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REVIEW

Application of Surface-Enhanced Raman
Spectroscopy to Biological Systems

Therese M. Cotton, Jae-Ho Kim and George D. Chumanov
Department of Chemistry, Iowa State University, Ames, Iowa 50011, USA

This review summarizes the literature relating to the application of surface-enhanced Raman scattering (SERS)
and surface-enhanced resonance Raman scattering (SERRS) techniques to the study of biological molecules. The
emphasis is on publications that have appeared during the period from 1985 to 1991. The review is divided into six
major parts. First, a brief overview of the current understanding of the mechanistic aspects of SERS/SERRS is
given, with an emphasis on the relationship between theoretical predictions and experimental results. The most
common experimental systems (colloids, metal island films, and electrodes) are described. Studies of biological
systems are described in the second (small molecules), third (DINA and proteins) and fourth (membranes proteins
and membrane preparations) sections. In the fifth or conclusion section, the potential use of SERS or SERRS as a
method for obtaining spectra of native biological molecules is evaluated. Finally, the sixth section describes
advances in Raman instrumentation in terms of their possible impact on future applications of SERS/SERRS

techniques to biological molecules.

INTRODUCTION

The advantages of surface-enhanced Raman scattering
(SERS) as a technique for the detection and identifica-
tion of molecules adsorbed at surface were clearly
obvious from the early experimental work in this field.
Initial studies by Fleischmann et al,' Jeanmaire and
Van Duyne? and Albrecht and Creighton® demon-
strated that Raman scattering from pyridine on a
roughened silver electrode was enhanced by approx-
imately six orders of magnitude. From these quantitat-
ive studies, it became evident that SERS was a new,
sufficiently sensitive spectroscopic method for surface
science, analytical applications and biophysics. These
early results stimulated considerable experimental and
theoretical interest in this phenomenon which resulted
in a large number of publications (as reviewed in Refs
4-14). In spite of this rapid increase in experimental
results and theoretical work, it became clear that a
single model, which could explain all of the observed
features of the effect and would have predictive power,
would not suffice. This fact inhibited the wide applica-
tion of SERS.

In the early 1980s, three research groups began to
study SERS of biological molecules in order to obtain
new structural-functional information. Koglin and
Séquaris'? initially focused on nucleic acid components
and DNA. Nabiev et al.!® investigated amino acids,
water-soluble and membrane proteins and nucleic acids.
Cotton'"'® studied surface-enhanced resonance Raman
scattering (SERRS) from a number of proteins contain-
ing chromophores. Following these pioneering studies,
many other researchers have continued to demonstrate
the immense potential of this approach for solving a
number of problems in biochemistry, biophysics and
molecular biology. In this review, a brief description of
the theoretical concepts relating to SERS will be given
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first, followed by a more detailed discussion of experi-
mental systems relevant to biomolecules. The major
focus will be given to the newest examples of SERS of
different types of biomolecules (amino acids, nucleic
acids, porphyrins, water-soluble, membrane and
chromophore-containing proteins and DNA). Both the
practical and fundamental aspects of SERS phenomena
will be discussed for these molecules. From a practical
point of view, the objective is to demonstrate that
enhanced Raman scattering offers tremendous potential
for obtaining new structural information on extremely
small amounts of biomaterials and, at the same time, to
provide evidence that the functionality of the bio-
molecules is preserved on the surface. Because a number
of excellent reviews!3~!® have summarized the literature
up to ca. 1987, no attempt will be made to cite all of the
earlier work in this field.

MECHANISTIC ASPECTS OF SERS/SERRS AND
THE RELATIONSHIP TO EXPERIMENTAL
PROCEDURES

In this section, the purpose is to describe the relation-
ship between theoretical predictions and experimental
observations. An understanding of the physical and/or
chemical basis of the enhancement process is essential
for the design of appropriate experiments and for an
interpretation of the resulting data.

Theoretical considerations

The major theoretical concepts which are concerned
with the origin of the surface enhancement effect can be
classified within two general categories, electromagnetic
(EM) and molecular (chemical) mechanisms (reviewed in
Refs 4-14). The former invoke an enhancement of the
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Figure 1. Schematic diagram of 8 molecule located a distance (r)
from the center of the local radius of curvature (a) of the tip of a
surface protrusion. When either the incident light or the Raman
scattered light is resonant with the collective electron oscillation of
the metal particle (€= ~€e, or e= — g}, respectively), it induces a
large enhancement of the local electromagnetic field (£,,.). The
total Raman scattering intensity (/gaman) in this expression does
not include the image and chemical enhancement effects (adapted
from C. A. Murray in Ref. 14).
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electromagnetic field near the metal surface due to
plasmon resonances.!® These resonances occur at the
frequencies of the incident and scattered light in small
metal particles or protuberances on a rough metal
surface. Examples of such systems include metal col-

loids, metal island films and electrodes. The EM theo-

ries predict long-range enhancement. The magnitude
and distance dependence of the enhancement are
strongly affected by the radius and shape of the metal
particles or surface roughness (Fig. 1). In general, EM
enhancement is not sensitive to the chemical nature of
the molecule and produces spectra that should be
similar to the Raman or resonance Raman spectra of
the molecules in solution.

Theories which invoke a molecular mechanism con-
sider the molecular interaction between the molecule
and the metal as the origin of the enhancement of
Raman scattering.® This interaction leads to a change in
molecular polarizability due to charge transfer, - or n-
bonding to the metal, interaction with adatoms near the
metal surface or even electrostatic interactions. Because
the molecular mechanisms are more specific as to the
nature of the molecules, not all adsorbates are predicted
to give rise to enhanced Raman scattering in these
cases. In addition, spectra that result from these mecha-
nisms should be different from solution-phase spectra.
Large band shifts, changes in relative band intensities
and new bands may be observed.!®

Experimental systems

Various experimental tests have been developed to vali-
date specific theoretical models. In many cases, a given
theoretical model can be proved by certain experiments,
but not all experimental observations fit a single model.
For example, in the case of metal colloids the existence
of plasmon resonances which produce enhancement is
obvious. However, in many cases, the SERS spectra of
molecules on colloids are completely different from the
spectra of these species in solution. Also, the SERS exci-
tation profile does not follow the extinction spectrum of
the colloid and a new maximum appears in the

profile.2° These facts indicate that a strong interaction
exists between the molecules and the surface which is
important for the SERS effect. Many examples of
systems that exhibit behavior characteristic of both EM
and chemical enhancement may be found in the liter-
ature. For this reason, the experimentalist should be
familar with theoretical predictions. More than one type
of enhancement mechanism may be operative in an
experimental system which provides a total enhance-
ment of 10°-10°-fold. For application purposes, the
main problem is to determine the relative contributions
of different types of mechanisms to the total enhance-
ment and how these change in different experimental
systems.

