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The acquisition of strong chiroptical activity has revolutionized the field of plasmonics, granting access to
novel light—-matter interactions and revitalizing research on both the synthesis and application of
nanostructures. Among the different mechanisms for the origin of chiroptical properties in colloidal
plasmonic systems, the self-assembly of achiral nanoparticles into optically active materials offers
a versatile route to control the structure—optical activity relationships of nanostructures, while simplifying
the engineering of their chiral geometries. Such unconventional materials include helical structures with
a precisely defined morphology, as well as large scale, deformable substrates that can leverage the
potential of periodic patterns. Some promising templates with helical structural motifs like liquid crystal
phases or confined block co-polymers still need efficient strategies to direct preferential handedness,
whereas other templates such as silica nanohelices can be grown in an enantiomeric form. Both types of

chiral structures are reviewed herein as platforms for chiral sensing: patterned substrates can readily
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Accepted 2nd September 2021 incorporate analytes, while helical assemblies can form around structures of interest, like amyloid protein

aggregates. Looking ahead, current knowledge and precedents point toward the incorporation of
DOI: 10.1038/d1sc033272 semiconductor emitters into plasmonic systems with chiral effects, which can lead to plasmonic—
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Introduction

An object is called chiral if it cannot be superimposed with its
mirror image by means of rotational or translational opera-
tions. This foundational geometrical property gives rise to
optical activity, i.e. the rotation of the plane of polarization of
incident light. Accordingly, chiral materials interact differently
with light that is right- or left-circularly polarized, having
distinct extinction cross sections for each polarization. The
most common choice for the characterization of such differ-
ences in absorbance is circular dichroism (CD) spectroscopy,
even though optical activity can also be detected by other
methods like optical rotatory dispersion or Raman optical
activity." Not only biomolecules like hydrocarbons or amino
acids, but also noble metal nanomaterials, which owe their
outstanding optical properties to coherent oscillations of
conduction electrons in plasmon resonance modes, can display
optical activity.>® The fabrication of a wide variety of chiral
plasmonic nanostructures and meta-surfaces has been
demonstrated by both top-down* and bottom-up® fabrication
techniques,® finding novel applications”® in photonics,**® bio-
imaging" or biosensing.>**

When it comes to colloidal plasmonic nanoparticles (NPs)
synthesized by wet chemistry methods, optical properties can
be tuned at the synthesis stage — through their composition,
size and shape - or by their subsequent self-assembly, either in
solution>™* or on templates.” These parameters influence the
wavelength at which the plasmonic excitation is in resonance
with incident electromagnetic radiation. Such a dependency
can be seen in terms of (i) the nanoscale spatial confinement of
the electron cloud, plasmonic modes supported by the specific
NP geometry; (ii) a strong electromagnetic field enhancement at
the vicinity of the NPs; (iii) sensitivity to the environment,
allowing dipole-dipole interactions and hybridization of plas-
mon resonance modes through coupling with other plasmonic
entities. In this context, three different mechanisms may enable
a plasmonic system to acquire chiroptical properties, which has
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become a breakthrough in the toolbox of plasmonic NPs.
Perhaps the most intuitive mechanism is related to optical
activity being induced by an asymmetric NP shape of molecular
segments on their surface.'®'” The seeded-growth concept has
demonstrated the preparation of gold NPs with mirror-
asymmetric geometry,"” using either chiral amino acids,"
chiral co-surfactant micelles,” or photon-to-particle chirality
transfer*** to direct the seeded-growth on initial cube-, rod-, or
sphere-shaped seeds, respectively. Besides the chiral shapes of
the NP cores as the source of intrinsic optical activity in plas-
monic systems, other mechanisms have been widely exploited
during the past two decades.””® On one hand, plasmonic
chirality can be induced through photonically driven dipole-
dipole interactions between plasmonic NPs and chiral mole-
cules adsorbed on their surface,* while weak molecular CD can
also be enhanced by strong chiral electromagnetic fields in the
vicinity of NPs.>**® On the other hand, plasmonic systems can
acquire chirality - even in the absence of chiral adsorbates —
from the mutual interaction in chiral assemblies (superstruc-
tures) produced by plasmonic units positioned in 3D space
following a chiral pattern.® Indeed, chirality can be induced in
symmetric arrangements of isotropic NPs if their constituents
feature differences in size*” or composition,*® whereas a small
dihedral angle is also sufficient to break the symmetry in the
assemblies of anisotropic NPs, as has been shown for dimers>*°
and tetramers® of gold nanorods. In both cases circular
dichroism can be measured and a sensitive geometry-chirop-
tical activity relationship can be maintained. Therefore, plas-
monic NPs organized into chiral assemblies display collective
optical activity as a consequence of collective plasmon coupling
among their building units. Since the use of chiral building
blocks to create chiral superstructures has only been reported
for a limited number of inorganic NPs, like truncated tetrahe-
dral quantum dots** or CdTe NPs functionalized with chiral
surface ligands,* this review will focus on the chiroptical
activity originating from the assemblies of achiral plasmonic
NPs, discussing recent progress in the development of uncon-
ventional templates.

At the forefront of chiral geometries, helicoids are the most
visually appealing and easily recognized chiral shapes, with
high anisotropy and the potential advantage of including peri-
odicity.>* Helicoidal motifs spontaneously emerge in a wide
variety of systems,* some of them being potential templates to
induce the self-assembly of plasmonic NPs.***” As dictated by
the sought interactions with the template of choice, helices,
spirals, twisted ribbons and other helicoids might incorporate
a large number of NPs. Plasmon coupling between NPs excited
by incident photons would generate collective optical activity®®
with a specific CD sign, spectral position and intensity,
depending on geometrical parameters®***® like the pitch, NP
dimensions and interparticle distances, among others. While
few-NP chiral systems were first demonstrated with PCR-based
assembly protocols,” and great precision can be achieved by
using DNA origami templates,*"** larger-scale ensembles have
also been achieved using other materials for templating chiral
self-assembly. Established examples include the use of
peptides,**** chiral fibers,* or even bacteria,** while new

