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CONSPECTUS: Chirality in Nature can be found across all
length scales, from the subatomic to the galactic. At the
molecular scale, the spatial dissymmetry in the atomic
arrangements of pairs of mirror-image molecules, known as
enantiomers, gives rise to fascinating and often critical
differences in chemical and physical properties. With
increasing hierarchical complexity, protein function, cell
communication, and organism health rely on enantioselective
interactions between molecules with selective handedness. For
example, neurodegenerative and neuropsychiatric disorders
including Alzheimer’s and Parkinson’s diseases have been
linked to distortion of chiral-molecular structure. Moreover, D-
amino acids have become increasingly recognized as potential
biomarkers, necessitating comprehensive analytical methods for diagnosis that are capable of distinguishing L- from p-forms and
quantifying trace concentrations of b-amino acids. Correspondingly, many pharmaceuticals and agrochemicals consist of chiral
molecules that target particular enantioselective pathways. Yet, despite the importance of molecular chirality, it remains
challenging to sense and to separate chiral compounds. Chiral-optical spectroscopies are designed to analyze the purity of chiral
samples, but they are often insensitive to the trace enantiomeric excess that might be present in a patient sample, such as blood,
urine, or sputum, or pharmaceutical product. Similarly, existing separation schemes to enable enantiopure solutions of chiral
products are inefficient or costly. Consequently, most pharmaceuticals or agrochemicals are sold as racemic mixtures, with
reduced efficacy and potential deleterious impacts.

Recent advances in nanophotonics lay the foundation toward highly sensitive and efficient chiral detection and separation
methods. In this Account, we highlight our group’s effort to leverage nanoscale chiral light—matter interactions to detect,
characterize, and separate enantiomers, potentially down to the single molecule level. Notably, certain resonant nanostructures
can significantly enhance circular dichroism for improved chiral sensing and spectroscopy as well as high-yield enantioselective
photochemistry. We first describe how achiral metallic and dielectric nanostructures can be utilized to increase the local optical
chirality density by engineering the coupling between electric and magnetic optical resonances. While plasmonic nanoparticles
locally enhance the optical chirality density, high-index dielectric nanoparticles can enable large-volume and uniform-sign
enhancements in the optical chirality density. By overlapping these electric and magnetic resonances, local chiral fields can be
enhanced by several orders of magnitude. We show how these design rules can enable high-yield enantioselective
photochemistry and project a 2000-fold improvement in the yield of a photoionization reaction. Next, we discuss how optical
forces can enable selective manipulation and separation of enantiomers. We describe the design of low-power enantioselective
optical tweezers with the ability to trap sub-10 nm dielectric particles. We also characterize their chiral-optical forces with high
spatial and force resolution using combined optical and atomic force microscopy. These optical tweezers exhibit an
enantioselective optical force contrast exceeding 10 pN, enabling selective attraction or repulsion of enantiomers based on the
illumination polarization. Finally, we discuss future challenges and opportunities spanning fundamental research to technology
translation. Disease detection in the clinic as well as pharmaceutical and agrochemical industrial applications requiring large-
scale, high-throughput production will gain particular benefit from the simplicity and relative low cost that nanophotonic
platforms promise.

Separation Sensing \ Photochemistry

B INTRODUCTION

Observed from subatomic particles to the macroscale, chiral
structure dictates function. Chiral properties are particularly

notable in molecules including amino acids, proteins, sugars,
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enzymes, and a variety of pharmaceuticals and agrochemicals. In
amolecular ensemble, enantiomers are most often distinguished
using chiral-optical spectroscopies that analyze either circular
dichroism or circular birefringence. These spectral signatures
result from the preferential absorption and differential phase
delay, respectively, of left- or right-handed circularly polarized
light.

