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1. Introduction

Spectroscopic techniques based on the differential interaction of
circularly polarized light, such as circular dichroism, can provide
a rapid method for the detection and low-resolution structural
characterization of biologically relevant molecular materials.[1]

The inherent weakness of the optically active response intrinsi-
cally limits the sensitivity of chiroptical spectroscopic methods,
with maximum detection sensitivities typically at the ≥μg level.
It has been proposed that the sensitivities of chiroptical

spectroscopies can be amplified using elec-
tromagnetic (EM) fields which in highly
localized regions of space can have greater
chiral asymmetries than circularly polar-
ized light (CPL), a property sometimes
referred to as superchirality.[2,3] The chiral
asymmetry of EM fields is parameterized
using optical chirality density (C)[4] typically
normalized against the value for the equiv-
alent CPL. Near fields created by light scat-
tering from nanostructures can have
jCj > 1[5], this has been demonstrated
using chiral plasmonic[5–8] and chiral/
achiral dielectric nanostructures.[9–13]

Introducing chiral media into the near field
regions of chiral nanostructure can lead to
asymmetric changes in the chiroptical
response measured in the far field. This
phenomenon offers an appealing route to
novel ultrasensitive biosensing technolo-
gies with ≤pg detection limits.[8,14–21] For

this phenomenon to be exploited effectively requires an under-
standing of chiral light—matter interactions. The crucial issues
to be addressed are: how the introduction of chiral media into the
near field region of nanostructures leads to a significant asym-
metry in a far-field chiroptical response; and is the detection phe-
nomena generic or are there constraints placed on the nature of
the types of chiral media that can be detected? Through the
combination of both numerical modeling and experimental
measurement, we have determined whether resonances of the
gammadion nanostructures are localized or lattice modes.
Numerical simulations indicate that chiral sensing capabilities
of lattice modes do not show a strong dependence on the struc-
ture of the chiral dielectric. In contrast, localized modes are far
more sensitive to the structure of the chiral dielectric.
Specifically, birefringence induced by anisotropic ordering of
chiral layers (20 nm thick) significantly amplifies dissymmetry
between enantiomorphic structures in the chiroptical response
of localized resonances.

The ability of chiral layers to induce asymmetric changes in
the chiroptical responses of enantiomorphic structures is associ-
ated with an ability to induce differential changes in the proper-
ties of near fields. In the absence of chiral media, symmetry
equivalent combinations of light circular polarization and nano-
structure handedness, near fields have opposite signs of optical
chirality but are otherwise identical. Introduction of chiral layers
breaks this relationship, with the largest divergence occurring
when the chiral layers possess birefringence. This effect is
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Chiral near fields possessing enhanced asymmetry (superchirality), created by the
interaction of light with (chiral) nanostructures, potentially provide a route to
novel sensing and metrology technologies for biophysical applications. However,
the mechanisms by which these near fields lead to the detection of chiral media is
still poorly understood. Using a combination of numerical modeling and
experimental measurements on an antibody–antigen exemplar system, impor-
tant factors that influence the efficacy of chiral sensing are illustrated. It is
demonstrated that localized and lattice chiral resonances display enantiomeric
sensitivity. However, only the localized resonances show a strong dependency on
the structure of the chiral media detected. This can be attributed to the ability of
birefringent chiral layers to strongly modify the properties of near fields by acting
as a sink/source of optical chirality, and hence alter inductive coupling between
nanostructure elements. In addition, it is highlighted that surface morphology/
defects may amplify sensing capabilities of localized chiral plasmonic modes by
mediating inductive coupling.
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attributed to the ability of chiral birefringent layers to act as a sink
(source) of optical chirality. Consequently, compared with isotro-
pic chiral media, birefringent layers induce greater asymmetries
in near field properties, resulting in a greater change in far field
optical response.