© 2022 The Author(s). Published by the Royal Society of Chemistry
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potential candidates like semiconductor helices are being
introduced.”” In such drastically different materials, slightly
twisted orientations of assembled NPs - even at single degree
angles - are a sufficient source of asymmetry to induce
a collective chiroptical response toward impinging circularly
polarized light. While discussion about the fabrication of chiral
assemblies cannot ignore the significant differences that arise
between diverse state-of-the-art systems, the actual chiroptical
performance relies on a property that is not affected by
concentration, to establish a ground for comparison. The
optical anisotropy factor for polarization rotation (also referred
to as the g-factor) accounts for the optical activity normalized by
absorbance.*®

All of these thoughts will be at the center of our discussion
below. Different materials that can be implemented as
templates for the self-assembly of plasmonic NPs into CD-active
systems will be reviewed as included in two main groups: (i)
patterned templates and (ii) helical templates. Within each
category, the generation of chiroptical activity through innova-
tive procedures and unconventional templates will be evalu-
ated. Recent contributions will be reviewed, paying attention to
practical aspects and remaining challenges to be addressed,
including the reversibility or the transfer of chiral materials into
working devices. Next, the relationship between the nano-
structure and the resulting optical activity will be addressed.
Future directions will be presented in the context of hybrid
plasmonic-excitonic systems.*>** These chiral materials can
reveal unique topological effects for energy flows,* circularly
polarized luminescence (CPL), the Bychkov-Rashba effect, and
circularly polarized light scattering also known as differential
scattering.”

Templated self-assembly of plasmonic
NPs into chiral morphologies
Asymmetry through confinement

When it comes to the use of templates, 1D confinement
imposed by cylindrical features can give access to different
symmetry breaking scenarios. One example is the tilted depo-
sition of Au onto rod-like nanoposts.” In the case of colloids,
the self-assembly of achiral NPs can benefit from the steric
constraints imposed by a cylindrical cavity to achieve long-
range, helical arrangements. In fact, the exact configuration of
densely packed spheres under cylindrical confinement depends
strongly on the ratio between the diameters of the channel and
the spheres.>® According to such a geometrical restriction,
confined spheres can spontaneously adopt helical structures as
the most efficient packing, which is driven by excluded volume
interactions.>*%*

This principle is exemplified by soft materials like micro-
tubes formed by the assembly of sodium dodecylsulfate and
beta-cyclodextrin complexes,® which allow the formation of
micron-sized helical assemblies of silica or polystyrene (PS)
particles.”” Although such a system can display dynamic
responses like temperature sensitivity, pointing toward the
possibility of reversible assembly, plasmonic chirality in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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visible or in the near-infrared region requires the use of host
templates with nanometer-scale dimensions. Nanopores dis-
played by anodic aluminum oxide (AAO) represent an excellent
candidate, allowing precise control over the diameter of parallel
channels, down to tens of nanometers, which can be subse-
quently etched. The confinement of PS-capped gold NPs into
60 nm AAO pores led to the formation of helical assemblies with
variable interparticle distances and configurations, depending
on the PS molecular weight.>® In a further size reduction, the
assembly of 4 nm gold NPs functionalized with dodecanethiol,>
in combination with a block copolymer (BCP), resulted in
hybrid composites confined inside 35 nm AAO channels. A
varied polymorphism was generated, ranging from separated
spheres to cylinders or disks, as well as single- or double-helices
(Fig. 1A). Each type of product arises as the direct consequence
of a specific NP loading. Remarkably, dark field single-particle
CD spectroscopy performed upon releasing the obtained
helical nanostructures from the AAO templates revealed optical
activity in the near-infrared (NIR) region. This system presents
however the fundamental drawback of lacking control over the
handedness of NP-BCP chiral assemblies, thus randomly
producing one or the other enantiomer in each cavity, with
a similar overall content for both of them. Block copolymers are
indeed another class of materials that can be used to create
nanostructures reaching sub-100 nm resolution. Both interfa-
cial interactions and the volume fraction of the constituents
determine the obtained morphologies, which include lamellae,
1D arrays, or hexagonally packed cylindrical micelles, to name
a few.®® An important advantage of BCPs is related to avoiding
the need for removing the template, since they could as well
remain integrated as a part of the final substrate. Additionally,
their polymeric nature gains leverage toward post-synthesis
transformations like pattern stretching and shrinkage,®
which can help introduce corrugation in the z-axis. These
concepts highlight the potential of BCPs and similar materials
as alternative templates for the self-assembly of colloidal NPs
into meta-surfaces with (plasmonic) optical activity.

Asymmetry through deformation

Poly(dimethylsiloxane) (PDMS) films have been employed®* as
mechanically deformable substrates for inducing chiroptical
activity on thin films of 13 nm achiral gold NPs, deposited by
layer-by-layer (LBL) self-assembly. Compared to the direct
orientation of the plasmonic elements such as silver nanowires
onto substrates using spray-assisted alignment,*® the chiral
configuration can also be obtained as a final morphology that
results from an initial macroscopic asymmetric strain. This
strain is applied prior to the deposition of NPs under
a deformed state by twisting and clamping a few centimeters
long rectangular PDMS substrate (Fig. 1B). This way, an asym-
metric helical deformation is created. Thereafter, gold NPs and
poly(urethane) were alternatively adsorbed onto the PDMS
substrate to form uniform layers that, upon PDMS relaxation
and recovery of the planar state, underwent buckling and
deformation into chiral structures. Apparent CD could be
measured according to the handedness imposed by the

Chem. Sci., 2022, 13, 595-610 | 597
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(A) TEM and electron tomography of BCP-Au NP structures obtained for different NP loadings through co-assembly under confinementin

AAO nanopores, displaying spherical and 1D arrays at 3 vol%, disks and single- or double-helices at 6 and 9 vol%, as labeled. Reproduced from ref.
59 with permission from American Chemical Society, copyright 2017. (B) Photographs of twisted, clamped PDMS substrates with opposite
handedness after poly(urethane) and Au NP layer-by-layer deposition, and subsequent relaxation back into the planar state. (C) Apparent CD
spectra for both (L- and R-, red and blue curves respectively) samples under different stretching percentages. (D) Scheme of NP arrangement in
both samples under 0% and 50% stretching. (E) TEM tomograph showing the S-like surface topography of the cross-sectioned left-handed
sample. (B—E) Reproduced from ref. 62 with permission from Nature Publishing Group, copyright 2016.