Historically, the first observation of chiral-optical activity
dates to 1811 when Arago observed colors in sunlight after
passing through quartz - which has a chiral crystal structure of
achiral SiO, atomic subunits - placed between two polarizers.’
Biot later attributed the phenomenon to optical rotation in the
plane of polarization at different wavelengths (optical rotatory
dispersion).” The discovery of left- and right-handed circular
polarization states of light by Fresnel in 1824 led to the
conclusion that this rotation of linearly polarized light
(composed equally of left- and right-handed circular polar-
ization) resulted from different refractive indices for opposite
circular polarization states of light in the chiral medium.
Pasteur’s discovery of molecular handedness via observation of
the optical rotation of tartaric acid in 1848 extended the scope of
these phenomena from the dissymmetric arrangement of
crystalline building blocks to the helicoidal arrangement of
atoms in molecules themselves."**

Significant advances in optical instrumentation in the 1960s,
particularly the advancement of piezo-optical birefringence
modulators, furthered research efforts in molecular optical
activity and enabled these spectroscoyies to find widespread use
as analytical tools in biochemistry.”® For example, the insights
on secondary and tertiary molecular structure provided by these
spectroscopic techniques enabled important progress in the
development of biochemicals, e.g., for agrochemical and
pharmaceutical applications, where chirality plays a central
role.” However, chiral-optical spectroscopies are inherently
limited in sensitivity due to the scale-mismatch between the
helical pitch of atoms in molecules and the wavelength of
ultraviolet, visible, and near-infrared light.g'9 Thus, high-
throughput industrial applications and bioanalytical techniques
that require detection of trace amounts of chiral molecules are
prohibitively challenged by the small magnitude of circular
dichroism.

Recent advancements in the field of nanophotonics offer
solutions to overcome these challenges by enhancing chiral
light—matter interactions. For example, nanostructured optical
antennas scale light below the diffraction limit to approach
molecular dimensions at optical frequencies. Simultaneously,
these nano-optical antennas preserve or convert the circular
polarization of incident light to allow for enhancement in the
local chiral field. This local optical chirality density was derived
by Lipkin in 1964."° Subsequently, metallic nanostructures with
chiral geometries, including individual nanoparticles, nano-
particle assemblies, and DNA origami, were used to generate
high optical chirality density and enhanced circular dichroism
with orders-of-magnitude larger amplitudes than typically
observed for chiral molecules.”"'™** In 2010, Tang and
Cohen showed how such enantioselective enhancements
could amplify selectively the rate of excitation of chiral
molecules.*** However, these chiral-optical enhancements are
generally still insufficient for practical, high-efficiency, and high-
sensitivity chiral sensing, separation, and asymmetric synthesis,
particularly when compared to chiral column chromatogra-
phy,44 requiring new strategies to enhance enantioselective
interactions.
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In this Account, we highlight emerging strategies to enhance
optical chirality density based on rational design of metallic and
dielectric nanostructures. These structures systematically
manipulate electric and magnetic light—matter interactions,
including the amplitude and phase of the local field, enabling
precise interaction with chiral molecules to tailor their
absorptivity, emission, and vibrational amplitudes. We then
discuss the application of these nanophotonic platforms to (1)
distinguish chiral molecules for high-sensitivity biochemical
sensing; (2) amplify enantiomeric excesses in asymmetric
chemical reactions; and (3) enable all-optical strategies for
enantiomer separations.

B OPTICAL CHIRALITY ENHANCEMENT WITH
DIELECTRIC NANOSTRUCTURES FOR CHIRAL
SENSING

Circular dichroism (CD) spectroscopy is used to characterize
optically active species, ranging from small-molecule analytes
possessing a single asymmetric chiral center to hierarchically
more complex molecular assemblies.”” The difference in
absorption of circularly polarized light (CPL) by chiral
molecules provides a method to distinguish isomers and
determine enantiomeric excess of mixed analytes, necessary
for characterizing products in asymmetric synthesis.**™**
Moreover, spectral signatures that are indicative of common
structural motifs enable monitoring secondary and tertiary
conformations of biomolecules including peptides, proteins, and
oligonucleotides. Spectral changes in CD can therefore be used
for diverse bioanalytical applications such as understanding
protein aggresgation associated with disease onset and
progressiox1,49"0 characterizing conformational changes of
aptamers induced by target binding,”"** and testing environ-
mental stability of oligonucleotides.”

