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Raman optical activity (ROA) directly monitors the stereochemistry of chiral molecules and is

now an incisive probe of biomolecular structure. ROA spectra contain a wealth of information on
tertiary folding, secondary structure and even the orientation of individual residues in proteins
and nucleic acids. Extension of ROA to an even wider range of samples could be facilitated by
coupling its structural sensitivity to the low-concentration sensitivity provided by plasmon
resonance enhancement. This leads to the new technique of surface enhanced ROA, or SEROA,
which is complementary to both SERS and ROA. In this tutorial review, we present a survey of
theoretical and experimental work undertaken to develop SEROA and discuss these efforts in the
context of the ROA technique, and, based on the authors’ work, outline possible future directions

of research for this novel chiroptical spectroscopy.

1. Introduction

Raman optical activity (ROA), which refers to a small differ-
ence in the intensity of Raman scattering from chiral molecules
in right- and left-circularly polarized incident light or, equiva-
lently, a small circularly polarized component in the scattered
light, is a vibrational spectroscopic technique with great po-
tential in biology."* Although ROA is still far less widely used
than conventional Raman spectroscopy, this chirally-sensitive
vibrational spectroscopy is now enjoying rapid growth in both
the number of practitioners and applications. However, an
unavoidable problem has been the weakness of the ROA effect,
with ROA scattering intensities being 3—5 orders of magnitude
smaller than those of the parent Raman scattering, which leads
to the requirements of higher sample concentrations and longer
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data collection periods. An obviously attractive approach to
reducing these sampling requirements and so widen the applic-
ability of ROA is to combine it with plasmon resonance
enhancement. Following the precedent of surface enhanced
Raman spectroscopy, or SERS, this leads to the new technique
of surface enhanced Raman optical activity, or SEROA. In this
tutorial review we discuss theoretical as well as experimental
work reported to date in this endeavour, and though only a
small body of literature has appeared so far, considerable
interest has been generated. As ROA is still not well known
to most SERS spectroscopists, we provide a brief overview of
the conventional ROA technique and its application to biol-
ogy. Recent work from our laboratories on SEROA will be
presented, and we will conclude by discussing our thoughts on
the future possibilities and challenges of this novel addition to
the SERS family.

Since the first reported incidence of the SERS effect® and the
independent recognition of its origin by two different research
groups,*> SERS has enjoyed an exciting, and sometimes turbu-
lent, history. Although there is still much ongoing research into
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the underlying mechanisms responsible for this effect, SERS has
developed into a range of techniques and a wide variety of
applications. This is, of course, due to the almost universal
attraction of high sensitivity that can arise from plasmon
resonances generated by certain metal surfaces. Selective en-
hancements of specific Raman signals over conventional scatter-
ing intensities are widely documented in the literature with
typical enhancements of 10°~10° and maximum enhancements
of up to 10" being reported.®” Such high sensitivity, coupled
with selectivity to particular surfaces, has led to SERS being
widely used in the analytical sciences, chemistry, biology, med-
ical diagnostics, nanolithography and elsewhere, as this issue of
Chemical Society Reviews testifies. Further descriptions of SERS
and its manifold uses lie beyond the scope of this review, in
which we will concentrate specifically on its application to
another derivative of Raman spectroscopy, ROA.

1.1. History of SEROA

The enhancement of ROA signals from chiral molecules ad-
sorbed onto metal surfaces was first considered in the literature
by Efrima who predicted that these measurements could contain
information on both the target molecule and “local electric
fields, their gradients and, in general, local dielectric properties
of the metal-air (or metal-solution) interface”.® Efrima devel-
oped the first theoretical treatment of the metal surface enhance-
ment of ROA bands in a more extensive paper soon afterwards.”
Hecht and Barron'®!! later developed expressions for ROA
scattering, as well as for the case of linearly polarized difference
Raman scattering, from chiral molecules on isotropic surfaces,
including contributions from anti-symmetric contributions of
polarizability tensor components for the first time. The authors
suggested that ROA may be a promising technique for probing
the chirality of metal surfaces.

Despite these pioneering papers that began to explore the
mechanisms of ROA in the vicinity of metal surfaces, experi-
mental progress was slow. Initial attempts to measure SEROA
were subject to experimental problems. In the last few years
there has been a resurgence in research into SEROA as the
number of groups using ROA has begun to increase more
rapidly. It is indicative of the potential benefits of combining
surface enhancement methods with ROA that in private com-
munications many of these new ROA researchers have expressed
interest in conducting research into SEROA. The most extensive
theoretical formalism of SEROA so far has been presented by
Janesko and Scuseria'? who considered the effects of orienta-
tional averaging for the first time, and include the first published
calculations of SEROA spectra, for (R)-(—)-bromochlorofluor-
omethane. The first purported SEROA measurements have also
recently been published. Following an introduction to the ROA
technique we will discuss the research conducted to date,
including previously unpublished work from the authors’
laboratories, into SEROA in greater detail.

2. Conventional ROA spectroscopy

In 1969, a general theory of the polarization characteristics of
Rayleigh and Raman scattered light from chiral molecules was
presented by Atkins and Barron.'® This theory led to the predic-
tion that “the scattered light carries a very small degree of circular

polarization and the scattered intensity is slightly different in
right- and left-circular polarized incident light” and the new
chiroptical technique of Raman optical activity, also known as
ROA, was born. Barron and Buckingham in 1971 introduced the
dimensionless circular intensity difference (CID) as an appropri-
ate experimental observable'* and which is defined as

IR—IL
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where I} and /" are the Raman scattering intensities in right-
and left-circularly polarized incident light, respectively. The
earliest attempts to measure ROA faced major challenges as
the effect is weak, with values of 4 being of the order of 102 of
the conventional Raman effect at the greatest, and pushed the
technology available at the time to the limit. Several early
published ROA spectra were found to be spurious as ROA
measurements are highly sensitive to artefacts. It was not until
1973 that the first reliable ROA spectra were reported'® and
these results were confirmed soon afterwards by Hug et al.'®
Although the ROA technique was limited to only a handful of
laboratories until recently, it has proven to be a powerful
probe of stereochemistry and molecular structure. The success
of biomolecular studies has generated the recent increase in the
number of ROA researchers and the scope of applications.
Examples of ROA studies of biomolecules will be presented
below for the benefit of readers not familiar with this techni-
que, but more thorough reviews may be found elsewhere.'”"!®