macroscopic twist (Fig. 1C). The key factor for this unconven-
tional approach was a gradient in stress distribution along the
bent surface, so that opposite compressive or tensile stresses
acting on NPs located either on convex or concave areas were
responsible for chirality transduction from the macro- to the
nano-scale. Owing to the complex light-matter interactions
taking place in strained and multicomponent aligned materials,
contributions from linear effects (e.g., linear dichroism (LD)
and linear birefringence (LB)) characteristic of stretched solid-

598 | Chem. Sci, 2022, 13, 595-610

state films were considered. Besides initial bending as the
source of an asymmetric arrangement of the NPs, the elasto-
meric properties of PDMS have been exploited to further
modulate chiroptical activity through uniaxial stretching.
Although interparticle distances (13 nm) were not affected by
stretching, the optical activity in the system turned out to be
enhanced by increasing the degree of strain (Fig. 1C). The
reason behind this effect was an increased asymmetry of NP
chains in the z axis, as a result of stretching and subsequent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compression along the y and x directions, respectively (Fig. 1D).
The origin of chirality resided in the 3D S-like shape of Au NP
chains under deformation (Fig. 1E). Thus, optical activity
modulation by elastic deformations could be implemented in
a reversible manner, establishing a clear precedent for the
design of patterned systems with chiral and collective plas-
monic effects.

Periodic templates

During the past decade, nanostructured PDMS has been used as
a template of choice for the self-assembly and deposition of NPs
under the action of capillary forces in receding menisci during
solvent evaporation, thus allowing a precise and scalable
deposition of NPs within various arrangements, ranging from
single-particle architectures® to the construction of super-
crystals.®® Assembled NPs become regularly distributed over
large areas, into one- or two-dimensional periodic arrays,**%’
thereby generating hierarchical systems. Local close-packing
allows the investigation of near-field plasmonic coupling,®®
while far-field effects may arise from the periodic distribution of
NP clusters.* It should be mentioned that such periodic arrays
can show system chirality as an extrinsic property for tilted light
incidence.” This type of optical activity is a consequence of
symmetry reduction for a specific pattern orientation.
Notwithstanding, if plasmonic particles with intrinsic chirality
can be used as the repeating units, lattice resonances could be
obtained that are chiral in nature.” In this regard, template-
assisted self-assembly may well represent a suitable strategy
to construct meta-surfaces based on chiral repeating morphol-
ogies — which has been to date restricted to top-down litho-
graphic approaches or multistep protocols - using achiral
colloidal units. Similarly, the self-assembly of chiral NPs into
periodical structures with long-range registry could benefit far-
field optical phenomena and related applications.**

The surface nanostructuring of PDMS is typically carried out
by soft lithography methods™ such as replica molding of pre-
made features, by drop casting and curing of PDMS. Alterna-
tively, regular patterns can be created by the oxidation of
previously stretched PDMS surfaces, by means of plasma
treatment and subsequent relaxation. In such a process, the loss
of elastomeric behavior for the vitrified upper surface layer
translates into a sinusoidal corrugation of the material.”® The
dimensions and period of the formed wrinkles depend on the
mechanical properties of the polymer, as well as on experi-
mental conditions including plasma power, exposure time, and
percentage of strain. Both strategies, wrinkle formation and
replication of premade features, offer great versatility for
template engineering and hint toward an effective modulation
of the optical properties. Few examples in the literature give
room to speculation about valid routes to achieve PDMS wrin-
kles with chiral morphologies. For instance, the modification of
the fabrication methods resulted in zigzag patterns’”® and
hierarchical wrinkled structures,”®”” which could potentially
facilitate asymmetry in three dimensions. In this respect,
Hwang et al. reported the formation of chiral wrinkles by
a sequence of stretching-oxidation steps along two different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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axes.”® However, such chiral structures are not appropriate as
templates for plasmonic chirality in the visible-NIR range since
their dimensions fall on the microscale. Considering that the
mechanical properties of PDMS nanostructures may impose
a limitation on the formation of stable patterns below 100 nm,
further miniaturization of chiral wrinkles would lead to
a gradual increase in both relevance and complexity. However,
a good number of advantages and precedents encourage further
development of similar templated self-assembly strategies.

An elegant solution to the generation of chirality in self-
assembled systems using PDMS as the template has been
recently formulated by Fery and coworkers.” The design
comprises a controllable and reversible chiral system based on
1D arrays of capillary-assisted self-assembled gold NPs on
PDMS. Rather than relying on asymmetry from twisted
morphologies or zigzag patterns, the authors stacked two layers
of regular NP chains at oblique stacking angles (Fig. 2A). The
superposed structures formed a chiral arrangement inducing
optical activity of tunable magnitude and handedness, which
was affected by the relative orientation of the layers (Fig. 2B).
Two key factors lie behind an outstanding plasmonic chirality,
with dissymmetry factors as high as 0.72. On one hand, the
close-packing (~2 nm interparticle distances) of 77 nm gold
NPs is enabled by the bottom-up technique of capillary-assisted
self-assembly. On the other hand, stacking two elastomeric
substrates together gave rise to reduced inter-layer distances of
around 5 nm. Electromagnetic fields concentrate in the inter-
layer space, making it possible to detect the presence of analy-
tes (bovine serum albumin in this particular case) through
a shift in the chiral resonances with state-of-the-art sensitivity
(Fig. 2C). As an additional CD modulation possibility, the cross-
stacked layers could be compressed, so that the stress induced
by such a mechanical action on the elastomeric system trans-
lated into a deformation that effectively reduced longitudinal
plasmon coupling along the chains. Consequently, the wave-
length of those CD bands of longitudinal nature underwent
a blue-shift and a loss of intensity (Fig. 2D).

