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Three-dimensional artificial chirality towards low-
cost and ultra-sensitive enantioselective sensing

Yeseul Kim, @ +2 Hongyoon Kim,? Younghwan Yang, 2 Trevon Badloe,® Nara Jeon?

and Junsuk Rho (& *ab.c

Artificial chiral structures have potential applications in the field of enantioselective signal sensing.
Advanced nanofabrication methods enable a large diversity in geometric structures and broad selectivity
of materials, which can be exploited to manufacture artificial three-dimensional chiral structures. Various
chiroptical phenomena exploiting spin and orbital angular momentum at the nanoscale have been con-
tinuously exploited as a way to effectively detect enantiomers. This review introduces precisely controlled
bottom-up and large-area top-down metamaterial fabrication methods to solve the limitations of high
manufacturing cost and low production speed. Particle synthesis, self-assembly, glanced angled vapor
deposition, and three-dimensional plasmonic nanostructure printing are introduced. Furthermore, emer-
ging sensitive chiral sensing methods such as cavity-enhanced chirality, photothermal circular dichroism,
and helical dichroism of single particles are discussed. The continuous progress of nanofabrication
technology presents the strong potential for developing artificial chiral structures for applications in bio-
medical, pharmaceutical, nanophotonic systems.

Introduction

Chirality, a property defined as a system of objects that cannot
be superimposed onto its mirror image, has been actively
investigated at optical wavelengths from ultra-violet to infrared
to distinguish chemical enantiomers for various tests in medi-
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Some well-known chiroptical responses are circular dichroism
(CD: difference in absorption of left-circularly polarized light
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(LCP) and right-circularly polarized light (RCP)), optical rota-
tory dispersion (ORD: rotational degree of linear polarization),
and helical dichroism (HD: the difference between oppositely-
signed topological charges of a vortex beam).®™®

For effectively distinguishing chiral molecular media, the
field of metamaterials have been intensively researched to
amplify weak intrinsic chiroptical signal. Among them, there
are two types of metasurfaces that can be applied to chiral
sensing which is achiral and chiral nanostructures.”' Achiral
metamaterials have an advantage that they can suppress
photothermal effect caused by the resonant of metallic struc-
tures, so they can detect chiral signals without the disturbance
in temperature variation, which is important in distinguishing
the chirality of low-thermal-resistant proteins. However, chiral
nanostructure supports a stronger chiral near field than
achiral nanostructures, so it can amplify weak chiral signals
more than achiral structures.'' Therefore, artificial chirality
from chiral metamaterials and plasmonic particles has been
widely investigated to obtain sensitive chiroptical responses
for wuse in practical enantioselective sensing devices.
Additionally, for the fabrication of three-dimensional (3D)
plasmonic chiral metamaterials, several fabrication methods
including direct laser writing'*™** and focused-ion beam depo-
sition'® have been investigated. However, both methods
pattern nanostructure sequentially, hence they require a lot of
time to fabricate large-area nanopatterns.

To solve these limitations of the expansive fabrication
process and the sensitivity of its applications, mass-production
techniques for complex chirality and various sensing methods
have been investigated. Bottom-up synthesis enables massive
production, but it generally could not fabricate symmetric
broken structures at the nanoscale. Recently, advanced chiral
synthesis such as peptide-assisted bottom-up,* glanced-angled
vapor deposition, and aerosol 3D printing methods reduced
the fabrication cost. For the higher sensitivity in chiral
sensing, scattering of spin angular momentum (SAM) and
orbital angular momentum (OAM),*"” as well as a photother-
mal effect,'®'® have been evaluated. For example, a nanoscale
cavity can strongly confine electromagnetic fields and can
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amplify chiroptical responses,*® while the photothermal effect
of chiral structures can be used to detect the chiral signals of
individual chiral molecules.®

