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pharmaceutical to quantum computing. 
Chirally sensitive, chiroptical spectro-
scopic methods based on the differential 
interaction of circular polarized light, such 
as electronic circular dichroism (CD), are 
important tools since they provide rapid 
postsynthesis characterization of mate-
rials.[1] However, the inherent weakness 
of CD results in it being far less sensi-
tive than nonchirally sensitive measure-
ments.[2] Nanophotonic platforms such 
as plasmonic/dielectric metamaterials 
provide strong light-matter interactions 
that have successfully been utilized to 
increase the sensitivity in biosensing, 
chiral detection of (sub) monolayer quan-
tities of the materials (≤femtomole), and 
surface enhanced Raman optical activity 
(SEROA).[3–15]There are two different phi-
losophies for exploiting nanophotonic 
platforms which will for brevity be termed 
the “direct” and “indirect” strategies. 
The direct strategy can be considered an 
extension of conventional CD methods, 
in which nanophotonic platforms are 
used to amplify both the intensities and 

chiral asymmetries of electromagnetic (EM) fields, to enhance 
dichroic responses.[10,16] This is an elegant and simple con-
cept; however, it does have weaknesses which may limit poten-
tial applications, namely, the near UV region <230 nm that is 

Chiral nanophotonic platforms provide a means of creating near fields with 
both enhanced asymmetric properties and intensities. They can be exploited 
for optical measurements that allow enantiomeric discrimination at detection 
levels > 6 orders of magnitude than is achieved with conventional chirally 
sensitive spectroscopic methods based on circularly polarized light. Here 
it is shown that surface enhanced Raman spectroscopy (SERS) is such a 
local probe of the near field environment. It is used to achieve enantiomeric 
discrimination of chiral helicoid nanoparticles deposited on left- and right-
handed enantiomorphs of a chiral metafilm using an achiral molecule as 
a probe. “Hotter” electromagnetic (EM) hotspots are created for matched 
combinations of helicoid and metafilms (left-left and right-right), while 
mismatched combinations leads to significantly “cooler” electromagnetic 
hotspots. This large enantiomeric dependency on hotspot intensity is readily 
detected using SERS with the aid of an achiral Raman reporter molecule. In 
effect SERS is used to distinguish between the different EM environments of 
the plasmonic diastereomers produced by mixing chiral nanoparticles and 
metafilms. The work demonstrates that by combining chiral nanophotonic 
platforms with established SERS strategies new avenues in ultrasensitive 
chiral detection can be opened.
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1. Introduction

Chiral organic and inorganic materials have broad impact in 
science and technology spanning research areas as diverse as 
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important in CD for biological and chemical samples as it is 
challenging to achieve with nanophotonic platforms that are 
compatible with aqueous environments. The indirect strategy 
is a complete divergence from conventional chiroptical spec-
troscopic paradigms. It relies on detecting asymmetric changes 
in the response of left and right-handed (LH and RH) chiral 
plasmonic structures on the introduction of a chiral medium.[17] 
This differential response is due to chiral media inducing 
asymmetric changes in the intensities and chiral properties of 
the near fields of LH and RH substrates.[17] Since the indirect 
strategies do not rely on the nanophotonic structures being 
in resonance with an electronic transition of a molecule, gold 
plasmonic structures can be used, which widen the range of 
systems, both biological and chemical, which can be studied.[17] 
However, this approach does also have inherent weakness, 
primarily the complexity of the phenomena responsible for 
the observed effects. For instance, chiral detection is strongly 
dependent on the orientational order of the adsorbed target 
molecule,[5,18] and it is, surprisingly, dependent on the charged 
state of the molecule, indicating a capacitive contribution of the 
response which is not accounted for in previous EM numerical 
modeling.[19] An issue with some early studies employing the 
indirect strategy, was that local changes in near field proper-
ties were monitored by observing small changes in a far field 
optical response. Recently, it has been shown that directly 
probing changes in the local EM environment caused by chiral 
media with luminescence measurements, larger asymmetric 
responses can be achieved than with far field measurement 
methods.[20,21]