2.1. The ROA observables, polarizability and optical activity
tensors

Scattered light, within a semiclassical treatment, originates
from the characteristic radiation fields generated by the oscil-
lating electric and magnetic multipole moments induced in a
molecule by the incident light wave. In Cartesian tensor
notation, the electric dipole (u,), magnetic dipole (m,) and
traceless electric quadrupole moments (0,p) are respectively

defined as’
My = Zefr i, (2)

e
my = er:ﬁsu/f}"‘iﬁpi;' (3)
i

O =13 eirir, — i) (4)

where particle i at r; has charge e;, mass m; and linear
momentum p;. The real oscillating electric dipole, magnetic
dipole and electric quadrupole moments induced in a molecule
by the real part of an electric field vector of plane-wave light
are, in the far from resonance approximation,
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where B, is the associated magnetic vector and V,Ejp is the
electric field gradient.

Evaluation of the fields and field gradients at the same
molecular origin used to define the molecular multipole mo-
ments gives the following quantum mechanical expressions for
the dynamic molecular property tensors using time-dependent
perturbation theory'’

2 WDijn W\ /s
o = %‘;WRe«nmamwﬁm» (8)
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In the above expressions, n and j are the initial and
virtual intermediate states of the molecule, respectively, and
Wy, = w; — w, is their angular frequency separation.
The electric dipole—electric dipole tensor o,z is simply the
polarizability responsible for conventional Raman scattering
and many other optical effects, G',; is the electric dipole—
magnetic dipole optical activity tensor whose isotropic
component is responsible for optical rotation in fluids, and
Ayp, is the electric dipole—electric quadrupole tensor respon-
sible for additional contributions to optical rotation in
oriented samples.

We can consider the form of the ROA observables as a
function of the experimental scattering geometry. In terms of
the polarizability and optical activity tensors defined in eqn
(8)—~(10), the CID expressions for forward (0°) and backward
(180°) scattering geometries, for isotropic samples and incident
wavelengths much greater than the molecular dimensions,
arel!?

4[450G' + B(G')* — B(4)°
c[4502 + 7p(2)’]

A4(0°) = (1)

2A4[B(G')* +1p(4)7]
c[4502 + 7p(2)’]

A(180°) = (12)

where the isotropic invariants of the polarizability tensor and
the electric dipole-magnetic dipole optical activity tensor are
defined as

o = %aaa = %(O(xx + Xyy + %ZZ) (13)
G, = %Glomc = %(G,xx + G,}’}’ + G/:Z) (14)

and the anisotropic invariants of the polarizability—polariz-
ability and polarizability—optical activity tensor component
products are defined as

ﬁ(a)z = %(30(1[30505[)’ - amaﬁ/}) (15)
ﬁ(G/)z = %(Saoc/}G/a/i - aam(G//i/)’)a (16)
ﬁ(A)z = %w(xa/fﬁaydAwﬁ/f (17)

For a molecule composed entirely of idealized axially sym-
metric bonds, for which f(G')? = (4)* and «G’ = 0 (ref. 1
and references cited therein), a simple bond polarizability

]RffL
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Fig. 1 Representations of ICP (upper) and SCP (lower) ROA
experiments from Stokes Raman scattering at angular frequency
w — o, in incident light with angular frequency w. ICP ROA spectra
are measured as IN — I%, where IR and I* are the scattered intensities,
here represented as unpolarized, in right- and left-circularly polarized
incident light, respectively. SCP ROA spectra are measured as Ig — I,
where Ir and [ are the intensities of the right- and left-circularly
polarized components of the scattered light, respectively, measured
with, in this case, unpolarized incident light. At transparent frequen-
cies ICP ROA and SCP ROA are equivalent.

model finds that ROA is generated exclusively by anisotropic
scattering and the CID expressions reduce to

A(0°) = 0, (18)

32B(G')

AUS) = s + 107

(19)

Therefore, unlike the case of conventional Raman scattering,
in which intensities are the same in all directions, ROA
intensities are maximized in backscattering and are zero in
forwardscattering. The equations presented above were ori-
ginally formulated for incident circular polarization, or ICP,
ROA. The ROA effect is also manifest as a small circularly
polarized component in the scattered light, with this being
known as scattered circular polarization ROA, or SCP ROA.
Within the far-from-resonance approximation, SCP ROA
provides equivalent information to ICP ROA, and these two
ROA scattering mechanisms are illustrated in Fig. 1. A
commercial ROA spectrometer now available employs the
SCP measurement strategy.'® Simultaneous measurement of
both ICP and SCP ROA, which is called dual circular polar-
ization (DCP) ROA, can also be undertaken.?® Although
leading research is still being undertaken with ICP ROA
spectrometers, most ROA studies are now being conducted
with SCP ROA instruments. In SCP ROA, the right- and left-
circular scattered intensities are denoted as Ir and Iy, respec-
tively.

2.2. Instrumentation

As discussed above, ROA is maximized in backscattering and
this geometry is essential for the routine measurement of ROA
spectra of biomolecules in aqueous solution. Until recently, all
ROA spectra of biomolecules had been recorded using the ICP
design. For a comprehensive account of ICP ROA spectro-
meter design we direct the reader to ref. 17 and 18 and
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references cited therein. In the last few years, the ICP ROA
design has been superseded by an SCP design developed by
Hug and employing a ‘virtual enantiomers’ approach.'” The
ICP- and SCP-type ROA spectrometers currently in use all
generally rely on excitation at 532 nm and produce spectra
that are virtually identical. Recently, a SCP ROA spectro-
meter has been built that utilises near infrared excitation at
780 nm.?' The use of NIR excitation may allow investigation
of the SEROA phenomenon using gold substrates rather than
the silver colloids investigated so far. Dual circular polariza-
tion ROA spectroscopy has been less widely exploited.