The three most common systems that have been
employed in SERS studies include electrodes, colloidal
metals and vapor-deposited island films from silver,
gold and copper. Each has certain advantages as well as
limitations. Electrodes provide a fast and convenient
monitor of the metal surface following an oxidation—
reduction cycle (ORC).!? The ORC causes changes in
surface morphology at the atomic scale (formation of
adatoms and defects in crystal structure) and/or the
nanometer scale. Large-scale changes have been
observed by scanning electron microscopy (SEM) and
scanning tunnelling microscopy (STM) following an
ORC cycle.?! Adatoms and defects in crystal structure
can function as active centers for the formation of com-
plexes with molecules, resulting in a chemical enhance-
ment. Nanometer-scale protuberances provide plasmon
resonances and in this manner produce EM enhance-
ment. The potential of the electrode also affects the
redox state of the adsorbate and its orientation, surface
coverage and molecular symmetry, which can result in
different selection rules for Raman scattering. The main
disadvantage to the use of electrodes is the inability to
control independently each experimental parameter. It
is very difficult to create a roughness which is necessary
for EM enhancement by an ORC without also creating
active centers which give rise to chemical enhancement.
Conversely, an ORC which redeposits only a few mono-
layers of metal will be just sufficient to create active
centers. However, long-range electromagnetic enhance-
ment has also been observed on these electrodes,
because there is always some roughness associated with
an electrode before an ORC. This fact makes electrodes
inconvenient for fundamental investigations of the
SERS effect. However, for applied studies electrodes are
useful because they offer wide possibilities for changing
the experimental conditions.

As mentioned above, EM enhancement of Raman
scattering in colloidal metals is obvious. These systems
consist of small (10-100 nm), well defined, close to
spherical particles which are ideal for producing
plasmon resonances.??>* The SERS effect usually
occurs after aggregation of the colloids, which could be
caused by adsorbates. In this case, the aggregation
affects an increase in the electromagnetic field between
particles and makes it possible to observe enhanced
Raman scattering. However, SERS has been reported
for non-aggregated or particularly aggregated colloids
and the enhancement was comparable, or even greater,
for some molecules. Also, it has been reported that dif-
ferent anions can strongly affect SERS spectra and the
magnitude of the enhancement, without perceptibly
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changing the aggregation state of the colloid.?* This
means that there is also a chemical enhancement, and
colloids cannot be considered as SERS systems with
only EM enhancement of Raman scattering.

The use of metal colloids for SERS studies is
common because they are easy to prepare and easy to
investigate by spectroscopic methods, electron micros-
copy, etc. These systems are also very convenient for
theoretical simulations of SERS phenomena. In practi-
cal applications, they provide the lowest detection limit
for many molecules. A disadvantage of colloidal metals
is the poor reproducibility of their properties from one
preparation to another. The poor reproducibility makes
control of the size (distribution function), shape and
surface properties of particles and aggregates extremely
difficult.

Metal island films are prepared by vacuum deposi-
tion of metal (50-150 A average mass thickness) on
solid substrates. The island structures have been well
characterized by SEM (Fig. 2) and scanning transmis-
sion electron microscopy (STEM).2>-27 The surface
structure and the temperature of the substrate as well as
the deposition rate affect the particle size, shape and
interparticle spacing®’ and, as a result, the frequency of
the plasmon resonance. Two kinds of plasmon reson-
ances could be present in island films: local resonances
within a single island and surface electromagnetic
waves. The first makes island films similar to colloids.
Surface electromagnetic waves are the dominant mecha-
nism for enhancement of EM fields near the surface of
periodical structures (e.g. gratings).” However, chemical
enhancement of Raman scattering could also be impor-
tant for island films. In so-called ‘coldly deposited’
island films, strong SERS was observed only at low
temperatures. After raising the temperature above
200 K, the spectra disappeared.?® This has been attrib-
uted to annealing of surface defects which may function
as active sites for chemical enhancement.

For applications, especially for biological systems,
island films are not a very attractive alternative because
the enhancement of Raman scattering from adsorbed
molecules is usually less in comparison with colloids
and electrodes. On the other hand, island films provide
a unique opportunity for performing ‘chemically pure’
studies of SERS phenomena, especially under ultra-high
vacuum conditions.

Numerous other substrates have also been used to
elicit SERS. Examples include surfaces prepared by
microlithography or ion bombardment, diffraction grat-
ings, spheres coated with silver and filter-paper sprayed
with colloidal silver.!!-2%-2° The search for an ideal sub-
strate exhibiting maximum enhancement, stability and
reproducibility is still in progress.>%3!

SERS/SERRS STUDIES OF LOW MOLECULAR
WEIGHT BIOMOLECULES

SERS has been used to study many different bio-
molecules of low molecular weight. Recent reviews have
summarized this literature.’ 1832 These include amino
aCidS,15_18‘32_36 peptides,“’”'” purines,15718'32'39‘41
pyrimidines,'3~18:32:41.42 NAD*/NADH**44 and cate-
cholamines.*#¢

Amino acids and peptides

SERS studies of various types of amino acids and pep-
tides on silver surfaces have been summarized in a
number of reviews.!> 1832 [n most cases strong inter-
actions between specific portions of the molecule (e.g.
carboxylate groups or aromatic side-chains in amino
acids) have provided information about the mode of
bonding between these small molecules and the surface.
Differences in the amino acid spectra reported by the
various groups can be explained in terms of variation in
experimental procedures (e.g., colloid preparation pro-
cedure, analyte concentration). Chumanov et al.?? have
shown that the SERS response for various amino acids
on silver colloids can be divided into three categories.
Aliphatic amino acids (Gly, Ala, Val, Cys and Leu)
interact with the surface via the carboxyl and an amino
group. A second group, Asp and Glu, interact through
two carboxyls and one amino group. The third group,
aromatic amino acids, produce the most intense spectra
and in this case bands attributed to the m-electron
system are strongly enhanced. The SERS excitation
profiles show that both EM and chemical mechanisms
are operative in these systems. The short-range
enhancement results from a chemical interaction
between the amino acid and the silver surface. These
authors also showed that optical activity was induced in
the aromatic amino acid-silver complexes.

In an interesting application of SERS to electro-
chemical processes, Watanabe and Maeda®® showed
that the disulfide bond of cystine was reduced to a thiol
to form cysteine at negative potentials. The process was
quasi-reversible and the disulfide was reformed at posi-
tive potentials. On the other hand, adsorption of the
reduced cysteine did not lead to oxidation of the di-
sulfide. The lack of redox activity in the latter case was
attributed to steric hindrance.

