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Chiral Gold Nanopropellers: Engineering Plasmonic
Chirality for Enantioselective Recognition Through
Stereoselective Binding

Muhammad Haroon, Liping Huang, Anwer Hayat, Hongyu Chen, and Xiao You*

Enantioselective sensing remains a challenge due to the weak chiroptical
responses of small molecules and the limited stereospecificity of plasmonic
substrates. Here, a dual-modality platform that integrates plasmonic chirality
and molecular recognition is designed and implemented using cysteine-
functionalized chiral gold nanopropellers (CGNPs). The structural chirality of
CGNPs creates localized optical hotspots with defined handedness, which are
further amplified through the stereoselective binding of chiral ligands. Surface-
enhanced Raman spectroscopy (SERS) reveals reproducible intensity en-
hancements and band shifts for stereomatched CGNP–analyte combinations.
Quantitatively, the chiral discrimination ability (CDA) reaches 36.0%, and the
detection limit for L-phenylalanine is 2.75 µM. Circular dichroism spectroscopy
confirms the selective chiral interactions, while density functional theory (DFT)
calculations indicate lower binding energy and shorter interaction distances for
the L-CGNP–L-phenylalanine complex. Finite-difference time-domain (FDTD)
simulations show that handedness-matched light and nanopropeller geometry
yield stronger near-field intensities and more radiative plasmonic modes.
These combined experimental and theoretical results demonstrate that
enantioselectivity arises from the cooperative effect of chiral field localization
and stereospecific molecular adsorption. Together, these results establish
CGNPs as a versatile platform for enantioselective sensing, integrating
chiral plasmonics and molecular recognition for next-generation analytical
technologies.

1. Introduction

Chirality, characterized by molecular asymmetry, profoundly in-
fluences chemical interactions in biological and pharmaceu-
tical systems. Enantiomers—mirror-image isomers of chiral
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molecules—often exhibit distinct physio-
logical behaviors, resulting in dramatically
different physiological outcomes. This
distinction is particularly critical in phar-
macology and toxicology, where evenminor
enantiomeric imbalances can lead to ther-
apeutic failures or adverse effects.[1,2] A
prominent example is the thalidomide
tragedy of the 1950s, during which the
R-enantiomer of the drug led to over
10000 birth defects, thereby underscor-
ing the vital importance of precise chiral
discrimination in the process of drug
development.[3,4]

Currently established techniques for
enantiomer differentiation include cir-
cular dichroism spectroscopy (CD).[5]

chiral chromatography,[6,7] nuclear mag-
netic resonance (NMR),[8,9] and capillary
electrophoresis[10,11] Although effective,
these methods often involve complex
instrumentation, high operational costs,
or limited sensitivity. Surface-enhanced
Raman spectroscopy (SERS) emerges as an
attractive alternative due to its exceptional
sensitivity and structural specificity.[12–14]

Nonetheless, conventional SERS sub-
strates, typically composed of achiral or
symmetric nanostructures, inherently lack

the ability to selectively amplify enantioselective molecular
interactions.[15–18]

Chiral plasmonic nanostructures, however, offer a promising
solution to overcome these limitations. These nanostructures
generate localized chiral optical fields that enable control and
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enhance enantiospecific light-matter interactions[19–23] Recent
advances in seed-mediated, ligand-directed synthesis have al-
lowed precise control over nanostructure chirality,[24–27] result-
ing in surfaces with intrinsic optical activity capable of amplify-
ing chiral molecular signals.[28] By combining plasmonic signal
enhancement with enantiospecific molecular recognition, these
materials have the potential to address longstanding challenges
in enantioselectivity.
Two primary mechanisms underlie current chiral detection

methods: optical interactions based on intrinsic chiroptical
properties,[29] andmolecular recognition driven by selective host-
guest interactions.[30,31] Light-matter interactions utilize the in-
trinsic optical activity of enantiomers but are often limited by low
sensitivity, weak molecular responses, and a lack of structural or
interaction-based information.[32,33] Molecular recognition tech-
niques, relying on host-guest interactions (hydrogen bonding, 𝜋–
𝜋 stacking, and hydrophobic effects), are widely employed but of-
ten constrained by insufficient signal transduction and environ-
mental sensitivity.[18] For instance, SERS-based systems can inte-
grate chiral gold nanostructures (light-matter interactions) func-
tionalized with host molecules (e.g., cyclodextrins, crown ethers)
to selectively capture enantiomers. A hybrid strategy that inte-
grates plasmonic optical enhancement with molecular recogni-
tion could significantly advance chiral sensing, improving both
sensitivity and specificity.
In this study, we design a chiral sensing platform that inte-

