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Raman optical activity of amyloid fibrils:
a distinctive chiroptical phenomenon
beyond resonance
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Raman optical activity (ROA) exhibits dual characteristics for analysis of biological systems. Despite its
excellent stereosensitivity and ability to study samples in aqueous solutions, the weak ROA signals limit
its applicability in the case of biological samples, for which analyte concentrations are typically low.
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Therefore, there is considerable interest in developing techniques to enhance ROA signals. Most of the
proposed approaches, which we review here, exploit a certain form of resonance. Against this
background, we discuss a newly observed phenomenon, namely, the exceptionally intense ROA signals
of amyloid fibrils, focusing on the nature of this effect, future works necessary to confirm its origin and
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1. Introduction

The phenomenon of chirality has fascinated and puzzled
scientists since its first observation. This has led to a search

@ Faculty of Chemistry, Jagiellonian University, 2 Gronostajowa Str., 30-387 Krakow,
Poland. E-mail: aleksandra.wajda@uj.edu.pl, agnieszka.kaczor@uj.edu.pl

b poctoral School of Exact and Natural Sciences, Jagiellonian University,
11 Lojasiewicza Str., 30-348 Krakow, Poland

Aleksandra Kolodziejczyk is a
doctoral student at the Faculty of
Chemistry, Jagiellonian Univer-
sity in Krakow (JU), Poland. In
2022 she obtained an MSc degree
in medicinal chemistry at the
same university. Since her under-
graduate studies, she has been
involved with the Chiroptical
Spectroscopy Group at JU, where

7 she now conducts her doctoral
& i research. Her interests center on
.

Aleksandra Kolodziejezyk chiral supramolecular systems

and enhancement of chiral
signals. She is currently engaging in research related to amyloid
fibrils, focusing on their chiral properties and application of
chiroptical  spectroscopies (particularly vibrational optical
activity) to investigate these fascinating proteinaceous systems.

M8 | Chem. Commun., 2025, 61, 11118-11130

its potential utility in the analysis of amyloid fibrils.

for efficient tools that allow one to explore the chiral world.
However, it has not been the simplest task, as many ‘classic’
techniques are ‘blind’ in terms of chirality or have limitations,
such as the requirement of crystallization in the case of X-ray
crystallography. An important step in the advancement of
studying chiral systems was the development of chiroptical
techniques, which are, in principle, based on the different
interactions of optically active molecules with left- and right-
circularly polarized light. Based on the type of energy transition
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two main types of chiroptical spectroscopy can be distingui-
shed—vibrational (VOA) and electronic optical activity (EOA),
with the main techniques being vibrational circular dichroism
(VCD) and Raman optical activity (ROA) for VOA, and electronic
circular dichroism (ECD), optical rotatory dispersion (ORD),
and circularly polarized luminescence (CPL) for EOA."”

Chiroptical spectroscopies have been used to address pro-
blems such as the determination of absolute configuration and
enantiomeric excess’ > and have also become essential tools for
studying biomolecules.® Despite the advancements made in the
field in the last few decades and increasing availability of com-
mercial instruments having contributed to the growing interest in
chiroptical methods, their potential is still not fully explored.

Among the techniques with great potential that are yet to
reach their prime is ROA. ROA is based on the detection of the
small difference in the intensity of Raman scattering of left and
right components of circularly polarized light." It was first
theoretically described in 1969 by Atkins and Barron” and was
further developed two years later by Barron and Buckingham,
who introduced a dimensionless circular intensity difference
(CID), defined as the ratio of ROA-to-Raman intensity.> Among
other chiroptical techniques, ROA is a particularly promising
candidate for studying chiral and biologically relevant samples
in solution. The main advantage of ROA is that it enables
measurements in aqueous environments, due to the relatively
weak Raman signal of water in the 0-3000 cm ™" region, which
does not interfere with the sample spectra, unlike VCD. More-
over, ROA spectra are richer in bands and are better resolved
compared to ECD. Since the first experimental confirmation by
Barron et al. in 1973° and introduction of a commercially
available spectrometer (2003, BioTools),'"® ROA has been used
to study a vast range of molecules, including saccharides,'"*?
nucleic acids, proteins, and even viruses™ > as well as in-
organic compounds, including metal complexes."®’” A constant
effort is also being made to advance the ROA instrumentation,
aiming to broaden the implementation of the technique.
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Despite that, the use of ROA remains limited, with one of the
main drawbacks being the weak signal. Compared to Raman,
the intensity of ROA bands is typically three or four orders of
magnitude smaller, thus resulting in the requirement of large
concentrations, high laser power (up to few hundred mw) and
long acquisition times (up to days). This limitation is a funda-
mental reason why scientists are on the lookout for various
strategies aimed at amplifying the ROA signal. At the same
time, systems that could provide intense ROA are also of high
interest. Among the most intriguing findings is the exception-
ally strong ROA signal from amyloid fibrils recently reported by
our group.'® This phenomenon raises fundamental questions
about the structural and morphological features responsible for
ROA enhancement and opens new possibilities for applying
ROA in biomedical research.

The purpose of this feature article is to discuss the ROA of
amyloid fibrils and its future perspectives in the broader
context of ROA enhancement. First, we look at the most
common method of ROA enhancement through resonance,
while discussing possible problems with such measurements.
We provide examples of systems exhibiting resonance ROA
(RROA), with focus on retinoids and carotenoid aggregates.
Next, we briefly introduce novel, state-of-the-art methods such
as surface-enhanced (SERROA) and coherent (CARS-ROA) ROA.