Typically, differential absorption of CPL by chiral molecules
lies orders of magnitude below the corresponding total
absorption amplitude of unpolarized light due to dimensional
mismatch of the arrangement of molecular bonds and the pitch
of CPL. Measuring relative excess of a chiral target over its
mirror image requires high sample concentrations, long optical
path lengths, and signal amplification. These drawbacks limit
sensitivity, and thus utility, of CD spectroscopy as an analytical
technique.

To overcome these challenges, subwavelength nanophotonic
structures that enhance both the intensity and chirality of
evanescent fields can be used to selectively amplify the rate of
light absorption by enantiomers over their mirror image isomers.
Upon illumination with CPL, evanescent fields surrounding a
nanostructure can take on arbitrary polarization states, with the
potential to enhance the optical chirality density, C. Compared
€

® 2
——Ey), C near a
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nanostrustructure takes the form:”

[0 w
c* —?Im(E*H) = —?lEllchos(ﬂiE'H)

(1)

where €, is the permittivity of free space, @ is the angular
frequency, c is the speed of light, E; is the incident electric field
magnitude, and E and H represent the complex electric and
magnetic field vectors, respectively. The value, gy, describes
the phase angle between iE and H.

Optical chirality is proportional to the rate of absorption by a
chiral molecule, as given by
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Figure 1. (a) Enhancements in electric field amplitude (left) and optical chirality (right) with 10 nm radius silver sphere at 359 nm. (b) Scattering
spectrum (left) of plasmonic particle, plotted with optical chirality enhancement (right) at a point 1 nm above the sphere, and averaged in 1 nm thick
shell around the surface. (c) Enhancements in electric field amplitude (left) and optical chirality (right) with 7S nm radius silicon sphere at 625 nm. d)
Scattering spectrum (left) of 75 nm Si sphere plotted against optical chirality enhancement (right) at a point 1 nm above the sphere, and averagedina 1
nm-thick shell around the surface (right). (a—d) Adapted with permission from ref 54. Copyright 2013 American Physical Society. (e) Field maps of Si
nanosphere supporting higher-order moments that improve electric field amplitude (left) and optical chirality enhancement (right), plotted at 1684
nm. (f) Scattering spectrum of 436 nm sphere (left), with maximum point enhancement in C (right). (e, f) Adapted with permission from ref S6.
Copyright 2017 American Chemical Society. (g) Uniform-sign, large-area enhancements in C are achieved with arrays of Si disks. Electric field
amplitude enhancement (left) and C/Ccpy (right) of square array of Si disks with r = 230 nm, 4 = 200 nm, and lattice parameter a = 1000 nm at 1219
nm. (h) Transmission spectra with disk radius 150—350 nm (left), compared with enhancements in C (right). (g, h) Adapted from ref 57. Copyright

2019 American Chemical Society.
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where a”, y”, and G” are the imaginary components of the
electric, magnetic, and chiral polarizability of the molecule,
respectively, and f, is the free-space magnetic permeability. As
the CD of a molecule is given by the differential absorption of
right- and left-CPL (CD « A* — A7), by the above equations,
CD « 4/€,G"C, illustrating that enhancing optical chirality
through manipulation of near fields is one factor that can lead to
higher sensitivity CD, in addition to other far-field effects such as
interference.”>"
The use of chiral plasmonic nanostructures to engineer
enhancements in C has received considerable attention.’ In
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plasmonic structures, C enhancement arises largely from electric
multipolar resonances. For example, achiral plasmonic spheres
generate local enhancements in C (Figure 1a,b) near the dipolar
plasmon resonance. However, enhancements are spatially
varying in sign (handedness)** and are therefore negligible
when averaged over the particle surface (Figure 1b).

While plasmonic responses are dominated by electric
resonances upon irradiation, high-refractive-index dielectric
nanoparticles support both electric and magnetic multipolar
Mie resonances (Figure 1¢,d). For the example of a 75 nm radius
Si sphere, two resonances are present between 500 and 700 nm
(Figure 1d, left panel), a lowest order magnetic dipole and a
second-lowest order electric dipole. The presence of magnetic
resonances enables further control of the chiral-optical proper-
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Figure 2. (a) Silicon nanoparticles can asymmetrically enhance absorption of right- versus left-handed CPL in chiral molecules, leading to photolysis.
(b) Transmission spectra with disk radius 150—350 nm (left), compared with enhancement in g (right), which reaches a maximum of 15-fold. (c)
Electric field amplitude enhancement when g/gcp; is maximized (left) in a square array of Si disks (r = 255 nm, & = 200 nm, @ = 1000 nm). Map of g/
gepy, (right) shows large, uniform-sign enhancements. (d) Photoionization of thiocamphor predicted based first-order kinetic model.*” Increases in
dissymmetry factor from disk array give 20% enantiomeric excess with 52% yield, up from <19% yield. Adapted from ref 57. Copyright 2019 American

