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ABSTRACT.

Chiral biological and pharmaceutical molecules are analysed with phenomena which monitor their
very weak differential interaction with circularly polarised light. This inherent weakness results
in detection levels for chiral molecules which is inferior, by at least 6 orders of magnitude, to the
single molecule level achieved by state-of-the-art chirally insensitive spectroscopic measurements.
Here we show a phenomenon based on chiral quantum metamaterials (CQM) which overcomes
these intrinsic limits. Specifically, the emission from a quantum emitter, a semiconductor quantum
dot (QD), selectively placed in a chiral nanocavity is strongly perturbed when individual
biomolecules (here antibodies) are introduced into the cavity. The effect is extremely sensitive,
with 6 molecules per nanocavity being easily detected. The phenomenon is attributed to the CQM
being responsive to significant local changes in the optical density of states caused by the
introduction of the biomolecule into the cavity. These local changes in the metamaterial

electromagnetic environment, and hence the biomolecules, are invisible to “classical” light



scattering based measurements. Given the extremely large effects reported, our work presages
next generation technologies for rapid hypersensitive measurements with applications in

nanometrology and bio-detection.

KEYWORDS superchirality, quantum dots, quantum metamaterials, chiral, plasmonics.

Introduction

Spectroscopic methods, based on the differential absorption / scattering of circularly polarised
light (CPL) by chiral media, are routinely used for rapid characterisation and detection of the

structure of biomaterials.! 2

The sensitivity of conventional chiroptical techniques, such as
electronic or vibrational circular dichroism (CD / VCD), are inherently limited by the significant
mismatch between the chiral length scales of CPL, equivalent to the wavelengths (for proteins
typically 160-260 nm for CD and 5882 - 6667 nm for VCD), and that of molecules (size range 1-
10 nm). Consequently, the stereostructural discrimination capabilities of chiroptical methods
cannot be exploited in applications, such has biosensing, which require ultra-sensitivity.
Chiroptical measurements can be enhanced using nanostructures to create near fields with
enhanced intensity>”’ and / or enhanced chiral asymmetry.3'® Such near field enhanced chiroptical
techniques still rely on monitoring very weak dichroic signals, but monolayer sensitivities (~
femtomole) are achieved. However, even this level of sensitivity pales when compared to the
zeptomole (~1000 molecules)- single molecule / particle detection ranges that can be achieved
using techniques based on labelling with bright, highly fluorescent species such as semiconductor
quantum dots (QD).!” In general fluorescent-based techniques are not structurally incisive,
requiring the synthesis of target molecules labelled with two chromophores in specific positions.*’
Consequently, if the detection sensitivity of QDs can be combined with the general structural

incisiveness of chiroptical spectroscopy, one has the potential to probe the static and dynamic

properties of biomaterials and interactions at < zeptomole level. This is a highly useful capability,



which for instance, could be exploited as a discrimination mechanism in next generations sensing

and metrology technologies.

We report an intriguing phenomenon which enables chiral detection at the < zeptomole level. The
concept, Figure 1, relies on chiral quantum metamaterials (CQM), QD placed into a chiral
nanocavity. Using a bio-immobilisation strategy the QD can be deposited with high spatial
selectivity within the chiral nano-cavity. Luminescence from the QD is sensitive to changes in
local optical density of states of the electromagnetic (EM) environment of a chiral nano-resonator
caused by binding of biomolecules. Chiral detection is based on monitoring very large changes in
the intense QD emission, which are clearly visible by eye in the emission spectra. Specifically,
zeptomole detection is achieved with both a large change in absolute spectral intensity, and a
significant modification in spectral line shape. The large effects reported in this study have a dual
impact, they simplify experimental measurements, facilitating potential applications, and enable

high effective detection limits.

Results / Discussion

Chiral Quantum Metamaterial (CQM).

Metamaterials are engineered structures the properties of which are governed to a great extent by
the geometric arrangement of the constituent components. Incorporating an element, such as a
QD, creates a material, referred to as a quantum metamaterial, the properties of which can only be
described by a combination of Maxwell’s equations and quantum mechanics.?! For a QD which
is weakly coupled to a nanocavity, emission is dependent on the optical local density of states, and
can be understood within the framework of the Purcell effect.”?> This is the enhancement of the

spontaneous emission from a quantum emitter when placed within a resonant cavity. In a quantum



electrodynamics description, the Purcell effect arises from the modification, relative to free space,

of the local optical density of states of the optical field due to the cavity environment.?’