Nanohelices and nanofibers as chiral
templates

Symmetry breaking events have been reported for many
different materials showing the ability to form nanoscaled
helicoids, though obviously not all of them have been imple-
mented for the assembly of plasmonic NPs. Among the most
representative examples we can find hydrogel supramolecular
systems, not only formed from chiral building blocks but also
from achiral constituents, which have been used as templates to
obtain Au nanowires,* or for the in situ growth of Au NPs by
photoreduction.®* Similar materials have been used to induce
circularly polarized luminescence emission.*” Tri- and di-block
copolymers can also potentially form helical nanostructures
and have thus been used as scaffolds, for instance templating
the reduction of Pt with catalytic activity®® or the assembly of
achiral molecules into helical arrangements that gain optical
activity.®** Although the latter case involves thermal annealing

Chem. Sci., 2022, 13, 595-610 | 599
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(A) Schematics of the stacking method, and SEM and AFM characterization of dimer chains formed from Au NPs assembled on 1D

patterned templates (scale bar is 500 nm). (B—D) CD spectra obtained for different stacking angles (B), in the presence of BSA (C), and upon
compression applied normal to the stacking plane (D). Adapted from ref. 79 with permission from Nature Publishing Group, copyright 2021.

steps that might potentially result in the reshaping of aniso-
tropic plasmonic NPs, it holds significant interest toward
inducing chirality using chiral molecules as dopants. As an
example, tartaric acid has been used to impose a specific
handedness and tune the dimensions of BCP double helices.**

Liquid crystals

The integration of metal NPs into liquid crystal (LC) hybrid
systems offers the opportunity to implement the characteristic
responsiveness to external stimuli and the structural diversity of
certain liquid crystal phases. For instance, a large family of
cholesteric-based materials have been developed, including
photo-responsive systems with tunable permittivity.** Chiral
systems are not an exception and multiple examples of ther-
motropic and lyotropic liquid crystals have been reported to
display chiral mesophases.?*®® For instance, intrinsically chiral
nanoscale cellulose rods and fibrils can self-assemble into
stacked layers adopting chiral nematic organizations and show
promising capacity as hosts for Au NPs.** However, in order to
effectively “feel” the asymmetric distribution along the periodic
twists of the cholesteric films and to maximize the collective

600 | Chem. Sci., 2022, 13, 595-610

coupling and chiroptical performance, plasmonic NPs should
be localized in close proximity to each other.”® Besides self-
assembly, in situ reduction of gold ions would constitute
another interesting route toward plasmonic-liquid crystal
hybrid systems.**

A so-called helical nanofilament (HNF) phase,* or B4 phase,
formed from bent-core mesogens, has been recently reported as
a suitable chiral template. This phase owes its special interest to
tunable and well-defined helical morphologies, together with
a switching capacity upon temperature-driven structural
changes. Although plasmonic optical activity is yet to be ach-
ieved for HNF systems, Lewandowski's group employed this
chiral phase to template the self-assembly of gold nanospheres
and nanorods (Fig. 3A-D).”* In order to achieve sufficient
affinity between the NPs and the LC molecules, while main-
taining solubility in the isotropic phase, they were functional-
ized with chemically compatible organic ligands, which
partially shared the bent-core molecular structure. The corre-
sponding nucleation and growth processes of HNFs were not
compromised by the presence of NPs, which ended up localized
at the sides of the structure, stabilizing the air-HNF

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic 3D model of stacked molecular layers of bent-core mesogens forming HNFs. Adapted from ref. 92 with permission from

John Wiley and Sons, copyright 2020. (B) Schematic 3D illustration of the reversible formation of HNFs and simultaneous self-assembly of Au NPs
upon cooling from the isotropic phase. (C and D) TEM characterization of LC—Au NP assemblies indicating their structural parameters (C) and the
effect of decreasing the NP—-LC molar ratio (D). (B—D) Reproduced from ref. 93 with permission from John Wiley and Sons, copyright 2019. (E)
Schematic representation and TEM images of organic nanohelices formed from assembled surfactants, subsequent silica condensation and
templated Au NP assembly. (F) TEM characterization showing the effect of increasing the silica—Au NP ratio (F). (E and F) Reproduced from ref. 40

with permission from American Chemical Society, copyright 2017.

boundaries. The result of the assembly was strongly dependent
on the cooling rate from the isotropic phase (Fig. 3B), while the
degree of coverage of the helices was tuned by adjusting the
molar ratio between the organic matrix and the NPs (Fig. 3D). It
should be taken into account that HNF phases undergo
a spontaneous symmetry breaking process, where no preferen-
tial handedness is imposed at the nucleation stage from where
the structures grow coherently into dendritic domains. Statis-
tically, right- and left-handed HNFs are obtained with equal
probability, giving rise to racemic samples. However, identifi-
cation and mechanical removal of homochiral domains allow
measuring plasmonic CD from micrometer-scale regions.**
Interestingly, the introduction of an additive chiral dopant
(sergeants and soldiers’ effect) proved to be an effective chiral-
selection strategy, acting at the nucleation stage and
providing an enantiomeric excess of bent-core molecules
forming HNFs.*

Silica nanohelices

Silica-based materials can support chirality-dependent interac-
tions with enantiomeric molecules, which leads to chiral effects
observed in either CD®® or Raman spectroscopy.”” Besides, their
interest as unconventional templates for the self-assembly of
achiral plasmonic NPs resides in the formation of chiral
nematic structures®® or silica nanohelices.” Oda's group has
widely exploited the ability of amphiphilic molecules to self-