Chemical Society.

ties. As a result, it is possible to attain single-sign enhancements of
C (Figure 1c).

This effect can be further increased via multipolar modes of
high-index dielectric nanospheres of different radii (Figure
le).*® For example, silicon spheres of radius 436 nm exhibit
several resonances for wavelengths between 2.5 and 3.5 um,
corresponding to magnetic and electric multipolar modes
ranging from second (dipolar) to thirty-second order.
Importantly, the maximum enhancements in C (eq 1) occur
near the magnetic multipolar resonances, indicating that a strong
magnetic field is a significant design rule.

It is also notable that, as mode order increases, so too does
quality factor (as evidenced by sharper line widths in Figure 1f,
left) and C/Ccpy. In particular, we see improvements in C of 33-
fold, 78-fold, and 169-fold (at the magnetic 8-polar, 16-polar,
and 32-polar modes respectively) as the full-width half-
maximum of the mode ranges from 20 nm down to 3 nm and
finally 2 nm (Figure 1f, left). These stronger enhancements
occur due to the lengthened lifetimes of the higher-order
resonances, building electromagnetic field strength within the
particle (Figure le, left). However, these higher-order
resonances are also characterized by the many-lobed distribu-
tion in Figure le. Thus, C/Ccpy is again both positive and
negative in sign around the sphere as the phase of the standing
wave varies from lobe to lobe. Accordingly, while higher-order
modes attain larger field strength and higher local enhance-
ments, they suffer from losses in global enhancement.

In order to achieve enhancements that are both large and
spatially consistent, we introduced high-index-dielectric nano-
disk arrays.”” The crucial advantage of nanodisks over spheres
lies in the independent tunability of the electric and magnetic
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resonances via disk aspect ratio (Figure 1g). While the electric
multipolar resonances depend primarily on disk radius, the
magnetic multipolar resonances are controlled predominantly
by the height. Therefore, when the radius increases while the
height is fixed, the electric mode red-shifts more significantly
than the magnetic. Thus, independent optimization of the phase
between the resonances and the strength of the optical response
is possible.

As the modes shift unequally, the two resonances cross
(Figure 1h), marking a Kerker-like condition where the
transmission approaches unity.sg‘59 Here, as both resonances
occur at the same frequency and with similar line widths, the
phase of the electric and magnetic field shifts identically.
Consequently, not only are the electric and magnetic fields
strong, but also they maintain circular polarization, maximizing
the enhancement in C. Specifically, here we attain a maximum
138-fold enhancement outside the disk relying only on low-
quality-factor dipolar modes, which previously exhibited
enhancements less than 20-fold. Furthermore, like the dipolar
modes studied in Garcia-Etxarri et al,,>* the studied nanodisk
modes show more spatial uniformity than the higher-order
modes studied in Ho et al.>® Therefore, the enhancement in
optical chirality is consistent in sign around the entire surface,
leading to a significant volumetric enhancement in addition to
the high local enhancements. The additional degrees of freedom
in the nanodisk have allowed us to not only optimize the electric
and magnetic fields, but also the phase between them.
Accordingly, this disk array enables volumetric enhancement
of optical chirality using dipolar modes alone. This effect can be
seen in other geometries as well, including holey disks.”” Such
independent spectral tunability of electric and magnetic
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multipolar modes makes these metasurfaces powerful tools to
achieve high chiral-optical volumetric enhancement in spatial
regions easily accessible by chiral analytes.