Optical and AFM characterisation of CQM substrates

The CQM used in this study are based on plasmonic Au metafilms consisting of a square periodic
lattice, of periodicity 700 nm, of six-armed cavities, Figure 2 A, subsequently referred to as
shurikens, which are either left (LH) or right-handed (RH).>* When immersed in aqueous
environments both plasmonic metafilm enantiomorphs display a resonance feature spanning 1.569
—1.797 eV, Figure 3 A,B, with a region of enhanced reflectivity at ~ 1.708 eV.> LH and RH Au
metafilms are functionalised first with a biotinylated thiol-polymer (~5 nm thickness), that allows
the specific binding of QDs through the strong biotin-streptavidin interaction, and then with a
commercially produced semiconductor QD (Qdot™ 705, Thermofisher) which are conjugated to
5 — 10 streptavidin protein units, Figure 2 B. No detectable electronic circular dichroism is
observed over the range in which the QD has optical absorption. Thus, it can be inferred that the
presence of the conjugated proteins does not significantly chirally perturb the electronic structure
of the QD. The resonant region of the metafilms overlaps the emission from the QD (Amax = 705

nm (1.759 eV)).

The polymer layer reduces the QD interaction with the Au film, indeed the lifetime of QD is not
significantly reduced by immobilisation (confirmed by lifetime measurements). The QD display
a high level of spatial selectivity for binding to the arm regions, close to the tips, of the shuriken
indentation, Figure 2 C and D. The level of spatial selectivity of the QDs is demonstrated by
AFM images from ensembles of LH and RH shuriken structures, Figure 2 C. In figure 2D, higher

resolution 3-D AFM images of QDs immobilised to LH and RH enantiomorphs are shown. We



propose that this spatial selectivity arises because it maximises the contact of the QD with the
polymer surfaces, providing a thermodynamic driver by maximising the level of biotin-
streptavidin binding. On average over the whole of the surface, each arm of a shuriken has a bound
QD within it; there are relatively few QD which are bound on the Au film between the
nanostructures. It should be noted that the immobilisation of the QDs causes a small red shift (~
2 meV) of the plasmonic resonance of the metafilms. This is consistent with the low coverage,~6
QD per shuriken, produced by the immobilisation procedure. The CQM are subsequently used to
detect an antibody, a monoclonal mouse IgG, which has been produced against streptavidin,
henceforth referred to as anti-strept. The antibody will bind to the streptavidin surrounding the
QD, which is not already attached to the biotin head group of the polymer. Given the approximate
size of IgG, ~ 14 nm, combined with the steric constraints placed on the QD within the arm, it is
proposed that ~ 1 antibody binds to each QD. Consequently, on average each shuriken will bind
6 IgG molecules, which is ~ 900 zeptomole over the whole 500 x 500 um array. Thus, within the
field of view of the microscope this corresponds to the detection of 600 zeptomole. Optical
rotatory dispersion (ORD) and reflectance spectra from the un-complexed and complexed CQM,
show no significant differences, Figure 3A-C. Thus, demonstrating the insensitivity of light

scattering measurements to the presence of zeptomole quantities of the biomolecules.

Luminescence spectra of un-complexed and complexed CQM

All luminescence spectra were excited with linearly polarised light, with detection at linearly
polarisations which were either parallel or orthogonal to that of the excitation beam. Spectra were

collected from the LH and RH CQM and for reference purposes data was also obtained from



adjacent areas of unstructured Au surface functionalised with QDs. Spectra were collected prior

to, and then immediately after, complexation with anti-strept.

