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ABSTRACT: Circular polarization-resolved Raman scattering methods include
Raman optical activity (ROA) and its derivative—surface-enhanced Raman optical 30
activity (SEROA). These spectroscopic modalities are rapidly developing due to 20
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their high information content, stand-off capabilities, and rapid development of == -
Raman-active chiral nanostructures. These methods enable a direct readout of the =%

vibrational energy levels of chiral molecules, crystals, and nanostructured materials,
making it possible to study complex interactions and the dynamic interfaces
between them. They were shown to be particularly valuable for nano- and
biotechnological fields encompassing complex particles with nanoscale chirality that
combine strong scattering and intense polarization rotation. This perspective dives =
into recent advancements in ROA and SEROA, their distinction from surface- 300 500 700 900 1100 1300 1500
enhanced Raman scattering, and the potential of these information-rich label-free Wavenumber (cm’)
spectroscopies for the detection of chiral biomolecules.
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1. CIRCULAR POLARIZATION-RESOLVED RAMAN
SCATTERING: A BRIEF OVERVIEW

Chiral molecules and particles, whose mirror images cannot be
superimposed onto each other, interact differently with left-
handed and right-handed circularly polarized (LCP and RCP)
light. Their response to light with different circular polar-
izations is determined by their anisotropic and complex
refractive index. Differences in the imaginary part of the
complex refractive index result in different absorptions of LCP
and RCP light, which is known as circular dichroism (CD). On
the other hand, differences in the real part of the complex
refractive index induce rotation of linearly polarized light, a
phenomenon known as optical rotatory dispersion (ORD).
Because of the high relevance of molecular chirality in biology
and medicine, it is important to develop highly sensitive
techniques for the detection of molecular chirality, typically
relying on CD and ORD spectroscopies. However, the
chiroptical response of most biomolecules is weak (107° to
1072 of absorbance differences in response to LCP and RCP
light)," which restricts their application to sensing of chiral
analytes at the microgram level. The CD and ORD response
can be dramatically enhanced by nanoscale assemblies of
plasmonic and semiconductor nanoparticles (NPs), due to
their dimensional match with photons in the visible range of

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

the spectrum and the high polarizability of inorganic
nanostructures,” but the information content from these
spectra is limited to the electronic excitation levels of the
nanomaterials. Vibronic levels characteristic of various
oscillations in the chemical structures are more informative,
enabling the identification of angstrom-, nanometer-, and
micrometer-scale chirality.

CD and ORD spectroscopies operate primarily in the visible
and near-infrared regions, focusing on electronic transitions.
Circularly polarized luminescence (CPL) from chiral nano-
structures encompasses circularly polarized fluorescence and
scattering, resulting from the photoexcitation of electronic
states. Chiroptical spectroscopies developed for wavelengths in
the mid-infrared and terahertz (THz) regions focus on
vibrational energy levels and some virtual electronic states.
These spectroscopies include Raman optical activity (ROA),

Received: December 31, 2023 - RNE
Revised:  March 20, 2024 a
Accepted: April 16, 2024
Published: May 6, 2024

https://doi.org/10.1021/acsnano.3c13228
ACS Nano 2024, 18, 12589—12597

- dJAll)Jd d4d


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Engin+Er"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsz+Him+Chow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+M.+Liz-Marza%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+A.+Kotov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c13228&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13228?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13228?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13228?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13228?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/20?ref=pdf
https://pubs.acs.org/toc/ancac3/18/20?ref=pdf
https://pubs.acs.org/toc/ancac3/18/20?ref=pdf
https://pubs.acs.org/toc/ancac3/18/20?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Nano

www.acsnano.org

(G

Ig — Ip, (10~%cm?/sr)

3 — (+)-2Brhh

, / — (-)-2Brhh

[

1400 1200 1000
wavenumber (cm™~!)