grates chiral gold nanopropellers (CGNPs) with cysteine as a chi-
ral mediator, combining plasmonic chiral fields with enantiose-
lective molecular recognition. The inherent chirality of CGNPs
generates localized optical hotspots that amplify enantioselective
Raman signals, while cysteine ligands mediate precise molecu-
lar interactions through stereoselective binding. This approach
addresses the sensitivity and selectivity limitations of current
methods by leveraging both optical chirality and stereospecific
binding. To elucidate the underlying mechanisms, we employed
density functional theory (DFT), finite-difference time-domain
(FDTD) simulations, and spectroscopic analyses (CD and Raman
spectroscopy). The strategy and mechanistic insights presented
here establish a foundation for advancing chiral plasmonic sens-
ing technologies.

2. Results and Discussion

2.1. Design and Chiroptical Characterization of Functionalized
Chiral Nanopropellers

The development of an effective enantioselective platform re-
quires the precise engineering of both nanoscale structural chi-
rality and specific molecular recognition sites. To achieve this,
we first synthesized chiral gold nanopropellers (CGNPs) via a
seed-mediated growth method.[24] Briefly, glutathione (3.6 μM)
was used as the chiral ligand with ascorbic acid (8.8 mM) as
the reducing agent and CTAB (14.75 mM) as the stabilizer and
HAuCl4 (0.37 mM) as the gold precursor. Au decahedral seeds
directed the formation of the chiral nanostructures at 30 °C over
2 hours. The purified CGNPs showed colloidal stability for over 7
days when stored at room temperature, as confirmed by UV–vis
spectroscopy (Figure S2d, Supporting Information).

The structural integrity and morphology of the CGNPs were
confirmed by scanning electron microscopy (SEM), as shown
in Figure 1a and b. The images reveal the successful fabrica-
tion of both L- and D-handed nanopropellers with a uniform,
well-defined architecture. These nanostructures feature an aver-
age particle diameter of approximately 285 nm and consistent
nanoscale groove dimensions of around 9 nm (details in Figure
S1, Supporting Information), which are critical for generating
their unique plasmonic and chiroptical properties.
The optical response of the bare CGNPs was characterized

by UV–vis spectroscopy, which showed a broad plasmon reso-
nance centered at approximately 580 nm (Figure S2c, Support-
ing Information). This feature is consistent with the complex,
anisotropic morphology of the nanopropellers and aligns with
the wavelength region used for subsequent chiroptical and SERS
experiments.
The intrinsic chirality arising from this engineered geometry

was experimentally validated using circular dichroism (CD) spec-
troscopy. As expected, the L- and D-CGNPs displayed distinct,
mirror-image CD signals, confirming their opposite handedness
(Figure S2a,b, Supporting Information). A slight asymmetry be-
tween the L- and D-spectra is observed, which we attribute to
the differing purities of the commercially available L-glutathione
(≥98%) versus the custom-synthesized D-glutathione (≥96%).
This discrepancy in ligand purity may lead to minor morpho-
logical differences between the two enantiomeric nanoparticles.
Similar deviations from perfect mirror-image CD spectra have
also been reported in previous studies involving GSH-directed
synthesis of chiral nanostructures.[34–36] These experimental ob-
servations, supported by finite-difference time-domain (FDTD)
simulations which predicted distinct g-factors, confirm the suc-
cessful induction of chirality at the nanoscale within the CGNP
framework. The simulated g-factor of CGNPs is higher than the
experimental value (around ±0.01), which can be attributed to
the structural and morphological heterogeneity of nanoparticles
in solution, leading to averaging effects that reduce the ensemble
CD response.
To enable stereoselective molecular interactions at the plas-

monic surface, the CGNPs were subsequently functionalized
with L- andD-cysteine. The covalent attachment of cysteine to the
gold surface was verified by Raman spectroscopy (Figure 1c). The
disappearance of the S–H stretching band (typically around 2570
cm−1) and the concomitant emergence of an Au–S stretching
band (observed at ≈267 cm−1) provided clear evidence of thiol-
gold bond formation. Furthermore, a diminished intensity of the
S–S stretching mode (513 cm−1) and a discernible redshift in the
C–S stretching band (from ≈679 cm−1 to 663 cm−1) suggested
that cysteine adsorbed as monomers without inducing signifi-
cant nanostructure aggregation.[37]