© 2022 The Author(s). Published by the Royal Society of Chemistry

assemble into twisted, helical, or tubular nanostructures in
the presence of 1- or p-tartrate counterions. Assembly takes
place as a saddle-splay deformed superstructure, preserving the
handedness imposed by the chiral molecule. Polymorphism
may also occur, as a function of parameters like solvent choice,
temperature, enantiomeric excess of tartrate ions, or aging
time." Interestingly, starting from such organic twisted
ribbons as scaffolds, asymmetric silica structures can be ob-
tained by sol-gel condensation of commonly used precursors
like tetraethoxysilane (TEOS)'* (Fig. 3E). These inorganic silica
nanomaterials offer promising robustness and tunable surface
functionality, to serve as templates for hybrid materials, as
demonstrated  through the self-assembly of poly-
oxomethalates,'® Au NPs,'” or the polymerization of fluores-
cent polymers.’” Cheng et al*® reported the use of silica
nanohelices as templates for the chiral self-assembly of Au NPs,
bound through electrostatic interactions. In their system, Au
NPs of sizes ranging between 4 and 10 nm were functionalized
with either aminopropyltriethoxysilane (APTES) or carboxyl-
terminated mercapto-oligo(ethylene glycol) ligands to acquire
positive or negative surface charge, respectively. Bare silica
helices could interact with APTES-functionalized NPs, whereas
the functionalization of the template with NH, groups enabled
the interaction with negatively charged NPs. The organization
of the plasmonic units along the silica template was evidenced
by TEM, as well as by a redshift of the plasmon resonance,
thereby allowing the selection of optimal candidates. Besides
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surface chemistry, assembly was shown to be affected by
interparticle and particle-template interactions, which could be
modulated by adjusting pH and the concentrations of each
component. The extent to which the helical surface was covered
by NPs could also be modified through the relative content
(Fig. 3F). An optimal combination of the NP size, grafting
density and interparticle distance gave rise to CD signals with
an opposite Cotton effect around the plasmon resonance
wavelength. The authors investigated the effect of those
parameters on the resulting optical activity and compared the
experimental observations with electromagnetic simulations.

On a subsequent development, a ten-fold increase in the g-
factor was reported by using covalent instead of electrostatic
interactions between Au NPs and the surface of silica nano-
helices.'” Based on the latest findings about the dependence of
the g-factor on the long-range organization of plasmonic parti-
cles,* this effect could be related to improved organization
when covalent bonds were used to template the superstruc-
tures. Thin films of the material could be deposited on glass
slides coated with a polymeric adhesive layer, where the nega-
tively charged helices were adsorbed through electrostatic
attraction. Interestingly, grazing incidence spraying allowed
control over the orientation of the helices, which opened the
way to a comparison with drop-casted samples that showed no
preferential orientation. The authors confirmed that the g-
factor remained unaffected, regardless of the sample condition
(suspension, non-oriented or oriented deposition). Notwith-
standing, LB and LD effects arise for one-dimensionally
oriented samples. These interactions are not present for non-
oriented samples but become predominant in the aligned
system, inducing linear polarization of unpolarized incident
light. Interhelix plasmonic interactions were further evaluated
for multilayer systems separated by a polyelectrolyte layer.'*
The thickness of the spacer film was fine-tuned by successive
layer-by-layer polyelectrolyte depositions, permitting Gao et al.
to observe a complete damping of plasmonic CD for ensembles
with interlayer distances comparable to the interparticle
spacing, which indicated unfavorable perturbation of the
collective chiral resonance. In another interesting application,
silica nanoribbons with pitch dimensions around 90 nm
constitute an example of chiral material that interacts electro-
statically with human islet amyloid polypeptide (hIAPP), accel-
erating the kinetics of the fibrillation process and inducing the
formation of shorter fibrils with reduced toxicity. It was re-
ported that right-handed silica ribbons performed better than
their left-handed counterparts, which was reasoned in terms of
available binding sites for fibrillation, together with a structural
mismatch that would promote pre-formed fibrils to break into
shorter aggregates.'*

Amyloid nanofibers

Amyloid proteins undergo aggregation into helical nanofibers
that can as well fulfill the requirements for a chiral template.
The rich polymorphism and direct implication on degenerative
disorders has increased the interest on their structure and
motivated abundant research efforts devoted to the study — and
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suppression - of amyloid fibrillation. The acquisition of chi-
roptical activity by plasmonic NPs adopting the helical config-
uration of amyloid fibers would be in agreement with the above-
mentioned theoretical principles and experimental demon-
strations. What makes the case of amyloids more stimulating is
the fact that CD signals arising from collective plasmonic
interactions in the presence of protein aggregates could serve as
a simple and highly sensitive method for diagnosis. Indeed,
chiroptical activity from nanorod assemblies onto a-synuclein
fibrils was demonstrated by Kumar et al.,'”” using Au nanorods
that adsorbed onto the aggregated protein template. The
nanorods were found to coat the fibrils (Fig. 4A), resembling
a double-helical structure (Fig. 4B). The state of the nanorod-
fibril system was reflected in the changes of the extinction
and CD spectra over the incubation time: the longitudinal
plasmon band red-shifted indicating preferential tip-to-tip
alignment of neighboring nanorods, whereas a bisignate CD
signal at the plasmonic wavelength arose gradually, indicating
gradual assembly. Such changes in the optical properties of Au
nanorods were not observed when a-synuclein monomers were
mixed with Au NRs, instead of fibrillated samples. The CD-
based detection method was also successfully applied to both
prion fibrils and brain homogenate samples, establishing
a clear difference between the signals obtained for healthy
controls compared with Parkinson's disease-affected samples
(Fig. 4C and D). Future work in this direction should address
more specific interactions between plasmonic units and
amyloid fibrils, so as to improve selectivity. In a more recent
study, gold NPs were employed to label aggregates, allowing the
cryo-TEM characterization of multiple types of amyloid
fibrils.® Interestingly, the authors tested the affinity of
different capping ligands toward the fibrils, thereby paving the
way toward more efficient self-assembly.