1600 800

Figure 1. (a) Energy-level diagrams of different ROA measurements illustrating the definition of ROA for a molecule undergoing a transition
from the zeroth (g,) to the first (g;) vibrational level of the ground electronic state. Reprinted with permission under a Creative Commons
CC BY License from ref 15. Copyright 2018, Wiley-VCH. (b) Schematic illustration of ICP-SEROA, in which the chiral response originates
from a selective interaction between chiral molecules and incident left- and right-circularly polarized light on a nanostructured plasmonic
surface. Reproduced with permission from ref 10; copyright 2020, Wiley-VCH. (c) SEROA for the two enantiomers of 2Brhh on a silver
surface, calculated using the dressed-tensors formalism. Insets show the energy levels involved in the Raman active vibrational modes.
Reproduced with permission from ref 30; copyright 2014, American Chemical Society.

vibrational circular dichroism (VCD), and terahertz circular
dichroism (TCD).> ROA* and its spectroscopic cousin known
as surface-enhanced Raman optical activity (SEROA)’ have
the potential to drastically broaden the spectrum of
applications of chiral spectroscopies. Starting from the
pioneering works of L. Barron,”” ROA has been recognized
as a powerful tool to examine the structural and conforma-
tional aspects of chiral molecules, by measuring the difference
of Raman scattering intensities of chiral molecules under RCP
and LCP incident light. The intensity of ROA peaks depends
on the chirality of the scattering molecules/particles and the
polarization state of incident light relative to the molecular
geometry,” as well as the instrument geometry, because the
ROA and SEROA spectra can change drastically for side-,
front-, and backscattering.l’4 For some substrates with
anisotropic placement of chiral nanostructures and Raman-
active molecules/particles, the angular dependences should be
taken into account as well. Under standardized conditions, by
comparison of the peak positions and intensities with
conventional Raman, VCD, and Fourier transform infrared
(FTIR) spectroscopies, ROA adds sensitivity to mirror
asymmetric oscillations. Capitalizing on information content
from handedness of vibrational motions, SEROA leverages
surface enhancement in high-magnitude electromagnetic fields,
resulting in an amplification of weak ROA signals by several
orders of magnitude and making it particularly attractive for
the selective detection of enantiomers of small molecules.
SEROA intensity and polarization asymmetry factor, gseroa
are commonly used parameters to quantify the degree of
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enantioselectivity: SEROA = Iycp — Iicp; gsroa = 2(Ircp —
Iicp)/(Ixcp + Lcp),” where I;cp and Incp are intensities of
Raman scattering of LCP and RCP light.” The ROA spectra
enhanced by chiral metamaterials have previously been utilized
to discriminate between globular proteins with high a-helical
content and more structurally anisotropic proteins with high -
sheet content as well as higher-order hierarchical protein
structures.”” Recently, the strong local chiral electromagnetic
fields generated from highly polarizable chiral nanostructures,
such as NPs and their assemblies, have been employed for
enantiomeric discrimination by surface-enhanced Raman
scattering (SERS)-chiral anisotropy effect."’™"* High local
electromagnetic field strength in assemblies of chiral/achiral
plasmonic nanostructures leads to Raman scattering enhance-
ment for both enantiomers, but one of them shows much
stronger SERS signals owing to the match with molecular

chirality.

2. VIBRATIONAL SPECTROSCOPIES: FROM ROA TO
SEROA

Chiroptical spectroscopy techniques, such as vibrational
circular dichroism (VCD) and ROA, can be employed in
combination with IR and Raman spectroscopy.” VCD and
ROA stem from the interaction between chiral compounds and
circularly polarized infrared light. Due to the reasons
mentioned above, these methods, collectively referred to as
vibrational optical activity (VOA), are linked to changes in the
energy levels of molecular vibrations within a molecule’s
electronic ground state. VOA measures the differential
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response of a medium to LCP and RCP light at wavelengths
corresponding to vibrational transitions in the infrared region.
The VCD eftect is based on different vibrational absorptions
for LCP and RCP electromagnetic waves. Although it is
possible to use polarized IR light to measure both the VCD
and ROA effects, it is often more practical to make use of
ROA, defined as the difference in Raman scattering for the
RCP and LCP light. ROA is more localized and more reflective
of molecular configuration, compared to vcD.*