Here we demonstrate how surface enhanced Raman scat-
tering (SERS) can be used to detect large asymmetric local 
changes in near field intensities of enantiomorphic meta-
films, containing chiral nanocavities, induced by the deposi-
tion of chiral helicoid nanoparticles. Thus, providing a novel 

approach for the enantiomeric discrimination of plasmonic 
nanoparticles. The origin of the effect is the differential intensi-
ties of hot spots generated in gap regions formed where the hel-
icoid and chiral metafilms are very close. Together, an achiral 
molecule, biphenyl-4,4’-dithiol (BPDT), acts both to facilitate 
binding between the helicoid nanoparticles and the metafilm, 
and as a Raman reporter of the near field intensities. This study 
provides a framework of using an alternative indirect approach, 
based on SERS, for exploiting nanoplatforms for chiral sensing.

2. Results and Discussion

In this study, we combine Au metafilms with chiral nanopar-
ticles. The Au metafilms have multiple nanostructured arrays 
consisting of six armed “shuriken” shaped nanoindentation 
that are intrinsically either left-handed (LH) or right-handed 
(RH), Figure 1A,B; and Figure S1 (Supporting Information). 
The substrates are based on nanopatterned polycarbonate tem-
plates, which have been described in detail elsewhere.[19,22,23] 
The metafilms are then formed by coating the templates with a 
100 nm Au film and have previously been used in chirally sensi-
tive biosensing to study structural changes in proteins, high-
throughput nanoscale spatial functionalization strategies, and 
active plasmonics for controllable chiral optical response.[12,24] 
Recently, they have also been used to demonstrate how near 
field effects can enhance probing chiral media with higher sen-
sitivity using functionalized quantum dots and measuring the 
plasmonically enhanced luminescence.[20] Reflectance spectra 
collected from shurikens in air, display multiple resonances 
over the visible and near infrared spectral region, Figure  1F, 
with sharper features between 700 and 770  nm region dis-
playing Fano coupling between multiple modes, and a broader 
resonance between 500 and 650 nm.[19,20] This latter feature is 
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Figure 1. SEM images of shuriken A) LH and B) RH metafilms, C) idealized model images of L and D HNPs,[25,26] D) SEM image of a L-HNP function-
alized on a RH shuriken. E) CD and ORD (calculated using Kramers–Kronig transform) spectra for L- (red) and D- (blue) HNPs in aqueous solution, 
and F) ORD and reflectivity spectra for LH (red) and RH (blue) shuriken nanostructures (position of Raman excitation line is noted with a solid line).
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associated with a resonance that has a bisignate line shape in 
optical rotation dispersion (ORD). As would be expected due to 
the chiral nature of the shurikens, LH and RH structures show 
equal and opposite ORD spectra.

Rhombic dodecahedral shaped, chiral nanoparticles, sub-
sequently referred to as helicoidal nanoparticles (HNP), were 
made using an established synthesis strategy, Figure 1C,D.[25,26] 
Seed-mediated colloidal growth using an amino acid as the 
shape modifier helps control the handedness and chiral plas-
monic resonance of the nanoparticles. In this work, chirality 
was conveyed on to the HNP by the presence of a chiral ligand, 
cysteine (L- or D-), with the absolute configuration of the par-
ticle being controlled by that of the ligand (Figure S2, Sup-
porting Information). Consequently, particles generated with 
L-cysteine as an additive are termed L-HNPs and those gener-
ated using D-cysteine are termed D-HNPs. The CD responses 
(which are quoted in units of millidegrees) from these plas-
monic nanoparticles are highest in the 500–650  nm spectral 
region, Figure 1E, overlapping with that shown by the shuriken 
metafilms. Functionalization of the HNPs to the metafilm 
is performed by first generating a self-assembled monolayer 
(SAM) using BPDT on the Au films. The adsorption of BPDT 
caused red shifts of ≈2.2  nm on both LH and RH shuriken 
metafilms, indicative of no significant difference in coverage 
between the enantiomorphs. The nanoparticles are then func-
tionalized using the second thiol group of the now bound BPDT 
and any weakly bound HNPs are subsequently rinsed away. 
The combination of HNP and shuriken can be regarded as a 
diastereomer. As a convention, a two-lettered labeling system is 
used to describe the different diastereomeric combinations of 
shuriken and HNP, “LL,” “LR,” “RL,” and “RR,” where the first 
letter describes the handedness of the shuriken nanostructure 