The impact of cysteine functionalization on the overall chi-
roptical properties of the CGNPs was further investigated by CD
spectroscopy. Upon cysteine binding, a decrease in CD intensity
near 580 nm, accompanied by a new signal around 200 nm, is
attributed to ligand-induced surface shielding, minor aggrega-
tion effects, and chiral coupling. Such chiral coupling can redis-
tribute the energy of the chiral plasmonic field into molecular
energy states of cysteine and contribute to the suppression of the
CD signal of CGNPs.[28,38] New CD signatures around 200 nm
appeared upon functionalization, with LC-LCGNPs showing
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Figure 1. Structural and chiroptical characterization of CGNPs. a,b) SEM images of L- and D-CGNPs, showing well-defined propeller morphologies
and consistent structural features with nanoscale chirality highlighted in the insets. c) Raman spectra of pristine and cysteine-functionalized CGNPs,
confirming successful thiol binding via Au–S and C–S signatures. d) CD spectra of CGNPs before and after L-/D-cysteine modification, demonstrating
enantiospecific optical responses. The inset highlights the effect of functionalization on the chiroptical response of CGNPs.

positive bands and DC-LCGNPs exhibiting corresponding nega-
tive signals (Figure 1d). The new CD signals likely originate from
electronic transitions intrinsic to the chiral cysteine ligand itself
(𝜋→𝜋 and n→𝜋* transitions), rather than from plasmonic res-
onances. This assignment is consistent with known chiroptical
properties of cysteine in the UV spectral region, clearly reflecting
surface modification.
Taken together, the spectroscopic analyses demonstrate effec-

tive cysteine-mediated surface functionalization of CGNPs. The
Raman data confirm robust Au–S bond formation, while the CD
data, in conjunction with the strong SERS performance, indi-
cate that the underlying chiral geometry of the nanopropellers is
maintained post-functionalization. These spectroscopic findings
align with prior literature reports[30] and demonstrate that chi-
ral geometry and chiral optical activity of CGNPs remain intact,
rendering them suitable for subsequent enantioselective studies.

2.2. Enantioselective SERS Detection of Phenylalanine

As a control, conventional Raman spectra were obtained from
bulk powders of pure D-phenylalanine (DP) and L-phenylalanine

(LP) (Figure S4a, Supporting Information). Both enantiomers
produced nearly indistinguishable spectral profiles. Character-
istic Raman bands were identified at 1605 cm−1 (aromatic ring
stretching), 1587 cm−1 (C═C bending), 1443 cm−1 (CH2 bend-
ing), 1410 cm−1 (COO− symmetric stretching), and 1309 cm−1

(NH2 bending), among other vibrational modes. The high de-
gree of similarity between these spectra underscores the inherent
limitation of conventional Raman spectroscopy in differentiating
enantiomers directly, thereby highlighting the need for advanced
analytical methods that can amplify subtle stereochemical dis-
tinctions, such as the SERS approach developed herein. To iso-
late the role of the chiral ligand, the Control SERS experiments
were conducted on the bare LCGNPs interacting with L- and D-
phenylalanine. The results (Figure S5, Supporting Information)
showed low and variable signal intensities, attributable to weak,
non-specific physisorption of the enantiomers on the gold sur-
face. This indicates that the chiral shape alone provides insuffi-
cient binding affinity for effective and selective detection.
The SERS performance of cysteine-functionalized CGNPs in

enantiomeric discrimination was investigated using L- and D-
phenylalanine (LP and DP) asmodel analytes. SERS spectra were
recorded for L-cysteine functionalized L-CGNPs (LC-LCGNPs)
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Figure 2. Enantioselective SERS detection of phenylalanine using cysteine-functionalized CGNPs. a,b) SERS spectra of (a) LC-LCGNPs with LP (blue)
and DP (red), and (b) DC-LCGNPs with DP (red) and LP (blue); Prominent Raman peaks indicating key vibrational modes are marked (*), highlight
enantioselective responses under stereomatched andmismatched configurations c,d) Spectral features across 20 spectra per pairing demonstrates high
spectral reproducibility and consistent enantiomer-specific responses e,f) Principal component analysis (PCA) clustering reveals clear spectral clustering
between LP and DP, confirming chiral differentiation under stereomatched versus mismatched conditions.