ROA differs from regular Raman spectroscopy in that it
provides an additional dimension of information: the sign of
the spectral features, depending on whether Ijcp or Ipcp is
larger. Water is an excellent solvent for Raman spectroscopy,
unlike FTIR and VCD, due to the low background scattering,
absorption, and luminescence. ROA spectra are more complex
but offer a wealth of information. The wavenumbers of Raman
and ROA bands are similar. ROA spectra are divided into four
regions: low wavenumber (250—600 cm™"), anomeric (600—
950 cm™'), fingerprint (950—1200 cm™'), and CH,/COH
deformations (1200—1500 cm™).">"* Multiple spectral bands
in ROA have been utilized to establish correlations with the
secondary structures of (bio)molecules. Indeed, valuable
insights have been obtained into the absolute configuration,
anomeric preference, and conformation of carbohydrates. The
key information that can be extracted from ROA signatures
includes the absolute configuration of the anomeric center, the
anomeric preference, and the orientation of the anomeric
hydroxyl group, available by analysis in the low-wavenumber
region and in the anomeric region.

For ROA measurements, the Stokes calculus is applied to
analyze the light-scattering process. Four types of ROA
measurements are commonly distinguished: (1) incident
circular polarization (ICP) ROA; (2) scattered circular
polarization (SCP) ROA; (3) in-phase dual circular polar-
ization (DCP;) ROA; (4) out-of-phase dual circular polar-
ization (DCP,) ROA (Figure 1a)."> Most experimental groups
use backscattering SCP-ROA, which can be accomplished
using commercial Raman spectrometers, owing to a better
signal-to-noise ratio. The backscattering mechanism has been
developed for more than ten years. However, ROA signals are
weak, 3—S5 orders of magnitude weaker than the corresponding
Raman scattering, which is not an example of a highly efficient
spectroscopic process either. ROA is conventionally charac-
terized by I* — I*, where I" and I" are the scattered intensities
in right- and left-circularly polarized incident light. However,
VCD utilizes the convention of subtracting right-handed from
left-handed polarized light. The relative “strength” of ROA can
be assessed by circular intensity difference (CID) defined as A
= (® = I)/(I* + I'). The values of CID for ROA are usually
less than 1073,

ROA requires long acquisition times and is associated with
strong background noise, which hinders both the selectivity
and the sensitivity of chiral analysis. Therefore, enhancement
of the ROA is needed to accurately determine the vibrational
fingerprints of molecules and NPs. Similar to SERS, SEROA
can be achieved through the enhancement provided (mainly)
by the high electric fields induced when plasmon resonances
are excited in metal nanostructures.'®'” The collective
oscillations of free charge carriers in plasmonic systems lead
to the concentration of light into near-field regions at the
nanoscale, thereby providing an efficient way for the
manipulation of light intensity, propagation direction, and
polarization at nanoscale.'® The large electromagnetic field at

“hotspots” has been reported to enhance the Raman scattering
signal of nearby molecules by as much as 10® times, enabling
extremely high sensitivity, even down to single molecule
detection under certain conditions,'’ as well as selectivity of
specific vibrational signals in complex matrices.”’

As early as 1983, Efrima successfully demonstrated the
possibility to combine plasmonic enhancement with ROA, to
achieve SEROA for chiral molecules adsorbed onto a metal
surface.”’ The concept of incident circular polarization-
SEROA (ICP-SEROA) is schematically illustrated in Figure
1b, where the chiral response stems from the specific
interaction between chiral materials and incident circularly
polarized light on SERS substrates. Kenipp et al. used the
DCP; ROA setup to record CID signals of adenine in silver
colloidal solution, 1 order of magnitude higher than the best
values reported for classical ROA.”* At 10 yg/mL adenine in
silver colloidal solution, a 50 mW excitation laser yielded a
SEROA spectrum in 10 s, whereas classic ROA demands at
least 10 mg/mL, several hours of collection time, and 700—
1000 mW lasers.