2. Background

Optical Chirality (C)

C ≡
ε0
2
E·∇� E þ 1

2μ0
B·∇� B (1)

where E and B are electric an magnetic fields, is a conserved
property of light,[4,22,23] like energy, and is equivalent to optical
spin density. When chiral EM fields interact with chiral matter,
optical chirality can be either exchanged or dissipated through
absorption. Thus, the optical chirality flux of a light beam can
be changed in a chiral light–matter interaction.[24–27] These pro-
cesses depend on the handedness of both the circular polariza-
tion of light and the media. The differential absorption of CPL
(dissipation of optical chirality) by chiral media is the basis of the
chiroptical technique circular dichroism. Optical chirality can be
exchanged between CPL and a medium without absorption. For
instance, optical chirality can be transferred to a nonabsorbing
birefringent material resulting in the depolarization of the
CPL beam. Alternatively, linearly polarized light can also become
elliptically polarized (i.e., gains optical chirality) by passing
through birefringent materials. The transfer of optical spin angu-
lar momentum from CPL sufficient to create an optomechanical
torque to rotate macroscopic objects was first demonstrated by
Beth in 1936.[28]

The central premise of this study is that chiral birefringent
layers act as efficient sinks of near field optical chirality. This
causes significant divergence in the reciprocity of the C and
intensities of fields possessed by left- (LH) and right-handed
(RH) nanostructures. Consequently, this causes asymmetric
changes in the chiroptical properties of LH and RH structures,
measured in the far field, which enhances chiral sensing
capabilities.

3. Results

A gammadion has fourfold rotational symmetry and in free space
belongs to the C4h point group. When placed on to a surface,
mirror symmetry is broken, and it becomes chiral with a point
group symmetry of C4. Metamaterials consisting of periodic
arrays of gammadia display large levels of optical activity
in the visible and near IR region of the spectrum.[29–32]

Gammadia-based metamaterials of both pure enantiomorphs
and racemic structures have been used for the detection of chiral
molecular materials.[8,30] Experimental circular dichroism (CD)
spectra from LH and RH gammadion structures immersed in
buffer solution are compared with those derived from numerical
simulations, in Figure 1. The latter are based on an idealized
model of the gammadia in water, using the finite element
method, and replicate the experimental data reasonably well.
The magnitude of the simulated CD spectra is �1 order greater

than that observed experimentally. This in part can be accounted
for by the checkerboard structure of the substrate used in the
experiment. To reduce fabrication time, only 50% of the area
is covered in nanostructures. A noticeable difference which is
worthy of comment, is a relatively sharp peak at ca 610 nm in
the simulated spectra which is not present in the experimental
data. This sharp peak is associated with the “rounding” of the
sharp edges in our idealized model, Figure 2. The rounded edges
are included in the model because they more closely replicate the
actual structures observed in micrographs. The peak is not
observed in simulations derived from a more “idealized” model
in which the rounding is not included (see Supporting
Information). The sensitivity of the chiroptical response of gam-
madia to morphological changes has been demonstrated using
numerical simulations previously.[33] The absence of the sharp
peak in the more idealized model does not indicate that it more
closely replicates the real structure measured experimentally.
Rather its absence can be attributed to the spectral (heteroge-
neous) broadening effects arising from the roughness of the sur-
faces of the nanostructures. Previously, it has been shown that
spectra collected from large ensembles of nanostructures are

Figure 1. The experimental (top panel) and simulated (bottom panel) CD
spectra of the two oppositely handed gammadion arrays (solid LH, dashed
RH), modes I, II, and III are labeled.
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effectively broadened due to averaging of the fluctuation due to
structural imperfections possessed by each individual nanostruc-
ture.[34] The effects of this heterogenous broadening can be rep-
licated using adjacent average smoothing of the simulated
spectra (see Supporting Information), which results in closer
agreement with the experimentally observed spectra. The model-
ing results can be compared with numerical simulations on a
similar structure performed by Phua et al.,[35] in which the finite
difference time-domain method was used. As in previous stud-
ies,[30,35,36] we focus on three resonances, which have been
labeled I, II, and III. Field maps for the three resonances show-
ing both electric field intensities and optical chirality are shown
in Figure 3. The fields associated with modes I and II are local-
ized on the nanostructure, with differing field distributions and
intensities. The origin of these two modes can be interpreted
with the Born–Kuhn (coupled oscillator) model of optical activ-
ity.[37–39] Within this framework modes I and II can be consid-
ered to originate from out- and in-phase combinations of the
coupled oscillators system. Applying the Born–Kuhn model to
the gammadion structure, the two orthogonal rods which make
up each of the four arms, can be approximated to two harmonic
oscillators, which can conductively and inductively couple.