B HARNESSING AMPLIFIED ELECTROMAGNETIC
CHIRALITY DENSITY FOR ENANTIOSELECTIVE
PHOTOCHEMISTRY

Chemical methods to separate enantiomers include chiral
chromatography, autocatalysis, self-replication, and chiral-
selective amplification; these methods are the current industry
norm but are analyte-specific and lack atom-eficiency. Optical
approaches based on resonant chiral light-molecular interactions
have the potential to streamline enantiomer separation and
enantioselective photochemistry, providing a more generalizable
platform for a multitude of analytes and improving atom-
efficiency. For example, circularly polarized illumination can
influence enantioselective conversion in photochemical reac-
tions, even from racemic mixtures. As a result of CD, enrichment
in the concentration of a single enantiomer over its mirror image
has been attained by preferential photoionization or photo-
destruction of a wide range of compounds,61 including
camphor®” and various amino acids.”> Alternatively, intercon-
version between metastable states in photoisomerization of
molecular switches and rotors such as azobenzene derivatives®*
and sterically overcrowded alkenes® provide strategies for
reversible formation of one enantiomer over another with light.
While enantioselectivity in photochemical reactions via
asymmetric photolysis of chiral molecules was demonstrated
as early as 1929,°%°’ preferred photodestruction has historically
suffered from low enantiomeric excess and yield.”

The figure of merit for such an all-optical approach, Kuhn’s
dissymmetry factor, g,68 is defined as preferential absorption of
light of one handedness normalized by total absorption,*’

_2(AT-A)
AT+ A ()

Similar to CD, Kuhn'’s dissymmetry factor is proportional to
the optical chirality density, C, as seen when A* is substituted
with the definition in eq 2.

= _( G”) _8¢
8 we B (4)
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Thus, the dissymmetry factor is proportional to C, but
inversely proportional to electric field amplitude. To study the
effect that nanophotonic structures have on dissymmetry, and
therefore asymmetric photolysis, we define enhancement in
dissymmetry as g/gcp;. In the studied small-molecule regime,
the dissymmetry factor under CPL irradiation alone, or gcp;, has
previously been defined as gep, = —4G”/ca,*® where c is the
speed of light. Thus, enhancements can be defined solely in
terms of the electromagnetic field surrounding a nanophotonic
structure:>®

1 [ElHlcos(fg )

- 2
wc [El

g 2 C
we, IEI (3)
In our research, we have found significant potential for high-
index dielectric nanostructures to catalyze such light-mediated

C L 54,56,57 :
reactions. Here, we focus on the enhancements in
dissymmetry that are possible using a nanodisk metasurface
(Figure 2a). Like the enhancements in optical chirality seen
above, the optimal condition for enhancement in dissymmetry

8 CPL
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occurs near the overlap of the electric and magnetic dipole
modes (Figure 2b). In contrast to C enhancements, which occur
on-resonance (Figure 1), the maximum enhancements in g (eq
5) are found slightly off-resonance. At this wavelength, a strong
magnetic fleld outside the disk and a relatively weak electric field
lead to a single-sign enhancement in g in a region readily
accessible by an analyte (Figure 2c). The observed maximum in
g/8cpr is 15-fold at 1297 nm, more than 5-fold that attainable at
the dipole mode of silicon nanospheres. Optimal enhancements
in g occur in proximity to, but not directly on, the Kerker-like
condition, marking slight electric and magnetic detuning as a
crucial design rule for Kuhn’s dissymmetry factor.

To study the potential of such a metasurface to separate a
racemic chemical mixture, we consider first-order photo-
decomposition kinetics of thiocamphor, as camphor derivatives
can undergo a ring-opening photoionization reaction. We design
a metasurface to maximize g/gcpy, at 520 nm, where gyiocamphor
peaks at 0.04.” We model the relationship between
enantiomeric excess (y) and yield(x) as®

1 (1 +y)1/2_1/g . (1 +y]_1/2_1/g
2(\1 -y 1—-y 6)