Here, in this mini-review, we present the progress of 3D
chiral metamaterials in three emerging fields: Part (1) precise
bottom-up synthesis with self-assembly, Part (2) large-area
chiral structure fabrication based on physical vapor depo-
sition, and Part (3) enhanced chiroptical responses with CD,
photothermal effect, and HD. Part 1 and 2 focus on recent fab-
rication methods for low-cost massive artificial chiral struc-
tures, and part 3 shows practical sensing methods based on
3D chiral structures. In part 1, chiral particle synthesis
methods and chiral-arrangement with gold nanorods are intro-
duced, and in part 2, large-area chiral manufacturing based on
physical vapor deposition is introduced. Finally, recent
enantioselective sensing methods with 3D chiral structures
have been introduced in part 3. We believe that bottom-up par-
ticle synthesis and large-area fabrication methods will enable
the inexpensive fabrication of chiroptical sensing devices. In
addition, enhanced chiroptical responses with OAM and
photothermal effects obtain extremely high sensitivity in chiral
sensors. Compared to the previous reviews, which focus on
design and fabrication methods,>* theoretical modelling," or
tunability of chiral metamaterials,>"** this mini review will
guide the next step of artificial chiroptical application research
by covering both low-cost fabrications with sensitive chiral
signal measurement methods.

Part 1. 3D self-assembly for fabrication
of chiral metamaterials

Self-assembly is a process by which natural reactions spon-
taneously yield organized structures and is commonly used to
fabricate 3D materials. It has been applied to synthesize 3D
chiral metamaterials by exploiting physicochemical inter-
actions between chemical components. In this paper, we will
use the term ‘3D self-assembly’ as describing the method to
create individually dispersed 3D chiral materials with complex
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shapes through self-assembly. The fabrication of arbitrary
complex structures can be achieved with lower costs and
higher precision than conventional top-down fabrication
methods.>*** Since 3D self-assembly methods are very diverse,
it is difficult to understand everything through a short paper,
but we will try to explain 3D self-assembly that makes chiral
particles through a representative case. In this section, we
introduce four examples of 3D self-assembly fabrication
methods for chiral metamaterials. The first two cases in which
the construction block contains metallic particles, and the
other two methods are cases in which the construction block
does not contain metallic components.

The synthesis of plasmonic nanoparticles with chiral
morphologies®***® is a typical use of bottom-up self-assem-
bly methods, which involves one or two seed-mediated
aqueous chemical-reaction procedures.”® When amino acids
and peptides interact enantioselectively with surfaces that have
high Miller indices, the atoms tend to arrange on the surfaces
with chiral characteristics during growth. The use of a chiral
additive such as r-cysteine or p-cysteine has been used to
manipulate the handedness of the resulting nanoparticles
(Fig. 1a-i, ii).*® Because of the chiral geometry, the distri-
butions of the electric field and magnetic field differ distinctly
depending on the handedness of the incident circularly polar-
ized light (Fig. 1a-iii). The chiral geometry of the final struc-
tures strongly affects the handedness-dependent CD signals
(Fig. 1a-iv). Appropriate control of the growth kinetics by chan-
ging the concentration and injection time of the seed nano-
particles can affect the crystallographic and geometric charac-
teristics of the resulting particles (Fig. 1a-v).*"