and the second letter the handedness of the nanoparticle. For 
simplicity D-HNP is considered a right-handed particle and 
referred to by “R.” The HNP deposition process produced 
structurally heterogeneous layers with particles being immo-
bilized at random positions both within the shuriken inden-
tation and in the regions between structures, Figure 2A; and 
Figure S4 (Supporting Information) for higher magnification 
micrographs). The deposition of HNPs induced broadening 
in the reflectivity (Figure S3, Supporting Information), as evi-
denced by a loss of resolution in the structure of the resonance 
at 700–770  nm. Given the HNP does not have a resonance in 
this region, the observed broadening is likely associated with 
coupling between the HNPs and metafilms,[27] and redshift the 
bisignate ORDs, Figure  2B, by ≈1.6  nm for all diastereomeric 
combinations, indicative of both an absence of asymmetry in 
the far field linear response and similar coverages of HNP for 
the four combinations. SERS response of the achiral BPDT was 
measured and to mitigate any possible variations in HNP cov-
erage on metafilms, the Raman measurements were performed 
on multiple sites of each of the L- or D-HNPs coated substrates. 
Each substrate has nine pairs of LH and RH shuriken arrays 
(Figure S5, Supporting Information) and Raman measure-
ments were performed at a single position on all pairs to col-
lect nine spectra of each diastereomeric combinations (36 in 
total), Figure 3A–D. The solid lines show the means of the 
Raman measurements, and the standard errors are shown by 
the shaded bands surrounding each solid line. Similar spectra, 
in terms of positions of bands and relative intensities, were 
obtained from all substrates, and they are solely dominated 
by bands associated with BPDT. The BPDT SERS spectra in 
this work are very similar to those obtained previously from 
BPDT immobilized on either Au nanoparticles or commercial 

Adv. Optical Mater. 2023, 11, 2202991

Figure 2. A) SEM images of LH and RH nanostructures functionalized with BPDT and HNPs. B) ORD spectra from pristine (solid lines) and HNP 
functionalized (dotted lines) LH (red) and RH (blue) shurikens samples.
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Figure 3. BPDT SERS spectra for: A) LH and RH shuriken only metafilms, B) L (L)- and D (R)-HNP deposited on unstructured Au films. C) L-HNPs 
and D) D-HNPs on the LH and RH shurikens, where solid lines show the mean values of the 9 data sets and the shaded bands represent the standard 
error. Inset graphs zoom on to the largest peaks from the spectra. E) Comparison of SERS intensities between HNP functionalized on shurikens, HNPs 
on plain Au, BPDT on the shurikens and BPDT on plain Au,
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SERS (Klarite) substrates.[28] They display characteristic strong 
Raman peaks at ≈1589, 1285, 1200, and 1084 cm−1, vibrational 
assignments are given in Table S1 and Figure S6 (Supporting 
Information).