Figure 2d illustrates enantiomeric excess versus yield using
this model, including the result that CPL alone could attain a
20% enantiomeric excess in thiocamphor, but with a mere
0.004% yield. Thus, accomplishing measurable enantiomeric
excess requires the destruction of a majority of molecules in the
studied mixture, regardless of their handedness. However, in the
presence of the nanodisk metasurface and the 15-fold enhance-
ment in dissymmetry, it is projected that a 20% enantiomeric
excess with up to a 52% yield is possible, a significant step toward
pharmaceutically relevant reactions. However, to move toward
>90% enantiomeric excess with >80% yield for practical and
viable alternatives to asymmetric synthesis and chiral separation,
additional optimization is necessary. Notably, magnetic field
strength must be improved via metasurface design, and material
limitations must be overcome as relevant molecules are typically
resonant in the ultraviolet regime, where it is unusual for
dielectric materials to have high refractive index with low losses.
We anticipate that progress can be made through innovative
tuning of high-quality-factor dipolar resonances of lower-index
UV-lossless optical lattices.”” Finally, these nanophotonic
platforms may enable asymmetric amplification of small
enantioselective differences in absorption of chiral light with
kinetic control by taking advantage of self-catalyzed crystal-
lization and surface interactions under appropriate environ-
mental conditions simultaneously, analogous to recent regorts
of enantiomer separations using ferromagnetic materials.”””"

X =

B ENANTIOSELECTIVE PLASMONIC TWEEZERS

Sculpted electromagnetic beams can serve as optical tweezers,
allowing small objects to be accelerated, manipulated, or trapped
with light alone.””””> These beams can exhibit remarkable
enantioselectivity of optical forces, making light-based techni-
ques appealing and more efficient alternatives to chemical
methods for enantiomer manipulation’® and separation.””~”’
For chiral particles, optical forces are determined by the electric
and magnetic field gradients as well as spin and orbital angular
momentum, and thus can become selective to the particle
handedness.*® For nanoscale chiral particles, the total optical
forces on enantiomers can be written as®'
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Figure 3. (a) Schematic of coaxial plasmonic tweezers. Adapted from ref 81. Copyright 2016 American Chemical Society. (b) Use of coaxial plasmonic
tweezer array for selective trapping of chiral objects. (c) Transmission spectrum of 150 nm thick silver coaxial aperture with 120 nm core diameter and
25 nm silica channel with electric field intensity distribution at the two resonance peaks (inset). Adapted from ref 83. Copyright 2012 American

Chemical Society. (d) Transverse trapping potential well (U,

) and pulling force (F,) on a 10 nm dielectric particle located 20 nm from the aperture,

linear polarization. (e) Transverse optical forces calculated 20 nm away from the aperture under L-CPL. Fy, and F,, denote dielectric gradient force and
chiral gradient force on an S-enantiomer, respectively. Fg and Fy denote total optical forces on an S- and R-enantiomer with k¥ = + 0.6 and L-CPL
illumination. (Scale bars are S0 nm). (f) Trapping potential well on the two enantiomers. (d—f) Adapted from ref 81. Copyright 2016 American

Chemical Society.
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where a, is the electric polarizability and a., is the
electromagnetlc polarlzablhty and is directly related to the

chirality of particle (k) as®

jK\/‘c"Oﬂo

(& + 26) (1 +2) —

a. = —127r

em

(8)

Here, €, and p, are the relative permittivity and permeability of
the particle, €., is the relative permittivity of the surrounding
medium, and r is the particle radius. Notably, the sign of the
electromagnetic polarizability, @, is determined by that of k
which describes the particle handedness. For achiral particles,
the chirality, k, and consequently the polarizability, a.,,, both
reduce to zero.

From eq 7, we note that the total optical forces on
enantiomers are directly proportional to two main components:
the electric field intensity gradient (VIEP*) and the optical
chirality density gradient (VIm(E-H*)). Interestingly, the
contribution of the second component for a given electro-
magnetic field is directly determined by the sign of the
polarizability, o, and the particle chirality, k. Thus, selective
trapping of enantiomers can be attained by boosting the
contribution of (VIm(E-H*) to enhance the contrast between
the total optical forces of each handedness.

em’
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Our lab has introduced coaxial plasmonic tweezers to enable
direct trapping and manipulation of dielectric particles as small
as 2 nm.*’ As illustrated in Figure 3a, these tweezers consist of a
nanoscale dielectric channel, a metallic core and a metallic
cladding. Illumination of this coaxial fiber excites surface
plasmons at each metal-dielectric interface that propagate
along the fiber resulting in highly localized electromagnetic
fields and field gradients that direct the particle toward the fiber.
The optical power requirements of these tweezers are
considerably lower than conventional optical tweezers as was
experimentally verified by Yoo et al.**