DNA can be programmed by sequence-dependent reco-
gnition and conformation, by which the position of long
single-stranded DNA (ssDNA), called a “scaffold”, can be deter-
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mined in connection with a short guiding ssDNA, called a
“staple”.*> The DNA origami technique exploits the 3D self-
assembly of ssDNA. Nano-architectures with chiral mor-
phologies using DNA origami have been demonstrated as
high-tech bottom-up fabrication as a way to easily yield arbi-
trary and dynamic nanostructures.***** Complex structures
such as chiral molecules with multiple chiral centers have also
been fabricated using the DNA origami method (Fig. 1b).>*
With precursors with two chiral centers, four pairs of plasmo-
nic diastereomers can be formed by self-assembly (Fig. 1b-i).
The structure is composed of a scaffold, a staple, and gold
nanorods (AuNRs), which are fixed through hybridization with
DNA. An AuNR trimer is a structure with two chiral centers
which can be produced by mixing and annealing processes
using one precursor with a chiral center, called the ‘AuNR
dimer’ and one with an incomplete chiral center, called the
‘free AUNR’ (Fig. 1b-ii). The success of self-assembly can be
confirmed by comparing gel electrophoresis results before
(Fig. 1b-iii, lane 1) and after (Fig. 1b-iii, lane 2) synthesis, and
by examining TEM images (Fig. 1b-iv). Different diastereo-
meric shapes exhibit different CD properties (Fig. 1b-v). Four
combinations of left-handed (L) and right-handed (R) are
obtained. LL shows strong CD signals that are opposite to
those of RR. LR and RL include a plane of symmetry, so the
CD signal is weak.

Block copolymers composed of more than one species of
monomer linked by chemical bonds have also been used as
chiral assemblies.®> The morphologies of block copolymers
depend on the thermal equilibrium condition with respect to
the volume fraction of monomer blocks. Thus, various mor-
phologies, such as lamellae and cylinders, and even chiral geo-
metries, like gyroid,*®*” spiral,***° toroid,** and helix, can be
obtained by exploiting phase separation and reconstructions
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Fig. 1 3D assembly of chiral metamaterials. (a) Chiral plasmonic nanoparticles.>>3! SEM images of the resulting particles (i) when L-cysteine is used
as an additive, (i) when D-cysteine is used as an additive.®° (iii) Electric and magnetic field distributions difference maps depending on circular polar-
ization of incident light.*° (iv) CD spectra.*® (v) Schematic of morphology change depending on synthesis conditions.® (b) Self-assembly with DNA
origami.2 (i) Four pairs of plasmonic diastereomers (i) Schematic of assembly process to fabricate diastereomers with two chiral centers. (iii) Results
of agarose gel electrophoresis. (iv) TEM image of AuNR trimers. (v) CD spectra of four kinds of plasmonic diastereomers. (c) Block copolymer self-
assembly.*? (i) Schematic of three synthetic types to fabricate different morphologies. TEM images of (ii) coil-like non-chiral helix and (iii) right-
handed chiral helix. (iv) SEM and TEM images of morphology changes depending on thermal annealing. (d) Self-assembly of cellulose nanocrystals.*”
(i) Schematic of synthesis process from CNCs to CNC-elastomer composites. (i) SEM image of CNC-elastomer film. (iii) Fingerprint texture of
stretched and relaxed condition. Polar plots of light intensities of (iv) relaxed, and (v) stretched cases. (vi) Birefringence vs stretching elongation. (a-ii,
iii, and iv) Reproduction with permission from Ref. 42. (a-v) Reproduction with permission from Ref. 31. (b) Reproduction with permission from Ref.

42. (c) Reproduction with permission from Ref. 47.

of block copolymers. For example (Fig. 1c),** kinetic factors
affect the morphologies of self-assembled block copolymers
polystyrene-block-poly(p-lactide); three types of resulting mor-
phologies can be obtained (Fig. 1c-i). The height i of the
aqueous phase and the interfacial area S between aqueous
phase and air determine the solvent evaporation rate Reyap,
which affects the assembly kinetics. When the particles are
synthesized under condition I (high # and high S) to form coil-
like chiral particle (morphology I), 78% of the particles have

This journal is © The Royal Society of Chemistry 2022

no chiral properties because the helix is randomly twisted
(Fig. 1c-ii), whereas 22% of the particles are constantly twisted
in the right-handed direction (Fig. 1c-iii), and thus chiral pro-
perties can be observed. As Reyp is reduced using thermal
annealing by raising the temperature to about 70 °C, the shape
of the block copolymer particles gradually changed from the
coil-like particles (morphology I) and the loop-like particles
(morphology II) to the internal network structures (mor-
phology III) (Fig. 1c-iv).

