it can be applied for the
analysis of a wide range of simple and complex analytes in chemical biology.

SERS for small molecule detection & analysis

It is in the domain of small molecule analysis that SERS is most widely utilised. One of the
key application areas in small molecule detection is in the area of narcotics and drug
detection. In a forensic environment the specificity of Raman coupled with the sensitivity of
SERS offers considerable potential. Bell and Sirimuthu [9] for example, have demonstrated
the quantitative analysis of nicotine in the 0.1-10 ppm range using a very reproducible
polymer encapsulated silver colloid substrate. However, in many cases testing for the
presence of narcotics requires the analysis of physiological fluids such as blood, urine, or
saliva. In all these cases, analytes are present in very small quantities, and there is the added
complication of these fluids containing a wide range or possible inteferants. Therefore,
sample clean up and isolation may be required before SERS can be used effectively. The use
of HPLC with SERS has been explored by Schneider and co-workers [10, 11, 12], to study a
wide range of narcotics including cocaine, heroin, amphetamines, 1,4-benzodiazepines, and
various metabolites of the drugs. They have shown that HPLC can generate separate out
sufficient amounts of material from blood and urine samples for reproducible SERS analysis.
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They also make the point that acetonitrile based elutants are best avoided for SERS based
detection. This is because acetonitrile can bind to the SERS substrate and can be difficult to
displace by the analyte of interest at low concentrations. In addition, there is also the
possibility of an interfering SERS spectrum from acetonitrile. Other instrumental techniques
that can be coupled with SERS detection methods include capillary electrophoresis [13], and
flow injection analysis (FIA) [14]. The latter study is particularly interesting because it
involves using FIA with SERS for the quantitative analysis of cyanide levels from plant
extracts, which is important for food safety with plants that contain cyanogenic glucosides.
Saliva is another physiological fluid from which clinically useful analytical data can be
obtained. SERS has been demonstrated to be capable of measuring 5-fluorouracil at
concentration levels (in water) similar to that found in saliva. In saliva however, there is a
complication from the presence of physiological thiocyanate [15]. Despite this there is
obvious potential for using SERS for saliva based analytical methods, once the interfering
species can be accounted for. Another point to consider when conducting SERS experiments
on large or small molecules is the influence of pH on SERS spectra. For example, D-
penicillamine shows considerable differences in SERS spectra at different pH, which has
obvious implications in the design of SERS experiments [16].

Finally, another interesting area of research is the use of SERS for the study of how various
drugs interact with biological molecules and environments. The interaction of various
antitumoral drugs [17, 18] with proteins was studied using SERS, which helped elucidate the
binding mechanisms. Likewise the interaction of doxorubicin with its DNA complex [19]
and ethidium derivatives with G-Quadruplex DNA [20] were studied by SERS to reveal
specific information about binding processes and the structure of the complexes.

SERS of small biological molecules

A detailed examination of the SERS behaviour of amino acids, homodipeptides, and
heterodipeptides was covered by Podstawka, Ozaki, and Proniewicz [21, 22]. In these
studies, there is extensive discussion on vibrational assignments of bands in the Raman
spectra. One interesting observation is the time dependant changes in some SERS spectra,
where the initial adsorption of the analyte onto the silver colloid is via carboxylate groups,
but that rearrangement can occur leading to adsorption via amine groups. This observation
has obvious implications into the application of SERS for the study of complex biological
molecules such as proteins where there are multiple possible adsorption mechanisms, each of
which may yield different SERS spectra. The use of SERS for the analysis of amino acids on
Thin Layer Chromatography (TLC) substrates revealed that NIR excitation is much preferred
over visible excitation, and that the TLC substrates must be chosen with care [23]. SERS has
also been demonstrated for the quantitative detection of excitatory amino acids (glutamate
and aspartate) at concentration levels in the 0.4 to 5 umol/L range [24].

At the next level of analyte complexity, oligonucleotides, there is considerable interest in the
use of both SERS and SERRS as a transduction method, which can be incorporated into
analytical instrumentation. In SERRS, the presence of a chromophore in the analyte of
interest results in a surface induced resonance effect, in addition to the SERS effect. The
combination of both effects leads to very high enhancement values. However, SERRS only
occurs with analytes that contain a chromophore with an absorption that matches the
wavelength of the excitation source. It has been demonstrated that SERRS can be more
sensitive than fluorescence measurements made on standard commercial instrumentation
[25], can be successfully applied to microfluidic devices [26], and with the proper
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chromophores deliver a quantitative analytical method down to 10"**M concentrations [27].
Oligosaccharides are another important class of complex biological molecules where SERS
has been used for both the identification of closely related species, and the quantitative
analysis of oligosaccharides mixtures [28]. Binding mechanisms in model systems which
mimic glutathione peroxidase [29] were also studied by SERS.