No Raman spectra were detectable from BPDT layers on 
unstructured Au films in the absence of HNPs, Figure 3A. As 
references, Raman spectra were collected from BPDT func-
tionalized LH and RH shurikens in the absence of HNPs, 
Figure  3A, and from L- and D-HNPs immobilized on BPDT 
layers on unstructured Au films, Figure  3B. L- and D-HNPs 
on unstructured Au surfaces give Raman spectra which, 
within experimental error, have near identical intensities. The 
Raman spectra obtained from BPDT from the two shuriken 
diastereomers symmetry pairs, that is shurikens and HNPs, 
Figure  3C,D, have intensities which are within the standard 
errors of each other. Differences between the two L- and 
D-HNP derived samples and the relatively large standard error 
can be attributed to the level of heterogeneity of the deposited 
HNP layers. There is no significant variation in the intensity 
of the Raman bands after 10 measurements are made consecu-
tively in the same spot (see Figure S7, Supporting Information)

The central result of this study is the observation of the 
dependencies of the overall intensities of the Raman spectra 
on the symmetry properties of the diastereomer combinations 
of HNP and shuriken. In Figure  3C, a comparison of spectra 
from L-HNP on both shuriken enantiomorphs is shown, while 
the equivalent comparison for the D-HNP (R) is shown in 
Figure  3D. The SERS spectra clearly show that the matched 
combinations, LL and RR, of nanostructures and HNPs result 
in higher Raman signal intensities compared to their mis-
matched counterparts, LR and RL. The average ratios of the 
Raman intensities of all the bands for LR/RR and RL/LL com-
binations are given in Table S2 in the Supporting Information. 
The average ratios for the LR/RR and RL/LL combinations are 
0.50 ± 0.02 and 0.47 ± 0.02, respectively.

A final point about the Raman data is the dependency of 
the magnitudes of the responses on the type of substrates, 
Figure 3E. The following trend in the intensities of the BPDT 

Raman signal is observed; HNP + Shurikens (Average) > HNP 
+ Flat substrate > Shuriken only. Specifically, average signal 
from the HNP + Shuriken is ≈7.5 time greater than that from 
HNP on unstructured Au, which is in turn ≈4.5 times greater 
than the response from BPDT on shurikens. The observation 
that shuriken only structure gives the weakest Raman response 
can be readily reconciled when one considers that these struc-
tures produce weaker hot spots than the other two cases. This 
is because the hotspots associated with the shuriken structures 
(without HNPS) are predominately in the arms. The width of 
the arms is much larger than the gap regions formed between 
the HNP and either the Au unstructured or shuriken surface. 
To confirm that the intensity asymmetries in spectra derived 
from single position measurements, Figure 3C,D, are not due 
to sample-to-sample heterogeneity in the coverages of HNP, 
we have collected Raman spectra from 10 positions on the 
metafilms, which effectively cover the whole area of the array, 
Figure 4A. The averages of these 10 spectra show both the same 
asymmetries and have signal intensities within experimental 
error to those observed in the single point measurements, 
Figure 4B,C.

We propose that the dependency of the Raman reporter 
signal on the symmetry properties of the diastereomeric com-
binations of HNP and shuriken arises from the different EM 
environments that they possess. It is well established that light-
matter coupling is strongly enhanced in resonant cavities and 
antennae.[29,30] Enhancement of spontaneous emission for 
instance can be engineered using Forster resonance energy 
transfer or the Purcell effect by placing the emitter in a reso-
nant cavity generating large local density of optical states.[31,32] 
In the case of enhanced Raman scattering from plasmonic 
cavities/antennae, it can be shown that the total observable 
enhancement is a cumulative result of field enhancement of 
the incoming radiation and the enhanced radiative decay rate at 
the Stokes frequency.[33,34] The relative size of a SERS response 
is generally discussed in terms of an enhancement factor (EF), 
which is the relative size of a signal compared to that obtained 
from conventional Raman measurement. If the frequency of 

Adv. Optical Mater. 2023, 11, 2202991

Figure 4. A) The 10 positions where Raman spectra were collected on left (L) and right (R) handed metafilms. B) L-HNPs and C) D-HNPs on the L 
and R shurikens, where solid lines show the mean values of the 10 data sets and the shaded bands represent the standard error. Inset graphs zoom 
on to the largest peaks from the spectra.
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the Raman scattered light is close to that of the incident light, 
then[35]