Mode III is located at a wavelength of 780 nm, close to the
periodicity of the structure, and has previously been assigned
to a Bloch (surface lattice) mode,[40] based on the fact that its posi-
tion scaled with lattice periodicity and modes I and II did not.
This assignment is supported by the numerical simulations
carried out in this study. Mode III is associated with a field dis-
tribution which has intense regions between gammadia consis-
tent with a surface lattice mode. Further evidence supporting this
assignment can be obtained from the individual spectra left cir-
cularly polarized (LCP) and right circularly polarized (RCP) light
from which the CD spectra are derived. Mode III is the result of a
dip in transmission of LCP (RCP) when interacting with LH
(RH) gammadia (see Supporting Information), which occurs
at 800 nm, the periodicity of the nanostructure lattice. Further
evidence that this feature is associated with a lattice mode is pro-
vided by (nonperiodic) numerical simulations, these show an
absence of the dip in transmission at 800 nm.

A group theory analysis based on the (C4) point group symme-
try of the gammadion provides information on the non-Bloch

modes localized on the structure. The symmetry analysis is based
on considering the gammadion structure to consist of eight rods
each being assigned a vector (representing a dipole moment).
Details of the symmetry analysis including the determination
of the irreducible representation are shown in Supporting
Information. Using this as a basis, it can be determined that
there are six modes, 2 Aþ 2Bþ 2 E, with only the doubly degen-
erate E modes contributing to CD spectra. The two E modes can
then be assigned to the two out-/in-phase combinations, modes I
and II, respectively. Thus, the symmetry analysis is consistent
with the predictions of the coupled oscillator model and the
numerical simulations.

The mode assignments made above are also supported by
experimental observation. We have collected spectra from the
two enantiomorphic structures which have been given a gradu-
ally increasing incline, shown in Figure 4. As expected, the
Bloch/lattice mode (mode III) splits in to two components, which
arise because the x and y directions (orthogonal to the z direction
of propagation) are no longer equivalent, as the light beam has a
different angle of incidence for each. However, the localized
modes (I and II) are not significantly affected. Bisignate line
shapes in CD are signatures of the couple oscillator model of
chirality. Individually, modes I and II would each give a
bi-signate line shape, albeit with opposite phases.
Consequently, when sufficiently close in wavelength, the bisig-
nate forms of the two resonances overlap giving the characteristic
“W” line shape observed in the 550–700 nm range. The relative
contribution of each bisignate changes, with an increase in
contribution of mode II (in-phase combination) with increasing
incidence angle. This results in a red shift in the maximum
of the peak between resonances I and II with increasing inclina-
tion angle.

3.1. Parameterizing Spectral Asymmetry

The ability to detect chiral (bio)materials with chiral metamate-
rials is based on the premise that they asymmetrically change
the optical properties of enantiomorphic structures. These
asymmetries can manifest as differential shifts in the positions
of resonances which can be parameterized by

Figure 2. a) An idealized RH gammadion geometry used for numerical simulation, with the dimensions labeled. b) The 800 nm periodic unit cell used in
numerical simulations is shown. The gold gammadion lies upon quartz domains and has its outer surfaces exposed to water. c) Scanning electron
microscope images of the LH and RH gammadia used in experiment.
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Figure 3. a) Electric field and b) optical chirality plots for LH and RH (labeled in first row) gammadia structures in water, illuminated with RCP and LCP,
for modes I, II, and III are shown. Optical chirality plots are normalized to RCP.

Figure 4. Experimental CD spectra for LH (solid) and RH (dashed) gammadia in buffer solution when inclined at θ¼ 0� (red), 4� (black), and 10� (blue).
The positions of modes I, II, and III are labelled, the latter splits with increasing angle.
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ΔΔλ ¼ ΔλR � ΔλL (2)

where ΔλL/R are shifts in the position of resonances (I, II, III)
in the presence of the chiral media, relative to an achiral
reference, which in this case is buffer solution. In addition,
the presence of chiral media can cause asymmetric changes
in the amplitudes of resonances of the CD spectra, without caus-
ing differential shifts in the position.[19]

Reference measurements using achiral solutions were carried
out prior to experiments with chiral materials (Supporting
Information). As expected, there was no significant asymmetries
between spectra from LH and RH structures, with ΔΔλI,II,II
being�0. It should be noted that the surface lattice (Bloch) mode
III was more sensitive to the refractive index of the surrounding
liquid the ΔλL/R being �2 times greater than those for modes I
and II.