Earlier studies of dipeptides indicate that adsorption
occurs primarily through the carboxylate group and
accordingly the spectrum of the residue at the carbox-
ylate terminus was observed.>? Recently, Herne et al.>®
obtained SERS evidence for the interaction of the
amino group at the surface. A number of dipeptides
were examined and the N-terminal residue consistently
produced the strongest SERS spectrum with only very
weak scattering from the C-terminal residue. The only
exception to this behavior were the Gly-Tyr and Gly-
Tyr—Gly peptides, which exhibited strong scattering
from the aromatic side-chain. These authors also exam-
ined several enkephalins and observed interactions
between the amine groups and aromatic side-chains. In
another study of L-tryptophan-containing peptides, Lee
et al3” found that both the carboxylate and the amino
groups interact with a silver colloid surface. Once again,
the differences between the results of Herne et al.>® and
previous workers are probably a result of the experi-
mental conditions used. In particular, the sol prep-
aration procedure may play a very important role,
especially with respect to the surface charge density and
aggregation state. Citrate sols contain adsorbed citrate
ions, whereas borohydride sols should be expected to
contain borate ions.

Curley and Siiman3* examined a number of different
2.4-dinitrophenyl (DNP) amino acids on colloidal silver.
These are frequently used as haptens. The data showed
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Figure 2. TEM photomicrograph of silver island films (50 A average thickness) deposited on glass slides at three different deposition rates:
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strong signals from the nitrophenyl group, probably as
a result of preresonance enhancement with the elec-
tronic absorption band at 360 nm.

Most SERS studies of the small molecules cited
above have supported a short-range mechanism of
enhancement. Similarly, the NAD" results of Austin
and Hester** suggest that direct contact between the
cofactor and the silver surface is required for observa-
tion of SERRS. They were not able to observe the
cofactor SERRS spectrum when bound to the enzyme
glyceraldehyde-3-phosphate dehydrogenase (GADPH).

Purines and pyrimidines and related compounds

The SERS spectra of purines and pyrimidines have been
extensively studied and the results have been sum-
marized in a number of reviews.!>*#:32 The review by
Paisley and Morris®? provides an excellent and concise
summary of publications up to 1987. In most of these
early studies, an attempt was made to determine the
orientation of the compound at the surface using
analysis of band intensities. As with amino acids, some
disagreement exists between the data reported by differ-
ent research groups. Adenine gives intense SERS
spectra and at high concentrations it is oriented perpen-
dicular to the silver surface and bound through the
amino group. At low concentrations (below 103 M), the
ring may be planar to the surface. Guanine also pro-
duces strong SERS, but the nature of the surface inter-
action and orientation is not clear from existing data.
Finally, cytosine and thymine SERS suggest that these
molecules are oriented perpendicular to the surface. Of
course, there are generalizations and the orientations of
all of these molecules may be strongly affected by pH,
the presence of counter ions and the concentration. For
example, Lee et al.3® investigated cytosine and its deriv-
atives and found that cytosine and 5'-rCMP changed
their orientations with changing concentration. The
latter compound also changed its orientation with a
decrease in pH. Itoh et al.>® showed that the orientation
of 9-methyladenine at silver electrodes is very sensitive
to pH and electrode potential.

Nabiev*! showed that the method of preparation of
the silver sol can produce marked differences in the
SERS spectra of nucleotides, as well as for DNA. When
silver sols were activated by the addition of NaCl, only
dAMP gave a strong spectrum when an equimolar
mixture of the nucleotides was added to the sol. Non-
activated sols, on the other hand, produced spectra con-
taining contributions from all of the nucleotides. The
authors postulated that activation of the sol produced
sites that have greater specificity for adenine ring inter-
action.

The differences between SERS spectra of uracil from
silver sols and from electrodes were investigated and
found to result from changes in orientation of the
pyrimidine with variation of surface potential*? For
adenine and its derivatives, Otto et al.*® found that the
external amino group plays an important role in its
adsorption behavior. No changes in orientation were
observed with changing electrode potential for adenine
or any of its derivatives. If, however, the amino groups
were methylated, two different orientations were present
in the range between —0.2 and —0.7 V vs. SCE. At the

more positive potential, the ring plane is oriented in a
near vertical position, whereas at —0.7 V the plane is
parallel to the surface.

The addition of the ribose moiety to the nucleic acid
bases results in significant differences in their mode of
interaction with electrodes. The potential and concen-
tration affect the adsorption behavior, as summarized in
a recent review.>2

Other compounds related to nucleic acid bases, nico-
tinamide adenine dinucleotide (NAD*) and dinucleo-
tides have also been studied by SERS and these results
have been reviewed. !5 18324344 15 3 more recent
study, Siiman et al.*® examined the orientation and con-
formation of NAD and NADH on colloidal silver.
Their results suggest that NADH is bound with a
side-on orientation, through the N-7 and amino side-
group of adenine, at high concentrations. In contrast,
NAD is bound through both the adenine and nicotina-
mide rings and these are oriented flat on the surface. At
low concentrations, both molecules adsorb with the
adenine in a flat orientation and the nicotinamide in a
stacked conformation.

Catecholamines

The potential of SERS for determining catecholamine
neurotransmitters was investigated by Lee et al*’
Dopamine, norepinephrine, 3-methoxytyramine and
catechol gave strong spectra on a silver electrode at
—0.9 V vs. SCE. Epinephrine and isoproterenol, on the
other hand, gave comparatively weak spectra. These
compounds contain methyl groups in the side-chain and
this may cause weaker SERS because of a steric effect.
However, epinine, which also contains a methyl group
in the side-chain, gave a strong SERS spectrum. The
potential of SERS for detecting these neurotransmitters
in intact systems was discussed and possible inter-
ferences were cited. In a later paper, McGlashen and
Morris*® showed that the simulation of a more realistic
biological matrix could be achieved by adding bovine
serum albumin (BSA) to dopamine solutions. The SERS
spectrum was almost completely obscured when 0.3%
BSA was added to the solution. Protein interference was
overcome by coating the electrodes with partially
hydrolyzed cellulose acetate. The polymer prevented
protein adsorption on the electrode surface, but allowed
diffusion of dopamine to the surface. Removal of the
dopamine from the membrane was also possible, but
the response was slow, requiring about 20 min of vigor-
ous stirring in dopamine-free buffer solution. Neverthe-
less, optimization of the polymer coating thickness
suggests this as a promising approach for identifying the
catecholamines and their metabolites in biological
systens.