Spectra from un-complexed and complexed CQM are shown in Figure 4 and 5, while equivalents
reference data from unstructured Au are shown in Figure 6. From an initial qualitative assessment
of luminescence spectra there are some obvious patterns. The intensity of the emission from the
CQM is much greater than that observed from QD immobilised on to the unstructured Au surface.
The most important pattern in the data is a clear asymmetry between emission from LH and RH
CQM. There is significantly more emission from RH enantiomorph compared to the LH, and there
are differences in line shapes. The level of asymmetry, in terms of both intensity and line shape
decreases after complexation with anti-strept. Finally, the similar levels of emission detected for
the parallel and orthogonal detection geometries indicate that there is a high level of depolarisation
of the emitted light. This observation can be understood in terms of the relative timescales of
emission and (rotational) motion of the immobilised QD. As with all biological interactions the
biotin-streptavidin bond will be a dynamic process, with it constantly breaking and reforming, thus
allowing for the effective (rotational) motion of the QD. This random motion will occur on a time
scale which is relatively close to the ps lifetimes of the emission of the QD. This will effectively
smear out the linear polarisation of the incident excitation. Such depolarisation effects in emission
from tumbling molecules in solution are well established.”® However, the level of circular

polarisation from such a rotating emitter will not be impacted.

To provide a foundation for quantitative analysis the luminescence spectra have been processed in
two distinct ways. Firstly, the total emission intensities from the spectra are used to derive a series

of parameters. The depolarisation ratio (p)



—IOKTﬂ 1
p_ ()a

Para
Where K is LH or RH CQM, or the unstructured Au, and IX.,,,, and IX .., are the total intensities
of the emission in the parallel and orthogonal detection direction for references. From these
intensities an asymmetry parameter 4 can also derived,
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Finally, an enhancement factor (F),
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which parameterises the increase in the level of emission from the CQM relative to the
unstructured surface. Values of p, 4 and F' derived from un-complexed and complexed substrates

are given in Tables 1-3.

The parameters p, 4 and F display significant enantiomorphic dependencies which are modified
on complexation with anti-strept. For the unstructured Au surface there is no significant change
in p after complexation. However, this is not the case for the CQM, where there is a significant
decrease (increase) in the p value for LH (RH) enantiomorphs after complexation. A similar
behaviour is observed for the F parameter, with complexation resulting in an increase (decrease)
in the F parameter for the LH (RH) enantiomorph. These enantiomorphic dependent changes in
the enhancement parameter led to a decrease in the asymmetry between LH and RH which is

reflected in a decrease in the 4 parameter after complexation.



In addition to deriving parameters from the total emission intensities, changes in the peak shapes
are quantified using fitting with Lorentzian and Gaussian components. Fits are shown with the
corresponding experimental data in Figure 4-6. Within the precision of the fits the same three
components, albeit with different relative intensities can be used for all the spectra. The mean
positions of the three components derived from fitting all luminescence spectra (see
Supplementary information), and subsequently labelled o, 3 and y, are 1.677£0.001, 1.754+0.002
and 1.807£0.003 eV. The different relative contributions of the 3 components is the origin of the
differing peak shapes between LH and RH enantiomorphs. For the un-complexed case, B and y
components are the dominant contributions in the LH and RH structures, respectively. On
complexing the CQM with anti-strept the B component becomes the largest contribution to both
LH and the RH substrates. It is this change in the relative contribution of the B component that
results in the modification in line shape of the emission from LH CQM on complexation with anti-

strept (Figure 4-5).

Luminescence of achiral QD references

For comparison, identical QD, which have not been conjugated to streptavidin and instead feature
surface carboxylic acids, have been immobilised on to the metafilms using a chemical strategy
(amide bond formation) which does not involve chiral molecules. Given the absence of any chiral
molecular element these substrates will be subsequently referred to as “achiral QD references”. It
should be noted that there are significant differences in the position of the achiral QD, compared
to that produced by the streptavidin-biotin strategy. The achiral QD is located much closer,~ 1 nm
above, the Au surface. Crucially, the achiral QD immobilisation strategy is non spatially selective,

as evidenced by AFM images. Based on the relative sizes of the luminescence from the



unstructured Au surfaces the carbodiimide mediated amide formation strategy that immobilises
the achiral QDs produces surface coverages of ~ 1/3 of that of the biotin-streptavidin approach.
Luminescence spectra taken from LH and RH achiral QD reference substrates, with one from an
unstructured area of Au for comparison, are shown in Figure 7. Values of p, 4 and F, derived
from these spectra are shown in Tables 1-3. There are substantial differences between the
luminescence behaviours of the achiral QD and that of the CQMs. Principally, there are no
significant asymmetries in the line shapes or intensities of the luminescence peak between LH and
RH structures. All the spectra are fitted with single Gaussian peaks with similar widths, which are
in turn not significantly different to those used to fit the streptavidin QD on unstructured Au. In
addition to the lack of asymmetry, the achiral references substrates, including QDs on the
unstructured Au, have no detectable emission in the orthogonal polarisation direction, implying a
p = 0. The absence of significant depolarisation of the emitted light can be attributed to a
significant reduction in lifetime due to an increase in non-radiative decay, caused by the QD being

27

located closer to the Au surface.”” Absence of depolarisation implies that the lifetimes are now

significantly shorter than the timescale of random motion of the QD.