In addition to the strong field gradients, the circular symmetry
of the coaxial apertures is instrumental in enhancing the contrast
in the total optical forces on chiral particles under CPL.*" In
particular, this symmetry aligns the maxima of the force
components from the electric field gradient and the chirality
density gradient over the aperture, enabling the local addition or
subtraction of these different force components and facilitating
enantioselective optical trapping (Figure 3b). When an array of
coaxial tweezers is illuminated with right-handed CPL, only
particles with matching chirality will be trapped, while particles
with opposite handedness will be pushed away from the coaxial
aperture.

Figure 3c depicts the transmission spectrum of a 150 nm-tall
coaxial aperture calculated using finite-difference time-domain
(FDTD) methods. The spectrum shows two peaks at 692 and
484 nm corresponding to the two Fabry—Perot resonances of
the aperture (Figure 3c, inset). When a nanoscale dielectric
particle interacts with the near-field, the particle experiences a
strong, trapping potential well which is deep enough (>10 kT)
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Figure 4. (a) Schematic of CFM technique to measure chiral optical forces at the nanoscale. (b) Scanning electron microscopy (SEM) image of the
coaxial plasmonic tweezers under study. (c) Normalized transmission spectrum of coaxial aperture measured experimentally and spectrum calculated
using FDTD. (d) Optical force spectra measured right on top of the aperture and away from the aperture. Inset: silicon AFM tip used to measure these
forces. (e) SEM image of a gold-coated chiral tip. (f) Transverse optical forces measured using the left-handed tip under right- and left-CPL and (g)
calculated trapping potential. (h) Difference in total forces with right- and left-CPL illumination for both left- and right-handed tips and an achiral tip.
(i) Chiral optical force map measured over one quadrant of coaxial aperture under both left- and right-CPL illumination and corresponding

simulations. Adapted from ref 85. Copyright 2017 Springer Nature.

to stably confine the particle (Figure 3d). However, with linearly
polarized illumination, this potential provides no selectivity for
enantiomers.”'

When illuminated with CPL, both the dielectric chiral
gradient force distributions overlap over the coaxial aperture
(Figure 3e). Consequently, the contrast in the total optical
forces between the different enantiomers can be maximized
(Figure 3e, bottom). The total optical force on the S-enantiomer
reaches 1.23 pN/100 mW, while it is only 0.35 pN/100 mW for
the R-enantiomer. Moreover, the optical forces on the S-
enantiomer work to confine the particle over the center of the
dielectric channel while pushing the R-enantiomer away from
the channel. Consequently, the potential wells for R- and S-
enantiomers under CPL differ significantly (Figure 3f). In
particular, the trapping potential is strong enough to trap S-
enantiomers but is very shallow for R-enantiomers with thermal
fluctuations sufficient to release them.

To experimentally quantify chiral optical forces, our group has
developed chiral-optical force microscopy (CFM). Based on
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atomic force microscopy (AFM), this method directly probes
chiral-optical forces.*> In particular, CFM achieves both high
force sensitivity in the pico-Newton range and high spatial
resolution in the nanometer range. Our force measurement
methodology is illustrated in Figure 4a. A chiral AFM tip is
positioned at a specific height from a coaxial plasmonic aperture
illuminated with CPL. By modulating the optical excitation at a
certain frequency and monitoring the tip deflection at this
frequency, we can extract the chiral optical forces exerted on the
tip.

Using CFM, we quantified chiral optical forces from the
coaxial aperture shown in Figure 4b; this particular plasmonic
nanoaperture consists of a 60 nm dielectric (air) ring patterned
in a 220 nm thick gold film. A concentric bull’s-eye grating
around the aperture further boosts the transmission efficiency.
The resulting experimental transmission spectrum (Figure 4c)
shows good agreement with simulations. Using a standard AFM
silicon tip (Figure 4d inset), we measured the near-field optical
forces exerted on the tip S0 nm from the aperture. As the laser
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wavelength is swept, the spectral response of the optical forces
measured by the tip precisely follows the spectral response of the
aperture.