Miscellaneous chromophoric species

SERRS studies of small biomolecules have included
porphyrins,'>~18-3247.48 chigrophylls and related com-
pounds,**=32 flavins,'#32-53-55 retinals,*® bile pig-
ments®”5® and eye lens pigments.*®

Porphyrins and chlorophylls. In the case of porphyrins and
chlorophylls, the spectra excited near the strong Soret
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Figure 3. (A and C) RR and (B and D) SERRS spectra of chlo-
rophyli 8 adsorbed on a silver electrode in degassed water at 298
K. Laser power, 25 mW; 16 scans (1 scan s-'); excitation wave-
length, (A and B) 406.7 nm and (C and D) 457.9 nm.%°

absorption band (e.g. at 406.4 nm) were very similar to
the solution RR spectra (Fig. 3). At other excitation
wavelengths, further to the red (e.g. 457.9 nm), spectral
differences between the SERRS and RR spectra arise
from the interaction between the adsorbate and the
surface. For example, in the case of chlorophylls, the
major spectroscopic differences are shifts in the C=0
mode and bands between 1500 and 1600 cm ™!, as com-
pared with the solution spectra (Fig. 3).4%-3° Other
changes, especially including relative intensity differ-
ences in many of the bands, may be related to the orien-
tation of the macrocycle relative to the surface.
Differences between the SERRS spectra of chlorophyll a
on silver and gold electrodes reflect differences in the
orientation of the macrocycle at these surfaces.>! The
fluorescence quencing that accompanies the adsorption
of highly fluorescent molecules on metal surfaces pro-
vides a significant advantage for excitation of chlo-
rophyll spectra in the lowest energy (Q,) transition.*°
Hildebrandt and Spiro3? also utilized the fluorescence
quenching present in SERRX to obtain chlorophyllin
spectra on silver colloids using 647.1 nm excitation.

Flavins. The SERRS studies of flavins has been
reviewed.'®3% Early studies of glucose oxidase and
other flavoproteins were complicated by the presence of
free flavin or the release of flavin in the presence of the
silver surface. Moreover, the generation of H,0, in the
enzymatic reaction of adsorbed glucose oxidase with
glucose led to the formation of a silver—flavin complex
at the electrode surface. So far it has not been possible
to obtain SERRS spectra of the intact protein. This may
be due to the large size of the protein and the fact that
the chromophore is buried within the protein.

Retinal. Monolayers containing all-trans-retinal produc-
ed SERRS on silver island films. The spectra were inter-
preted to indicate the interaction of the C=O group
with the surface.’® Most perturbations in the SERRS
spectrum were associated with the C=O0 or other
groups near this end of the molecule. In addition, it was
determined that the enhancement factor decreased from
ca. 3 x 10° at 514.5 nm excitation to 3.7 x 10* at 457.9
nm excitation, or as the laser wavelength approached
resonance with the absorption maximum of retinal. A
decrease in the enhancement has been observed pre-
viously in the case of resonantly enhanced molecules
and this is generally attributed to the shortened lifetime
and broadened absorbance of the molecule on the
surface,”'

Bile pigments. Several bile pigments have also been
examined by SERRS.3%:57-58 These include biliverdin
(as reviewed in Ref. 32), bilirubin®’ and the photoiso-
mers of biliverdin>® An analysis of the spectrum
showed that bilirubin adsorbed as the dicarboxylate ion
and maintained its internal hydrogen bonding.>” When
bilirubin was complexed with cyclodextrin, the SERS
spectrum was still observed. However, on complexation
with albumin the SERS signals were quenched. It was
concluded that the bilirubin was not able to interact
directly with the silver surface in the albumin case,
whereas one end of it was free to bind to silver in the
cyclodextrin complex. Although this result suggests that
direct contact of bilirubin with the silver surface is
required for SERS, it should be noted that SERS is
expected to decrease with distance and surface coverage.
Decreased SERS intensity is a result of both the dis-
tance of the bilirubin from the surface, which is sur-
rounded by the protein, and decreased surface coverage,
due to the large size of the complex. Some long-range
EM enhancement may still be present, but it is insuffi-
cient to produce detectable SERS.

The SERRS spectra of biliverdin dimethyl ester
(BVDE) photoisomers were obtained from the com-
pounds adsorbed on a silver electrode at 77 K.5% The
three isomers Z,Z.Z, Z,Z.E and E,Z,7Z gave distinct
SERS spectra. Moreover, the dissimilarity of the E
isomer spectra from the Z,Z,Z isomer suggests that
BVDE is stabilized on the surface. In solution it is not
possible to detect spectra of the E isomers because on
irradiation with white light these are converted to the
more stable Z,Z,Z isomer. These spectra provided a
basis for interpretation of the chromophore conforma-
tion in phytochrome, which will be discussed in a sub-
sequent section.

Eye lens pigments. The analytical utility of SERRS was
demonstrated in an investigation of eye lens pigments.>®
The lens tissue was obtained from a number of different
animals (grey squirrels, ground squirrels and
chipmunks) and was homogenized in water. Following
centrifugation, the supernatant which contained low
molecular weight components was mixed with silver
colloid preaggregated with NaClO,. A comparison of
the spectra obtained from the colloids with those of
model compounds under identical conditions provided
unambiguous identification of the pigments. The signifi-
cance of the data was discussed relative to the
metabolic/photochemical generation of lens pigments.
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SERS/SERRS STUDIES OF DNA AND
PROTEINS

Many SERS/SERRS studies of large biomolecules have
been reported and the literature prior to 1988 has been
reviewed.'>~!8 Rather than describing results that have
been reviewed previously, this section will focus on
examples of recent publications relating to the use of
SERS/SERRS for examining protein and complex bio-
molecules on surfaces. In particular, emphasis will be
placed on those papers which are concerned with the
structure of the biomolecules on the SERS/SERRS sur-
faces.

Application of SERS to large biomolecules

Early SERS studies of non-chromophoric biomolecules
have included proteins,'>~'® antibodies®®®? polynu-
cleotides 51832 and DNA,15-18:41.63 Ap examination
of the mechanism(s) responsible for the enhancement
process in these studies indicates that strong scattering
from those groups of atoms closest to the surface is
expected for a chemical type enhancement. In general,
this is what has been observed.