EF loc

i

4
E

E
≈  (1)

where Eloc is the electric local field amplitude at the Raman 
active site (or hot spot) and Ei is the amplitude of the incident 
excitation. Hence, Equation  (1) relates the EF to intensities of 
hotspot regions in the EM environment. Consequently, our 
hypothesis is that

loc

i LL, RR

loc

i LR, RL

E

E

E

E
>  (2)

an argument that can be validated through numerical EM 
simulations. Given the structural complexity of the deposited 
layers, simulations of the different symmetry combinations 
were performed using a single HNP placed in close vicinity to a 
shuriken nanostructure, Figure 5A, as a simplified representa-
tion of our experimental samples. When simulating the HNPs 
on the shuriken nanostructure with a 633  nm excitation, the 
most intense hotspot, Figure 5B, were found in the narrow gap 
regions between the shuriken film and the HNP. As would be 

expected the average loc

i

E

E
 values derived for symmetry related 

diastereomeric pairs are very similar, Figure 5C. We assign the 
slight difference in value between mirror symmetry related 
diastereomers to the computational constraints placed on 
mesh element size. The simulations clearly show that the most 
intense hotspots, thus the strongest Raman responses, are 
produced by diastereomers formed from matched pairs. From 
the information provided by the simulations we can calculate 
the ratio of the signal from mis-matched and matched pairs 

(LR/RR and RL/LL). Assuming the Raman response is domi-
nated by contribution from these hotspots and the intensity of 

the signal is dependent on loc

i

4
E

E
 values for LR/RR and RL/LL 

are 0.67 and 0.69. These values are derived by taking an average 
value in an area defined by the red box in Figure  5C, which 
contains the hotspots, but also significant areas within the Au 
structures where there is no significant field. Consequently, one 
would expect the actual ratios in the hotspot region to be lower 
than have been calculated. Thus, with this caveat, the ratios 
obtained from the simulations are in reasonable agreement 
with the experimental observed values of 0.43 and 0.46.

To assess the influence of HNP position on the level of asym-
metries of the near field intensities, simulations with HNP 
which have been rotated by ≈45° relative to the previous struc-
tural model have been performed (Figure S9, Supporting Infor-
mation). In contrast to the previous model, the HNP in these 
simulations do not have the same distances to the surface of 
the shuriken in matched and mismatched pairs. For matched 
combinations the HNP is closer to the shuriken walls com-
pared to the mismatched cases. These simulations also show 
a higher near field intensities for matched symmetry combina-
tions. Given the closer separation one would expect that this 
model would favor higher field intensities for the matched 
relative to mismatched combinations (i.e., one would expect 
the LR/RR and RL/LL ratios to be smaller than in the previous 
model). However, counter-intuitively this is not the case, with 
LR/RR and RL/LL ratios being 0.76 and 0.78, respectively.

Finally, we have performed simulations in which the HNPs 
are in the middle of the arms of the shuriken rather than in 
the central cavity, Figure 6. The HNP used in the simula-
tion is identical to that used for the data in Figure  4. These 
simulations also show matched symmetry combinations pro-
duce more intense fields with LR/RR and RL/LL ratios of 0.75 

Adv. Optical Mater. 2023, 11, 2202991

Figure 5. A) The idealized structural model used in the simulations with HNP on nanostructure on a polycarbonate (PC) substrate, with 720 nm 
periodicity and a HNP end to end length of ≈160 nm. B) A side view of a slice of the simulated |E| for the RR diastereomeric combination, the red box 
highlights region with the most intense hotspots. C) Simulated maps of |E| for the four diastereomeric combinations, the top views are shown above 

the sliced views which is highlighted by the red box (55 × 180 nm) in (B). The numbers shown lower panels are loc

i

4E
E

 values obtained by averaging 

fields over the area of the red box. The polarization of the incident light is highlighted with the dashed white arrow in the top left panel of (C).
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and 0.82, respectively. This geometry results loc

i

4
E

E
 values 

which are approximately one order of magnitude greater than 
the equivalent produced by the two previous models with the 
HNP located in the shuriken cavity.