Finally, the enhancement factor F is significantly reduced for the achiral QD, which we attribute
to the non-spatially selective nature of the immobilisation strategy, producing a homogeneous

random distribution of achiral QD across the metafilm.

Immobilisation using variations of the biotin-streptavidin strategy

The data from the achiral QD indicates the asymmetries in the luminescence data from the CQM
is associated with the presence of the chiral protein layers. However, for completeness the

possibility should be considered that the asymmetries in luminescence are derived from a non-
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chiral effect. Specifically, there is the possibility that they are caused by streptavidin-biotin based
functionalisation strategy (i.e. more QD being immobilised on the LH than the RH shurikens). It
should be pointed out, that this is not consistent with the AFM data which shows no evidence for
significant differences in QD densities on LH and RH enantiomorphs. Also, disparities in QD
density cannot account for the difference in line shape between LH and RH un-complexed CQM,
and the effects of complexation, in particular the increase in the emission intensity from the LH
substrate, with anti-strept. To further support the hypothesis that the asymmetries arise from the
presence of the chiral proteins we have prepared substrates with two modified streptavidin-biotin
immobilisation strategies that produce surface densities which are significantly higher ( ~ 10 xs)
and lower ( <0.1 xs) than the standard procedure (see Supplementary Information). Both substrates
display the same RH / LH asymmetry in intensity. Luminescence spectra from the substrates with
higher QD density are qualitatively like those obtained from the un-complexed substrate. The
lower coverage QD was obtained by coadsorption of QD with free streptavidin. Thus, the nano-
cavities contain proportionately more chiral molecules to QDs than either the high density or
standard substrate. The luminescence data obtained from the low-density substrate are
qualitatively similar to that from the complexed substrate. Supporting the observation that an

increase in the amount of chiral material in the nanocavity decreases the RH / LH asymmetry.

Purcell versus Chiral Purcell Effect

The data presented provides clear evidence that emissions from the CQM are sensitive to the
presence of chiral materials. The biomaterials cause an asymmetry, in terms of both intensity and
line shape, in emission from LH and RH CQM. Counter intuitively the experimental data shows

that the asymmetry decreases as the amount of chiral material increases. To rationalise the

11



experimental observations, we now develop a discussion within a framework of the Purcell / chiral
Purcell effect. This allows the luminescence data to be corelated to the properties of the

electromagnetic (EM) environment.

When considered within a quantum electrodynamic framework, and with the application of
Fermi’s Golden Rule, spontaneous emission from excited states is dependent on the surrounding
EM environment. Enhanced spontaneous emission can be engineered by increasing the optical
density of states relative to that of the vacuum. For instance, by placing an emitter in a cavity with
a resonant mode, spontaneous emission is enhanced, a phenomenon known as the Purcell effect.?
Alternatively, in the absence of a cavity, large densities of optical states generated in the vicinity
of metallic nanostructures also cause enhanced emission.?® In both cases the enhanced emission
rates can be rationalised with a Purcell formalism. Where the enhancement in emission rate, called

the Purcell factor (Fp), is

where Q is the mode’s quality factor, n the refractive index of the medium, Ao is the resonance

wavelength, and Vp is the effective mode volume,

Vp=—— (5

2UE max

where U is the total energy and ur max is the energy density. O and 1/V can be considered to be the

spectral and spatial energy density respectively of the resonant mode.