Proteins. The aromatic amino acids on the surface
of the proteins produce the strongest SERS
signals!3-18:33.61.62 (Fjg  4) In the case of immuno-
globulin G, additional groups were also detected.®!
From an analysis of the spectrum, it was concluded that
cystine was bound through one of the sulfur atoms of
the disulfide bridge, except at high ionic strength, in
which case SH groups were also observed. The COO~
groups of aspartic and glutamate residues were also
bound. None of the reported protein spectra in the liter-
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Figure 4. SERS spectra of two water-soluble proteins, serum
albumin and lysozyme, on a silver electrode. Experimental condi-
tions: laser excitation wavelength, 514.5 nm; power, 30 mW;
electrode potential, —0.65V vs. AgCl; protein concentration,
10-9 m; electrolyte, 0.1 M KCL

ature show enhancement of the amide I and III bands,
apparently because of screening by the aromatic groups
on the protein surface.®® In most cases, long-range
enhancement was not present.

DNA. The behavior of DNA at silver colloids was
studied by Kneipp and Flemming.®*® Their results are in
disagreement with previous reports of the SERS spec-
trum of DNA, which indicated destabilization of the
DNA at the silver surface. These authors found that the
SERS spectrum of native DNA is very similar to the
solution spectrum if sufficient time (hours) is given for
the macromolecule to reach a stationary adsorption
state. The initial spectrum (after 8 min) is markedly dif-
ferent from that obtained after 18 h. It was suggested
that the results indicate less destabilization of the
double helix on the sol used and, based on good agree-
ment between theoretical and experimental excitation
profiles for the SERS spectrum, the conclusion was that
an electromagnetic enhancement mechanism is oper-
ative in this experimental system. Differences between
these results and those reported previously are attrib-
uted to differences in the surface potential of the sol
preparations. Thus, if previous experiments were per-
formed on a more positively charged surface, this would
reduce the stability of the DNA. Additional experimen-
tation is needed to determine if this is indeed the case,
or if the results are due to the long time period between
adding the sample and recording the spectrum. It may
be that active sites on the surface of the colloid, which
are responsible for chemical enhancement, are quenched
with time. Only long-range EM enhancement would be
expected if this occurred.

In an interesting study by Nabiev,*! it was shown
that greater chemical specificity of silver colloids could
be achieved with DNA by varying the experimental
procedure used to detect SERS. This was achieved by
preparing two types of sols, non-activated or normal
sols and activated sols. Non-activated silver sols pro-
duced spectra of all of the nucleotides at the 10 pg level.
Activated sols (NaCl was added to reach a concentra-
tion of 0.05 M), on the other hand, produced a strong
spectrum of adenine only. This chemical specificity was
utilized to determine regions of destabilization in DNA
double helix. A tenfold increase in the adenine SERS
signal was observed for destabilized regions of DNA
that were enriched in adenine nucleotides. Other
nucleotides produced no SERS signals.

41

Applications of SERRS to chromophore-containing
systems

The combination of conventional resonance enhance-
ment with EM surface enhancement (SERRS) can be
used to detect chromophores that are buried within a
protein matrix. Resonance enhancement provides an
additional two to three orders of magnitude in scat-
tering intensity over the surface enhancement. In addi-
tion to the improved sensitivity, the selectivity of
SERRS provides another advantage. The resonance
Raman effect allows detection of scattering from a
limited portion of a complex macromolecule. Moreover,
the chromophoric portion is frequently the most inter-
esting because it is the active site for enzymatic catalysis
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(e.2- FAD in glucose oxidase), redox reactions (e.g. the
heme groups in cytochromes) or for photochemical pro-
cesses (e.g. the chlorophylls in reaction centers or light-
harvesting proteins).

Protein-dye and DNA-drug systems. In addition to the
naturally containing chromophore systems, SERRS has
also been used in the study of dye-containing
macromolecules®®%* and drug binding to DNA.65¢7
The complex of avidin with the dye 2-(4’-hydroxy-
phenylazo)benzoic acid (HABA) was used as a model
for chromophore-containing proteins.®* The SERRS
spectrum of the complex was markedly different from
that of the free dye, indicating that the interaction of the
protein with the surface did not disrupt the dye-protein
interaction. This same dye was used in another study to
develop an immunoassay based on the SERRS effect.®°
The dye was captured by avidin-coated silver island
films and gave rise to a logarithmic relationship
between dye concentration and SERRS signal over
the concentration range 1073-10"° M. Another dye,
p-dimethylaminoazobenzene (DAB), was covalently
attached to an antibody against the human thyroid
stimulating hormone (TSH). The labelled antibody was
then used in a sandwich assay to detect the antigen.
These results were encouraging as regards the develop-
ment of a SERRS-based, no-wash immunoassay system.

The interaction of drugs with DNA has been probed
by SERS®® and SERRS.%%57 Manfait et al.5° were able
to incorporate silver colloids into erythroleukemic cells.
The cells were then treated with an anti-cancer drug,
doxorubicin (DOX) or adriamycin. The SERS spectrum
within the cellular compartments of a single cell was
recorded by microspectroscopy. The spectra showed
that the DOX interacted with the DNA in the nucleus.
The interaction of the drug with cytoplasmic com-
ponents was different than in the case of DNA. In
another study, DNA complexes with adriamycin and
11-deoxycarminomycin and their model chromophores
were found to produce detailed SERRS spectra when
intercalated into DNA.®® An analysis of the spectral
changes on binding to DNA indicated the mode of
interaction. The fluorescence quenching aspects of
SERRS were particularly advantageous in this study.
Resonance Raman spectra were difficult to obtain
because of the high fluorescence exhibited by the com-
pounds. Other anthracyclines were also examined by
SERRS.%7 Excitation profiles of the free molecules on
silver colloids provided evidence for a charge-transfer
transition between the silver surface and the chromo-
phore. The authors showed that the data could be
rationalized either by an electromagnetic or a charge-
transfer mechanism.

Heme-containing proteins. One of the long-term goals of
our research is to develop SERRS methodology for the
study of chromophores within membrane preparations,
especially photosynthetic systems. In order to determine
whether this is feasible, we first examined two well char-
acterized proteins, cytochrome ¢ and myoglobin.®® The
results showed that it is indeed possible to detect
SERRS from the heme group in these proteins.
However, it was not clear from these early results
whether the SERRS signal was from heme groups
buried within the protein matrix, as in the native
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Figure 5. SERRS intensity vs. the number of monolayer spacers
between an $-120 dye monolayer and a silver island film on a
glass slide. Experimental conditions: excitation wavelength, 514.5
nm; laser power, 2 mW; 1 scan (0.5 s integration time).

protein structure, or from heme groups that were in
direct contact with the electrode surface. To verify that
EM enhancement occurs at distances greater than a few
dngstroms from the electrode surface and to determine
the relationship between EM enhancement and distance
of the chromophore, we utilized Langmuir-Blodgett
techniques to prepare a series of samples containing
lipid—dye mixtures which were spaced at defined dis-
tances from the silver surface.®® Thin silver films (silver
island films) were vapor deposited on glass slides.
Monolayers containing long-chain fatty acids or esters
were deposited on the slide and used as transparent (at
the laser excitation wavelengths) spacers. The dye-lipid
monolayer was deposited on top of the spacer layer(s).
The results of this study showed that the intensity of the
SERRS signals from the dye followed the relationship
predicted from EM theory (Fig. 5). Similar experimental
evidence for long-range enhancement was obtained
from studies by other groups.’® The coverage depen-
dence of the SERRS signal was also examined by the
Langmuir-Blodgett technique. The excellent sensitivity
of SERRS was emphasized in this work. It was possible
to detect SERRS from dye concentrations less than 1%
of a monolayer.”! These results provided support for
utilizing the tremendous sensitivity of SERRS to study
chromophoric species contained with a biological
matrix.