SERS alone has additionally been explored as a method for
identifying chiral molecules without relying on the signal
differences under LCP and RCP light excitation. However, this
approach often necessitates the modification of SERS
substrates by using chiral selectors or homochiral environ-
ments. Such modifications might potentially impact the chiral
sensing process or comPromise sensitivity and selectivity in
chiral discrimination.”>”>” Similar to SERS, harnessing
plasmonic hotspots is one of the most promising strategies
for boosting the peak intensity. However, it should also be
noted that plasmonic hotspots utilized in SEROA do not
necessarily mean chiral hotspots because the chirality of metal
NP substrates depends on collective mirror asymmetric
plasmon modes, formed along the entire structure.””*” For
example, a dimer of nanorods is chiral when they are tilted
with respect to each other but cannot possess chiral character
for configurations where both dipoles are exactly parallel to
each other, resulting in a zero net dipole moment. Plasmonic
NP-based substrates possessing both plasmonic and chiral
hotspots should be fabricated under tight control of the
collective plasmon modes. Based on atomistic electro-
dynamics—quantum mechanical models simulating SEROA
for the two enantiomers of 2-bromohexahelicene, SEROA
intensity could be maximized by manipulating the local electric
field and field gradient, the orientation of the molecule, and the
surface plasmon frequency width (Figure 1c).*

Chiral plasmonic metal nanostructures have recently
demonstrated chiral electromagnetic field enhancement and
strong interaction with chiral materials,”" which is highly
beneficial in SEROA. Moreover, the local asymmetric sites
(chiral component) exposed on chiral NPs induce stereo-
specific molecular interactions, enabling direct label-free chiral
differentiation.'”™"* The so-called superchiral fields (i.e., those
whose chiral dissymmetry exceeds that of the fully circularly
polarized light) generated by chiral Shuriken metamaterials
(Figure 2a) have been utilized to discriminate between
globular proteins with high a-helical content and more
structurally anisotropic proteins with high f-sheet content.”
The strong local chiral electromagnetic field generated by
highly polarizable chiral platforms (i.e., chiral nanostructured
Au films and chiral triangular nanorings, Figure 2b,c) have
been employed for enantiomeric discrimination by chiral
anisotropy of SERS, induced by the chiral-selective enhance-
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Figure 2. (a) Scanning electron microscope images of a left-handed
templated plasmonic substrate. Reproduced with permission from
ref 9; copyright 2015, American Chemical Society. (b) SEM image
(left) of helical Au nanofibers vertically grown on a Si wafer and
the corresponding scheme (right) of a right-handed chiral Au fiber.
Reproduced with permission from ref 10; copyright 2020, Wiley-
VCH. (c) TEM images of L-Pt@Au (left) and D-Pt@Au (right)
triangular nanorings. Reproduced with permission from ref 11;
copyright 2021, Wiley-VCH (d) SEM images of helicoids before
(left) and after templated assembly (right). Reproduced with
permission from ref 12; Copyright 2022, Nature Publishing
Group.

ment between enantiomers.'”'" A biomolecular sensor plat-
form has been more recently realized by 432 helicoid III NPs
(helicoids) to detect microRNA-21 (miR-21) and the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex (Figure 2d). The miR-21 sensor was
located on the helicoids, while the SNARE segment was
positioned between the helicoids.

3. CHIRAL PHONONS: LONG-RANGE VIBRATIONAL
STATES WITH A TWIST

Besides local vibrational states typical for the small molecules
described above, ROA and SEROA can detect the long-range
coherent vibrations of multiple coupled bonds. They typically
propagate through the crystal structure but can also be
standing waves, commonly referred to as phonons. When these
long-range oscillations have concerted twisting or rotational
motion, they are called chiral phonons. Chirality of phonons
manifests itself as vibrational patterns within solids, where the
constituent atoms exhibit perpendicular rotational movement
relative to their propagation direction. Chiral crystals and
nanostructures, both organic and inorganic, lift degeneracy for
left-handed and right-handed phonons, resulting in strong
circular polarization-resolved vibrational spectra. The asym-
metry of molecular geometries and related rotations in chiral
nanostructures can be inferred from the intensity and spectral
position of chiral phonons, which makes ROA/SEROA
particularly important.*