3.2. The Chiral Layers

An intrinsically chiral protein streptavidin has been used in this
study, it is a tetramer with a predominately β-sheet structure.[41]

Streptavidin was chosen because it can be utilized to produce
both structurally isotropic and anisotropic chiral layers, the
two cases referred to as specific and nonspecific binding. If
adsorbed directly from solution on to the nanostructures the pro-
tein adopts a broad range of orientations on the surface, charac-
teristic of nonspecific interactions, resulting in a layer with an
isotropic structure. The small molecule biotin (sometimes
referred to as vitamin B7) binds very strongly to streptavidin, with
a binding constant (kd) �10�14M.[42] This very strong interaction
can be used to specifically bind streptavidin in a well-defined ori-
entation. In particular, Au nanostructures were functionalized
with self-assembled monolayers (SAMs) of a thiol with a biotin
head group. Streptavidin specifically binds to these SAMs adopt-
ing a well-defined orientation.[43] It should be noted that biotin is
also chiral, thus the SAMs will also be chiral. In addition to
studying specifically and nonspecifically bound streptavidin,
we have also made measurements from complexes formed by
them and an antibody. Explicitly, a polyclonal mouse IgG which
has been produced against streptavidin, subsequently referred to
as antistrept.

3.3. CD Data: Isotropic Layers

Spectra collected from the nonspecifically bound streptavidin
layers are shown in Figure 5. A red shift in the positions of
the CD resonances occurs when unfunctionalized LH and RH
structures are exposed to buffered solutions of streptavidin.
This is consistent with an increase in the local refractive index
around the nanostructures due to the adsorption of streptavidin.
The spectra are not significantly changed after replacing the pro-
tein solution with buffer, indicating that the streptavidin is irre-
versibly adsorbed. The presence of the streptavidin induces no
measurable asymmetry in the chiroptical properties, with
ΔΔλI, II, III� 0. Binding antistrept to streptavidin causes a further
red shift in the CD resonances due to the increase in the thick-
ness of the adsorbed layer. However, the (antistrept)–streptavidin

layer still does not cause a measurable asymmetry between CD
spectra from LH and RH structures.

3.4. CD Data: Anisotropic Layers

The functionalization of the gammadia with biotin SAMs causes
a red shift in the spectra shown in Figure 6, and there is a small
but measurable asymmetry between CD spectra from LH and
RH structures. Binding streptavidin to the biotin SAM induces
red shifts and results in a further measurable asymmetry
between the gammadion enantiomorphs. Binding antistrept to
streptavidin induces a further red shift, and an increase in the
level of asymmetries. A comparison between the values of
ΔΔλI, I, III for the streptavidin and antistrept depositions in
the absence and presence of biotin, is shown in Figure 7.
They show a similar trend of mode II having the largest magni-
tude. However, the asymmetries for biotin have an opposite

Figure 5. a) Experimental LH (solid) and RH (dash) CD spectra for non-
specific binding (isotropic) of streptavidin (black) with reference to PBS
buffer (red). b) The subsequent addition of antistrept (green) with refer-
ence to streptavidin. Peak maxima for modes I, II, and III are highlighted
with lines to aid the eye (LH solid and RH dashed).
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sign to those of streptavidin and (antistrept)–streptavidin com-
plex. The pattern and sign of asymmetries is similar to that
observed in previous work of proteins adsorbed on to identical

gammadia structures.[30] It should be noted that the smaller
average shifts observed for binding of proteins to the SAM
functionalized structures compared with the unfunction-
alized structures can in part be attributed to the greater
distance of the proteins from the surface. However, it is probable
that there is a lower surface density of proteins bound to the
SAM, due to steric constraints inhibiting the biotin–streptavidin
interaction. In addition to the asymmetric shifts in the three
resonances, there is also an asymmetry in the amplitude of
the lattice resonance III for the immobilized streptavidin and
antistrept–streptavidin complex. This asymmetry in the ampli-
tude of resonance III is also observed in previous gammadion
studies for several nonspecifically adsorbed proteins.[30]