So, although based on highly idealized models the numerical 
simulations support our hypothesis that diastereomeric pairs, 
which are not related by mirror symmetry, have different EM 
near field environments which can be detected using the SERS 
response from a reporter molecule.

3. Conclusion

Before the advent of routine chiroptical characterization, 
chemists determined the unknown absolute configurations of 
chiral molecules by combining them with other chiral species 
of known handedness to produce diastereomers. While the 
enantiomers of chiral compounds had identical physical and 
electronic properties, the diastereomers produced from them 
did not. Thus, allowing physical and spectroscopic methods 
to discriminate between them, and the absolute configura-
tions to be determined. The work we present is a 21st century 
EM analogue of this well-established chemical strategy. We 
have achieved enantiospecific recognition by discriminating 
between the different near field environments possessed by 
diastereomers which are not related by mirror symmetry. By 
using SERS and an appropriate reporter molecule, we have 
achieved chiral recognition by detecting “cooler” and “hotter” 
hotspots. The near field sensitivity of SERS makes it a more 
sensitive probe to local changes in EM environment than reflec-
tance measured in the far field which monitors a much larger 
volume of the near field. It should be stressed that the SERS 

measurements reported here are not intrinsically optically 
active (i.e., chirally sensitive), and thus contrast with previous 
work which used metamaterials to amplify the sensitivity of 
SEROA measurements.[36] The advantage of the approach of 
leveraging “meta-diastereomers” used in this study is that the 
asymmetric responses are vastly larger by 2 orders of magni-
tude than are observed in SEROA. Although our study involves 
a chiral plasmonic HNP the SERS approach we outline would 
also be valid for detecting local changes in near fields of chiral 
metafilms induced by chiral molecules. Consequently, the 
SERS-based strategy demonstrated in this work would enable 
rapid recognition of chiral nanoparticles and compounds using 
very small sample quantities with applications in drug develop-
ment and biostructural analysis.

4. Experimental Section
Fabrication of Chiral Metafilms: The templated substrates were 

prepared by injection molding. Clean silicon substrates were coated 
with ≈80 nm of PMMA (Elvacite 2041, Lucite International) and electron 
beam writing was performed on a Vistec VB6 UHR EWF lithography 
tool operating at 100  kV. The substrates were then developed using a 
mixture of methyl isobutyl ketone and isopropyl alcohol to complete the 
Si master. 300 µm thick nickel shim was formed through electroplating 
on the Si master. The shim was mounted in a custom-made tool used 
with an Engel Victory Tech 28 tons injection molding machine in a 
fully automatic production mode to manufacture polymer slides using 
polycarbonate (Makrolon DP2015) as feedstock. The injection molded 
substrates have chiral nanostructures imparted in the plastic surface 
and were subsequently covered by a continuous 100  nm Au film to 
complete the metafilm sample production.

Synthesis of Chiral Nanoparticles: Hexadecyltrimethylammonium 
bromide (CTAB, 99%), L-ascorbic acid (AA, 99%), D-cysteine (99%) 
L-cysteine (98.5%), tetrachloroauric(III) trihydrate (HAuCl4·3H2O, 

Figure 6. A) The idealized structural model used in the simulations with HNP on nanostructure on a polycarbonate (PC) substrate, with 720 nm 
periodicity and a HNP end to end length of ≈160 nm. B) A side view of a slice of the simulated |E| for the LL diastereomeric combination, the red box 
highlights region with the most intense hotspots. C) Simulated maps of |E| for the four diastereomeric combinations, the top views are shown above 

the sliced views which is highlighted by the red box (35 × 69 nm) in (B). The numbers shown lower panels are loc

i

4E
E

 values obtained by averaging fields 

over the area of the red box. The polarization of the incident light is highlighted with the dashed white arrow in the top left panel of (C).
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99.9%), biphenyl-4,4′-dithiol (95%), and ultrapure water (LiChrosolv) 
were purchased from Sigma-Aldrich and used without further 
purification.