Nanoscale, 2022, 14, 3720-3730 | 3723
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Cellulose is an abundant organic polymer.*> When it con-
sists of both crystalline and amorphous domains, cellulose
nanocrystals (CNCs) can be isolated by using acid to hydrolyze
the amorphous domains and leave only the crystalline parts.
CNCs can spontaneously organize to form a helical assembly,
which induces selective optical reaction with respect to the
handedness of light.**™*® A structure composed of spiral CNCs
and elastomers has been suggested to obtain chiral particles
(Fig. 1d).”” The spiral CNC is formed by an evaporation-
induced self-assembly process (Fig. 1d-i). Initially, CNC and
glucose particles are suspended in water and as it evaporates,
the CNCs self-assemble into a left-handed spiral structure. At
this time, the glucose particles help the CNC to expand uni-
formly without cracking during the subsequent drying
process. When the resulting CNC-elastomer polymer is
stretched, the chiral nematic part of the CNC unwinds and
changes to a pseudo-nematic arrangement. When the polymer
is extended to > 900%, the CNC changes from chiral to peri-
odic (Fig. 1d-ii), and the difference in fingerprint textures
between static and stretched CNC can be observed using polar-
ized optical microscopy (Fig. 1d-iii). In polarized ultraviolet-
visible spectroscopy measurements, the visible transmittance
of the static CNC-elastomer composites is the same in all
orientations (Fig. 1d-iv); this result indicates optical an-
isotropy. However, stretched samples are highly anisotropic
because the optical axis is aligned along the stretching direc-
tion (Fig. 1d-v), so the birefringence increases in proportion to
the elongation (Fig. 1d-vi).

In summary, this part introduced a method for fabricating
individually dispersed, complex-shaped chiral structures. If
the seed particles are achiral and metallic, the plasmonic
chiral structures can be obtained by the growing process
through chemical reactions, or stacking can be done using a
DNA scaffold and staple. The block copolymers can controll
their morphologies by using separation and reconstructions.
We can make a chiral structure by stacking organic molecules
like CNC to have specific handedness. As nano- or micro-level
control technology develops, 3D self-assembly processes will
become broader.

Part 2. Large-area 3D nanofabrication
based on a physical vapor deposition

Practical nanophotonic applications such as enantioselective
sensors*® require low-cost and large-area fabrication of 3D
chiral metamaterials.>*° However, at the nanoscale, symmetry-
broken structures generally have higher surface energy than
highly symmetric ones have. Therefore, chiral structures are
difficult to fabricate using commercial bottom-up methods.
This problem has been overcome by using glanced angled
deposition (GLAD), twisted-layered stacking, and 3D aerosol
printing methods. All three nanofabrication methods exploit
physical vapor deposition that brings low step coverage. GLAD
utilize one side film deposition on nanocone arrays; twisted
stacking exploits Moiré patterns with two layers, which fabri-
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cate with physical vapor deposition of gold on polymer arrays;
3D aerosol printing uses a charged aerosol particle deposition
with an array of hole mask that floats over a biased substrate.
In this chapter, we introduce various methods for large-area
fabrication of artificial 3D chiral structures that work in the
visible and infrared regimes.