The experimental results clearly demonstrate the dependence
on the asymmetry induced in the chiral layer and the level of
structural anisotropy. It should also be noted that both the local-
ized and lattice plasmon modes display asymmetries. The ability
of structurally anisotropic layer to enhance the level of asymme-
try between the (chir)optical response of LH and RH structures
has been observed in previous studies involving a chiral metafilm
based on six-armed shuriken structures. These structures exhibit
chiroptical responses which are consistent with the helical
oscillator model of chirality. The (chir)optical properties of these
shuriken structures can be rationalized in terms of coupling
between optically bright and dark modes.[44] In these cases,
asymmetries in (chir)optical responses are reconciled in terms
of coupling between modes being differentially modified by
the presence of chiral dielectrics. The concept of chiral
media causing asymmetric changes in coupling within the
nanostructures, can be applied to the localized plasmonic modes
of the gammadion structures. In this case, the chiral dielectric
perturbs the inductive coupling between orthogonal rods by
causing a differential change in the chiral asymmetries/
intensities of near fields occupying the gap region. Altering
the level of coupling within the structure[35,45] will result in a
commensurate change in the far field chiroptical response.
Consequently, the proposal is that the largest asymmetry in
chiroptical response between LH and RH structures must be cor-
related to large differentials in the properties of near field regions
between arms.

3.5. Numerical Simulations

EM numerical simulations have been used to provide validation
for the hypothesis proposed earlier. To accurately mimic protein
layers, we have defined dielectric slabs 20 nm thick, which cover
each of the exterior surfaces of the gammadion, Figure 8.
The chiral properties of the dielectric slab are defined by a ξ
second rank complex tensor the sign of which is dependent
on handedness, and is zero for achiral media. In the case where
the electric dipole—magnetic dipole (E1M1) interaction is the
dominant contributor to optical activity, then only the three
diagonal elements ξxx. yy. zz are nonzero. The interaction of
EM fields with chiral media are given by the following constitu-
tive equations

D ¼ εoεrE þ iξB (3)

H ¼ B=μ0μr þ iξE (4)

Figure 6. a) Experimental CD spectra for LH (solid) and RH (dashed)
gammadia upon deposition of a biotin SAM (blue) with reference to
PBS buffer (red), providing an anisotropic deposition profile of
b) streptavidin (black) and c) antistrept (green).
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Figure 7. A comparison of the ΔΔλ asymmetry values for modes I (red), II (green), and III (blue) obtained from both experiment and simulation, for the
isotropic and birefringent (anisotropic) layers.

Figure 8. a) A schematic diagram (not drawn to scale) illustrating the geometry of the streptavidin protein in nonspecific (isotropic) and specifically
(anisotropic) bound layers. The values for the refractive index (n) for the x, y, and z components of the refractive index used in the simulations are given.
b) The idealized model used to simulate the LH gammadion with a 20 nm-thick chiral dielectric layer is shown. The dielectric domains are viewed from the
top (left) and side (right) and are surrounded by water. For birefringent layers, the highest refractive index component is normal to the surface on which
the domain is located.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2022, 3, 2100155 2100155 (7 of 12) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


Here, (εr) εo is the (relative) permittivity of free space, and (μr)
μ0is the (relative) permeability of free space. E is the complex
electric field, and H is the magnetic field. Constitutive
Equation (3) and (4) were used in these simulations, and it
was assumed that the chiral dielectric layers were continuous
unstructured slabs.

To mimic the isotropic layers produced by the nonspecific
adsorption of proteins, the slabs were considered to have a homo-
geneous refractive index of 1.4, with a jξj ¼ 5� 10�4. When pro-
teins are adsorbed on to a surface with a well-defined orientation,
such as streptavidin via the biotin SAM, the properties of the
layer are no longer isotropic. The refractive index in the direction
of the surface normal will be different to those in the directions
of the two orthogonal axes parallel to the surface, which are equal
to each other due to azimuthal averaging. Thus, an oriented
protein layer should be considered birefringent. It should be
pointed out, that the anisotropy of chir(optical) properties in ori-
ented proteins is due to the spatial distribution of the compound
building blocks, rather than an intrinsic optical anisotropy of the
building blocks themselves. We have simulated the birefringent
layers with refractive index (n) components of nx¼ ny¼ 1.3 and
nz¼ 1.6, these values comparable with that previously measured
for a protein system.[46] Simulated spectra for nonbirefringent
(isotropic) and birefringent (anisotropic) layers are shown in
Figure 9 and 10.