Following the initial report of cytochrome ¢ SERRS
spectra,®® a number of additional studies were under-
taken on cytochrome ¢ and hemoglobin.'318:72-7¢ Hjl-
debrandt and Stockburger’? showed that cytochrome ¢
on silver sols exists in a temperature-dependent,
reversible spin state equilibrium. At low temperatures,
their SERRS spectra resembled RR spectra of the
protein in solution, whereas at room temperature a sig-
nificant fraction of the heme existed in the high-spin
form, Smulevich and Spiro’® also used silver sols in
their study of hemoglobin. Based on spectral changes
on the sol, they proposed that the heme was dissociated
from the protein and formed u-oxo dimers. Cleavage of
the heme—protein bond probably resulted from the
presence of Ag”™ ions in the sol. Also, borohydride was
used as the reducing agent and such sols are consider-
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Figure 6. SERRS spectra of cytochrome ¢ at (a) 77 K and (b)
room temperature adsorbed on a silver electrode. Experimental
conditions: excitation wavelength, 406.7 nm; laser power, 15
mW; 1 scan (5.0 s per scan).

ably more hostile to proteins. In a subsequent study by
de Groot et al,’® it was shown that the hemoglobin
SERRS spectrum was native when citrate-reduced stlver
sols were used. Cytochrome ¢ is also native if citrate is
used to prepare the silver colloid.”” Finally, the native
structure of cytochrome ¢ can be preserved if SERRS
spectra are recorded at liquid nitrogen temperature
(Fig. 6).”® By monitoring the spectrum as a function of
time with a photodiode array, it was demonstrated that
photodegradation was responsible for the change in the
spectrum from low to high spin. This effect was elimi-
nated when the sample was immersed in liquid nitrogen.

Other cytochromes have also been studied by
SERRS, including cytochrome cd,,”® c38°-%? and P-
450.82-87 Evidence for the native structure of cyto-
chrome c; adsorbed on silver surfaces was obtained in
two separate studies. Niki et al®° used voltammetric
methods to determine formal redox potentials of the
hemes in cytochrome c; (Desulfovibrio vulgaris, Miya-
zaki and Hildenborough strains, and Desulfovibrio
desulfuricans, Norway strain) adsorbed on a silver elec-
trode and found that these were very close to the values
measured for the protein in solution. The SERRS data,
however, showed the spectrum of only the most positive
heme in the protein, indicating that this heme is closest
to the surface. Verma et al.®! demonstrated that cyto-
chrome c; (D. vulgaris, Miyazaki) could be reduced by
hydrogen in the presence of hydrogenase, its physiologi-
cal redox partner. This shows that the enzymatic activ-
ity is preserved when the protein is adsorbed on a
citrate-reduced silver colloid. A partial change in the
heme spin state was observed in the SERRS spectrum,
but this was reversible and did not affect the redox
properties of the protein. Cotton et al.®? examined the
SERRS behavior cytochrome ¢y from Desulfovibrio

desulfuricans (NCIMB 8372) by adsorbing the protein
on citrate-reduced silver colloids. In this study, no
change in spin state was observed for the adsorbed
protein. The major difference between the SERRS and
RR spectra of the protein was in changes in the relative
band intensities.

Cytochrome P-450 from a number of different
sources has been studied by SERRS. Kelly et al.®?
found that spectra of the drug-induced rat liver cyto-
chromes P-450 were native if the appropriate conditions
were used for sol preparation, including pH and the
sequence of addition of components to the sol. In
another study, Hildebrandt et al.®** monitored two dif-
ferent features in the SERRS spectrum to prove the
structural and functional integrity of rabbit liver cyto-
chrome P-450 LM2 on silver colloids. These were the
substrate-induced spin state changes in the oxidized
P-450 and the effect of the thiolate ligand on the oxida-
tion state marker band. The structurally similar cyto-
chrome P-450 PB,, and PB;, (97% sequence
homology) were examined by SERRS and found to
have different heme environments.®* This could explain
the marked differences in enzymatic activity exhibited
by the two proteins. The high sensitivity of SERRS was
emphasized in a recent study of four different mamma-
lian liver microsomal P-450 enzymes.’® Only a few
nanograms of sample were required to obtain spectra of
methylcholanthrene-induced rat liver cytochrome P-450
TA2, phenobarbital-induced rat liver cytochrome P-4350
ITB1 and P-450 I1IB2 and rabbit liver cytochrome P-450
IIB4. All were shown to be biological active when
adsorbed on a ‘biocompatible’ citrate sol by demon-
strating the low- to high-spin state conversion on addi-
tion of benzphetamine.

Other heme proteins that have been examined by
SERRS include myoglobin®®-32 and hog thyroid peroxi-
dase (HTP).27 Myoglobin was found to be particularly
sensitive to the nature of the silver surface.? The
SERRS spectra showed evidence of denaturation fol-
lowing adsorption of the protein on silver electrodes. In
contrast, the SERRS spectrum of the protein on a
citrate-reduced silver colloid was nearly identical with
the RR spectrum (Fig. 7).