We next fabricated a chiral probe by focused ion beam milling
a spiral pattern onto the AFM tip (Figure 4e); here, the chiral-
optical response is determined by the spiral handedness,
mimicking the interaction of a chiral specimen with the aperture
near field. Figure 4f illustrates how CFM quantifies the contrast
in total transverse optical forces upon left- and right-handed
CPL illumination. The left-handed chiral tip is pulled toward the
aperture when the handedness of the optical excitation matches
that of the tip, while it is pushed away for optical excitation of
opposite handedness. This force action decays with increasing
tip-aperture distance, agreeing with full-field simulations of the
resulting optical trapping potential (Figure 4g). This differential
force is also evident for AFM tips with opposite chiralities, where
a >15 pN differential between tips of opposite handedness is
observed (Figure 4h).

This technique not only provides superior sensitivity to
measure enantioselective optical forces, but can also create high
spatial resolution maps of these forces. Figure 4i highlights such
capability, showing a force map measured using a left-handed
AFM tip scanned over the coaxial tweezers under both left- and
right-handed CPL. Herein, the contrast between the two chiral
forces is apparent and agrees well with simulations.

Beyond patterned chiral AFM tips, CFM can also measure the
chiral-optical forces exerted on molecules, with future work
aiming to detect dynamic conformation changes of chiral
molecules functionalized to the tip. Therefore, coaxial plasmonic
tweezers may not only enable on-chip chiral particle sorting, but
also a new route for monitoring dynamic structural changes of
few-to-single chiral macromolecules.

B FUTURE PERSPECTIVES

In the pursuit of high sensitivity and high efficiency sensing and
separation of chiral media, nanophotonics presents a myriad of
platforms, from plasmonic to dielectric, chiral to achiral, and
field-based to force-based. In this review, we described rational
nanoantenna and metasurface design for chiral sensing and
chiral photochemistry via strong magnetic resonances. We also
highlighted the potential of plasmonic tweezers for enantiose-
lective separation at the molecular level and the ability to
quantify chiral optical forces with high sensitivity.

Improvements over state-of-the-art techniques to detect and
achieve enantiopurity for pharmaceutical and agrochemical
applications necessitate further enhancements in chiral-optical
near-fields in the mid- to near-ultraviolet regimes, where most
molecules of interest exhibit electronic resonances. While
several materials, such as diamond, aluminum nitride, and
titanium dioxide, are lossless into the UV, their lower refractive
indices make confining light a challenge. Therefore, to approach
the performance of current techniques, new methods to
generate high magnetic field enhancements are necessary before
enantioselective photoionization will be industrially relevant.
One promising approach relies on accessin§ hiégh—quality-factor
modes through manipulation of symmetry.*”*

Additionally, theoretical approaches to model the electro-
magnetic interaction between chiral molecules and nanostruc-
tures often employ effective molecular medium models. Moving
forward, studies would benefit from ab initio calculations that
fully account for the excited-state electronic and vibrational
modes of molecules and their interactions with those of classical
or quantum nanophotonic systems. Further understanding of
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chiral light—matter interactions with chemically modified
surfaces and interfaces will provide new insight into mechanisms
to enhance enantioselective absorption,””*” tailor chiral and
spin selectivity in molecular electronic structure,”””" and tune
induced circular dichroism in nanoparticles and assemblies.””
On a system level, the application of nanophotonic platforms
must be optimized for high-throughput applications which
maximize the enhancement between the engineered nanostruc-
ture near field and the analyte of interest. Examples of
approaches to achieve large-scale chiral nanophotonic systems
can include the eflicient application of nano- and microfluidic
channels or arrangements of multilayer metasurfaces. Further,
the industrial-level development of chiral nanophotonic systems
in dispersions or on flexible substrates can allow for an increase
in interacting surface area between molecular matter and the
engineered chiral evanescent fields. Effectively addressing these
challenges will allow for technology transfer of promising
research-scale chiral nanostructures toward highly effective all-
optical chiral sensing and separation on an industrial scale.
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