Both a longer average number of plasmonic units assembled
into helical arrays and an unprecedentedly high g-factor were
achieved by the assembly of Au nanorods with hIAPP.** The
initial system consisted of hIAPP monomers bound to CTAB-
coated nanorods through Au-S bonds, with cysteine thiol
groups. Rather than relying on mature hIAPP fibrils as the
templates for the chiral assembly of gold nanorods — which was
shown to yield discrete pairs of twisted nanorods with negli-
gible CD - the authors studied the fibrillation of hIAPP in the
presence of plasmonic NPs. As result, fibrillation was acceler-
ated and long-range organization of nanorods along the fibrils,
in an end-to-end configuration, was obtained (Fig. 4E-G).
Molecular dynamics simulations helped unravel the origin of
such favorable interactions between peptides and CTAB layers
and, more importantly, a drug screening protocol was imple-
mented for the evaluation of potential hIAPP fibrillation
inhibitors. The method was based on the correlation between
the intensity of transmitted polarized light with the assembly
state of Au nanorods and, hence, the presence of amyloid fibers.
Using a cross-polarization optical setup, only red light was
transmitted after being rotated by NR-hIAPP assemblies
(Fig. 4H and I). Therefore, the addition of drugs was detected by
the loss of transmitted red light (Fig. 4]).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (A-D)TEM (A) and cryo-TEM (B) characterization of Au nanorods assembled on a.-synuclein fibrils. Extinction (C) and CD (D) spectra of Au

nanorods after 30 min incubation with a control brain homogenate (black curves) and Parkinson's disease-affected brain (red curves). (A-D)
Reproduced from ref. 107 with permission from National Academy of Sciences, copyright 2018. (E-J) TEM characterization of (E and F) Au
nanorods assembled with hIAPP nanohelices. Reconstructed helical structures from TEM under various tilting angles (F) and from cryo-TEM
tomography (G). Scheme of the cross-polarization optical setup and the differences in transmitted light between pure Au NPs (almost no
transmission) and NR-hIAPP assemblies (intense red transmitted light) (H). Photographs of transmitted red light for AU-hIAPP assemblies with
different g-factors and IAPP concentrations (l). Inhibition effect of increasing epigallocatechin gallate (EGCG) and D-NFGAIL peptide concen-
tration translated into the loss of transmitted intensity (J). (E-J) Reproduced from ref. 34 with permission from The American Association for the

Advancement of Science, copyright 2021.

Nanorods proved to be the morphology that better followed
the helical trend of fibrillated hIAPP, resulting in g-factors that
surpassed those achieved by the use of nanospheres or nano-
arrows, by several orders of magnitude. The relationship
between chiroptical activity and structural parameters was
investigated experimentally and confirmed through finite-
difference time-domain (FDTD) simulations. Nanorod dimen-
sions of 50 nm in length and 19 nm in diameter were found to
optimally match the helical structure of hIAPP fibrils. Larger
particles could not be effectively incorporated along the helical
features, leading to a decrease in the overall degree of order in
the assembly. In contrast, chiral organization could still be
observed for smaller nanorods, but with the g-factor decreasing
upon reduction of the nanorod size.** The interparticle distance
in Au nanorod-hIAPP helical assemblies was 5.8 & 4.4 nm. Such
a short spacing between adjacent plasmonic building blocks led
to the strong coupling needed for collective chiral resonances to
arise. The g-factor was additionally found to decrease when
increasing the interparticle distance, in agreement with

© 2022 The Author(s). Published by the Royal Society of Chemistry

previous reports** and theoretical simulations.'® This case
study additionally allowed evaluating the dependence of optical
activity on the number of helical turns, by repeatedly sonicating
helical assemblies made of fibrils and rods. A drop in the g-
factor was observed for broken fibrils made of less than four
helical turns. The helical nanorods pitch is another important
structural parameter, which in this case was of 160 nm, coin-
ciding with that of hIAPP fibrils alone. Although it was not
possible to modulate the pitch experimentally, the authors did
simulate its effect on extinction and CD.

An even more versatile case study was presented by Rosi's
group using peptide templates. Their approach, based on in situ
nucleation and growth of NPs onto helical ribbon peptide
structures, reached an important level of sophistication as
a result of an important line of research.****'** Composed of
a gold binding peptide and an aliphatic tail, the system is not
directly connected to biosensing applications like the assembly
with natural amyloid aggregates would be, but allows structural
tuning of the resulting peptide template. The modification of
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the aliphatic tail length from 16 up to 22 CH, units was shown
to affect both the helical pitch and the width of single helices,
which inherently translated into different NP sizes since
synthesis and assembly were interdependent processes. Higher
g-factors were obtained for larger NPs - 13.4 nm and 15.9 nm -
and smaller helical pitch lengths of 80 nm and 95 nm,
respectively.*"*

Correlations between structure and
optical activity

The wide variety of materials that can potentially serve as chiral
templates unlocks access to multiple morphological and
chemical possibilities. Representative information about the
above-mentioned templates is collected in Table 1. The exten-
sive research efforts in the field of chiral self-assembly allow us
to establish various conceptual connections between the
structure (Fig. 5A) and optical activity. Besides experimental
evidence, different simulation strategies like the coupled dipole
method,* discrete dipole approximation,®**'* and electromag-
netic calculations through the finite-element method or FDTD
have been established to model plasmonic systems and evaluate
their optical activity."* Altogether, some conclusions have been
drawn for different template materials and will be summarized
in this section.

Importantly, in chiroptical systems that owe optical activity
to the self-assembly of plasmonic NPs, even non-bound
building units that do not hinder CD would definitely reduce
the overall g-factor of the system. Therefore, not only structural
parameters must be optimized toward enhanced plasmonic
coupling and more intense CD, but also an effective grafting of
available NPs onto the templates is required. Optimized
systems must minimize the number of unbound plasmonic
units, while granting control over the degree of NP loading,
which is an important parameter in self-assembly processes.
Few-nanorod helical assemblies constructed with the help of
DNA origami as the template showed stronger CD intensity for
increasing average number of nanorods per ribbon,"**
pected from theory.”” Kotov and co-workers analyzed by FDTD
simulations the impact of the number of nanorods on the
absorbance and scattering contributions to the extinction of
nanohelices under parallel or averaged orientations.** Several of
the studies reviewed herein coincide in the observation of an
optimal g-factor at a high template loading.*>** Naturally, NP
dimensions and the interparticle distance within the assembled
state are both related to NP loading. Extinction spectra indicate
longitudinal coupling between assembled NPs through
redshifts in the plasmon resonance wavelength. Such redshifts
inform about the assembly taking place when both components

as ex-

are joined together,*>'”” and are sensitive to changes in the
interparticle distance.**** Strong dipole-dipole coupling
between plasmonic NPs is required to obtain significant CD
signals. Accordingly, an increased NP size and decreased
interparticle distance would favor collective chiral plasmonic
effects* arising in assembled systems (Fig. 5B and C), as long as
the precise position of the units and overall asymmetric

© 2022 The Author(s). Published by the Royal Society of Chemistry
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geometry of the system are not compromised® (Fig. 5D-F).
Therefore, a rule of thumb for maximized g-factors would be
increasing the size of NPs within the optimal range, to match
the morphology of the template of choice. The same principle
applies to the degree of loading of the template and, conse-
quently, to the interparticle distance, which must preferably be
as short as possible without reaching the contact between NPs.
In the latter case, NPs could not be any longer considered as
isolated dipoles and the system would be equivalent to a gold
nanowire. It is also important to note that unbound NPs do not
affect CD performance but inevitably diminish the g-factor of
the samples.