The simulations for the isotropic layer display significant
asymmetries in the amplitudes of modes I, II, and III, but only
the lattice mode III has a ΔΔλ 6¼ 0. In contrast, simulated spectra
for the birefringent (anisotropic) slabs are in better agreement
with the experimental specifically bound data, with both
ΔΔλ 6¼ 0 values and asymmetries in the amplitudes for resonan-
ces II and III observable. A comparison between the ΔΔλ values
derived from simulation and experiment are shown in Figure 7.

Although in better agreement, there are some discrepancies
between the results of the anisotropic model and the experimen-
tal data. Specifically, while the ΔΔλ value for mode III derived

from the model is close to that observed experimentally, the
model underestimates these values for the localized modes I
and II. We propose that these differences can be attributed to
the influence that surface roughness and structural defects,
which are not included in the model, have on the inductive cou-
pling between the arms of the gammadion which give rise to the
localized modes. Some preliminary modeling has been carried
out to support this hypothesis, see Supporting Information.
These simulations use a model that includes surface irregulari-
ties that may more closely mimic the real structure. When com-
pared with the idealized perfect structure, the electric fields
associated with mode II, are more significantly perturbed by
the presence of surface irregularities than modes I and III.
This would then lend support to the hypothesis that the
defect-free idealized structure could underestimate the influence
of anisotropic chiral layers on mode II.

3.6. Chirality/Intensity Maps

Maps showing the spatial distribution of intensities and C of the
EM fields, generated by incident LCP and RCP light for resonan-
ces I, II, and III are shown in Figure 11 and 12, respectively. As
expected for the achiral dielectric, symmetry-related combina-
tions of nanostructure handedness and light polarization (i.e.,
LH/LCP¼ RH/RCP, LH/RCP¼ RH/LCP), give the same field
intensity maps, and C maps have opposite signs but are other-
wise identical. However, the introduction of chiral dielectric
breaks the symmetry relation for both field intensity and Cmaps,
with LH/LCP 6¼ RH/RCP, LH/RCP 6¼ RH/LCP. Table 1 shows
averaged field and C intensities for mode II, taken from regions
between the arms of the gammadion. The level of breaking of the
mirror relationships, is significantly greater for the birefringent
slabs, with largest changes in both field intensity and C occurring
in the region between the arms. We attribute the stronger influ-
ence of birefringent layers on near field properties to the ability to
act as an additional sink/source of optical chirality. The birefrin-
gent layers have the largest differential effects on the near fields

Figure 9. Simulated CD spectra for LH (solid) and RH (dashed) gamma-
dia in water (red) and with an additional 20 nm-thick isotropic chiral dielec-
tric layer (black).

Figure 10. Simulated CD spectra for LH (solid) and RH (dashed) gamma-
dia in water (red) and with an additional 20 nm-thick birefringent
(anisotropic) chiral dielectric layer (blue).
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between the arms, with less pronounced differences in the fields
between adjacent structures.

It is worth noting that the numerical simulations do
underestimate the magnitude of the ΔΔλ for resonances I and
II compared with experiment. This however is not surprising

given that the near fields of the gap region would be very sensi-
tive to the morphology/roughness/defect of the nanostructure
which are not accounted for in the idealized model. For instance,
hotspots associated with defects/roughness of the arms could
strongly perturb the coupling.

Figure 11. Electric field plots of mode II for the achiral, isotropic, and birefringent simulations. The intensities shown in Table 1 are average values
obtained from the white regions highlighted in achiral RCP/LH. The range of electric field values shown by the legend are between 6 and 12 Vm�1

to improve contrast between arms.

Figure 12. Optical chirality plots of mode II for achiral, isotropic, and birefringent simulations. The intensities shown in Table 1 are average values
obtained from the white regions highlighted in achiral RCP/LH.