The final section is devoted to the topic of amyloid fibrils,
their structure, ROA spectra, and complementarity of different
chiroptical methods in the study of amyloids. Ultimately, we
discuss various aspects and concerns regarding exceptionally
intense ROA of amyloid fibrils and perspectives in using ROA to
study proteinaceous aggregates in the future.

2. Methods of signal enhancement
involving resonance

To date, most systems that generate unusually intense ROA
take advantage of a certain form of resonance. These appro-
aches are discussed here beginning with simpler ones and
progressing toward more specialized and state-of-the-art
methods (Fig. 1).

2.1. Resonance Raman optical activity

One of the simplest methods for increasing the intensity of
ROA is to couple the excitation energy with the electronic
transition energy of the analyte. This method, considered the
chiral equivalent of resonance Raman spectroscopy, is known
as RROA. The theory of RROA, developed by Laurence Nafie,
initially accounting for the contribution of a single excited
electronic state (SES-RROA'®), was later extended to consider
two electronic states.” Resonance through a single electronic
state results in a very unique form of RROA, that is mono-
signated (of either negative or positive sign) and mirrors the
relative intensities of the parent Raman spectrum."’
Additionally, it is interrelated with ECD that for scattered
circular polarization (SCP) mode in backscattering is described

Chem. Commun., 2025, 61, 1118-11130 | 11119
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Fig. 1 Characteristics of techniques providing ROA signal enhancement.

via the following equation:"’

g
ID =—=2
c 2

where CID is circular intensity difference, i.e., the ratio of ROA-
to-Raman intensity, and g is the dissymmetry factor, ie., the
ratio of ECD to electronic absorption intensity. This equation
shows that, for a given ROA transition to yield a nonzero RROA
signal, the ECD must also be nonzero at the wavelength
corresponding to that of the ROA transition.

SES-RROA has been measured for multiple compounds,
including naproxen,*® carbon nanotubes,*" retinoids,**™° and
carotenoid aggregates.t*'>* Monosignated SES-RROA lacks the

+ Being more exact, for aggregates resonance does not involve one electronic
excited state, but multiple states due to different molecules. However, as the
energy of these states is very similar, they can be approximately considered as a
single excited state.
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stereostructural sensitivity characteristic of conventional ROA
(Fig. 2A), although it remains a convenient tool for studying the
organization of biosupramolecular systems, aggregation, and
related phenomena.?’***® We discuss this more extensively in
the section devoted to retinoids and carotenoid aggregates.

RROA can be also registered together with far from reso-
nance ROA (FFROA), if the FFROA signal is sufficiently intense,
as shown for metalloproteins from the transferrin family
(Fig. 2C).%° As the theory of RROA via two states is considerably
more complex, we refer the interested reader to the excellent
book by Nafie.*> RROA spectra with the contribution from more
than one electronic excited state have been registered for metal-
containing systems'”*® including myoglobin.*! In agreement
with theory, such RROA is bisignated, hence the sensitivity for
the stereostructure is ‘recovered’ (compared to SES-RROA),
as we have shown explicitly for vitamin B, and its derivatives
(Fig. 2B).*°

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Resonance ROA (RROA) via a single electronic state (A)f, multiple electronic states (B) and RROA registered together with FFROA (C). (A) The

molecular structure of astaxanthin and electronic absorption (UV-vis),

ECD, Raman and RROA spectra of 3R,3'R- and 3S,3'S-astaxanthin 3:7

water : acetone aggregates and monomers (red and blue, and black lines, respectively). Raman bands denoted with a star (*) are due to the solvent.
RROA spectra of aggregates are monosignated (either positive or negative for 3R,3'R and 3S,3’S aggregates, respectively), with relative intensities as in the
parent Raman spectra. Adapted with permission from ref. 38. Copyright 2016 American Chemical Society. (B) The molecular structure of vitamin By, and
its derivatives, and ECD, Raman and RROA spectra of cobalamins with different upper axial substituents: cyanocobalamin (R—CN), hydroxocobalamin
(R=O0H), 1,4-diethynylbenzenecobalamin (R—C=C-Ph—-C=CH), and a cobalamin ring derivative [(C;0)H=—Br]. RROA spectra are bisignated (key
regions denoted in green) and enable distinguishing vitamin B, derivatives, in contrast to the parent Raman spectra. Adapted with permission from

ref. 40. Copyright 2020 American Chemical Society. C Fe**

binding pocket of the N-lobe of human serum transferrin (PDB id. 1IN84), as well as ECD,

Raman and ROA spectra of holo, sidero and apo transferrin, showing that ROA can simultaneously provide information on the metal binding pocket
(RROA, key bands denoted in violet) as well as on the secondary structure of the protein (FFROA). Adapted with permission from ref. 39.

2.1.1. ECD-Raman (eCP-Raman) interference in RROA.
Given that most commonly RROA has been measured using
532 nm excitation, the potential candidates for RROA are often
metal complexes with electronic absorption in the visible range.
Many of these compounds are nonpolar, hence not soluble in
aqueous solution, which led to the discovery of a new phenom-
enon, currently called ECD-Raman or eCP-Raman. Between 2015
and 2020 ROA scientists, including researchers from our group,
began noticing an unusual effect: the appearance of very intense
bands from achiral solvents in ‘RROA’ spectra. Xu, Bouf, Kapitan
and co-workers explained the origin of this effect,” which is
especially relevant for nonpolar solvents in near-resonance con-
ditions, where it can completely obscure the RROA signal.