The collective transversal and longitudinal motions of atoms
in chiral phonons lead to circular polarization and nonzero
angular momentum. Chiral phonons possess, therefore, strong
orbital magnetic moments, leading to a phonomagnetic effect
akin to the optomagnetic effect observed in atomic rotations
with helical structures.” These atomic motions have been
classified based on their shape of band structures including
pseudomomentum (PM) and pseudoangular momentum
(PAM), which are caused from translation and rotation
symmetries.”’35 Interestingly, crystal structures present differ-
ent PM and PAM behaviors that correspond to the linear and
circular motions of a molecule in space. Ishito et al. developed
a method to assign ROA features detected in chiral tellurium
single crystals by evaluating PAM values of phonons.*®
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Figure 3. Schematic representation of crystalline chiral Co;O, NPs, synthesized in the presence of D-Cys (A) and L-Cys (B). (C, D) Raman
and ROA spectra of D-Cys and L-Cys Co;0, NPs in scattered circular polarization ROA mode under 532 nm laser irradiation. Reproduced

with permission from ref 37; copyright 2018, AAAS.
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The implementation of ROA with phonon modes enables
the determination of chiral distortions in the crystal lattices.
For instance, Yeom et al. reported a strong chiroptical activity
at 377 cm™! for D-/L-cysteine (Cys)-stabilized Co,0,,
corresponding to chiral phonons in Co;0, (Figure 3).”
Variable chiral geometries enable microstructures in specific
shapes, eg., the hierarchical assembly of helical chains of Cys
interconnected with Cd*" ions lead to size-controlled left- and
right-twisted bowties.”® The chiroptical activity of these
bowties was remarkably improved, with 10 times enhancement
of chiral phonon responses in ROA.

Chiral phonons were theoretically predicted’” and exper-
imentally observed in transition-metal dichalco§enides
(TMD), such as MoS,, and their twisted stacks.*”*" Ishito
and co-workers reported the use of circularly polarized Raman
spectroscopy to determine the chirality and ROA of three-
dimensional a-HgS, by measuring the phonon mode response
and splitting.”” These results revealed the importance of
phonons in the spatial imaging of chiral domains in 2D
nanostructures. On the other hand, Lacinska et al. studied the
chiral properties of tantalum disulfide in the 1T phase (1T-
TaS,) by polarization-resolved Raman spectroscopy. The
observed phonon spectra at low-frequency regions under 532
nm laser excitation, originating from its phase transition,
supported the ROA of chiral 1T-TaS,."> The unusually high
intensity and structural sensitivity of chiral phonons to details
in a crystal lattice make a great contribution to studying the
chirality of complex opaque materials on a macroscopic scale
by using ROA.