GLAD has been used to fabricate free-standing nanocone-
array metamaterials, which have been applied to chiral
sensing®>®! (Fig. 2a). To fabricate free-standing chiral struc-
ture, a reactive-ion etching (RIE) process has been conducted
on a polymer sphere array on a photoresist coated substrate
to achieve an array of 600-nm-tall nanocones (Fig. 2a-i).
Then GLAD was conducted to fabricate symmetric broken
nanostructures. The tall structures enable a strong chiropti-
cal response from ultra-violet to visible frequencies (Fig. 2a-
ii). In measurements, a maximum CD intensity of —1.8° at
wavelength 4 = 800 nm is obtained (Fig. 2a-ii). These
methods can be applied to self-assembled dielectric micro-
sphere arrays,>*™>* and low-temperature block-copolymer
seeds.>”

In a demonstration of creating chiral structures by stacking
achiral structures, a twisted-layered achiral gold nanohole
array has been reported as a Moiré chiral metamaterial that
exhibits strong chiroptical responses, high tunability, and scal-
able fabrication (Fig. 2b).>**” The array is fabricated using
nanosphere lithography and RIE, then a layer is stacked at a
twist angle @ on another fabricated layer (Fig. 2b-i). The
chiral handedness is determined by the sign of @ (Fig. 2b-ii).
The intensity and peak of CD can be tuned by adjusting Or,
and the peak is blue-shifted as ©r increases from 0° to 20°
(Fig. 2b-iii). Label-free biomolecule and drug discrimination
have been demonstrated using the Moiré chiral
metamaterials.>®

3D aerosol printing has recently been developed to produce
periodic 3D plasmonic nanostructures.’® The setup consists of
an SiN, mask, an aerosol inlet, and a piezo nanostage (Fig. 2c-i).
A charged aerosol is injected through an aerosol inlet, and the
charged nanoparticles are focused and guided by the SiN,
mask. Depending on the angle between the tip of structures
and the position of the mask hole, the growth direction can be
varied, achieving a slanted growth angle at 145° (Fig. 2c-ii).
The growth angle and a direction can be predicted using
aerosol printing simulation to provide high-precision fabrica-
tion of periodic 3D plasmonic structures (Fig. 2c-iii). This
method has been used to produce periodic helical metamater-
ials with 3D plasmonic structures and a periodicity of 13 ym
(Fig. 2c-iv). Although only plasmonic responses of a vertical
split-ring resonator are reported, the method can be used to
produce 3D artificial plasmonic chiral structures. Considering
its high throughput and broad material selectivity, this
method has the potential to be a dominant fabrication
method for mass-production of large-area 3D plasmonic chiral
structures.

In this part, we reviewed the large-area massive fabrication
of chiral metamaterials. GLAD and twisted layered chiral meta-
materials exploit polymer spheres, which enable large area

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1nr05805c

Published on 29 nuvembre 2021. Downloaded on 05/01/2026 23:44:39.

View Article Online

Nanoscale Minireview

(a)

(i) 1) 350/200

|
& Photoresist  Ag

PSnano- Substrate
sphere glass Au Normal |

1. PS nanosphere array - — o
on photoresist layer —— L-chiral HNCA i L i iii
R. chiral NG|

4. Removing photoresist
iy ERE R D P TR T O R A

3. Deposition process Wavelength (nm)

(b)

N Remove sphere
NSL on Cu RIE & Deposit Au & Coat PMMA Etch Cu

(U]

Au bottom layer on glass  Stack top layer Remove PMMA
PMMA '
Au holes i '
Process 2 —_> - Self-consistently |
e I 2 e
y electric-field line |

(i)

Power supply

(ii) (iii)
bCharged nanoparticle ! -
@ Posttive ion 1 4 } A2

0,>m2 Ry

Measurement Simulation

]
X (um)

(iv)

CD (mdeg)
g o 8

IS
8

g

2

" CD (mdeg)
g o

-400

700 800 900 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 2 Low-cost, large-area fabrication methods for 3D-chiral metamaterials. (a) Fabrication and optical responses of wafer-scale hollow nanocone
array metamaterials.”® (i) Schematic of fabrication methods of nanocone array. ©: angle between projection of metal deposition and perpendicular
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of CD is affected by 6. (c) Fabrication of plasmonic metamaterials by 3D aerosol printing.>® (i) Schematic of 3D aerosol printing that consist of piezo
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images of fabricated artificial chiral structures using the 3D aerosol printing. (a) Reproduction with permission from Ref. 50. (b) Reproduction with
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subwavelength arrays. GLAD uses polymer sphere arrays for
creating curved gold structures to induce strong chiroptical
signals, and the latter uses them to make gold nanohole arrays
using physical vapor deposition. 3D aerosol printing can fabri-
cate 3D complex structures without polymers, and it success-
fully has demonstrated plasmonic metamaterials. These large-
area fabrication methods will commercialize -chiroptical
sensing systems with a low manufacturing cost.