2.3. ROA spectra of proteins

The typical features found for ROA spectra of proteins and
RNAs are briefly described here as a guide to the reader. In the
case of proteins, vibrations of the peptide backbone are
generally associated with three main regions of the Raman
spectrum.”> The backbone skeletal stretch region ~ 870-
1150 cm™! originates in C,~C, C,~Cp and C,-N stretch
coordinates; the extended amide III region ~1230-1340
em™! arises from mainly the in-phase combination of the
N-H in-plane deformation with the C,—N stretch along with
mixing between the N-H and C,—H deformations; and the
amide T region ~1630-1700 cm™' originates in the C=0
stretch. Of particular importance in protein ROA spectra is
the extended amide III region as coupling between the N-H
and C,—H deformations is sensitive to geometry and this
results in a rich and informative band structure.

We present in Fig. 2 the ROA, and corresponding Raman,
spectra for three structurally distinct proteins as an example of
the sensitivity of ROA spectra to protein structure. More
detailed reviews of this subject can be found elsewhere.'$
Fig. 2 shows the backscattered Raman (top of first pair) and
ROA (bottom of first pair) spectra of the a-helical protein
human serum albumin (HSA).>? The main features of the
ROA spectrum are in good agreement with the Protein Data
Bank (PDB) X-ray crystal structure 1a06; 69.2% a-helix, 1.7%
310-helix and the remainder consisting of loops and turns. The
strong sharp positive band at ~1340 cm™' is assigned to a
hydrated form of a-helix while the weaker positive band at
~1300 cm™! appears to be associated with o-helix in a more
hydrophobic environment. Relative intensities of these two
bands correlate with the exposure of the polypeptide backbone
to the solvent within the elements of a-helix in each case. The
amide I ROA couplet, which is negative at ~1641 cm ™' and
positive at ~1665 cm™!, is also characteristic of a-helix and
corresponds to the range ~ 1645-1655 cm ™! for a-helix bands
in conventional Raman spectra. Positive ROA bands in the
region ~870-950 cm ™! are another signature of o-helix with
the detailed band structure in this region appearing to show a
dependence upon side chain composition, helix length and the
presence of irregularities.

Beneath the HSA spectra in Fig. 2 are shown the Raman
and ROA spectra of the B-barrel protein bovine B-lactoglo-
bulin at pH 8.0, which contains, according to the PDB X-ray
crystal structure 1beb, 42.3% B-strand, 9.6% o-helix and 6.4%
310-helix with the remainder being hairpin bends and long
loops. The features of this spectrum are obviously very
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Fig. 2 Backscattered Raman (/g + I, upper of each pair) and
ROA (Ig — I, lower of each pair) spectra for human serum albumin
(HSA, top), B-lactoglobulin (middle) and hen lysozyme (bottom).

different to those in the ROA spectrum of the a-helical protein
HSA, far more so than for the corresponding Raman spectra.
The two negative bands at ~1222 cm™' and ~ 1251 cm ™' are
characteristic of B-sheet structure. Amide III bands from
B-sheet in conventional Raman spectroscopy are assigned to
the region ~ 1230-1245 cm™'. The amide I couplet, negative at
~1652 cm ™" and positive at ~ 1676 cm™", is another signature
of B-sheet and is easily distinguished from the amide I couplet
produced by a-helix, which usually occurs ~5-20 cm ™~ lower.
A negative ROA band observed at ~ 1362 cm™! is assigned to
B-hairpins while the positive ROA band at ~1319 cm™' is
associated with a distinct form of disordered structure called
polyproline II helix. Coappearance of these bands with the
B-sheet bands already mentioned is indicative of the antipar-
allel B-sheet structure of B-lactoglobulin.

Fig. 2 also displays the Raman and ROA spectra of the a0 +
B protein hen lysozyme. The fold of this protein is very
different to those of HSA and B-lactoglobulin and this is
evident in the large differences between their ROA spectra.
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According to the PDB X-ray crystal structure llse, hen
lysozyme contains 28.7% o-helix, 10.9% 3,0-helix and 6.2%
B-sheet, which is consistent with the positive ROA bands
assigned to hydrophobic and hydrated ao-helix at ~1303 and
1345 ecm ™', respectively, as well as the sharp negative band
~1240 cm™' from PB-structure. There may also be bands
contributing in this region from turns. The amide I couplet,
negative at ~ 1647 and positive at 1671 cm ™!, also indicates a
significant amount of ao-helix with a smaller B-sheet compo-
nent. There is also a small couplet, negative at ~ 1433 cm™!
and positive at ~ 1463 cm™!, from CH, and CHj side chain
deformations. A relatively large positive band ~ 1556 cm ™! is
assigned to the W3-type vibrational mode of the indole ring of
tryptophan residues. The position, intensity and sign of this
ROA band is sensitive to the torsion angle y>! of the trypto-
phan side chain, which describes the orientation of the indole
ring with respect to the local peptide backbone. Therefore, the
absolute stereochemistry of the tryptophan side chain can be
directly determined from ROA spectra.'® This information is
not usually available except from a structure determined at
atomic resolution.

2.4. RNA spectra

Ribonucleic acids (RNAs), like proteins, exhibit a diverse
range of secondary and tertiary structures that give rise to
characteristic features in Raman and ROA spectra. Although
far fewer ROA spectra have been reported for RNAs than for
proteins, these indicate a similar level of sensitivity to structure
and dynamics. In Fig. 3, we present as an example the Raman
and ROA spectra of a 37 nucleotide RNA fragment from
Domain I of the encephalomyocarditis virus (EMCV) internal
ribosome entry site (IRES) RNA,>* which guides internal,
non-cap dependent, initiation of EMCV protein translation.
Most ROA bands observed in the range ~950 to 1150 cm™!
originate from vibrations in the sugar—phosphate backbone.
Of particular note is a negative—positive—negative triplet at
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Fig. 3 Backscattered Raman (/g + 1) and ROA (Ix — Ip) spectra
for EMCV IRES RNA.

~994, 1049 and 1086 cm™"' which has been observed for a
number of RNAs and is associated with the C3’-endo ribose
sugar pucker present in A-form double helices. The intensity
of this feature has been shown to be particularly sensitive to
the conformational mobility of constituent bases.?*> Within the
range ~ 1648 and 1704 cm™! the broad negative—positive
ROA couplet also appears to be indicative of A-type helix
although other structural factors may affect this feature.