4. BIOLOGICAL APPLICATIONS

Circular polarization-resolved detection of multiple vibrational
levels is a spectroscopic tool with particular interest for
biology. The development of SEROA was particularly useful in
this respect because ROA suffers from weak and reproducible
responses toward target molecules.”* Although SEROA-based
systems still suffer from problematic issues in the generation of
reliable and high signal-to-noise (S/N) ratio spectra, they
unexpectedly present the capability for enantiomeric separa-
tion with promising sensitivity for biomolecules. Osinska et al.
successfully obtained strong SEROA signals for D/L-Cys
discrimination on macroscopic rough silver substrates prepared
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by electrochemical techniques. Whereas the ROA spectra of
D/L-Cys can be seen at high concentrations, macroscopic
silver particles play a key role to generate SEROA spectra, with
enhancements of 3—4 orders of magnitude compared to ROA,
due to their unique structural and plasmonic properties.*’
Most often, plasmonic structures for SEROA applications
involve colloidal systems, which are highly sensitive to the
synthetic conditions, potentially leading to aggregation, in turn
affecting the SEROA performance. Pour et al. reported the use
of citrate-reduced silver colloids in the presence of
polycarbopol as a stabilizing agent for D/L-ribose separation.
The addition of the polymer provided a reproducible and
strong SEROA signal, by reducing the effect of plasmon
resonance-induced changes in circularly polarized light that
typically plague SEROA experiments.*® This example points
out the high relevance of NP surface chemistry for the
enhancement of analyte—plasmonic surface interactions. In an
interesting piece, Das reported the self-assembly of linkers
leading to spontaneous chiral aggregation on silver colloids and
their subsequent use as SEROA substrates for sensing of chiral
amino acids and their conformations. Specifically, mercapto-
pyridine derivatives were functionalized on silver surfaces to
induce chirality. The results underlined the importance of
linker selection on the detection of chiral molecules by
SEROA. This method also allowed the detection of chiral
amino acids in low concentrations, below 10~ M, which
represents a satisfactory sensitivity for amino acids in
concentrations found in biological samples such as blood."”
Practical applications of SEROA are particularly relevant in
the fields of protein, peptide, and DNA detection. The
enhanced sensitivity offered by SEROA allows for the
detection of proteins at low concentrations, including those
in complex biological media. The ability to gain chiral
information from these systems can advance our understanding
of protein interactions and folding and misfolding, which are
central to many biological processes and diseases. In this
respect, we can mention the work by Johannessen et al. for the
SEROA-based sensing of cytochrome c (Cytc) using colloidal
silver particles. A distinct SEROA spectral pattern caused by
skeletal porphyrin vibrations for Cytc was observed at
concentrations as low as 1 uM, confirming the higher
SEROA sensitivity toward specific vibrations that cannot be
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detected with SERS under the same experimental conditions.
The proposed SEROA substrate can be useful not only for
sensing of proteins but also to learn about protein interactions
in biological matrices.”® The authors also reported the SEROA
analysis of myoglobin, a protein essentially located in muscles,
at the single molecule level using similar silver colloids. The
resonance ROA spectra of myoglobin were remarkably
improved when adsorbed on silver colloids and using a 532
nm laser. Intense and sharp chiral signals measured at the
frequency range of 1300—1400 cm™" in the SEROA spectrum
of myoglobin, which were assigned to vibrations of haem
precursor groups in its structure, confirm the efficiency of silver
NPs on SEROA-based protein detection.”’

However, plasmonic nanostructures may not have suffi-
ciently strong chiral sensitivity to allow ROA sensing for
complex biological media. For this reason, indirect sensing/
binding mechanisms have been proposed, similar to the use of
nanotags in immunoassays. Pour et al. reported the chiroptical
behavior induced in silica-coated silver nanotags modified with
achiral linker molecules (Figure 4). The enantiomeric analytes
ribose and tryptophan were successfully detected on Ag@SiO,
NPs functionalized with benzotriazoles as the plasmonic
substrates for ROA enhancement. The obtained mirror-
image SEROA spectra can be explained because chiral
molecules attached to the silica-coated silver nanotags possess
the enantioselectivity required to break the symmetric
environment of the achiral plasmonic cluster. Extension of
current nanotag designs will enable enhancement of chiroptical
scattering peaks and better understanding of protein—ligand
binding mechanisms.>

Sun et al. reported plasmon-enhanced ROA when surface
plasmons are launched along chiral Ag nanowires. It was
observed that the coupling angle and distance between Ag
nanowires as well as their edge morphologies were highly
sensitive toward creating surface plasmons and consequently
affected the SEROA response. The ROA signal of the essential
chiral peptide FMOC-glycyl-glycine—OH at 1593 cm™' was
significantly enhanced when chiral Ag nanowires were excited
by left- and right-circularly polarized light. This unusual
SEROA approach has promising potential to determine
interaction mechanisms and sensing applications in biological
samples.’’ The experimental approach taking advantage of the
remotely excited ROA enhanced by plasmons of chiral Ag
nanowires has been further addressed for the detection of
adenine, which is regarded as a prochiral molecule. Similarly,
Kneipp et al. developed a SEROA strategy using silver colloidal
NPs (10—S0 nm) for sensing of adenine. Once adenine is
adsorbed on a metal surface, this nucleotide loses mirror-plane
symmetry and becomes chiral. Starting from this point of view,
the SEROA peaks at ~730 cm™"' and ~1330 cm™', which are
assigned to ring-breathing and ring-stretching/ CH-bending,
respectively, indicated the successful adsorption of adenine
with one preferred chiral direction on silver NPs. The
proposed rapid and sensitive SEROA system, compared to
classical ROA, shows potential applicability for characterization
and sensing of basic biologically active molecules or racemic
drugs, which have the ability of self-assembling on surfaces.””