ECD-Raman is related to ECD combined with polarized Raman
scattering of both the solute and the solvent, occurring in the ROA
cuvette together with the genuine RROA.**™** The magnitude of this
effect can be estimated according to an empirical equation, which
appears in several versions across the literature.*****> Below,
we present the form reported by Xu, Bouf, and co-workers:**

cip = 2107 A (iﬁ

7 + DOC)

This journal is © The Royal Society of Chemistry 2025

where A¢ and A¢’ denote ECD intensity (in L mol™* em™") for
excitation and scattering, respectively, L is the optical path length
(in em™), ¢ is the concentration of the solute (in mol L"), and
DOC is the degree of circularity of either the solvent or the solute.

The polarized Raman scattering enters the equation via
DOC, which for backscattering, is defined as the difference in
the co-rotating Raman spectrum (i — I7) minus the contra-
rotating Raman spectrum (Ig + I) divided by their sum:'*

Ig R — I R

DOC(180°) = ]R 1R

DOC pertains to polarizability changes during vibrational
transitions of both the solute and the solvent and is significantly
more pronounced in nonpolar solvents.*>***® The discovery of
the ECD-Raman effect sparked a discussion in the community
about the possibility of measuring genuine RROA and cast doubt
on the previously obtained RROA spectra. Nevertheless, recently,
we have learned that this effect is important only in some specific
cases and, even then, can be successfully eliminated.

2.1.2. When is ECD-Raman negligible and how to elimi-
nate it? Although ECD-Raman can be considered a new form of

Chem. Commun., 2025, 61, 11118-1M30 | 11121
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chiral spectroscopy,*® and it can have analytical applications,*®
in most cases, it is a phenomenon that needs to be removed.
Over time, it was established that the effect is not so significant
in polar solvents (which generate low DOC values) or in systems
under strong resonance conditions.>® Even in problematic
cases, such as nonpolar compounds (often metal complexes),
dissolved in nonpolar solvents under near-resonance conditions,
ECD-Raman can be minimized (using short path lengths,* low
concentrations etc.) or eliminated using a correction factor.””

Recently, we also proposed a simple strategy for nearly
complete elimination of the ECD-Raman effect for nonpolar
metal complexes that are completely insoluble in water.*®
By encapsulating a nonpolar compound in micelles made of
Pluronic F-127, we were able to measure RROA in aqueous
solution, where the low DOC contribution decreases the ECD-
Raman contribution.”® The above mentioned considerations
show that although the ECD-Raman effect is important under
some circumstances (near resonance, nonpolar compounds,
hence nonpolar solvents), it can be minimized even under
these conditions, enabling measurements of genuine RROA.
Fortunately, the most desirable solvent for ROA—water—does
not typically generate a significant ECD-Raman signal, there-
fore enabling analysis of biological systems. Two groups of
such systems that provide RROA and are relatively well-
explored—retinoid-protein complexes and carotenoid aggrega-
tes—will be discussed below.

2.1.3. RROA of chromophores in protein environment.
Photoreceptor proteins containing covalently or non-covalently
bound light-absorbing chromophores represent particularly inter-
esting supramolecular systems that have been successfully stu-
died using ROA. In such systems, the protein environment can
cause deformation, leading to distortion of an achiral chromo-
phore into a chiral one (Fig. 3). Extensive research in this area was
conducted by Unno, Fujisawa, and co-workers, who employed
ROA to precisely determine the structure of chromophores in
several functional proteins using a non-commercial setup with
near-infrared excitation (785 nm) to measure pre-resonance
ROA.>* Obtained ROA spectra showed distinct spectral features,
including enhanced chromophore bands and non-resonant pro-
tein bands. One of the studied systems was photoactive yellow

View Article Online
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protein from Salinibacter ruber, comprising a p-coumaric chromo-
phore in the protein active site. ROA spectra were recorded for this
protein under both resonance (532 nm laser) and pre-resonance
(785 nm laser) conditions.>® ROA spectra obtained with 532 nm
excitation were dominated by negative bands attributed to the
chromophore, with the exception of the non-resonant positive
protein band at 1667 cm ™" (amide I). Results indicated resonance
enhancement of chromophore vibrations and were in good
agreement with RROA theory. At 785 nm, chromophore band
remained enhanced, and it was thus possible to selectively
observe the chromophore with minor contribution of the
protein to the spectra.”” Similar experiments employing pre-
resonance ROA at 785 nm were also conducted for photoactive
yellow protein from phototrophic bacterium Halorhodospira
halophila, containing 4-hydroxycinnamyl chromophore.*
Pre-resonance ROA enhancement was explored as well to study
the conformation of the carotenoid chromophore (3’-hydroxy-
echinenone) in the active site of orange carotenoid protein
(OCP) and its structural changes during photoconversion from
the orange inactive state (OCP®) to the red active state (OCP®).??
When excited at 785 nm, both forms exhibited distinct ROA
spectra arising from different chromophore conformations.
In the observed ROA, bands were predominantly negative and
opposite in sign to those of ECD. The ROA-to-Raman intensity
ratio deviated from the values predicted by the SES theory,
indicating that the measured ROA involved contributions from
more than one electronic state.>