More specific considerations can be made regarding the type
of helical template. Two categories, namely single- and double-
helices, are found among the multiple examples of helical
templates. Transverse resonances between two intertwined
helices can arise and increase in strength upon the reduction of
the gap between both strands.** However, inter-helix interac-
tions were calculated to be negligible elsewhere.'” Another
possibility for transverse resonances is the presence of more
than one NP in width, as may occur for assemblies with liquid
crystals® or helices formed under confinement inside AAO

© 2022 The Author(s). Published by the Royal Society of Chemistry

nanopores,* which could support interactions between parallel
NP neighbors. Also, liquid crystal HNF phases have been shown
to promote coherent alignment between neighboring helices
(Fig. 3C), which could ideally enhance different collective
plasmon coupling effects.

When considering the geometry of the template itself, the
helical pitch is a relevant parameter that can strongly affect the
asymmetry of the helices: long pitches translate into smooth
twists resembling linear chains," which implies a loss of
asymmetry, while too short pitches can hinder effective helical
alignment and, hence, proper plasmonic coupling. The NP size
and the degree of packing onto the template are relevant toward
evaluating the effect that the pitch length has on the relative
positions and distances between plasmonic elements. In fact,
the helical pitch may affect underloaded assemblies, since
nonconsecutive NPs can be disposed into very different relative
orientations, dictated by the separation and pitch length. That
effect may even lead to parallel alignments (achiral plasmonic
interaction) or an inversion of the CD sign,* thereby dimin-
ishing the overall optical asymmetry of the system. In sum, any
template-NP combination can be optimized by improving the
asymmetry of the template and its structural match with the

Chem. Sci., 2022, 13, 595-610 | 605
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plasmonic building blocks, while an optimized assembly
method must provide a precise control over NP loading.

Toward circularly polarized
luminescence and plasmonic—
excitonic systems

In analogy to the induction of chirality in plasmonic systems,
CPL can arise from achiral emitters via different mechanisms,
including chirality transfer from optically active molecules or
asymmetric assemblies of achiral luminophores.*** It should be
noted, however, that circularly polarized light emission, often
reported as CPL, may comprise circular polarization from both
luminescence and scattering. The contribution from the latter
is particularly strong in the case of noble metal plasmonic
particles and optical media with chiral inhomogeneities, with
dimensions comparable in size with the wavelength of the
emitted light. While elaboration of the differences between
these two processes is much needed, here we will primarily
consider circularly polarized light emission as CPL, relegating
the detailed discussion of a general case of differential optical
activity of emitted photons to a later time.

Different approaches have demonstrated the transfer of
chirality from host materials acting as templates to achiral lumi-
nescent guests. For instance, the confinement of 30 nm upcon-
verting NPs inside chiral nanotubes resulted in a helical
arrangement that conferred chirality to the upconverted emis-
sion.™ Another example is the use of chiral silica grown onto
complexes of polyethyleneimine-tartaric acid as a backbone,
which allowed binding, complexation or in situ formation of
different types of achiral emitters that became CD- and CPL-
active."® Chirality transfer to achiral luminogens has been
demonstrated by the use of a wide range of chiral templates,
including gels made of supramolecular assemblies™® and chiral
smectic liquid crystal phases,"” as well as metal-organic frame-
works."® Once incorporated and organized within the chiral
template, the achiral chromophores display CPL. A similar
chirality transfer effect has been achieved with achiral semi-
conductor NPs. CPL induction has proven possible through co-
assembly into supramolecular assemblies of chiral lipids'® or
chiral peptide dendron hydrogels.*” The possibilities are not
restricted to assembly, but also the templated synthesis of semi-
conductor NPs has been implemented using protein nanocages.***

A further increase in the size of the building units would
make perovskite NPs relevant for this discussion. Perovskite
NPs and related nanostructures have gained popularity as
semiconductor emitters because of their outstanding photo-
luminescence properties combined with great synthesis versa-
tility. In fact, in situ growth of perovskite NPs onto polymeric
nanofibers acting as chiral templates™ facilitates their
assembly and acquisition of chiroptical properties. Assemblies
of preformed perovskite NPs have also been reported employing
amine-containing chiral lipids,'** which form supramolecular
lamellar structures. In this case, chirality is transferred from the
template to the assembled emitters, with handedness being
dictated and preserved by the gelation of the chiral lipid.
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In summary, multiple materials can assume the role of chiral
templates for CPL of either fluorescent molecules or different
types of NPs. In order to consider the formation of hybrid
materials composed of plasmonic and excitonic building units,
the compatibility of assembly methods and the stability of each
component are preliminary fabrication requisites. Potential
advantages are provided by the typical size of quantum dots (a
few nm) in comparison with typical plasmonic NPs (tens of
nanometers), and examples of protocols for their co-assembly
can already be found in the literature, regarding self-
assembled CdTe NPs around Au nanorods.*”'** Another key
factor toward the design of synergistic composites and their
optical properties would be the spectral overlap between plas-
mon modes and excitonic emission. Changes in the size of NPs
due to quantum confinement or the modification of the halide
composition of perovskite NPs allows tuning the emission
wavelength along the visible range, making them advantageous
candidates for plasmon-exciton coupling. The length of
dielectric spacers (capping ligands or shell coatings) between
chiral templates, or plasmonic NPs, and excitonic components
is a crucial parameter to ensure efficient chirality transfer from
the templates to the emitter guests and to avoid quenching of
their photoluminescence, respectively. Template-assisted strat-
egies for chiral self-assembly of plasmonic NPs are evaluated in
this section as potential platforms for the fabrication of hybrid
plasmonic-excitonic systems.