5. ROA, SEROA, AND SERS: UNDERSTANDING THE
DIFFERENCES

The S0th anniversary of the discovery of SERS™ ™ is an
opportune moment to distinguish it from ROA and SEROA.
SERS exploits the interaction between electromagnetic fields

and nanoscale rough surfaces to enhance Raman signals.
Although SERS, ROA, and SEROA are related techniques,
they offer unique advantages. ROA and SEROA provide chiral
information, with SEROA being capable of achieving a
significantly enhanced sensitivity, whereas SERS offers higher
sensitivity but (typically) does not provide chiral specificity.
Table 1 summarizes the characteristic features of ROA,
SEROA, and SERS.

6. FUTURE PERSPECTIVES & CONCLUSIONS

Chiroptical spectroscopy is a powerful tool, not only for
identifying the configuration of chiral molecules and selective
sensing of biomolecules in native aqueous complex media. The
primary bottleneck of SEROA is obtaining strong and
reproducible ROA signals. Researchers have made enormous
efforts to deal with these issues by fabricating SEROA
platforms based on metallic nanostructures with various shapes
and sizes for chiral molecule detection. Indeed, chiral
nanostructures with extraordinary chemical and optical
properties offer a flexible design for SEROA-based platforms.
A wide variety of substrates with variable patterns, nanoscale
architecture, and hotspot chirality morphology can be obtained
by means of modern nanofabrication techniques. We foresee
that tailoring chiral geometry, including recently developed
colloidal growth methods,”*™* will be a key point for the
future of chiral molecule separation, sensing, and interaction
studies in biological applications. The observation of ROA
from chiral phonons represents crucial developments in this
field because of: (i) sharp and strong peak resonances; (ii) a
wide range of nanostructures capable of sustaining chiral
phonons, and (iii) their strong dependence on minute
alterations of crystal lattices. The latter is particularly valuable
for the identification of minute alterations of chiral crystal
lattices. The use of chiral phonon modes may enable the
implementation of a wide range of materials, such as 2D
nanostructures and semiconductor hierarchical structures, as
SEROA substrates with enhanced chiroptical activity.

The complex and stochastic (albeit nonrandom) orientation
of target molecules on metal surfaces, including those with
weak interactions, inevitably affects the chiroptical responses.
Improved theoretical models are thus required to better
understand the SEROA mechanisms regarding the molecular
orientation to the optical surface. Optimizations including the
selection of chiroptical nanostructures and experimental
parameters, as well as theoretical models, may be highly
informative for the future design of SEROA-based applications.
It should be noted that postmodification strategies such as
covalent attachment, overgrowth of metallic structures, or the
use of stabilizing agents may also enhance surface—analyte
interactions and consequently SEROA sensitivity. Chiral
molecules that can link plasmonic NPs upon assembly can
also offer advantages toward chiral molecule detection by
improving surface—analyte interactions due to increased
potential conformational matches. We expect that 3D
chiroptical assemblies based on metallic or semiconductor
NPs as scaffolds will play an important role in the progress of
SEROA-based biological applications, e.g., by implementing
DNA origami technology for single biomolecule detection.

Considering biological, biomedical, and other applications of
ROA and SEROA, one must be mindful of potential sources of
artifacts. Similarly to CD, circularly polarized chiroptical bands
can also be generated by achiral compounds. C.R. Lightner et
al. developed an efficient Mueller-matrix model to differentiate
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Table 1. Comparison of Characteristic Features for ROA, SEROA, and SERS

SERS

SEROA
Combining the chiral sensitivity of ROA with the SERS effect.