Cubic seeds was synthesized as reported previously.[37,38] Further 
synthesis was performed according to the published procedure with 
some modifications.[26] In the next step, a growth solution was prepared: 
0.8 mL of 100 mm CTAB and 0.2 mL of 10 mm gold chloride trihydrate 
were added into 3.95 mL of deionized water. Then 0.475 mL of 100 mm 
ascorbic acid solution was added to the growth solution to reduce Au3+. 
Further, to prepare chiral nanoparticles, 0.05  mL of cubic seeds were 
added to the growth solution, and after a 20 min incubation, 0.005 mL 
of cysteine were added. The growth solution was left for 2  h at 30  °C, 
during this time, the solution changed color from pink to blue. The 
solution was centrifuged twice (3000 rpm, 180 s) and was dispersed in a 
1 mm CTAB solution for further characterization.

Sample Preparation: Au-coated shurikens were first rinsed with 
methanol and plasma cleaned for 5 min at 100 W power. Shurikens were 
then immersed in a 3  mm methanol solution of biphenyl-4,4’-dithiol 
(95%) (Sigma-Aldrich) for 24 h to form a self-assembled monolayer 
(SAM). After rinsing and drying the shurikens with methanol solutions 
of nominal concentrations of 30  mg mL−1 of either L- or D-chiral 
nanoparticles in DI water was added. The samples were left on a shaker 
for 24 h, then washed and dried with DI water.

Surface Characterization Techniques: SEM images for shurikens were 
acquired with a SU8240 (Hitachi) using 10 kV acceleration.

Measurements of Optical Spectra: A custom built polarimeter, 
equipped with a tungsten halogen light source (Thorlabs), polarizers 
(Thorlabs), and a 10x objective (Olympus) was used to collect ORD 
measurements and reflectivity spectra. The samples are positioned 
and aligned with the aid of a camera (Thorlabs), and the spectrum was 
measured using a compact spectrometer (Ocean optics USB4000). 
Reflectivity measurements used plain Au as a background. ORD spectra 
were obtained using the Stokes’ method. Linearly polarized light was 
positioned incident on the substrate, and the intensities of the reflected 
light at four polarization angles (0°, ±45°, and 90°) relative to the 
incident light were measured to calculate the ORD. The final spectrum is 
the mean of 8 measurements for a single nanostructure array.

Raman Measurement: Raman spectra were recorded using a NT-MDT 
NTEGRA Raman microscope with a 633  nm laser excitation (35  mW 
power) with 10 s accumulation time. Excitation and collection of Raman 
scattered light was done using a 20× objective with an estimated spot 
size of 100  µm. From each sample, 9 LH and RH shuriken array pairs 
were measured (18 measurements total measurements each sample). 
For analysis, the mean and standard error of the SERS intensity values 
were calculated.

Numerical Electromagnetic Modeling: A commercial finite element 
package (COMSOL V6.0 Multiphysics software, Wave Optics module) 
was used to simulate the EM fields produced across the sample. Periodic 
boundary conditions were applied to shuriken boundaries to replicate 
metamaterial conditions. Perfectly matched layer (PML) conditions were 
applied to both input and output ports to minimize internal reflections.

The shuriken metafilms along with a 240  nm diameter chiral 
L- or D-nanoparticle positioned 250  nm above the shuriken center 
(Figure S8, Supporting Information) were simulated. Due to 
computational constraints, the NP could not be positioned 1 nm away 
from the gold surface (as expected experimentally). Maps showing 
the distribution of the electric field have been plotted for all the 
combinations of shuriken and NP handedness. These maps depict 
where the hot spots (HS) are located between the NP and the metafilm 
surface. A vertical slice across the HS was obtained, and the average 
value of the amplitude of the electric field was computed and compared 
for all the combinations (Figure 4).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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