3. Surface enhancement of ROA

The sensitivity of ROA spectra to the details of secondary and
tertiary structure of proteins and nucleic acids has generated
significant interest and promoted the expansion of the techni-
que. However, ROA scattering is still orders of magnitude
weaker than conventional Raman scattering so necessitating
higher sample concentrations and longer data acquisition
times. The arguments in favour of the application of plasmon
resonance enhancement to Raman spectroscopy hold equally
for their application to ROA spectroscopy. It is not surprising
that several Raman and ROA spectroscopists have indepen-
dently attempted to explore this new technique of surface
enhanced Raman optical activity, or SEROA. In the following
sections, we will discuss these studies on SEROA, which have
also highlighted the challenges faced. Recent experimental
studies conducted in the authors’ laboratories and develop-
ments in the theoretical treatments of SEROA have resulted in
a better understanding of polarized light scattering from
molecules in the vicinity of metal surfaces. Therefore, we will
also relate recent work to optimize protocols for reliable
SEROA measurements through characterization of the corre-
sponding SERS spectra. We will begin with an examination of
theoretical modelling of the SEROA effect.

3.1. Theoretical treatments of SEROA

Efrima first suggested that surface enhancement of ROA
spectra was feasible and that it could be informative on the
local electric fields and field gradients generated by the plas-
mon resonances.® In this first paper, Efrima considered the
effects of large electric field gradients on the electric
dipole—magnetic dipole and electric dipole—electric quadrupole
and predicted that the values of CIDs may greatly increase,
possibly to the order of unity, under these conditions. Efrima
also surmised that SEROA spectra should appear very differ-
ent to the ROA spectra in bulk solution due to the effects of
the plasmon resonance on the tensorial contributions to ROA
scattering and to the anisotropic environment of the analyte—
colloid interface and the local dielectric properties. Although
measuring SEROA spectra has proven more difficult than
Efrima, and later others, predicted he did raise the first
recommendation for caution in interpreting SEROA spectra.
Though this was specifically in terms of the possible respon-
sible mechanism, subsequent studies have indeed shown that
the analysis of measured SEROA spectra requires care.

In a second paper, Efrima’ developed this model to include
the polarization state of light reflected from an imperfect metal
surface and the nature of the electric field close to the metal
surface in greater detail. Changes in direction of the local field
and the simple magnitude of the electric field were shown to be
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not sufficient by themselves to generate large CID values, but
that large field gradients are required for this to occur. These
field gradients were proposed to be far larger than for the
radiative field.® This implies that even if the electric field
associated with a plasmon resonance is insufficient in intensity
to generate a large SERS signal it may still generate measur-
able SEROA. Efrima derived the following relationship be-
tween CID values for the bulk, i.e. conventional and non-
resonant, ROA experiment (4,) and the surface enhanced
ROA experiment (4):

iR - [(EIOC/d)/EIOC]

"~ [(B/2m2)E) 20)

where E; is the incident electric field, £, is the local contribu-
tion to the electric field, d is the range of the local field and A is
the wavelength of radiation.

The effect of reflection from metal surfaces was considered
as it has been long established that this process can change the
polarization state of circularly polarized light to the elliptically
polarized state, that is a linearly polarized component is
introduced. This could be a factor particularly for measure-
ments made using SCP or DCP-type ROA spectrometers.
Efrima concluded that in the case of imperfect metal surfaces,
such as a metal colloid, a significant degree of circular
polarization is likely to exist in the beam.” However, it is also
possible that under such circumstances any linear polarization
that might arise could lead to significant artefacts being
introduced into measured spectra and which would have to
be carefully controlled. Efrima remarked that the magnetic
field component was not expected to make a large contribution
to SEROA,’ unlike the situation of ROA in solution, and that
near the metal surface only the electric polarizability—electric
polarizability contribution was likely to be significant. Efrima
also found that the other requirement for the generation of
large SEROA signals was either a phase difference between the
electric field and its gradient, or a significant imaginary
component to the electric polarizabilities of the analyte on
the surface.

No further work on modelling ROA responses in the
vicinity of metal surfaces was reported until almost a decade
later when Hecht and Barron considered, in two papers, the
case of a pure electric dipole surface ROA mechanism and
included anti-symmetric polarizability components for the first
time.'®!! By considering incoherent scattering from a chiral
molecule attached to an isotropic surface fixed with respect to
the laboratory frame and with averaging of the ROA tensor
products over two dimensions, the authors showed that CID
values much larger than those found for ROA measurements
in bulk solution may be possible. Hecht and Barron found that
these surface CIDs originate from interference between ab-
sorptive and dispersive electric dipole—electric dipole molecu-
lar polarizability tensor components, and will only be
observable under resonant or preresonant conditions. These
authors also pointed out that the isotropic surface ROA
vanishes for achiral molecules and would give signals of equal
magnitude but opposite sign for two enantiomers. If one
considers a plane containing the normal to the metal surface
and one of the axes parallel to the surface, then a reflection
across this plane changes the sign of off-diagonal components

in the polarizability tensor. For chiral molecules this reflection
generates an enantiomeric isotropic surface but an identical
surface for achiral molecules. Hecht and Barron also noted
that although some achiral point groups may exhibit chiral
projections on a surface these would not be expected to give
ROA from isotropic surfaces due to cancellation of enantio-
meric projections, though surface ROA could arise from an
ordered surface.

A further two decades followed before Janesko and Scuser-
ia'? introduced full orientational averaging and dressed mole-
cular response tensors for backscattered SCP ROA, though
their formalism is applicable to all other ROA experimental
configurations. They considered the fields produced by the
multipoles induced in a molecule by an oscillating light wave,
and the response they would generate in the metal substrate, to
specify the multipole moments of the molecule substrate
system. Janesko and Scuseria derived expansion coefficients
for these multipole moments and so elucidated general selec-
tion rules and scaling laws for SEROA. For the simplest model
system that they considered, a dipolar sphere, the authors
found that predicted SERS intensities agreed well with the
literature and that SERS enhancements for vibrational modes
whose polarizability derivatives are parallel to the surface
normal are 16 times larger than for those modes whose
polarizability derivatives are parallel to the surface, in agree-
ment with other workers.”?* Furthermore, they also found
that SEROA intensity scales with respect to an order para-
meter and that there were no SEROA contributions to lower
than first order of this parameter for full orientational aver-
aging. This is in contrast to the earlier model proposed by
Efrima,’ and results in CID values smaller than those for ROA
of bulk samples.