Near-infrared ROA spectroscopy was also used to investigate
microbial rhodopsins.>*?”° In one of the examples, an all-
trans retinal protonated Schiff base chromophore in two micro-
bial rhodopsins (proton pump Gloeobacter rhodopsin—GR;
sodium-ion-pumping rhodopsin—NaR) was studied.”” As the
chromophore was distorted in opposite directions in those two
proteins, ROA spectra showed an inverted sign for the studied
systems, i.e., GR spectrum was monosignated and positive,
whereas that of NaR exhibited only negative bands.>” Realization
of the experiment provided the first experimental confirmation
that the direction of the retinal chromophore’s twist determines
the sign of the ROA signal. Similar results were obtained for the
chloride-pumping rhodopsin from Flavobacterium; however, for
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Fig. 3 Examples of supramolecular systems exhibiting ROA signal enhancement via electronic resonance.
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halorhodopsin from the cyanobacterium Mastigocladopsis
repens, the ROA spectrum was bisignated, which was attributed
to the presence of the chromophore in two distinct conforma-
tions with the opposite twist.*

Although in the aforementioned studies ROA features of
rhodopsins could be well explained from protein crystal structure,
the case of sensory rhodopsin II showed that crystal structure may
contradict the ROA spectra obtained in solution.>®

Ultimately, these observations emphasize the unique cap-
abilities of ROA to selectively observe chromophores in a
protein’s active site due to pre-resonance enhancement and
to gather detailed information about cofactor’s structure, espe-
cially when aided by quantum mechanics/molecular mechanics
calculations.

2.1.4. RROA of carotenoid aggregates. As mentioned in the
previous section, ROA spectroscopy proved to be an efficient
tool for studying carotenoids, or, more precisely, their aggre-
gates. The phenomenon where ROA resonance is ‘turned on’ as
a result of aggregation is known as aggregation-induced reso-
nance ROA (AIRROA; Fig. 3).*® Monomeric carotenoids by
themselves do not exhibit ROA signals (neither normal nor
resonant) plausibly due to the substantial distance between the
chiral centres, typically located at terminal part of the molecule,
and the chromophore within the carotenoids’ structure.
However, under certain conditions, among others in two solvents
of different polarity, carotenoids are able to form aggregates,
including assemblies of so-called J- or H2-type, where polyene
chains are stacked next to one another. Organization into chiral
supramolecular arrangements of this type results in the bath-
ochromic shift of the absorption band due to the n — =*
transition, leading to the appearance of the strong ECD couplet.
Consequently, if the energy of the electronic transition is close to
the energy of the excitation laser, a strong ROA resonance is
‘switched on.”*® First, AIRROA spectra were reported by us for
astaxanthin (AXT) J-type aggregates.® Carotenoid aggregates
exhibited a monosignated spectra that was opposite in sign to
the corresponding ECD signal at 532 nm (excitation wavelength;
Fig. 2). Moreover, two measured AXT enantiomers, (3R,3'R) and
(35,3’S), generated ‘mirror image’ spectra. RROA was obtained
for AXT concentration of ca. 1 - 10~> M, which is notably lower
than for typical ROA experiments. Despite that, spectra were
significantly enhanced, with ROA/Raman ratio up to 10> - an
order of magnitude more compared to values reported for RROA
of naproxen® (which was the first experimentally measured
RROA spectra). Moreover, the exceptional enhancement allowed
the observation of overtones and combinatorial bands, which
was unprecedented for ROA spectroscopy.>® Following the suc-
cess of astaxanthin, we confirmed the AIRROA effect for different
types of AXT aggregates (J and H2),* as well as for other carote-
noids, including zeaxanthin,®” lutein, and lutein derivatives.”®
Importantly, the RROA of carotenoid aggregates exhibited mono-
signated ROA spectra, in accordance with SES theory."'® However,
the observed ROA-to-Raman bands ratios deviate from the pre-
dictions of SES, exceeding the theoretical values. Such contra-
diction may occur due to the added enhancement coming from
supramolecular aggregation.

This journal is © The Royal Society of Chemistry 2025
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Discovery of the AIRROA phenomenon opened the door for
the investigation of more complex systems containing carote-
noid aggregates. One such system was analyzed in our study of
carotenoid microcrystals extracted from carrot root cells.*!
These microcrystals mainly comprise achiral B-carotene with
only a minor (~5%) contribution of chiral carotenoids
(a-carotene, astaxanthin), and yet, they exhibit strong ECD
and RROA signals. ROA-based comparison with model systems
of varied mixed non-chiral and chiral carotenoid aggregates
showed that the signal enhancement originates from the
‘sergeant-and-soldier-like chirality induction (Fig. 3), eviden-
cing that this phenomenon may transpire spontaneously in
nature.®! It was also reported that canthaxanthin, a non-chiral
carotenoid, can form chiral supramolecular assemblies trig-
gered by asymmetric polysaccharides.”

Recently, we also investigated the aggregation of carotenoids
(a-carotene, fucoxanthin and zeaxanthin) in model membranes
(dipalmitoylphosphatidylcholine (DPPC) liposomes).>* Due to
their hydrophobic nature, carotenoids in living organisms are
found either complexed with proteins or incorporated in mem-
branes, where they strongly influence membrane characteris-
tics, such as mechanical strength, fluidity, and permeability.
Because of the significantly enhanced RROA signal of carote-
noid assemblies, it was possible to use this technique as a tool
for selectively studying aggregation in a bilayer in the presence
of monomers, which is not possible with traditional Raman
spectroscopy. We demonstrated that orientation of carotenoid
assemblies in membranes and the monomer structures within
the assemblies directly influence the stability of aggregates in
the model bilayer.** Taking advantage of ROA selectivity toward
aggregates, we also monitored encapsulation of enantiopure
(3S,3’S)-AXT in Pluronic F-127 nanoparticles providing detailed
information about the carotenoid assemblies inside the micelles.*®

The AIRROA phenomenon also proved to be useful in studies
of carotenoid-protein complexes, where we used RROA as an
auxiliary method to characterize the structure of the enantiopure
either (3S,3'S)- or (3R,3'R)-AXT bound to bovine serum albumin
(BSA).34'35

Overall, the body of work so far on ROA of carotenoid
aggregates demonstrates the unique potential of ROA spectro-
scopy, and more precisely, the resonance enhancement of ROA,
for studying natural biological systems with amplified chirality,
both in model assemblies and complex biosupramolecular
systems.