ROA

Enhanced Raman scattering signal resulting from the LSPR of

Differential Raman scattering of circularly polarized light by chiral

Principle of the

metal nanostructures.

molecules.

technique

SERS substrate, Raman spectrometer, laser source, and IR
detector.

activity detection module, and SERS substrate.

detection module. Configuration: ICP-ROA, SCP-ROA, DCP;-ROA, &

DCP,-ROA

Raman spectrometer, circularly polarized light source, and optical activity Raman spectrometer, circularly polarized light source, optical
ROA is specifically designed to differentiate between enantiomers.

Instrumentation

SEROA allows for sensitive sensing of chiral molecules at low  Additional strategies must be employed, such as chiral

Enantiomer

plasmonic platforms, chiral auxiliary molecules, or chiral

recognition agents.

concentrations while preserving the enantiomer

differentiation capability.

differentiation

Strong enhancement, up to 10°

CID > 1073

Moderate signal enhancement,

No signal enhancement, CID typically ~10°

Signal strength

Single-molecule detection ability in biosensing and
biomedical applications, single-molecule detection.

biochemical and pharmaceutical applications, and chirality

Sensitive analysis of chiral molecules at low concentrations in
recognition.

Determination of absolute configuration, conformational analysis, and
study of molecular interactions.

Applications

(1) Enhancement variability and substrate homogeneity

(1) Heat generation through plasmonic photothermal effects

(1) Sensitivity

Limitations

(2) Interference from background signals and signal

(2) Additional functionalization strategies may be necessary,

(2) Strict requirement for molecules with sufficiently strong Raman

reproducibility

such as linker molecule attachment to a metal surface

(3) Limited availability of substrates and substrate

scattering

(3) Instrumental complexity

reproducibility

ROA responses from the artifacts generated from chiral or
achiral target molecules.”” Specifically, achiral invariants can
lead to linear depolarization and circular depolarization,
resulting in measurable ROA signals. Based on their findings,
with the elimination of these artifacts using component
decomposition identical to Muller Matrix polarimetry
(MMP), improvements not only in the sensitivity but also in
the reproducibility of ROA signals can be made. It is
particularly significant that these advances and accounting of
MMP artifacts will be in ROA studies of chiral solids with
strong Raman scattering. They can be exemplified by chiral
perovskites and chiral carbons. Development of the substrates
with variable left/right long/short pitch of plasmonic helicoids
obtained by scalable light-to-matter chirality transfer” enables
us to produce the scalable multiplexed ROA/SEROA assays
that can further increase the confidence and information
content of the MMP images and SEROA spectroscopic data
sets.

Recent advances in synthetic techniques have enabled the
preparation of chiral NPs with diverse compositions, sizes,
shapes, and precisely controlled twisted surface geometries.61
Incorporating these chiral NPs into ROA holds significant
promise in enhancing the chiroptical response and eliminating
some of the pervasive artifacts. This integration aims to
generate chiral electromagnetic near fields on NP surfaces with
robust interaction with chiral molecules. Well-defined chiral
plasmonic nanostructures should also standardize the gen-
eration and optimize the geometry of the electromagnetic
fields at plasmonic hotspots. These fields play a pivotal role in
facilitating chiral discrimination and effectively determining
biomolecular handedness. In addition to plasmonic NPs,
dielectric nanomaterials offer an exciting path toward
SEROA.”> All-dielectric NPs may allow the elimination of
spectral artifacts arising from photothermal heat generation,
which is a potential limitation for plasmonic metal nanostruc-
tures. Furthermore, they address the inefficiency in transferring
and enhancing optical chirality from the far field to the near
field. Leveraging the unique attributes of chiral NPs holds
promise for advancing SEROA into a robust tool capable of
probing biomolecular configurations and elucidating complex
biological structures at higher hierarchical levels.
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