Table 1. A comparison of the electric field and optical chirality values, averaged from four equivalent areas between the four arms of the structures shown
in Figure 11 and 12. One set of symmetry equivalent handedness/polarization pairs is shaded gray.

Gammadion handedness Light polarization Achiral Isotropic Birefringent

Electric field Optical chirality Electric field Optical chirality Electric field Optical chirality

LH RCP 10.1 �0.7 10.1 �0.6 11.1 �0.7

RH LCP 10.1 0.7 10.8 0.9 11.7 1.0

LH LCP 8.3 0.5 9.2 0.7 10.8 0.8

RH RCP 8.3 �0.5 8.7 �0.5 10.2 �0.7
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4. Conclusions

The ability of birefringent layers to strongly perturb the chiral
near fields is analogous to how they affect CPL. A beam of
CPL propagating through a birefringent layer will suffer a level
of depolarization, becoming elliptically polarized, and reducing
the C of the beam. Alternatively, a linear-polarized light beam,
with polarization that is not parallel to an optical axis will develop
elliptical polarization, hence gaining C. Consequently (weakly
absorbing) birefringent materials can act as a sink (or source)
of optical chirality. The exchange of optical spin angular momen-
tum from light to birefringent materials create opto-mechanical
torques. In the current case, these torques would induce
rotational motion of the immobilized protein molecules.
Effectively, changes in C of the near fields are due to the conver-
sion of optical spin into molecular motion of the proteins.

The arguments we propose go beyond those in a previous
modeling study which considered the effects of birefringence
in a hybrid dielectric rodþ helical plasmonic array system.[47]

In that work, the birefringent properties and influence on the
chiroptical response of an achiral dielectric rod decorated with
a helical arrangement of Au nanoparticles was studied. The study
effectively demonstrates “plasmonic enhanced birefringence,”
where the observed signs of the CD spectra were determined
by the birefringent properties of the dielectric and not the abso-
lute configuration of the nanoparticle helix. Neither the chiral
asymmetries of the near fields nor the ability of the birefringent
dielectric core to act as a sink/source of optical chirality are
discussed in the study.

This work provides insight into the mechanism of enantio-
meric sensing with gammadia, which could be generally applied
to other structures. Numerical simulations suggest that chiral lat-
tice modes are more sensitive to isotropic chiral media than local-
ized modes. The greater sensitivity may be attributed to the fact
that lattice modes derive from an ensemble of nanostructures,
thus they sample a larger amount of chiral material. Localized
modes are less sensitive to chiral media, but the ability of
birefringent chiral layers to perturb the properties of nearfields
induces differential changes in resonances which are derived
from coupling between structural elements. The sensitivity of
these localized chiral resonances to the structure of the chiral
media makes them ideally suited to the study of biomacromole-
cules, which generally are structurally anisotropic.

The complexity of biomolecules such as proteins introduce
effects which will strongly influence the sensitivity of chiral plas-
monic sensing. For instance, in solution, proteins generally exist
in polymeric form, with the number and spatial distribution of
the individual monomer units controlling the overall structural
anisotropy. Thus, the sensitivity of chiral plasmonic structures
would be dependent on the aggregation state of the adsorbed pro-
teins. If they are directly and nonspecifically bound to a metal
surface, the level of aggregation would be controlled by several
factors including: the type of protein; surface morphology/rough-
ness of the nanostructure; and the ionic strength of the sur-
rounding liquid. So, to some extent, the aggregation state of
the adsorbed protein will be a function of both how the sample
was fabricated and its previous history, leading to variability and
uncertainty in measurements. This variability can be drastically
reduced, and the robustness of the methodology enhanced, by

employing surface immobilization techniques, such as the one
used here, which were originally developed for biosensing appli-
cations. In addition, the ability of point defects/surface rough-
ness to influence the inductive coupling between structural
elements will clearly affect the sensing capabilities of a chiral
structure. Hence, the sensing efficiency would be expected to
be dependent on anything that influences nanostructure mor-
phology, such as metal deposition strategy used and whether
the sample had been plasma cleaned.

In summary, by considering the ability of birefringent chiral
layers to act as sinks/sources of optical chirality (optical spin
angular momentum), the dependency of enantiomeric sensing
on structural anisotropy can be understood. Our work highlights
the potential strengths sensing with chiral near fields. In partic-
ular, the novel sensitivity to higher-order biological structure of
some chiral localized resonances which are derived from
coupling between modes.