Janesko and Scuseria extended their model to quadrupolar
spheres as substrates, and found that for such systems CID
values could be considerably increased due to a gradient
enhancement mechanism across the metal substrate particle
as opposed to across the molecule.'> The maximum CID using
this model was of the order 1072, and these could be even
higher for more realistic substrate models. Dressed ROA
tensors were all found to contain contributions from the
molecular polarizability, giving SEROA scattering that scales
purely as the mean polarizability. This is similar to the chiral
surface effect considered earlier by Hecht and Barron,'®!" and,
as with the earlier work, was predicted to be non-zero only for
chiral molecules. The model developed by Janesko and
Scuseria predicts differences between ICP and SCP ROA
spectra, in common with ROA measured under resonance or
near resonance conditions with an excited electronic state of
the molecule, possibly due to differences in the molecular
response to the incident and scattered fields.>> Dipolar nano-
rods were also investigated as substrates for SEROA experi-
ments, and again the introduction of quadrupole responses to
the model indicated that CIDs could be enhanced.

Shortly thereafter, Bour®® reworked this multipole electro-
magnetic field expansion model into a matrix formalism. Bour
computed SEROA spectra of CHFCIBr for the cases of a
single colloidal sphere as substrate, between two colloidal
spheres and between four chirally arranged colloidal spheres.
Large variations were found between computed SEROA
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bands, both in sign and intensity. Thus the modelled SEROA
spectral profiles were highly sensitive to changes in analy-
te—colloid and colloid—colloid interactions, far more so than
the corresponding SERS spectra. Bour confirmed that quad-
rupolar contributions, as well as increasing the number of
colloidal spheres around the analyte, increased CID values.

Also of note is recent work by Etchegoin er al.?’ modelling
polarization effects in SERS. These authors found that the
local electric field of the plasmon resonance has a large effect
on the polarization state of both the incident and scattered
waves and that this needs to be considered for both experi-
mental design and spectral interpretation. Analysis of the
effect of the relative orientation of the dimer hot spot with
respect to the angle of incidence of the light wave indicated
that large enhancement factors for SEROA measurements
were not likely. Etchegoin et al. also caution that measurement
of SEROA could require differentiation between small signals
from the analyte molecule and large background signals.

Theoretical models of SEROA are expected to develop
quickly in the next few years as polarized spectroscopies are
becoming a mainstream field of research and the sophistica-
tion of computational methods is now suitable to the task.
Such models will continue to be informative and they will
provide a basis for interpretation of experimental results,
which can otherwise be difficult.

3.2. Experimental studies on SEROA

The measurement of SEROA spectra has proven challenging
due to factors already alluded to by the theoretical models, but
progress is now being made. Two instances of this phenom-
enon were reported in the 1990s>%% but the signal-to-noise
level in each case was low and so the results were not
convincing. More recently, a report claimed observation of
the SEROA effect for achiral adenine molecules on silver
colloids,*® with the authors attributing the observed signals
to surface-induced chirality. However, the bands observed in
this study appear likely to have originated in birefringent
artefacts rather than authentic SEROA as the performance
characteristics noted for the ROA spectrometer used indicate
artefactual CID values larger than 1073, the maximum CID
value expected in conventional ROA. Such errors can occur
from misalignments of the polarization optics in ROA spectro-
meters. Similar observations of apparent SEROA signals have
been made in a number of laboratories since the first attempts
to measure this effect and indicate the challenges involved. It is
expected that equal numbers of mirror-image chiral surface
domains would form from an achiral analyte,'®!! leading to
zero SEROA in such a case, and emphasising the importance
of studies on chiral analytes in order to confirm the reliability
of observed SEROA spectra.

Considerable care must be exercised in the analysis of
measured SEROA spectra. We present in Fig. 4 relevant
spectra measured for proline. In the top two panels are shown
the conventional Raman and ROA spectra collected for a
0.939 M solution, with 700 mW of laser excitation at 532 nm
and 81 minutes of data collection. In Fig. 4 are also shown the
SERS spectra measured for 8.8 mM proline in the presence of
both citrate-reduced and hydroxylamine-reduced silver
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Fig. 4 Backscattered Raman (top), ROA (second), SERS (third) and
SEROA (bottom) spectra measured for proline. SERS and SEROA
spectra are shown for both citrate- (solid line) and hydroxylamine-
(dashed line) reduced colloids. All traces display raw spectra in order
to illustrate the effects of artefacts on the SEROA features measured.

colloids with 20 mM K,SO, used as an aggregating agent
for both sols. Measurements on similar K,SO, aggregated,
citrate-reduced Ag colloids found that they displayed average
hydrodynamic diameters spanning the range 800—1200 nm
stable for over 2 h, whereas initial hydrodynamic diameters
were 200-800 nm (data not shown). These SERS spectra
clearly contain different band profiles compared to the Raman
spectrum due to both the surface enhancement of specific
bands from proline and the presence of bands from the
aggregating colloids. Corresponding SEROA spectra mea-
sured for proline are shown with 100 mW laser excitation at
532 nm and 60 minutes of data acquisition. These are the raw
data and show that there are a number of bands common to
both SEROA spectra, in the range ~1300-1550 cm™', and
indicating possible SEROA bands arising from the analyte.
The CID values of these SEROA features appear to be of the
order 1073-107%, and very similar to those measured for the
conventional ROA of proline. It is apparent that there are
significant differences between the features displayed in the
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Fig. 5 Backscattered SERS (upper) and SEROA (lower) spectra
measured for cytidine using citrate-reduced colloids, measured at the
following time intervals: 5 minutes, 25 minutes, 45 minutes, 65
minutes, 85 minutes and 105 minutes. SERS intensities increase with
time whereas SEROA features associated with large SERS bands, and
therefore prone to artefacts, become less intense, revealing weaker
features in the SEROA spectra.