Flavoproteins. Flavoproteins are strongly fluorescent and
SERRS offers the potential for observing RR scattering
directly. Unfortunately, these proteins appear to be
destabilized at silver surfaces.13~1832:88-91 Tpjtia]
studies were also plagued by the presence of a small
amount of free flavin in the commercial preparations of
glucose oxidase.®® This gave rise to very strong scat-
tering from the unbound flavin. When purified, very
weak spectra were observed from the intact protein.
This is believed to result from the large distance
between the flavin and the surface, in addition to the
low surface density because of the larger size of the
protein.®! A number of other flavoproteins (riboflavin-
binding protein, glucose oxidase, lactate oxidase, p-
hydroxybenzoate hydroxylase, Old Yellow Enzyme and
flavodoxin (M. elsdenii) were also found to produce
SERRS from free flavin on silver colloids, suggesting
that these flavoproteins are denatured at silver sur-
faces.®® The flavin tends to form a complex with Ag™,
and this may be a factor leading to the loss of the pros-
thetic group. In the case of glucose oxidase, catalytic
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Figure 7. {A) RR and (B) SERRS spectra of myoglobin adsorbed
on a silver electrode. Experimental conditions: excitation wave-
length, 413.1 nm; laser power, 25 mW; 25 scans (1 scans-").

activity leads to the dissociation of the flavin from the
protein and formation of the flavin-silver complex.?°

In summary, the potential for utilizing SERRS for the
study of flavoproteins has not been demonstrated so far.
It may be that gold surfaces will provide a more suit-
able substrate. However, because red excitation must be
used to evoke enhancement on gold, it may not be pos-
sible to utilize the combined RR and surface enhance-
ments in this case.

Phytochrome.’*->*> A comparison of the SERRS spectra
of phytochrome at 77 K and the various isomers of bili-
verdin dimethyl ester suggested that the chromophore
undergoes a Z — E photoisomerization during the
Pr — Pir phototransformation. When an electrode was
used as a SERRS substrate, the Pfr form underwent
substantial dark reversion to the Pr species. This may
have been induced by dehydration of the phytochrome
by liquid nitrogen, since these spectra were recorded
with the electrode immersed in liquid nitrogen. Dark
reversion was not a problem with colloidal silver,
however, since the protein remained in contact with an
aqueous environment. Under these conditions the
SERRS spectra recorded with 406.7 nm excitation
showed substantial differences between the Pr and Pfr
forms that were indicative of a Z— E photo-
transformation.

SERRS STUDIES OF MEMBRANE PROTEINS
AND MEMBRANE PREPARATIONS

Many of the active components of membranes contain
chromophores. These include, for example, the chlo-
rophylls and carotenoids of photosynthetic membranes,

the rhodopsins and bacteriorhodopsin of retinal photo-
receptor disks and purple membranes, respectively, as
well as electron transport proteins involved in energy
transduction in mitochondrial membranes. The possi-
bility of using SERRS to monitor membrane processes
has been evaluated on two systems and recent results
are summarized here.

Photosynthetic membranes

The chlorophylls and carotenoids in photosynthetic
membranes are readily observed by SERRS,15-18.94-98
Data obtained from a number of different preparations
have verified the integrity of these preparations on the
silver surface.®® The chromophores provide ideal probes
of membrane structure. For example, the location of
spirilloxanthin associated with the B800 antenna
complex in the membrane of Rhodospirillum rubrum was
determined by comparing SERRS results for ‘right-side-
out’ and ‘inside-out’ membrane preparations. The
SERRS signal could be observed only in the latter, indi-
cating that spirilloxanthin is closer to the inner surface
of the membrane. The orientation of spheroidenone was
determined from SERRS spectra of chromatophores
from Rhodobacter sphaeroides 2.4.1. membranes.®’

Photosynthetic reaction centers have also been exam-
ined by SERRS.°®°° In the case of bacterial reaction
centers, the bacteriochlorophyll spectrum was observed
when the preparation was adsorbed on the electrode
surface at negative potentials, whereas the bacte-
riopheophytin spectrum was observed at positive poten-
tials.”® This difference may reflect the nature of the
protein and/or lipid charged groups near the surface of
the preparation.

Photosystem II preparations have also recently been
examined at low temperatures.’® These give strong
spectra of the chlorophylls, identical with RR spectra
observed in solution. In addition, a spectrum of cyto-
chrome is also apparent. It is especially strong in
reduced preparations. The data suggest that the reac-
tion center is adsorbed with the cytochrome oriented
close to the electrode surface.

Bacteriorhodopsin and rhodopsin membranes

Nabiev and co-workers have examined membranes
from Halobacterium halobium'>'%1°° and bovine rod
outer segment disks.!3-18:101.102 Qeyerg] categories of
information were gleaned from this work. First, as with
photosynthetic membranes, it was possible to determine
the location of the chromophore with respect to the
membrane. In the case of the purple membrane (PM),
bacteriorhodopsin (BRh) was found to be closest to the
external side of the membrane surface.!°® In contrast,
rhodopsin (Rh) was determined to be closest to the
cytoplasmic membrane.!®!'1%? Second, from reconstitu-
tion experiments using apo-purple membranes and aryl-
polyene aldehydes or ‘aromatic’ analogues of retinal, the
distance between the retinal Schiff base and the external
side of the purple membrane was determined to be 6-9
A 190 Third, long- and short-range enhancement effects
were demonstrated by preparing different colloids (Fig.
8). By using monoclonal antibodies to the C-end of
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Figure 8. SERS and solution spectra of purple membrane from
Halobacterium halobium on silver colloids with different excitation
wavelengths. The SERS spectra on the right were obtained on
aggregated colloids and those on the left from non-aggregated
colloids. Experimental conditions; laser power, 10 mW; membrane
concentration, 10-7 M. The sensitivity was 2.5 times higher for the
solution spectra.

retinal, it was shown that the SERS signal could be sup-
pressed, indicating short-range enhancement for non-
aggregated silver sols.!°1'193 Silver electrodes subjected
to a roughening cycle also exhibited primarily short-
range enhancement. On the other hand, partially aggre-
gated sols or ‘smooth’ silver electrodes displayed
long-range enhancement. The spectra in this latter case
were closer to RR spectra of the preparations in solu-
tion. Moreover, the samples were capable of undergoing
the normal photocycle on the silver surface, whereas on
those substrates which exhibited only short-range
enhancement, the photocycle was inhibited.'®® The
authors suggested that the use of the short-range type of
SERS could provide a means of stabilizing the interme-
diates. This might be a method preferred over low tem-
peratures; this necessitates the use of organic solvents
and could lead to sample denaturation. This work also
demonstrates the advantages of short- vs. long-range
enhancement and the possibility for selecting either of
these for a given problem. Short-range enhancement
provides information about the topography of the
system, whereas long-range enhancement can be used to
obtain information that is more relevant to the func-
tional system.

Membrane model systems

Several different types of preparations have been used
as models for the lipid bilayer structure of membranes.
These include Langmuir-Blodgett monolayers, vesicles
and micelles. Each of these model systems has been
employed to a limited extent in SERRS studies.