Large-scale patterned templates

We envision that assembled chiral morphologies may be ob-
tained using patterned PDMS as a template by either (i) using
chiral PDMS cavities or (ii) asymmetric pattern modification.
The experimental realization of such a concept would provide
access to the use of a wide variety of NPs of different sizes and
shapes, as colloidal inks for evaporation-driven templated
assembly, where surface chemistry plays a major role in
affecting their stability and interactions. In fact, proper design
of the different experimental conditions and surface function-
alization should allow us to work simultaneously with two types
of NPs and achieve a co-assembly. Considering that plasmonic
NPs can be transferred into an organic phase, as well as the
recent implementation of patterned PDMS to assemble CsPbBr3
NPs dispersed in hexane,' the templated approach would be
compatible with the use of organic solvents typically required to
stabilize semiconductor emitters. Therefore, the use of
patterned templates for the periodic arrangement of plasmon-
exciton hybrid materials would benefit from the specific align-
ment of the individual constituents. Precedent work would be
the 1D-assembly of CdSe-CdS core-shell nanorods showing
anisotropic photoluminescence."*

Regarding large-scale templates, Kim et al. demonstrated the
compatibility of their twisted PDMS strategy with different types
of building blocks, including carbon nanotubes and polymer
beads,” thus setting a promising starting point for hybrid
materials including plasmonic-excitonic systems. The
approach reported by Fery and co-workers™ may also give room
to the entrapment of emitters in the interlayer space accessing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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superchiral hotspots. If necessary, dielectric spacers could be
deposited through LBL assembly, to avoid quenching effects.

Helical templates

Stimuli responsiveness and tunable affinity toward different
types of guest materials bring liquid crystal phases to the fore-
front of promising template candidates. Interestingly, HNF
phases constructed from bent-core mesogens (host) have been
proven to serve as templates for the chiral organization of
achiral fluorescent molecules.” In order to be affected by the
asymmetry of the template, fluorescent molecules should be
part of a segregated nematic (N) domain formed from rod-like
molecules (guest). This system had the appeal of being CPL-
active only in the (HNF/N) phase, where HNFs act as the scaf-
fold providing a chiral morphology, whereas the N domain can
adapt to it. Thanks to the responsiveness of the N phase in the
HNF network, CPL was obtained from aggregated fluo-
rophores.” Although chiral properties were lost at room
temperature upon N phase crystallization, this drawback could
be overcome by using quantum dot building units with the
ability (chemical compatibility) of directly interacting with
HNFs, opening the way toward co-assemblies including Au NPs.

Proving the versatility of silica nanohelices as chiral templates,
Oda's group went beyond Au NPs, demonstrating the covalent
attachment of organic chromophores.*”® Optical activity in the UV
region was induced as a result of the chiral organization of
aggregated dyes, for which a high grafting density was crucial to
ensure a close contact between emitters. Chiral self-assembly of
CsPbBr; NPs on silica nanohelices was also achieved, using toluene
as the solvent.”” Interactions between perovskite NPs and the
surface of the amine-functionalized silica template were not strong
enough to guarantee a precise arrangement of the emitters in
solution, whereas well-ordered chiral structures were found upon
solvent drying. The latter case resulted in both CD and CPL activity.
Making such a system compatible with the presence of helically
arranged Au NPs would be a ground-breaking discovery. To date,
the coupling of perovskite NPs with plasmonic NPs remains
a challenge, with only a few reported studies that are limited to the
decoration of perovskites with small (non-plasmonic) Au NPs.
Simultaneous co-assembly may suffer from steric hindrance and
incoherent chiral organization of each type of colloid. Therefore,
a more appealing strategy would comprise an initial self-assembly
of Au NPs into a gold helix** and then ensuring both the stability of
the system in an organic solvent and Au-perovskite particle-
particle interactions, through post-assembly functionalization of
the exposed facets of the attached Au NPs. Alternative to multi-step
assemblies, more straightforward approaches could be designed
for the wide variety of herein reviewed templates, employing hybrid
plasmonic-excitonic NPs.™*

Conclusions

From the wide range of examples covered in this review, we can
readily see that chiral assemblies of plasmonic NPs can be used
as a convenient platform for biosensing of nanoscale biological
structures including antibodies, viruses, exosomes, and other

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanostructures. Long-range order has been demonstrated for
the self-assembly of gold nanorods with amyloid fibers,
showing great potential for drug discovery assays®* and CD
diagnosis of amyloid-related diseases.'”” Multiple routes have
recently emerged toward achieving chiral assemblies of plas-
monic nanoparticles by the use of both patterned and helical
templates. On one hand, large-scale templated self-assembly of
plasmonic NPs is a suitable strategy to design systems with
mechano-tunable chiroptical activity,** which can be imple-
mented as chiral sensing platforms.” As a stimulating next step,
the versatility of such approaches could unlock compatibility
with semiconductor counterparts, achieving their incorporation
into chiral plasmonic-excitonic systems. On the other hand,
helical phases displaying tailored geometrical features with
potential to act as chiral templates can be obtained in confined
BCP systems™ or in certain LC phases®** that undergo spon-
taneous symmetry breaking. Their implementation will depend
on the effective manipulation of handedness, which is one of
the current major challenges in the field. Silica nanohelices are
well-stablished chiral templates,* which can additionally be
chemically modified and transformed into thin films,'** with
high versatility for the combined self-assembly of Au NPs and
perovskite NPs.” In summary, the state-of-the art knowledge
on the collective chiroptical activity of colloidal plasmonic
systems offers a large library of template materials, protocols,
and theoretical background. Upcoming efforts rely on well-
established structure-optical activity relationships, to maximize
the chiroptical performance. Further studies on real-time
tunable optical activity are expected to emerge in greater
numbers during the next 10 years to satisfy the requirements for
application of chiral photonic systems.
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