ROA and SEROA spectra, as Efrima originally suggested
from the first theoretical model.® There are also obvious
differences between the two SEROA spectra. The SEROA
spectrum measured for the hydroxylamine-reduced colloids is
distorted in a negative direction in comparison to the SEROA
spectrum measured for citrate-reduced colloids, leading to
distortion of several features, particularly the two negatively
signed bands appearing near 1600 cm™'. Similar distortions
can arise in conventional ROA spectra from polarized Raman
bands. As has been already mentioned,”’ the polarization
effects induced by plasmon resonances may be significant
and should be considered when evaluating SEROA spectra.
The effects of polarizable SERS bands on SEROA spectra
can also be observed for the nucleoside cytidine in Fig. 5.
SERS spectra for cytidine (at 5.8 uM, 75 mW laser excitation,
3.5 minutes data acquisition per spectrum, citrate-reduced
silver colloids and 3.8 mM NaCl aggregating agent) are shown
at time intervals of 20 minutes. The SERS spectral profile is
consistent throughout this time period with five of the most
prominent bands originating in different structural features of
cytidine all changing proportionally (analysis not shown).
However, greater changes are obvious in the corresponding
SEROA spectra shown in the lower panel in Fig. 5, as
aggregation proceeds presumably due to the varying effects
of plasmon resonances on the polarization states of incident
and scattered waves as predicted by Etchegoin er al.?’ Several
apparent SEROA bands, originating from intense SERS
bands, appear to decrease in relative intensity, indicating that
these bands are probably artefacts and are being averaged out
over time. After ~45 minutes several weak SEROA bands

begin to appear; such as those at ~400, 1270 and 1460 cm ™',

suggesting that these weak features may originate from the
cytidine analyte. We note that this behaviour is similar to that
predicted by Etchegoin and co-workers®’ and illustrates that
the stability of colloids over time periods longer than those
typically used in conventional SERS needs to be characterized.
Although the SEROA spectra presented in Fig. 4 and 5 are not
definitive proof of the SEROA technique, they do illustrate the
importance of characterization of SEROA bands and how
these can vary with time and the aggregation behaviour of
colloids.

A single SEROA study of a chiral pentapeptide, enkephalin,
has been reported.®' Since then, several studies have been
reported on proteins, by the same group, who showed that
the sensitivity of SEROA is conditioned by optimization of the
concentration of the analyte, colloid and aggregating agent
composing the sample.*

In Fig. 6, the intensity of two resonance SERS peaks for
myoglobin using 532 nm are plotted as a function of concen-
tration of myoglobin (Fig. 6a), Ag colloids (Fig. 6b) and NaCl
(Fig. 6c), respectively. The two peaks, being the symmetric
(solid line) at 1374 cm™' and anti-symmetric (dashed line)
(1169 cm ™) v(pyr half-ring) stretching modes, were chosen to
monitor SERS intensity as they were found to be independent
of the signal-to-noise ratio, which originates mainly in fluor-
escence. The results clearly show a dependence of SERS
intensity on variation of the sample concentration conditions.
The optimum conditions, i.e. the best SERS spectrum of Mb
was achieved at 1077 M myoglobin, 70% Ag and 0.1 M NaCl,
as it is shown in Fig. 7a.

It is worth mentioning that, while the number of molecules
per unit volume is important when measuring Raman spectra,
the number of molecules currently adsorbed at SERS active
sites influences the detected intensity in SERS spectra. This
explains the intensity behaviour observed in Fig. 6, in which,
as the sample concentration initially increases, the number of
SERS active sites will also increase, and consequently higher
SERS intensity will be obtained. This response will continue
until a maximum limit has been reached, beyond which any
increase in the sample concentration will yield a decrease in
SERS intensity due to an increase in the background or/and
increased fluorescence, which results from the sol aggregating,
leading to an increase in opacity, especially in the case of
coloured samples like myoglobin.

Resonance enhancement of Raman scattering (RRS) occurs
when an electronic transition is triggered by the incident light.
The electronic excitation increases the Raman scattering prob-
ability of vibrational normal modes in the spatial vicinity of
the chromophore, so enhancing these signals. When RRS
enhancement couples with surface plasmon enhancement, a
further enhancement of the resonant vibrations occurs, known
as surface enhanced resonance Raman scattering (SERRS).
Therefore, the SERS measurement for myoglobin at 532 nm
shown in Fig. 7a is actually a SERRS spectrum. SERRS
measurements are, of course, only possible when there is
sufficient overlap between the electronic transition frequency
of the sample and the surface plasmon resonance of the
nanoparticles. In extension of the terminology described
above, measurement of ROA under electronic resonance
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conditions leads to resonance ROA (RROA), and the combi-
nation of electronic resonance with SEROA generates reso-
nance SEROA (SERROA).

The RROA and SERROA spectra of myoglobin at 532 nm
are also shown in Fig. 7b and c, respectively, with the
SERROA measurement being carried out under the optimized
conditions mentioned above. Chiral peaks in the spectrum
were observed after only a few minutes but, in order to achieve
a better signal-to-noise ratio, the measurement was performed
for 5 minutes. The SERRS signal was simultaneously moni-
tored for erratic hot-spots and was found to be stable during
the experiment. In order to verify the authenticity of the
surface enhanced effect, a RROA spectrum of myoglobin of
100 uM concentration was also recorded, as shown in Fig. 7b,
which was acquired over no less than 32 h in order to achieve a
sufficient signal-to-noise ratio. Comparing the RROA and
SERROA spectra in Fig. 7, it is noticeable that the chiral
signals of myoglobin, labelled with corresponding frequencies,

are similar in both spectra. In particular, the region 1300-
1400 cm ™', which also exhibits the largest signal enhancement
in the SERRS spectrum, has a considerable signature overlap
around 1395, 1353, 1321 and 1299 cm™'. The SERROA peak
around 1353 ecm™! appears to have bigger FWHM than the
corresponding RROA feature, which may explain the absence
of bands at ~1366 and 1344 cm™'. All Raman bands in this
region have previously been assigned for the RRS spec-
trum,*>* and have been shown to be enhanced by the
resonance Raman effect at the laser excitation used,
532 nm.*>> At the sample concentration used of 100 pM,
conventional ROA bands from polypeptide backbone vibra-
tions would be too weak to measure, so the peaks found in the
RROA spectrum in Fig. 7 are assigned to the resonance
enhancement of the porphyrin vibrations. Addition of the
colloids and aggregation agent, NaCl, leads to further en-
hancement of SERS and SEROA bands and to a combination
of resonance and surface enhancement of chiral signals.
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Abdali et al. have also recently reported the SERRS and
SERROA spectra of another porphyrin-containing protein,
cytochrome ¢.*® The RRS, RROA, SERRS and SERROA
spectra of cytochrome c are shown in Fig. 8a—d, respectively.
RROA features observed for cytochrome ¢ are unlike those
typically observed for globular proteins, indicating that the
chiral signals measured originate in vibrations of the porphy-
rin ring. In the range 1100-1700 cm ™', most of the RRS bands