SERS of large biological molecules

The SERS behaviour of proteins is not trivial, yet it offers the potential for very specific and
sensitive interaction studies. The protein GFP was studied using SERRS at the single
molecule level [30], and in this case it was observed that the spectrum changes with time.
This spectral change was also observed with SERS studies on Cytochrome C extracted from
yeast [31]. In both cases, the proteins were adsorbed onto silver colloids and analysed under
dry conditions, which may account for the spectral changes, although an exact mechanism
has not been fully elucidated. The study of S-S containing proteins adsorbed onto colloid in
an aqueous environment shows different behaviour from the dry case, and no spectral
changes are observed [32]. This would indicate that the protein conformation may be more
stable in an aqueous environment, or that the sampling method results in the study of a large
number of colloid-protein aggregates simultaneously and that the SERS spectra thus reported
is the sum of many different individual conformations. However, clarification on this will
require additional research, but it offers exciting possibilities for the study of individual
protein species at very low concentrations, similar to the levels in-vivo.

SERS has also demonstrated an ability to distinguish closely related proteins such as human
insulin and its analogue insulin lispro. These two insulins differ only in the interchange of
two neighboring amino acids; specifically, the propyl-lysyl sequence at the C-terminus of the
B-chain in insulin lispro is inverted as compared to human insulin [33]. In the study it was
observed that the protein solution (in 0.1mM HCI) deposited on the silver film substrate
caused aggregation. The fact that very small differences in protein structure can be
discriminated by SERS, offers potential for highly specific proteomic sensors.

One way in which the complexity of protein SERS can be avoided is to use SERS labels
which are conjugated to biomolecules or biotin. In this way, specific cellular proteins or
environments can be targeted using the SERS label (such as Cresyl violet), then incubated
with silver colloid and then the SERS signal from the label attached to the protein detected
[34]. This method has the obvious advantage that it can avoid non-specific interactions that
can hinder SERS, and that the SERS signal will be very well defined, thus enhancing
reproducibility. A similar approach has been used with a Raman-active dye labelled gene for
cancer diagnostics [35]. One area of biotechnology where the label effect finds extensive
application is in the area of immunoassays, where many groups are demonstrated SERS
based approaches [36, 37, 38],

SERS in and of cells & bacteria

SERS can also be applied to the study of more complex environments and organisms such as
mammalian cells and bacteria. In this case, SERS has an advantage over fluorescence
microscopy in that less harmful NIR excitation can be used. SERS can be applied to the
study of physiological conditions such as pH [39], where silver nanoparticles were
functionalised with 4-mercaptobenzoic acid, and the SERS spectrum is sensitive to pH
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changes in the range of 6-8. The principle is inherently simple and involves the use of SERS
labels that change structure in response to environmental factors. It should be possible to
extend the scheme to a wide variety of ions and small molecules in cells.

Another cell based SERS study involved observing mitoxanthrone adsorption on the plasma
membrane [40]. From their studies the authors were able to discriminate cells that were
resistant or sensitive to mitoxanthrone uptake by the SERS spectra. An alternative method
for probing specific localities with cells involves the use of tapered optical fibres coated with
a SERS substrate [41]. Combining these novel fibre probes with a micromanipulation system
enables the acquisition of SERS spectra from very precise cellular compartments. In this
study the authors deal with plant cells and demonstrate a portable system for field use,
however, it is clearly applicable to human and or mammalian cells.

SERS can be applied to the analysis of more complex structures than proteins such as whole
bacteria. =~ SERS coupled with chemometrics has been successfully applied to the
discrimination of different strains of bacteria [42]. In this study models were generated by
cluster analysis for genus-level classification (six different types) and strain level
discrimination of seven Escherichia coli. The work showed that care needs to be taken in the
collection of SERS spectra from bacteria because there are differences in spectra when
sampled from the same batch of bacteria. This is obviously a result of the large size of the
bacteria relative to the colloidal Ag particles, and because of the heterogeneity of the cell
envelope. A more detailed study utilising gold-based colloids showed enhancement factors
of 10, demonstrated that the SERS spectra were much simpler than the Raman spectra of the
bulk bacteria, and that single bacterium analysis is possible [43]. A further study investigated
in detail the specific biochemical components in the bacterial cell wall that produced the
SERS signals [44]. A potential application of this work in the bioterrosim field involves the
use of SERS to quantitatively measure dipicolinic acid (DPA) concentration in the ppm
concentration range. DPA is a marker for bacterial spores and therefore SERS could be used
as a transduction method for sensitive anthrax spore detection [45]. A second anthrax SERS
study [46] used a portable battery operated Raman spectrometer and demonstrated a
sensitivity of ~1 x 10* spores, by extracting the calcium dipicolinate marker from spores.
The folding behaviour of mycolic acids (aliphatic biological molecules) isolated from
Mycobacterium tuberculosis and M. kansasii has also been studied using SERS [47].

Conclusions

SERS offers considerable potential in the area of molecular identification and analysis down
to the single molecule level, which has significant applications in both biomedical diagnostics
and forensics applications. Further development in the areas of substrate design, protocol
development, and instrumentation will lead to more robust SERS methods that will be
employed across the life and physical sciences. The ability to analyse small pharmaceutical
and large biological molecules using the same methods may lead to a totally new method of
observing chemical changes at a cellular level, which may rival the established fluorescence
techniques.
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