upon interaction with LP and DP (Figure 2a). Correspondingly,
D-cysteine functionalized D-CGNPs (DC-DCGNPs) were evalu-
ated with LP and DP (Figure 2b). A clear differentiation in SERS
signal intensity was observed based on the stereochemical rela-
tionship between the functionalized CGNPs and the phenylala-
nine enantiomer. Specifically, prominent Raman bands of pheny-
lalanine, such as CH2 bending (≈1346 cm

−1), COO− stretching
(≈1400 cm−1), and NH2 stretching (≈1429 cm

−1) exhibited sub-
stantially higher intensities when the handedness of the CGNP-
cysteine system matched that of the phenylalanine enantiomer
(i.e., LC-LCGNPswith LP, DC-DCGNPswithDP). Conversely, in-
teractions involving mismatched handedness (e.g., LC-LCGNPs
with DP) yielded significantly attenuated SERS signals for these

bands. The consistency of these spectral features and intensity
differences was verified through the collection of 20 replicate
spectra for each CGNP-analyte pairing, as shown for represen-
tative systems in Figure 2c,d.
To provide a quantitative measure of this spectral differenti-

ation, principal component analysis (PCA) was performed on
the SERS datasets within the 1000–1500 cm−1 spectral window.
PCA is a dimensionality-reduction technique that transforms a
complex dataset into a new coordinate system. The first princi-
pal component (PC1) captures the largest variance in the data,
while PC2 captures the second largest. In Figure 2e and f, the
distinct, non-overlapping clusters formed by the LP and DP
data points confirm that the spectral differences are statistically
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Figure 3. Spectroscopic and theoretical insights into stereoselective interactions. a,b) Raman spectra showing significant relative peak intensity change
upon interaction of LC-LCGNPs with (a) LP and (b) DP, including schematic diagrams illustrating key functional groups mediating interactions, color-
matched to corresponding Raman bands; c) Boxplot of relative Raman intensities for three key vibrational modes (CH2 bending, COO

− symmetric
stretching, and NH2 Stretching), comparing LC-CGNPs interactions with L-phenylalanine (LP) (orange) and D-phenylalanine (DP) (violet). The boxplots
illustrate the distribution of Raman peak intensities across 20 measurements, indicating preferential binding and enantioselectivity. d) CD spectra of
bound and unbound fractions following chiral separation, validating stereoselective capture.

significant. The resulting PCA score plots (Figure 2e,f) demon-
strate distinct and well-separated clusters corresponding to stere-
omatched versus mismatched interactions. For example, analy-
sis of LC-LCGNPs (Figure 2e) showed clear separation between
the spectral data obtained from LP and DP. A similar degree of
separation was observed for the DC-DCGNP system (Figure 2f).
This level of statistical discrimination was not attainable using
conventional Raman spectroscopy of the bulk analytes (Figure
S4b, Supporting Information). These results directly indicate that
the CGNP-based SERS platform, incorporating both engineered
plasmonic chirality and a stereoselective interface, enables reli-
able enantioselective recognition.

2.3. Mechanistic Elucidation of Enantioselective Recognition

2.3.1. Spectroscopic Insights into Chiral Interactions

Detailed examination of Raman band positions upon the interac-
tion of phenylalanine enantiomers with functionalized CGNPs