"“ - - A'J /
= M | pE 2 R ‘
3 o5k E F MR /

g :

T

T I I v,
& w{‘!‘IVl\"jwwr h\ﬁln;’ V\,’F l}\f‘gﬂﬂl‘fm‘f\vd \L’jﬂ\f‘ﬁ%‘wﬂ'\{;\ﬁ

6
Ml =S

i | s
[2.5!10 = 32

1600 1400 1200 1000 800 60O 400

wavenumber / ¢m™'
. Vie ¥, Ya b o
£ A, 8 & A&
‘o v | Y2 2 ©C Nk
ilsx10’) \'. | S o J'J‘- S, ¥ ‘r \ A
— / \ RV WAV IR A ~ e
= o\ VUV QAN W
[ / - \_/ Yy
A |
| A & \,\\ /'
0+ e A
d . v Y
|
nof
'JO- AW
- [T Ay
W [
I 1 v 3
l1.5x10° | ¥ )

1600 1400 1200 1000 800 600 400
wavenumber / cm’’

Fig. 8 Resonance Raman (a), ROA (b), SERRS (c) and SERROA
(d) spectra for cytochrome c.*® Control SERRS and SERROA spectra
for colloid in the absence of cytochrome c are shown as dotted lines.

observed for cytochrome ¢ are assigned to strongly enhanced
in-plane vibrations that also give rise to contributions for the
major features in the RROA spectrum shown. While the v
and vq; transitions have positive resonance ROA, the v
signal, located between these vibrations, appears to be a
negative—positive couplet, indicating contributions from two
transitions. A comparison of the resonance ROA spectra of
cytochrome ¢ and myoglobin strongly suggests that the ob-
served signals are from the porphyrin group in a chiral
environment.>

In-plane transitions can be assigned to the bands v,y and vy,
both of which exhibit positive ROA. Interestingly, the pre-
dominant feature of this region of the spectrum is due to vy, a
transition whose resonance enhancement is highly sensitive to
the excitation wavelength, not being very strongly enhanced
by the Q-band excitation caused by the 532 nm laser employed
in the measurement. It appears that the collective half ring
stretching vibration responsible for the v, signal is highly
chiral, resulting in a strong signal. Between 800 and
1100 cm ™!, a number of less enhanced signals can be assigned
to local in-plane vibrations, deformations and side chain
vibrations with correspondingly weak ROA contributions.*®
Notable exceptions are the two overlapping bands assigned to
vss and the propionate stretching vibration at ~974 cm™!,
which appear as a positive—negative couplet in the RROA
spectrum. The strongly enhanced v,s is the main feature of the
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wavenumber region below 800 cm™!, again giving rise to a

positive RROA signal, whereas the remaining signals in the
region exhibit limited or no ROA.

The RRS and SERRS spectra for cytochrome ¢, shown in
Fig. 8a and c, respectively, are remarkably similar. Other than
a slight fluorescence background in the SERRS spectrum, the
main differences between the RRS and SERRS spectra are: the
selective surface plasmon enhancement of transitions vy and
v, almost concealing vi9; the stronger enhancement and
inversion of intensity relation of v,y and v4 compared to v,
and the inversion of intensity relation of v3y and vy,. The
spectrum of a negative control sample, prepared by replacing
protein with water, is also presented (dotted line in Fig. 8c).
The SERROA spectrum of cytochrome ¢, Fig. 8d solid line,
retains several of the main features of the RROA spectrum
(Fig. 8b), while the dotted line represents, analogous to the
SERRS spectrum in Fig. 8c, the negative control spectrum for
a mixture of only colloids and water, which also shows the so-
called noise level of the measurement. It is worth noticing that
there is some degree of correlation between the enhancements
of Raman active transitions in SERRS and the corresponding
SERROA signals. In the wavenumber region above 1100
cm™!, the peaks corresponding to the vy and vy transitions
reproduce the positive signals found in the RROA spectrum,
whilst the vi9 couplet is decreased to the noise level. In
addition to the fact that this transition appears to be less
enhanced by the plasmon effect compared to the two other
transitions, the lack of a SERROA signal may also be due to
an increased polarization of the transition (or transitions)
resulting in artefact prone data collection. The v,o SERROA
signal is in good agreement with the RROA, whereas the vy
SERROA signal is considerably less enhanced in comparison
to other peaks in this region. This feature is rather interesting,
as the SERRS spectrum of cytochrome ¢ shows a favourable
enhancement of the v, transition compared to v,g, while the
RROA band from v, is pronounced, an effect that is appar-
ently reversed in the SERROA spectrum.

Other significant differences can be observed between the
RROA and SERROA spectra, seen in Fig. 8b and d, respec-
tively, of cytochrome c¢ for a number of bands, including the
loss of the vy band for the SERROA measurement, possibly
due to changes in the dipole moment and polarization of the
molecule when adsorbed to the silver colloids or from sym-
metry changes in the porphyrin. The full inversion of the
SERROA vy, band also indicates a possible symmetry inver-
sion in the prosthetic group. This change is even more
pronounced when examining the weak couplet, assigned to
the overlap of v4s and the propionate stretching vibration at
974 cm™! in the resonance ROA spectrum. Whilst this couplet
was positive—negative in the RROA spectrum, the SERROA
spectrum reveals a weak negative—positive couplet, the nega-
tive portion of the couplet commencing immediately after vs;.
In addition to being an interesting contribution to the overall
understanding of plasmon effect and the influence on adsorbed
molecules to metal surfaces, the inversion of these bands also
shows how cautious one must be when using ROA spectra to
assign spectral features in SERROA spectra. Janesko and
Scuseria'? found that quadrupolar responses of the substrate
may significantly enhance ROA in certain cases, which could
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Fig. 9 SERRS (a) and SERROA (b) spectra for myoglobin, and
SERRS (c) and SERROA (d) spectra for the myoglobin—azide
complex.®’

explain the apparent lack of SERRS signal from v,, as the
SERROA signal is enhanced.