2.2. Surface-enhanced Raman optical activity

An effective way to reduce sampling requirements and expand
the range of ROA applications is by combining it with
plasmon resonance enhancement. Drawing inspiration
from surface-enhanced Raman spectroscopy (SERS)—which
relies on the enhancement of Raman scattering by metal
nanostructures®>—this approach has led to the development
of a novel technique known as surface-enhanced Raman optical
activity (SEROA). SEROA applies the same principle as SERS to
study chiral molecules, analyzing their optical activity in
response to polarized light.>
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One of the main challenges of SEROA lies in its sensitivity
to the local environment and the fluctuating conditions experi-
enced by chiral molecules on a SERS surface. Hot spots, which
vary over time, complicate the acquisition of stable SEROA
spectra and hinder the observation of mirror-image signals for
enantiomers.>*

Initial studies reported SEROA spectra for resonant metallo-
proteins, such as cytochrome ¢, myoglobin, and the myoglobin-
azide complex, where the resonant parts were shielded from the
metal surface by non-resonant protein structures.’>>® Addition-
ally, a successful SEROA measurement was achieved for the
non-resonant pentapeptide met-enkephalin in silver colloid
solutions.”” Although good signal-to-noise ratios were obtained,
the lack of enantiomeric pairs prevented full validation of the
chiroptical signals.

Surface-enhanced resonant ROA (SERROA) signals were later
observed for adenine adsorbed on silver colloids, attributed to
adsorption-induced chirality.”® Building on this, significant
progress was made by using gel-forming polyacrylic acid linkers
to position p- and r-ribose near metal surfaces without direct
contact. This stabilization allowed clear observation of mirror-
image SERROA spectra,”® marking an important step toward
reliable chiral sensing.

Further advancements were introduced by Das et al.,* who
developed new strategies to enhance sensitivity and reproduci-
bility of SEROA measurements. One approach employed the
sergeant-and-soldiers effect, where small amounts of chiral
analytes induced chirality in linker molecules adsorbed on
silver colloids.®® A more direct method followed, with silver
nanoparticles synthesized in the presence of chiral analytes,
yielding bisignate SEROA spectra and enabling simultaneous
detection of analyte and reporter bands.®*

A novel breakthrough involved the remote transfer of chirality
using plasmonic nanomaterials. Nanotags, consisting of silver
nanoparticles coated with benzotriazole dye and encased in a
silica shell, remained achiral until binding with chiral molecules,
such as 1- and p-ribose or 1- and p-tryptophan. Upon binding,
mirror-image SERROA spectra emerged. Computational simula-
tions confirmed that chirality transfer occurred via symmetry
breaking induced by electromagnetic interactions near the nano-
particles, without direct chemical bonding.®*

Thanks to these advancements, SEROA may offer powerful
capabilities across a range of applications, including drug
development, probing molecular organization, ligand binding,
and self-assembly processes on surfaces.

2.3. Coherent anti-Stokes ROA (CARS-ROA)

Another approach to increase the intensity of ROA is coherent
anti-Stokes Raman optical activity (CARS-ROA), a chiral equiva-
lent of coherent anti-Stokes Raman spectroscopy. In CARS, two
synchronized laser (‘pump’ and ‘Stokes’) pulses are used,
frequency tuned to a vibrational mode to generate anti-Stokes
scattering.®® CARS scattering typically generates a large, intense
signal that can obscure the weaker ROA signal, making
it difficult to isolate the chiral information.®* To overcome
this challenge, a heterodyne-detected, polarization-resolved

1M24 | Chem. Commun., 2025, 61, M18-11130

View Article Online

Feature Article

technique is employed, where crossed polarizers suppress the
dominant in-phase CARS signal, allowing the much weaker out-
of-phase ROA signal to be selectively detected.®® A pioneering
experimental demonstration of heterodyne-detected CARS-ROA
with a pulsed laser source was carried out using a pure chiral
liquid: (—)-B-pinene.®® It was shown that for liquid (—)-B-
pinene, the CARS-ROA signal-to-achiral CARS background ratio
is approximately two orders of magnitude greater than the ratio
observed in spontaneous ROA relative to Raman scattering.®**%®
Subsequently, it was shown that CARS-ROA spectra of chiral
molecules, namely (S/R)}-MOM-BINOLs, can be experimentally
obtained even in the presence of achiral solvent molecules.”
CARS-ROA offers significant advantages over conventional spon-
taneous spectroscopy in terms of analytical sensitivity and acqui-
sition times, in particular the measurement time from hours to
less than a minute. It could be particularly beneficial for studying
low-concentration or fluorescent samples, which are challenging
to analyze using traditional ROA techniques. In theory, the CARS-
ROA technique could be also used for investigating dynamic
processes on ultrafast timescales. However, the limited number
of CARS-ROA measurements and experimental setups makes
it difficult to assess its further development and practical
applicability.