Part 3. Methods for sensitive chiral
sensing

For practical enantioselective sensors, not only the fabrication
of chiral structures but also the sensitivity of chiral sensing is
important. Recently, several approaches have been studied to
increase the sensitivity. Examples include use of cavity-
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enhanced chiral metamaterials (CECMs), photothermal circu-
lar dichroism (PT CD) and HD. This section introduces
methods of highly-efficient chiroptical sensing.

To increase the sensitivity of CD sensing, CECMs that
consist of a metallic chiral structure with a mirror substrate
have been proposed. The anisotropic geometry modulates the
phase difference of LCP and RCP reflected light, while the
cavity length controls the maximum reflectance of LCP and
RCP light.>® The fabrication method (Fig. 3a-i) used two-step
angle-dependent metal deposition (ADMD) and yields CECMs
(left) and CMs (right). The CECMs have a g-factor up to 0.94
with figure-of-merit (FOM) of 0.54 (Fig. 3a-ii), which is ten
times larger than CMs, which have g-factor = 0.094 with FOM =
1.12 (Fig. 3a-iii).>° Despite the different geometric morphology,
the plasmonic resonance in LH-CECMs always occurs near A =
700 nm, so the g-factor is positive in 700 nm (Fig. 3a-iv). Their
cavity structure consists of curved metallic structure on
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Fig. 3 Methods for sensitive chiral sensing. (a) CECM chiral signal.?® (i) Schematic diagram of two-step ADMD on a self-assembled microsphere
monolayer and schematic of RH-CECMs, RH-CMs, LH-CECMs, LH-CMs. (ii) Measured g factor of LH-CECM and RH-CECM that was fabricated to
achieve 0 = 75°, Ap = +45°. (iii) Measured g factor of LH-CM and RH-CM that was fabricated to achieve 6 = 75°, Agp = +45°. (iv) Simulated g-factor of
LH-CECMs that was fabricated to achieve ¢ = 0° (black), 15° (red), 30° (blue), and 45° (magenta). (b) Chiral photothermal imaging.*® (i) (left) SEM
image of a 9 x 9 gammadion array and (right) SEM image of the area surrounded by dashed square in (i). (i) Photothermal dichroism image of (i) and
(right) detailed photothermal dichroism image of the dashed part of (ii). (iii) g factor vs photothermal signal of 81 nanostructures that has three
different handedness. (c) Measured and simulated HD of the nanostructures.®" (i) Schematic of measuring HD illuminated by vortex beam. (i) HD of
the right and left achiral Archimedean spiral. (iii) Measured scattering spectra of left and right-handed helix structure illuminated by focused optical
vortices. (iv) HD of the left, right and achiral nanostructure. (c) Reproduction with permission from Ref. 20. (c) Reproduction with permission from
Ref. 18. (c-i,and ii) Reproduction with permission from Ref. 6. (c-iii,and iv) Reproduction with permission from Ref. 17.
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polymer sphere and mirror substrate and can be applied to
other GLAD for chiral structures® to increase the g-factor and
breadth of the chiroptical response.>°