5. Experimental Section

Gammadion Sample Fabrication: The gammadia structures were fabri-
cated using an electron beam lithography process. Quartz glass slides
were cleaned under ultrasonic agitation in acetone, methanol, and isopro-
pyl alcohol (AMI) for 5 min each, dried under N2 flow and exposed to O2

plasma for 5 min at 100W. A PMMA resist bilayer (Allresist 632.12 50 K in
Anisole and 649.04 200 K in ethyl lactate) was then spun at 4000 rpm for
1min and baked at 180 �C for 5min in between spins. A 10 nm aluminum
conducting layer was evaporated on the substrates using a PLASSYS MEB
550s evaporator. Patterns were designed on the CAD software L-Edit and
written by a Raith EBPG 5200 electron beam tool operating at 100 kV. The
resist was developed in 3:1 MIBK:IPA solution at 23.2 �C for 1min, rinsed
in IPA (5 s) and water before drying under N2 flow. A 5 nm nichrome adhe-
sive layer was then evaporated below a 100 nm gold layer. The process was
completed with a lift-off procedure in acetone at 50 �C overnight, with the
sample then agitated to remove all remaining resist and excess metal.

Sample Preparation: Biotin-PEG-thiol (C34H65O13S) was purchased
from Polypure and dissolved in (Gibco) PBS buffer (10�, pH 7.4) to a
concentration of 60 μM. Streptavidin protein was acquired from Thermo
Fisher and diluted in PBS to a concentration of 2 μM. Antistreptavidin
antibody produced in rabbit was obtained from Sigma-Aldrich and diluted
in PBS to make up a 4 μM solution.

Gammadion substrates were placed in a custom-printed sample
holder, with a FastWell Silicone seal and clear borosilicate glass slide
above it. Solutions were injected through the seal. Samples were secured
in a JASCO J-810 Spectropolarimeter to carry out CD measurements.
Biotin depositions were carried out overnight to allow sufficient time
for the SAM layer to form. The samples were then rinsed in PBS to remove
unbound Biotin. Streptavidin solution in PBS was then introduced to the
sample and left overnight, prior to rinsing in 0.1% NaOH/Tween which
removed nonspecifically bound streptavidin. Finally, antibody solution
was injected and left to deposit for 2 h, at which point a 0.05%
NaOH/Tween solution was used to remove non-specifically bound anti-
body. Measurements were carried out with biomolecule solutions and with
PBS replacement. Samples were cleaned between experiments using AMI
and a low power plasma clean.

Numerical Simulations: Simulations were carried out using commercial
finite element analysis software, COMSOL Multiphysics v5.4 (Wave optics
module). The nanostructure is surrounded by a cuboid representing a unit
cell, with the x and y dimensions defining the periodicity of the metama-
terial, as calculated from AFM images. The z dimensions of the cell are
sufficiently large (≥λmax/2) that near-fields generated by the nanostruc-
tures do not extend to any integration surfaces above and below, the total
height of the cell is 1600 nm. The unit cell is split up into layers of varying
thickness. The top 200 nm is a perfectly matched layer (PML) which
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absorbs all reflections from the nanoparticle. The surface at 200 nm is the
excitation port, fromwhere light originates and its polarization is specified.
100 nm below the excitation port is an integration surface where reflected
power is measured. The gammadion is positioned in the center of the
cuboid. 300 nm from the bottom is another integration surface where
transmitted power is calculated. 200 nm from the bottom is the radiation
exiting port, followed by a 200 nm PML layer. To simulate an array of gam-
madions, Floquet periodic conditions are applied at the x and y bound-
aries. LCP and RCP light were applied at normal incidence through the
quartz on to the gammadion. In addition, 20 nm “protein” domains were
extruded from the outer surface of each gammadion and split into discrete
domains. The domains were identified by the axis of their surface normal
(x, y, or z). Protein domains were made chiral, with a jξj ¼ 5� 10�4.
Protein domains were also assigned a refractive index of 1.4 in the isotro-
pic case. For birefringent simulations, domains were given a birefringence
of 1.3/1.6, with the largest values being assigned to the axial component of
the respective surface normal.
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