provides insight into the molecular recognition mechanism
(Figure 3). For instance, when LP interacted with LC-LCGNPs,
notable shifts were observed in characteristic Raman bands. The
three key Raman bands associated with LC-LCGNPs were ob-
served at 1430 cm−1 (CH2 bending), 1395 cm−1 (COO− sym-
metric stretching), and 1345 cm−1 (NH2 stretching), while LP
exhibited characteristic bands at 1443 cm−1, 1410 cm−1, and
1309 cm−1 for the same vibrational modes. Upon interaction of
LC-LCGNPs with LP, these bands shifted to 1427 cm−1, 1400
cm−1, and 1348 cm−1, respectively. The vibrational assignments
of these prominent Raman bands were confirmed by DFT sim-
ulations and supported by the literature (Table S2, Supporting
Information). The shifts in these bands are indicative of modi-
fications in the local chemical environment of these functional
groups, likely due to hydrogen bonding, electrostatic interac-
tions, and steric effects at the CGNP-cysteine-phenylalanine in-
terface (Figure 3a). The observed Raman shifts in CH2 bending,
COO− symmetric stretching, and NH2 stretching are substantial
beyond our instrumental spectral resolution (≈1.5 cm−1). These
shifts were statistically validated by averaging multiple spectra
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Figure 4. Correlation of optical simulation and experimental SERS enhancement. a) Schematic and Raman spectra showing stronger enhancement
under matched chirality. b, c) FDTD-simulated field maps for achiral SGNPs vs. chiral CGNPs under left circularly polarized (LCP) illumination. The field
maps show the distribution of the electric field intensity around the nanoparticles, highlighting the stronger and more localized field enhancements
around CGNPs due to their chiral geometry. d) Peak intensity comparisons. e) Limits of detection for different chiral pairings. f–h) Simulated scattering,
absorption, and energy density plots illustrating enhanced radiative behavior in stereomatched systems.

(n = 20), confirming reproducibility and significance beyond ex-
perimental error. The SERS intensity enhancement was consis-
tently greater for the stereomatched complex (e.g., LC-LCGNP–
LP) compared to the stereomismatched pair (e.g., LC-LCGNP–
DP), as illustrated in Figure 3a,b. This preferential enhancement
supports a model of more favorable binding due to better stere-
ochemical complementarity and reduced steric hindrance in the
matched system. To ensure statistical robustness of these inten-
sity differences, 20 independent measurements were analyzed
for key vibrational modes. Boxplots of the relative SERS intensi-
ties (Figure 3c; Figure S6b, Supporting Information) consistently
showed higher intensities for stereomatched interactions (e.g.,
NH2 stretching for LC-LP vs LC-DP), further supporting the phe-
nomenon of stereoselective recognitionmediated by the cysteine-
functionalized CGNPs.
Additional validation of stereoselective capture was obtained

from CD spectra of the supernatant and residue after incubat-
ing racemic phenylalanine with LC-LCGNPs, which showed en-
richment of the unbound and bound enantiomers, respectively
(Figure 3d). The residues thus represent LCGNP-bound frac-
tions, while the supernatants contain the remaining unbound

fractions. CD spectra of these fractions showed strong signals
for enantiomers preferentially bound to their corresponding chi-
ral CGNPs. LC-LCGNPs exhibited preferential binding to LP, as
evidenced by the strong CD signal in the residue and the corre-
sponding depletion of LP and presence of DP in the supernatant
(Figure 3d). Quantitatively, the residue exhibited a degree of en-
richment of 48.3%, confirming the highly selective capture of
L-phenylalanine by the LC-LCGNP surface (detail in supporting
information). Similarly, DC-LCGNPs selectively bound DP, with
complementary trends observed in the residue and supernatant
spectra (Figure S7a, Supporting Information). This result aligns
seamlessly with SERS data, confirming that the enantioselectiv-
ity observed is driven by stereospecific ligand interactions and not
merely plasmonic enhancement effects.

2.3.2. Binding Energetics and Structural Details from DFT
Calculations

Density Functional Theory (DFT) calculations were performed to
provide atomic-scale insights into the binding interactions and
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energetics underpinning the observed enantioselectivity. Calcu-
lated binding energies and intermolecular distances revealed sig-
nificant differences between stereochemically matched and mis-
matched complexes. For the L-cysteine and phenylalanine sys-
tem, the LC–LP complex exhibited a favorable binding energy of
-2.501 kcal/mol and a shorter average interaction distance (4.617
Å). In contrast, the mismatched LC–DP complex presented a
higher binding energy (0.113 kcal/mol, indicative of weaker in-
teraction or net repulsion) and a longer average interaction dis-
tance (4.989 Å) (Figure 5c). Similar trends were observed for D-
cysteine interacting with DP (–2.112 kcal/mol, 4.383 Å) versus
LP (0.113 kcal/mol, 5.079 Å) (Figure S7b, Supporting Informa-
tion). Furthermore, the simulated Raman vibrational frequen-
cies for the key modes (1446 cm−1, 1404 cm−1, 1341 cm−1) align
closely with experimentally observed SERS band positions and
their shifts upon interaction (Figure S14, Supporting Informa-
tion), corroborating the validity of this theoretical modeling.