PT CD has been introduced to achieve highly sensitive CD
spectroscopy.'”®' % PT CD can attain high signal-to-noise
ratio by combining highly sensitive photothermal microscopy
and an enantioselective signal. Therefore, PT CD can detect
chiral signals in small samples,'® for example, left, right and
achiral gammadions (Fig. 3b-i).'® The PT CD images clearly
show the change of the sign in the PT CD signal that follows
the chirality of the nanostructure (Fig. 3b-ii). A signal-to-noise
ratio (SNR) of approximately ~45 with 30 ms integration time
is shown, compared to the conventional detection method that
uses extinction, which reaches a SNR ~10 with 1—s integration
time."® The high SNR of the PT CD signal permits detection of
individual nanoparticles. The experimentally-measured
gfactor with 81 individual nanostructures are shown in
(Fig. 3b-iii). The g-factor for left and right-handed gamma-
dions was ~0.04, and the resolution of the dissymmetry factor
was ~0.004, which indicates a strong ability to detect chirality.

HD also has possible applications for sensitive chirality
detection. HD is defined as the difference between the scatter-
ing of opposite signs of OAM beam, which is calculated as 2
(I; = I_)/(I; + I_;)® where [ is the topological charge of the
vortex beam. The topological charge [ contributes as a new
degree of freedom to widen the domain of optical chirality.
When the OAM beam is tightly focused, a longitudinal field
component is generated and causes optical chirality in the
optical axis.®*”®” The advantage of HD is that it only requires
monochromatic light with a varying OAM topological charge to
detect chirality, whereas CD requires a broadband beam.'” An
Archimedean spiral and a helical structure showed strongly
different scattering intensities depending on the topological
charge of tightly focused vortex beams (Fig. 3c-i).>'” HD
reached 0.2 (I = 8) in the Archimedean spiral (Fig. 3c-ii) and
1.2 (I = 30) in the helical nanostructure (Fig. 3c-iii). Maximum
HD was reached when the dimension of the structure matched
the dimension of the OAM beam (Fig. 3c-iv). Additionally, the
height and diameter of the nanostructure can be manipulated
to achieve different HD. Note that as [ of the beam is
increased, the radius of the beam increases, and increases the
singularity point that generates a critical point where HD
reduces to zero.>"’

In summary, this section reviewed methods for sensitive
chiral sensing including CECM, PT CD, and HD. CECM uti-
lizes the cavity to increase the chiroptical signal, PT CD detects
chiral signals in individual nanoparticles due to the high SNR.
Lastly, HD only requires a monochromatic light with OAM
varying state. These advanced chiral sensing methods will
benefit for the practical chiroptical sensing system.

Conclusion

In this minireview, we have summarized advanced 3D bottom-
up nanofabrication methods, including self-assembly synth-

This journal is © The Royal Society of Chemistry 2022
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eses and wafer-scale processes, which can overcome the limit-
ations of existing conventional methods. We also introduced
single scattering measurements which confirm the strengthen-
ing of chiral or helical signals. Chiral metamaterials have the
potential to demonstrate sensitive chirality-selective sensing
and detecting platforms that may contribute significantly to
the biomedical and pharmaceutical industries.®®®® To apply
the chiral nanostructure to a practical and commercial on-chip
sensing system, a dynamic system, such as an opto-fluidic
system that considers the mobility of particles, have been
actively  researched. Recently  proposed advanced
materials,”’”? tunable materials,”*”’® and machine-learning
design methods’” ®® empower the development of chiral meta-
materials. Furthermore, artificial chiral nanostructures can be
utilized in various photonic applications such as chiral meta-
mirrors,®” metaholograms,®®® metalenses,®”’*® multi-mode
OAM generators,* beam steering,’® and color prints.”’ These
applications can be further improved by analysis of current
metasurface and metamaterials that use various optical

responses such as Mie-resonance,””® geometric phases,’”"*®
nanogap plasmonics,””'® nonlinear optics,'®"  Bragg-
102,103 104-108

reflection, and spin Hall effect. Future research
could also focus on how tuneable chirality and controllable
chiroptical properties can be produced so that the chiral struc-
ture is not fixed and the degrees of freedom can be
increased.'*'°
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