The Purcell formulism has been extended to chiral light matter interactions in optical resonators,

where excited states are coupled to chiral optical states.?” The critical parameter in this framework
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is the optical chirality density (C), which is equivalent to optical spin density. The C of an EM

field!> 3032 is defined as,
- l . » — . [
C = > (D B-B D), (6)

where D is the displacement field, B the magnetic induction and D and B are their respective time-
derivatives. C can be used to parameterise the chiral asymmetry of EM fields.'? Cis a conserved
quantity,’® like energy, and has been used in continuity expressions for the chiral (optical spin)
properties of light derived from Maxwell’s equations.*> The C of EM fields is a crucial parameter
in understanding the chiral Purcell effect, since the enhancement it gives rise to, originates from
an increase in the optical chirality density (spin density) in a chiral resonator relative to free space.
A chiral Purell factor (F¢) that quantifies the enhancement of emission in a chiral system can be

defined as,

=) () O

where V. is the chiral mode volume and represents the spatial confinement of chirality (or optical

spin) of light, and 1/ V. reflects the chiral energy density. V¢ is defined as

Ve = = - )]

where U and uc max are the total energy and maximum chiral energy density respectively. ucm =

-CCmax/@ where Cpax 1S the maximum optical chirality density.

The experimentally observed asymmetry in the enhanced emission from enantiomorphs of the

CQM can potentially originate from either the Purcell or chiral Purcell effects. This is because the

13



presence of the chiral biomolecules in both the un-complexed and complexed CQM locally alter
both |E| and C. Consequently, given that from Figures 3A and B it is clear that complexation
with anti-strept has a negligible effect on the Q of the resonances, modifications in the emission

must be due to changes in either Vp or Ve,.

Numerical EM simulations

Numerical (finite element method) EM simulations have been performed to elucidate whether the
Purcell or chiral Purcell effect is responsible for the asymmetric luminescence behaviour from un-
complexed / complexed CQM. The simulations are based on an idealised version of the real CQM
structures shown in Figure 2C. Although, in the real structure the QDs adopt a range of positions
within the arms of the shurikens, for simplicity in the idealised model we have located them at the
ends of the arms. In the model the QD is represented by a spherical achiral dielectric core (diameter
10 nm), which is surrounded by a chiral dielectric layer (thickness 5 nm) which represents the
conjugated proteins. To replicate the complexed CQM an additional hemispherical chiral
dielectric layer of 5 nm thickness is included, Figure 8A. How chiral dielectric properties are
accounted for in numerical simulations of chiral plasmonic systems has been described
previously.!!-2>3436 The chiral response of the dielectric layer is parameterised by a second rank
tensor &. For an isotropic layer Exx = &yy = &z, with all elements being zero if optical activity as
an electric dipole — magnetic dipole (E1M;) origin.'’» 2> 37 In the current simulations a |&] =
5 X 10™*, which is comparable to values used previously to mimic protein layers.>’” Reflectance
spectra, Figure 8B, C, derived from simulations based on the idealised model are in good
agreement with the experimental data, Figure 3, which provides validation of the robustness of

the methodology.
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Using the data provided by the simulations, values of Vp and V. truncated to the protein layers, can
be calculated for LH and RH enantiomorphs of the un-complexed / complexed CQM over the
emission energy range, Figure 9A, B. By using these values in Equations 4 and 7, with other
parameters either derived from experimental data or estimated from the literature, Fr and Fc can
be calculated. For simplicity the chiral asymmetry of #, typically < 10, has been neglected.
Subsequently, by multiplying Fp and Fc with the Gaussian function used to fit the non-enhanced
emission from the QDs on the unstructured Au surface, simulated emission spectra can be
generated, Figure 10A, B. It is immediately apparent that only V., and the spectra derived from
it, show significant asymmetries, in terms of both line shape and intensity, between enantiomorphs.
In addition, only the spectra derived from the chiral Purcell effect display a change on
complexation. However, there are clear inconsistencies between the modelled and experimental
spectra. The line shapes of the modelled spectra are in poor agreement with experimental data.
However, the simulations do have three discernible peaks, consistent with the experimental data.
Also, although the simulations replicate the reduction in the intensity of signal from the RH
enantiomorph on complexation, they do not show the concurrent increase in the LH. We propose
that these discrepancies can be rationalised with the consideration of two factors. Firstly, the
simple idealised model used in the simulations does not adequately replicate the structure of the
“real” CQM. Specifically, the heterogeneity of the location of the QD within the shuriken
structure, in terms of both lateral and vertical position, are not accounted for in the model. Also,
the model accounts neither for the variability of QD morphology and size, nor the level of
streptavidin conjugation. Secondly, within the precision of the models, spectra derived from V¢
and Vp are of comparable magnitude. Consequently, the experimentally observed spectra could

be a combination of both Purcell and chiral Purcell responses. Indeed, the contribution that each