The sensitivity of SERROA has also recently been used to
investigate ligand binding by myoglobin.’’ SERRS and
SERROA spectra of Mb are shown in Fig. 9a and b, respec-
tively, while SERRS and SERROA spectra of the myo-
globin—azide complex are shown in Fig. 9c and d, respectively.
No significant differences can be seen when SERRS spectra of
Mb and Mb+ azide are compared, whereas larger differences
are apparent in their corresponding SERROA spectra, seen in
Fig. 9b and d. This demonstrates that the sensitivity to
structural perturbations inherent to ROA spectroscopy is
retained in SERROA. The v,g couplet is not wavenumber
shifted upon binding of the azide ion, and it is believed that the
normal mode responsible for v,g, a C,—C,, stretching mode, is
not strongly influenced by ligand binding. The corresponding
SERROA signals, together with signals due to v, and the
vinyl in-plane bending mode at 1305 cm ™!, represent the main
porphyrin signature in the myoglobin spectra. In the
SERROA spectrum, the vg4 transition can be assigned to a
negative—positive couplet and the negative contribution
following this feature to vy4;, also originating from a symmetric
half-ring stretching vibration. In the region 1200-1400 cm™!,
wavenumber shifts can be observed in addition to changes in
intensity ratios by ligand binding, indicating structural
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changes in the porphyrin. Upon binding of azide to the
porphyrin, the couplet assigned to vs4 broadens by 8 cm™!,
blue shifting the negative contribution whilst red shifting the
positive contribution. As a result, the SERROA signals
assigned to vy, and the vinyl in-plane bending mode appears
to be slightly red shifted, taking into account that the noise
observed in the myoglobin spectrum does not allow for
unambiguous peak intensity assignment. This broadening of
the porphyrin SERROA signature may indicate structural
changes in the porphyrin upon complexation of the azide.

Although spectral changes occur in the RRS spectra of
myoglobin above 1500 cm™' upon complexation of azide,
only a few SERROA band changes were found,?” suggesting
that the localized porphyrin transitions found in this region
are less susceptible to chiral analysis. However, it should be
emphasised that the structural changes induced by complexa-
tion of azide or other small ligands in porphyrin-containing
metalloproteins are very small (less than 0.5 A), and cannot be
determined directly by X-ray diffraction. Therefore, the ability
of SERROA to detect these structural changes is highly
promising for future work in this direction.

4. Conclusions

The measurement of the SEROA effect has proven a challenge
since it was first proposed, though recently SEROA spectra
have been reported for biological molecules. This success
shows that SEROA has considerable potential as a new
chiroptical probe of molecular structure and molecule—surface
interactions. The original rationale for investigating SEROA
was to increase the sensitivity of the relatively weak ROA
effect and so extend its applicability to biological samples at
much lower concentration. As SEROA is still a very new
technique it is not yet clear how readily applicable it will be to
all biological molecules, but current and future studies will
answer this question. We note that considerable care should be
taken to optimize experimental parameters in order to mini-
mize spurious signals or other artefacts. Furthermore, the
SEROA technique still awaits a definitive proof through the
measurement of mirror image spectra for enantiomers. It is
also not yet clear if the high CID values that have been
predicted as being possible will be observed, as the few reliable
SERROA spectra so far reported have also been recorded
under electronic resonance conditions. Nevertheless, consider-
able progress has been made in terms of both experimental
results and in developing more detailed and insightful theore-
tical models. Improved theoretical models can be expected to
provide further insight into SEROA mechanisms and poten-
tially allow the molecular orientation of an analyte to be
determined. As with SERS investigations of analyte-metal
interactions, a population of randomly oriented analyte
molecules may be expected to yield a composite spectrum
from their individual SEROA contributions, though with
these individual contributions also being sensitive to confor-
mational heterogeneity. It is possible that molecular orienta-
tion of an analyte on a metal surface can change with time
and, though this is being examined with SERS, SEROA band
patterns may be expected to be particularly sensitive to such
reorientation events as chiroptical band patterns cancel out for

opposite stereochemistries. Although this behaviour is likely
to complicate SEROA measurements, with careful optimiza-
tion of experimental conditions it also suggests a new method
for probing the dynamic behaviour of analyte—metal interac-
tions. Alternatively, it may be possible to control such beha-
viour through ordered samples, such as in Langmuir-Blodgett
films, engineered nanostructures or three dimensional nano-
particle arrays, and so stabilize SEROA signals.

New techniques often lead to unexpected applications or
scientific advances and it is still too early to confidently predict
the future impact of SEROA. However, the work reported to
date has highlighted several avenues of research that warrant
investigation. Experiments have only been conducted for a
small number of analyte molecules but the combination of
electronic resonance mechanisms with the surface plasmon
resonance enhancement, in the form of SERROA, has so far
proven more successful than measurements of SEROA. The
SERROA strategy may also allow detailed comparisons of the
two enhancement mechanisms and serve as a novel probe of
metalloprotein Ligand binding analysis by
SERROA may develop into an extremely powerful method
in the future, as a more solid understanding of the signals
associated with this surface plasmon enhanced differential
spectroscopy is achieved. Understanding and recognising
prosthetic group SERROA signatures could be combined with
ab initio calculations as the porphyrin signals observed appear
to be only weakly dependent on the surrounding protein
structure, and calculations restricted to the active site should
produce reliable results.

SEROA intensities measured to date are low and whether
this is due to the chemical enhancement effect rather than the
electromagnetic effect, which is strongly dependent on the
polarization, is a matter of speculation. Future research on
this question may be informative for developing a better
understanding of SERS mechanisms in general. The antici-
pated extension of SEROA experiments to the NIR frequency
domain will allow use of more stable gold nanostructured
substrates, potentially making experiments easier and more
reliable. At the very least, SEROA spectra measured using
gold and silver surfaces could provide complementary
approaches to developing the technique. As the number of
reliable SEROA spectra increases, we will then be better
placed to assess their usefulness as spectral fingerprints for
different types of biological molecules, as sensitive probes of
structural changes and as monitors of chiral surface-analyte
interactions.

structure.
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