3. Chiroptical phenomenon beyond
resonance: amyloid fibrils

As this work primarily discusses the enhancement of the ROA
signal in amyloid fibrils, the following sections will delve into
the remarkable structural features of these materials that
generate an exciton coupling-enhanced VCD response, strongly
linked to long-range supramolecular chirality.®® Furthermore,
emerging evidence suggests that ROA spectra of amyloid fibers
also display distinct enhancement effects, highlighting a pro-
mising and potentially significant direction for future research.

3.1. The essence of amyloid fibril structure

Amyloid fibrils are commonly associated with neurodegenera-
tive diseases, such as Alzheimer’s and Parkinson’s. However,
due to their unique properties like high stiffness, biodegrad-
ability, and large surface-to-volume ratio, they are gaining
attention as advanced nanomaterials.®®”® One of their most
remarkable features is structural polymorphism—meaning
they can adopt various forms depending on aggregation con-
ditions. Identifying and characterizing these polymorphs is
essential to understanding how the structure relates to the
material properties. Traditionally, amyloid fibrils were thought
to conform to the canonical model, which describes amyloid
fibrils as cross-p structures with stacked p-sheets; however,
recent studies reveal the existence of fibrils with alternative
secondary structures, such as a- or polyproline II-helices.”"”?
Amyloid fibrils, regardless of their secondary structure, can
adopt various morphologies, such as nanotubes, twisted
ribbons, or helical ribbons.”® This structural diversity contri-
butes to differences in thermodynamic stability and material

This journal is © The Royal Society of Chemistry 2025
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properties. Chirality is another key feature of fibrils and may
appear at different structural levels.®®”* As fibrils are composed
of proteins made from r-amino acids, it was initially assumed
that chirality of the protofilaments and the overall handedness
at the mesoscopic level would follow the same pattern. How-
ever, numerous studies have shown that fibrils can adopt both
right- and left-handed twisted structures, often appearing as
mirror images of each other.”>””” This challenges the assump-
tion that their handedness would be uniform and suggests a
more complex structural organization. Interestingly, not all
fibril structures are permanently stable. Under certain condi-
tions, they may undergo reversible transformations.”®”® The
stability of B-sheet fibrils comes from strong hydrogen bonds,
while o-helical forms are held together by weaker hydrophobic
interactions, making them more prone to rearrangement.”’
A detailed understanding of the structural variability, chirality,
and stability of amyloid fibrils is crucial for developing new
applications in biotechnology, materials science, and also for
advancing the treatment of neurodegenerative diseases.

3.2. VOA enhancement by exciton coupling

In many cases, particularly in large molecular assemblies, supra-
molecular chirality plays a dominant role in shaping VOA spectra.
For example, in proteins, secondary structural elements such as
a-helices or B-sheets strongly influence the appearance of VCD
and ROA signatures.’*®> However, it particularly affects the
spectra of amyloid fibrils. In this case, the enhancement of the
amide I signal arises from excitonic coupling between C—O
vibrational dipoles that are arranged in a skewed spatial geometry.
This interaction leads to the formation of a couplet, characterized
by two signals of opposite sign, which reflects the chiral organiza-
tion of the system."®* The strong VCD signals observed in
amyloid fibrils are linked not only to their macroscopic twist
but more specifically to the chirality at the protofilament level.
VCD has proven to be a powerful tool for identifying protofilament
handedness, as supported by quantum-chemical calculations
showing that the sign of the amide I couplet reflects the twist
direction between stacked B-sheet structures.*>*® Opposite cou-
plet signs indicate reversed protofilament chirality.”®”**® Inter-
estingly, enhanced VCD is also seen in fibrils lacking B-sheets,
such as those formed from zwitterionic tripeptides adopting
distorted or inverse polyproline II-like conformations.’”*® The
VCD intensity may also be influenced by strand orientation
(parallel or antiparallel). As fibril VCD signals are typically two
orders of magnitude stronger than those of native proteins, VCD
offers unique sensitivity for fibril characterization.®**°

3.3. ROA vs. VCD and ECD

VCD and ROA share many similarities, as both belong to the
same family of VOA techniques and originate from the same
vibrational force field and normal mode frequencies.®** They
depend on the same molecular forces acting within a molecule
and also consider its conformation, absolute configuration, and
enantiomeric excess, thereby providing equivalent molecular-level
information. However, while VCD focuses more on the internal
structure of the molecule, ROA is also more sensitive to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparison of information provided by chiroptical spectroscopies
for amyloid fibrils.

molecule’s surface and its interactions with the surrounding
environment. Our previous study has demonstrated that ROA
does not exhibit the same sensitivity to the supramolecular
chirality of amyloid fibrils as observed in VCD (Fig. 4).'®
Although both ROA and VCD signals can exhibit substantial
enhancements—for mature fibrils, up to one or two orders
of magnitude—they do not respond with equal sensitivity to
the progressive stages of amyloid supramolecular chirality
(Fig. 5A).'%°"

This suggests that each technique probes distinct aspects or
hierarchical levels of chiral organization within fibril struc-
tures. ROA of mature fibrils is uniform for fibrils of three
different proteins and is considerably more intense and dis-
similar compared to ROA of native proteins (Fig. 5B).®