15



makes to the overall emission may be modified by complexation. This hypothesis is supported
when one considers the behaviour of the complexed CQM. It would be expected that the
complexed CQM would have a greater relative contribution from the Purcell effect than the un-
complexed case, as V¢ increases, and Vp does not alter significantly for both enantiomorphs on
complexation. This is consistent with both the line shape for the complexed case, which shows a
level of similarity with that predicted by the Purcell model, and the reduction in the level of

asymmetry between LH and RH enantiomorphs.

Despite the caveats outlined above, the numerical simulations do clearly demonstrate that only the
contributions from the chiral Purcell effect can give rise to significant asymmetries in the
luminescence behaviour when the chiral environments surrounding the QD is modified.

Consequently, allowing spectroscopic detection of chiral (bio)molecules at the < zeptomole level.

Conclusions

The combined experimental and numerical simulated data presented demonstrate that
luminescence from QDs placed spatially selectively within a chiral nanocavity can detect the
presence of chiral (bio)molecules at the <zeptomole level. The phenomena can be understood
within the framework of the chiral Purcell effect. Specifically, QD luminescence is an extremely
sensitive probe of changes in the spatial confinement of local helicity caused by the modification

of C induced by the introduction of single biomolecules into a region of space.

In the broadest sense, this work breaks the link between chiral spectroscopy and the measurement
of very weak dichroic effects. It demonstrates the superior capabilities of techniques based on the
measurement of local near, rather than far field properties for chiral sensing. Far field (chir)optical

responses of nanostructures are correlated to the global EM near field environment. Consequently,
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molecules cannot be detected if they have concentrations too low to cause significant changes to
the global EM environment. For instance, in this study the presence of antibodies did not cause
detectable changes to either reflectance or chirally sensitive optical rotatory dispersion spectra
measured in the far field. However, the introduction of even small amounts of material can result
in significant local perturbations, even though these only result in a small net change in the global
EM environment. Using CQM, where QD act as reporters of the EM environment, allow the large
local changes to be detected. In the exemplar systems studied here this enabled the detection of ~
6 antibody molecules per nanostructure. Although, for completeness data for both LH ad RH
structures were measured here, detection can be achieved by using just a single enantiomorph of a
metamaterial. This contrast to the case for the isolated QD, the emission intensity from which is
insensitive to the binding of the antibody. Consequently, with appropriate experimental design
and instrumentation which would allow measurements on a single nanostructure, the effect would
enable the detection and characterisation approaching single molecule detection. In this study the
spatially selective placement of the QDs, relied on the streptavidin — biotin interaction, which
limits potential targets for detection. If a more generic spatially selective immobilisation strategy
was used, such as one based on nano-localised heating,*® the necessity of using QD conjugated to
proteins would be removed. This would enable a wide range of chiral materials to be detected.
Additionally, for extra flexibility the QDs could be substituted with an appropriate dye molecule
if necessary. This study presages next generation nanometrology technologies for chiral detection

with enhanced sensitivities, with applications in molecular diagnostics and nanometrology.

Methods / Experimental

Sample nanofabrication

17



The shuriken structure was fabricated on the Polycarbonate substrate using an injection moulding
machine (ENGEL)was described in detail elsewhere.?® The pattern defined on the substrate had a
depth of ~80nm and a length of 500nm from arm to arm. After fabrication, the slide was cleaned
with IPA and dried with N> gas. The cleaned slide was metal evaporated using Plassys MEB-400s

to the thickness of 100nm Au and then cleaned in an oxygen plasma asher.