The original studies of Langmuir-Blodgett films as
membrane models were undertaken by Cotion et

al.8%-71 as discussed above. Recently, an SERRS study
of isolated retinal in Langmuir—Blodgett films was
reported.>® From an analysis of the data it was con-
cluded that the retinal was interacting with the silver
surface near the C=0 end of the molecule. Curiously,
no C=0 vibration was observed. Based on the obser-
vation of C-H bending modes at C-14 and C-15, it was
concluded that the C=O group was bonded with a spe-
cific tilt with respect to the surface.

Vesicles were used to examine the redox properties of
a number of viologens.'® From these experiments, the
orientation of the viologen with respect to the surface
was determined. In addition, counter-ion effects were
observed. Weakly bound anions (sulfate) produced
SERS/SERRS spectra of the viologens differing sub-
stantially from the solution spectra, whereas strongly
bound anions (chloride) produced spectra that were
very similar to the solution spectra. The large wave-
number shifts in the case of weakly bound anions were
interpreted in terms of strong interaction of the violo-
gen with the surface in addition to a chemical enhance-
ment mechanism. In the case of strongly bound anions,
the viologen interacts electrostatically with the surface
and an EM mechanism is responsible for the enhance-
ment.

Micelles have not yet been extensively studied. There
is one report of the use of surfactants to improve the
properties (stability and enhancement factor) of silver
colloids.*®* Sun et al!® have also characterized a
number of surfactants.

CONCLUSION

One of the important questions concerning SERS/
SERRS studies of biological molecules is whether the
molecular structure and function is preserved after
interaction with the surface. This is a crucial question if
SERS/SERRS is to become a general method for the
spectroscopic analysis of biomolecules. Although initial
experimental results relating to this question were
ambiguous, it now appears that significant structural
changes (denaturation) may occur for some proteins
under certain conditions, but these are not necessarily
due to the interaction of the protein with the surface.
For example, it is apparent from SERRS of cytochrome
c on electrodes that photodegradation can be a serious
problem.”® It was found that after only 25 s of irradia-
tion a significant conversion of the protein from its
native low-spin state to a denatured high-spin state
occurred. The use of a diode-array detector minimizes
the time of sample exposure and also allows the detec-
tion of changes in the spectrum which are due to photo-
degradation.

Many of the earlier criticisms of SERS/SERRS as a
technique for the study of proteins were concerned with
the possibility of denaturation produced by the inter-
action of the protein with the surface. It is commonly
felt that hydrophobic, water-soluble proteins unravel
and spread to form a monolayer when adsorbed on
many types of surfaces. This idea was especially preva-
lent among electrochemists.!®® However, there is evi-
dence to the contrary. In the field of immobilized
enzymes, there are ample data that indicate that many
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different adsorbed enzymes retain their activity.!®” The
fact that some adsorbed redox-active proteins exhibit
reversible electrochemical behavior at the same poten-
tial, as determined from redox potentiometry of the
protein in solution, also lends credence to the probable
preservation of native protein structure on the surface.
Hildebrandt and Stockburger’? have shown from
SERRS studies of cytochrome ¢ that its redox potential
is identical with that in solution when the protein is
adsorbed at negative potentials. The adsorption behav-
ior of the protein is complex and strongly dependent on
electrode potential.

The development of new methods for minimizing
denaturing must be continued. It may be that a general
method will be developed. One method that appears
promising is to record the spectra at low tem-
peratures.>® A second approach that appears to hold
considerable potential is the use of electrode modifiers.
These may be small molecules or lipid mono-
layers.””"1°® As noted above, de Groot and Hester’®
reported that hemoglobin spectra were native when
citrate was used as the reductant. Studies by
Rospendowski and co-workers’”-®¢ indicated that
citrate or citrate oxidation products that are present
after reduction of AgNO, are adsorbed to the surface of
the sol. This in turn prevents the protein from con-
tacting the metal directly and thereby prevents denatur-
ation. It is apparent from the many studies of Hill and
co-workers'®® that certain small molecules when
adsorbed on electrode surfaces function as effective pro-
moters for electron transfer between proteins and the
electrode. Although the exact mechanism regarding the
interactions of the promoter with the electrode and
protein is not known, SERS studies show that the pro-
moter is adsorbed.'®® Hence it is likely that it prevents
the protein from denaturing and adsorbing irreversibly
to the metal surface.

FUTURE DIRECTIONS

The continued development of SERS and SERRS tech-
niques for the study of biological samples appears very
promising. As noted above, the three major advantages
include the high sensitivity, a unique technique provid-
ing new information and significant quenching of fluo-
rescence. Substrates may be developed that serve only
as amplifiers of Raman scattering, independent of the
chemical nature of the molecules. These will provide
EM enhancement. Other types of SERS substrates

could be prepared for specific adsorption of molecules
and chemical enhancement of Raman scattering.
Together, these substrates will lead to a wide range of
new analytical applications. To be useful, they should
be stable, easy to use and provide reproducible results.
Other possibilities for improved methodologies might
include powders and gels.

Although silver has been the most common metal for
SERS, gold will be used more often in the future. Gold
offers two important advantages over silver. First, it is
more stable with respect to the formation of surface
oxides. Second, its oxidation potential is higher than
that of silver and it provides a wider potential window
for redox studies at electrodes. The interaction of pro-
teins with gold may also be different as compared with
silver. It is possible that fewer problems with denatur-
ation will be encountered.

Surface-enhanced hyper-Raman scattering (SEHRS)
has already been applied to several types of biological
molecules.!!® New information will result from SEHRS.
The hyper-Raman technique also provides the possi-
bility for the combination of the surface enhancement
phenomenon, which is strongest in the visible region,
with UV resonance Raman spectroscopy, which pro-
vides rich information for biological molecules.

Advances in instrumentation will, of course, play a
pivotal role in future applications of SERS to biological
molecules.

FT-Raman spectroscopy: FT-SERS from gold should
be very useful for chromophore-containing bio-
molecules which are in resonance in the visible region.
In this case, near-IR excitation is far removed from res-
onance and will provide non-resonance SERS. Obvi-
ously, near-IR excitation is also less destructive to
biomaterials.

Micro-Raman  spectroscopy: extremely  small
amounts of materials may be examined by micro-
Raman spectroscopy. Molecular imaging is also pos-
sible. However, the tightly focused laser beam may
damage the sample in some cases. An alternative
approach which also offers high spatial resolution is
Hadamard spectroscopy. Treado and Morris'!! have
shown that this method can be combined with SERS.

Lasers and detectors: new lasers, such as the Ti—
sapphire, provide a simple tunable excitation source in
the red region (690-1000 nm). In addition, this laser is
relatively inexpensive. When used in conjunction with a
charge-coupled device (CCD) detector, the Ti-sapphire
laser should prove extremely vaulable for SERS/SERRS
studies on gold substrates.
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