In general, ROA is inherently a more localized spectroscopic
technique, lacking the capacity for long-range through-space
coupling mechanisms that contribute to the strong VCD res-
ponses in vibrational bands such as the amide I (the carbonyl
stretching vibration).'®%* Furthermore, ROA has demonstrated
potential in characterizing early oligomeric and prefibrillar
states, thereby offering valuable insights into the initial stages
of amyloid formation."®”"*>% For amyloid fibrils, in addition
to the characteristic amide I band, the ROA spectrum also
exhibits other, less intense bands in the 1500-600 cm ™ region,
which may help in structural characterization of these struc-
tures. The discrepancy between these methods may also stem
from enhanced background scattering caused by fibrils
approaching the dimensions of the visible wavelengths used
in ROA and Raman spectroscopy, which can obscure the chiral
signal. Additionally, measurements may be complicated by the
fact that amyloid fibril samples are often heterogeneous and
may simultaneously contain structures with varying chirality
and morphology.®***

Nevertheless, one of the main strengths of ROA spectroscopy
lies in its applicability to measurements in aqueous solutions,
which positions ROA as a potentially preferred tool in fibril
studies, as VCD measurements in water are significantly more
problematic (although possible for fibrils) and cover a narrower
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Fig. 5 Exceptionally enhanced ROA signal of amyloid fibrils. (A) Electronic absorption, ECD, IR, VCD, Raman and ROA spectra of hen egg white lysozyme
(HEWL) prefibrillar states and fibrils obtained after 3, 5 and 11 h of incubation (red, blue and green lines, respectively). HEWL protofibrils/fibrils were
formed via incubation at 60 °C of aqueous HEWL solution of an initial concentration of 60 mg mL™* at pH 2.0 with agitation at 1400 rpm. Significantly
enhanced ROA signal appears amid fibril formation. At shorter incubation time (5 h) a positive ROA signal is observed, while at longer incubation time
(11 h) the signal's sign changes to negative. (B) Comparison of ROA spectra of amyloid fibrils obtained from different proteins shows the recurring ROA
pattern (upper panel). Spectra recorded for fibrils from HEWL (black line), human lysozyme (HL, pink line), and insulin (dark red line). Respective ROA
spectra of native proteins (bottom panel). While clear differences are visible for spectra of different proteins in their native state, when amyloid fibrils are
formed, obtained spectra exhibit the same characteristics. Reproduced from ref. 18 with permission from the Royal Society of Chemistry.

range of wavenumbers—a factor particularly important
given that amyloid fibrils typically form and exist in aqueous
environments.

ECD is particularly sensitive to the secondary structure of
proteins,”® providing only information about rearrangements
during protein aggregation and oligomerization. Given that the
ECD signal refers to the secondary structure and not the higher
levels of chiral organization, ECD lacks this exceptional sensi-
tivity to amyloid fibril formation, characteristic for VCD and,
to an even greater extent, ROA.

4. Perspectives and outlook

ROA has truly reached middle age at 50 years, as we recently
concluded in a summary of up-to-date advances in ROA instru-
mentation and reflections on its future.”” However, it is true
that ROA is still perceived as an auxiliary technique compared
not only with infrared and Raman spectroscopies but even with
VCD, which is a counterpart of ROA. One of the reasons behind
it is the low analytical sensitivity of ROA, although this feature
is also shared by VCD. Others are the complexity of ROA
instrumentation and susceptibility of ROA to artefacts. Despite
this, among chiroptical techniques, ROA remains the method
with the greatest potential for studying stereostructures of
biological molecules and supramolecules. Its ‘vibrational’ sen-
sitivity, provides local and well-defined molecular structural
information (surpassing ECD), along with the ability to study

1126 | Chem. Commun., 2025, 61, 11118-11130

aqueous solutions and access the low-energy region of the
vibrational spectrum (surpassing VCD).

The relatively simple solution that enables the elimination
(at least some) of the problematic ROA issues is the enhance-
ment of ROA signal. It is therefore not surprising that there is a
quest for both methods of signal enhancement (hence devel-
opment of RROA, SERROA and CARS-ROA) and systems that
provide intense (‘enhanced’) ROA.

Among the latter, amyloid fibrils provide rather unique
ROA as they generate not only the most intense ROA observed
up to now (as illustrated by CIDs up to 10 '; Fig. 5) but are
the only systems that provide such intense ROA without
resonance enhancement. Clearly this exceptional sensi-
tivity of ROA to amyloid fibrils opens new perspectives for
their chiroptical studies (as elaborated below). However,
before this method is used in biomedical research of fibrils,
we need to answer some essential questions related to
the interpretation of their ROA, of which the most impor-
tant are discussed below. Some ideas for further studies that
could be helpful in answering these questions are also given

(Fig. 6).
4.1. What is the origin of the sensitivity of ROA to amyloid
fibrils?

Here, we emphasize that (both intense) ROA and VCD signals of
amyloid fibrils appear at different time points along the protein
aggregation pathway and are not directly related (Fig. 5).'® This
clearly indicates that the origin of the intense ROA signal in

This journal is © The Royal Society of Chemistry 2025
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fibrils is not merely excitonic coupling due to the protofilament
twist, as is currently assumed for the origin of VCD.%7%76:91,98
However, it is clear that the ROA intensity is driven by long-
range interactions, as the signal diminishes upon fibril sonica-
tion, which causes structural fragmentation.'® Nonetheless, the
first step for correct interpretation of ROA of fibrils is to fully
rule out the possibility that it is derived from sample birefrin-
gence. Furthermore, a direct correlation of the fibril size
(length, thickness) with the ROA intensity could be helpful.
A separate aspect is computational modelling of amyloid fibrils
and predicting their ROA that could directly provide informa-
tion regarding the ‘enhancement’ origin. While we acknow-
ledge that we are not practitioners in this field, we believe that,
at present, it may be beyond the state of the art to computa-
tionally capture the architectural complexity of amyloid fibrils
and predict their ROA spectra in a way that meaningfully
supports experimental studies. Therefore, for now, we have to
concentrate on experimental approaches.