Biotin-Streptavidin Functionalisation

A biotinylated thiol polymer (NIPAM) was synthesised as described below and diluted into PBS
buffer (10x, pH 7.4) with the factor of 10:1 (PBS: Polymer) concentration. The substrate was left
in 300 pL of NIPAM solution for 24 hours to allow to produce a self-assembled monolayer
(SAM)on Au surface. The sample was rinsed with PBS and the optical rotatory dispersion (ORD)
spectra and reflectivity were collected from LH and RH samples while immersed in both water
and PBS. Qdot™ 705 Streptavidin Conjugate (Thermofisher) were deposited on sample and left
for two hours, followed by rinsing in 0.1% NaOH/Tween (Sigma-Aldrich) which removes non-
specifically bound / weakly bound streptavidin. After preparing the sample, measurements were
taken in the Photoluminescent (PL) measurement microscope to collect luminescence spectra
using a linear polarisation in water and PBS. The antibody solution was added to the sample for
two hours and rinsed with 0.1% NaOH/Tween (Sigma-Aldrich) to obtain PL spectra. The high
coverage QD structures were produced by not doing the Tween surfactant wash. The QD /
Strepavidin co-adsorbed structured were produced by using a solution with a 10:1 ratio by molar

concentration of streptavidin to QDs.

EDC-NHS functionalisation for achiral QD reference
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The metafilms were treated with 50 mM Carboxy-PEG-Thiol CT(PEG)i2 (Thermo: 26133) and 50
mM Methyl-PEG-Thiol MT(PEG)4 (Thermo: 26132) (1:1, v/v) for 18 hours. The samples were
rinsed with deionised water and dried with nitrogen. Subsequently the samples were treated with
180 mM EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) (Thermo: 22980)
and 180 mM Sulfo-NHS (N-hydroxysulfosuccinimide) (Thermo: 25410) (1:1, v/v) for 15 minutes
in MES (pH 6.0) buffer. Conjugation reagent solution was removed, the metafilms were rinsed
with PBS (pH 7.4, Thermo: 10010023), and 800 nM solution of amine-terminated quantum dot

(Qdot™ 705 ITK™ Amino (PEG) Quantum Dots) ) (solution applied for 60 minutes.)

Optical rotatory dispersion (ORD) and reflectivity measurements

A custom-made polarization microscope has been used to collect the linear optical measurement
of our samples.>® The set-up contains a tungsten halogen lamp (Thorlabs) Lightsource that
propagates through a collimating lens, Glan-Thomson polariser (Thorlabs), 50:50 beamsplitter and
a focused beam 10x objective lens (Olympus). The reflected beam propagates back from the
second Glan-Thompson polarisers (Thorlabs) and captures by the spectrometer (Ocean Optics
USB400). The sample was positioned and focused using a camera (Thorlabs DCC1645C) after the
analyser. The Stokes methods are using to record the ORD spectra at four analyser angles (0°,

+45° and 90°) concerning the incident polarisation for both LH and RH pairs of samples.

Luminescence setup

Luminance measurement was carried out using a 404 nm laser diode with a 180-mA fixed current
and maximum optical power output of ~17 mW measured using a digital power meter. The two
(linear) polarisers at the input after the laser diode were mounted to adjust the input power. The

first polarizer was used to modify the input power and the second polarized to define the input
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polarization. The position of the sample and alignment of the laser on the desired point of the
sample has been monitored using an optical camera. The luminance signals were captured using
a CCD camera mounted on the top of the configuration. All components were rigidly mounted on

an optical bench.

Numerical electromagnetic modelling

A commercial finite element package (COMSOL V5.6 Multiphysics software, Wave Optics
module) has been used to simulate the intensity and chiral asymmetry of EM fields produced across
the sample. Periodic boundary conditions have been imposed on the sides of the meta-film (i.e.,
equivalent to simulating a meta-film array). Reflections were minimized using a perfectly matched

layer (PML) above and below the input and output ports.

Linearly polarised EM waves were performed at normal incidence onto the meta-film. The finite-
element method has been used to solve Maxwell’s equations over a distinctive geometry which
allows the optical chirality and E-field intensity to be measured in COMSOL. Additional 6
Quantum dots domains were placed on top of shuriken structure arms. The Quantum dots domains
consist of a core structure surrounded with Snm Protein shell were defined with a refractive index
of 1.5.%° The Protein domains were chiral with the optical chirality parameter of |§] = 5 x 107,
Another 5nm shell has been added on top of the Protein shell as an antibody domain with the same
refractive index of Protein. The optical chirality and E-field intensity of the protein layers were