This journal is © The Royal Society of Chemistry 2025

4.2. What types of fibrils generate intense ROA?

We have shown that not all types of fibrils generate intense ROA. The
essential issue is, therefore, to define structural and morphological
features of fibrils that provide the ‘enhanced’ signal. Such studies
would require analyzing a significant number of fibril systems,
preferentially obtained from different proteins and also differing
by structure and morphology, using high-spatial-resolution micro-
scopic methods (TEM, SEM, AFM, etc.) coupled with ROA and
conveniently also VCD and ECD. Such an approach could not only
provide data regarding structure-signal correspondence but also
address another essential issue, ie., if the intense ROA signal is a
typical feature of amyloid fibrils, or if there are only some unique
types of amyloid architectures that provide such ‘enhanced’ signals.

4.3. What is the relation between ROA sign and fibril
handedness?

In the case of using handedness-sensitive methods, such as
SEM, AFM or (in some cases) cryo-EM, such analysis could also
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shed light on the relation between ROA signal and the handed-
ness of fibril structures at different levels of their organization.
While performing such analysis, one also has to keep in mind
that structures in solution (analyzed with ROA) might not be
1:1 identical to those observed via SEM and AFM, where
sample preparation requires solvent evaporation during sample
deposition on the substrate. Additionally, the high-resolution
microscopic methods, while invaluable, do not provide infor-
mation about the ‘statistical’ chirality in the bulk sample.

4.4. Perspectives of ROA applications in biomedical studies
and for nanomaterial characterization

If we confirm that intense ROA is a characteristic (rather than
exceptional) feature of fibril architectures and if the origin of
the signal is clarified, it opens the door for application of ROA
of fibrils in biomedical research.

One of the essential issues to analyze is the relation between
the structure, handedness and toxicity of the fibril structures.
Cryo-EM studies have demonstrated that the structures of
amyloid fibrils are more diverse and intricate than previously
expected,”®'°® and it is known that different fibril architectures
may differ considerably in cytotoxicity.'”" Intriguingly, ex vivo
fibril structures, solved using cryo-EM, are different from the
structures that have been observed either in vitro or in patient-
derived samples via seeding.’®>'®® In this context, it would be
very important to correlate (if possible) the structural features
and handedness of amyloid fibrils with their toxicity. This
should be done on a significant population of fibril structures,
particularly those obtained ex vivo. ROA (and VCD) are well-
suited for such studies, in contrast to techniques like cryo-EM,
which, although capable of providing structures with atomic
resolution require individual, well-separated, and sufficiently
concentrated fibrils (which is why cryo-EM often relies on
in vitro-derived samples prepared from ex vivo material).'**

From the point of view of amyloidosis prevention, it is also
necessary to understand what structural features (if such can be
determined) determine the irreversibility versus reversibility of
formation of proteinaceous aggregates. Moreover, due to habitual
coexistence of two or more different types of protein aggregates in
various neurodegenerative diseases,'® it is also essential to
comprehend mechanisms of heterologous seeding processes.

Last, but not least, the distinct and very intense ROA signal
of amyloid fibrils, very different from the signal of the native
protein, makes it plausible to follow the aggregation processes
and potentially could be used for diagnostic purposes.

A detailed understanding of fibril polymorphism, its rever-
sibility, and the potential of various polymorphs to undergo
structural changes after formation is also essential for the
controlled synthesis of fibril nanomaterials with designed
architectures and long-term stability.

5. Conclusions

The majority of methods developed for enhancing ROA signals
utilize resonance—either in a straightforward manner, by coupling
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of the laser energy with the energy of the electronic state (RROA)
or through more complex approaches, such as coherent excita-
tion of two laser beams resonant with molecular vibrations
(CARS-ROA), enhancement via metal nanoparticles (SE(R)ROA)
or aggregation-induced RROA (AIRROA). Using these techniques,
a variety of different samples have been studied with improved
analytical sensitivity.

Amyloid fibrils are unique systems that exhibit exceptionally
intense ROA signals, even in the absence of resonance enhance-
ment. Although the remarkable ROA response of amyloid fibrils
has only recently been observed, and some insights have been
established, many issues remain unresolved. We have shown
that during protein aggregation, ROA appears earlier (also more
intense) than VCD. While ROA is plausibly related to excitonic
coupling, it reflects a different level of handedness than VCD.
A critical next step is to determine the origin of the signal and
whether it is a universal characteristic of majority of fibril
structures.

If the origin of the ROA signal is explained and its univers-
ality is confirmed, ROA could become a powerful tool in the
study of amyloid fibrils. This includes applications in charac-
terizing fibril-based nanomaterials, and, above all, in biological
and medical research, particularly relevant to neurodegenera-
tive diseases, which are increasingly common in aging socie-
ties. ROA (coupled with VCD, ECD and microscopic methods)
could shed light on such fundamental subjects as structure of
early-stage oligomers, irreversibility versus reversibility of dif-
ferent stages of the aggregation process, relation between fibril
structure/handedness and toxicity, mechanism of heterologous
seeding etc. Additionally, given the distinct differences between
spectra of native proteins and fibrils, ROA could be used in
diagnostic contexts.

Although the future trajectory of ROA studies of fibrils
cannot yet be predicted, the ROA signal of fibrils is undoubt-
edly a very intriguing phenomenon, both conceptually, as well
as in light of potential practical applications of this method in
fibril studies.
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