derived by integrating the geometrical model using the volume integration method

ASSOCIATED CONTENT

Supporting Information is available free of charge at

20



e A the optical set up of the luminescence spectrometer (Figure S1), the idealised model of
the CQM used for numerical simulations (figure S2), spatial distribution of the C at a range
of wavelength (figure S3), the parameters used in the fits of the luminescence data are
tabulated, luminescence data from the two alternative QD deposition strategies, a

description of the synthesis of the polymer used to create the SAM is given.
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Figure 1. Graphical representation of the central concept of the current work. Luminescence from
LH and RH CQM is highly sensitive to changes in optical helicity / chirality in local environment

of the QD. This allows the introduction of ~ 6 biomolecules per nanostructure to be detected.
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Figure 2. (A) The top and side views of the Au metafilms; (B) A graphic showing the structure of
the QD; (C) AFM images of CQM (un-complexed), illustrating the spatially selective positioning
of the QD for an area of 9 structures. To aid the eye some QD are highlighted with red circles;
and (D) High resolution images of LH and RH CQM (complexed), which illustrate the distribution
of sizes and morphologies of the QDs.
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Figure 3. Reflectance spectra from (A) LH (red) and (B) RH (Blue) CQM. Spectra for un-
complexed (solid) and complexed (dotted) CQMs. (C) Equivalent ORD spectra are shown. The

data illustrated the negligible changes in spectra after complexation.
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Figure 4. Luminescence spectra (dotted lines) collected using the orthogonal detection geometry
from LH and RH enantiomorphs of un-complexed (upper panels) and complexed (lower panels)
CQMs. Corresponding fits (solid lines) to three Lorentzians components, o (red) 3 (green) and y

(blue), are also shown.
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Figure 5. Luminescence spectra (dotted lines) collected using the parallel detection geometry from

LH and RH enantiomorphs of un-complexed (upper panels) and complexed (lower panels) CQMs.

Corresponding fits (solid lines) to three Lorentzians components, a (red) B (green) and y (blue),

are also shown.
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Figure 7. Luminescence spectra (doted black line) collected in a parallel detection geometry from

achiral QDs immobilised using EDC functionalisation strategy. Spectra are shown for QDs
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immobilised on (A) unstructured Au, (B) LH and (C) RH shurikens. Each spectrum is fitted to a

single Gaussian component.
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Figure 8. (A) A schematic of the idealised model of the CQM used in the numerical simulation is
shown. Simulated spectra reflectance spectra for (B) LH and (C) RH un-complexed (dotted) and
complexed CQMs are shown. For both LH and RH CQM the differences between the un-

complexed and complexed spectra are undetectable above the line thickness.
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Figure 9. (A) Chiral mode volumes as a functions photon energy for un-complexed and complexed

CQOMS, for LH (red) and RH (Blue) enantiomorphs. (B) Equivalent data as in (A) but for the

effective mode volume for the Purcell effect.
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Figure 10. Simulated spectra (upper panels un-complexed, lower panels complexed) for LH (red)

and RH (blue) enantiomorphs of CQMs derived from (A) Veand (B) Ve identical vertical scales

have been used in all four panels.
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Depolarisation  Ratio

(p)

LH 1.07£0.01
Un-complexed

RH 0.70£0.01

Au 0.93£0.10

LH 0.84%0.01
Complexed

RH 0.98%0.01

Au 1.00£0.10

LH ~0
Achiral QD

RH ~0

Au ~0

Table 1. Values for the depolarisation (p) ratio for -un-complexed / complexed CQM and achiral

reference are listed
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Asymmetry Factor (A)

Orthogonal Parallel
Un-complexed 13.0+0.1 8.540.1
Complexed 1.5£0.1 1.7£0.1
Achiral QD 1.2+0.4

Table 2. Values for the asymmetry factor (A) ratio for -un-complexed / complexed CQM and

achiral reference are listed
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Enhancement Factor (F)
Orthogonal Parallel
Un-complexed | LH 4.240.1 4.7+0.1
RH 54.4+0.5 40.4%0.5
Complexed LH 15.6+£0.2 11.910.2
RH 23.0£0.2 20.5+0.2
Achiral QD LH 2.7£0.4
RH 3.1£0.4

Table 3. Values for the asymmetry factor (F) ratio for -un-complexed / complexed CQM and

achiral reference are listed
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