2.3.3. Proposed Three-Point Interaction Mechanism

Integrating the spectroscopic observations and computational
findings, a three-point interaction model,[7] commonly invoked
for chiral recognition, is proposed for the cysteine-phenylalanine
interaction at the CGNP surface (schematically illustrated in
Figure 3a,b). The enantioselective recognition is attributed to
complementary intermolecular interactions: primarily hydrogen
bonds between the amino (NH2) and carboxyl (COOH) groups
of the surface-bound cysteine and the corresponding groups on
phenylalanine, further stabilized by hydrophobic interactions be-
tween the cysteine side chain and the aromatic ring of phenylala-
nine. The specific spatial arrangement and chirality of these inter-
acting groups dictate the stability and favorability of the complex.
In addition to hydrogen bonding, electrostatic and steric effects,
𝜋–𝜋 stacking interactions, and van der Waals forces between the
aromatic groups of phenylalanine and Chiral nanoparticle-bound
cysteine could further influence molecular orientation and ad-
sorption on the surface of CGNPs, potentially contributing to
observed Raman shifts and enhanced enantioselectivity. While
orientation-dependent Raman activity was not explicitly simu-
lated, the compact and energetically favorable structures identi-
fied by DFT for stereomatched complexes likely facilitate an opti-
mal orientation within the plasmonic fields, contributing to their
higher observed SERS intensities.

2.3.4. Role of Nanoparticle Chirality and Polarization-Dependent
Field Localization

To dissect the specific contribution of the CGNPs’ intrinsic chi-
rality to the observed plasmonic enhancement and enantiospe-
cific SERS response, finite-difference time-domain (FDTD) sim-
ulations were conducted. The Raman enhancement factors (EF)
for the 1004 cm−1 ring-breathing mode of D-phenylalanine (DP)
were calculated (details in Supporting Information). LCGNPs ex-
hibited an EF of 6.48 × 104, lower than that of achiral spherical
gold nanoparticles (SGNPs, EF = 7.39 × 104), highlighting the
superior chiral plasmonic enhancement capability of the chiral
nanopropeller geometry (Figure 4h).

Further investigation focused on stereospecific SERS re-
sponses by comparing systemswithmatched versusmismatched
chirality between the functionalized CGNP and the analyte. For
instance, the homochiral pairing of LC-functionalized LCGNPs
with LP (LC-LCGNPs–LP) exhibited approximately 30% greater
Raman intensity at the characteristic phenylalanine band of
1348 cm−1 compared to a heterochiral system involving a D-
chiral gold surface (e.g., LC-functionalized DCGNPswith LP, LC-
DCGNPs–LP) (Figure 4a,d). The heterochiral system displayed
weaker SERS responses, indicative of reduced adsorption effi-
ciency and/or less effective plasmonic coupling due to stereomis-
match (Figure 4a).
Quantitative comparisons using chiral discrimination abil-

ity (CDA), derived from relative Raman intensities (details in
Figure S9, Supporting Information), further support these find-
ings. CDA values were determined to be 5.56% for L-cysteine
(LC) alone, 15.6% for LC-functionalized SGNPs (LC-SGNPs), and
36.0% for LC-LCGNPs. Themodest stereoselectivity for LC alone
is attributed to weak hydrogen-bonding. While SGNPs enhance
signal intensity via surface plasmon resonance, their achiral na-
ture limits enantioselectivity. In contrast, the significantly higher
CDA for CGNPs underscores the critical role of their structurally
encoded chirality in generating spatially asymmetric electromag-
netic fields that selectively enhance interactions with one enan-
tiomer. This CDA of 36.0% surpasses many values reported in
the literature (Table 1).
FDTD simulations provided fundamental optical insights into

these experimental observations by examining the influence
of structural chirality on local electromagnetic field distribu-
tions under circularly polarized light (CPL) illumination. Achi-
ral SGNPs, as expected, exhibited nearly identical field pat-
terns under left- (LCP) and right-circularly polarized (RCP) light
(Figure 4b), consistent with their lack of intrinsic chirality. Con-
versely, CGNPs displayed strongly polarization-dependent near-
field enhancements (Figure 4c; Figure S11, Supporting Infor-
mation). Specifically, LCGNPs illuminated with LCP (a matched
handedness condition) demonstrated approximately 35% greater
near-field intensity compared to DCGNPs under the same LCP
illumination (a mismatched condition). This enhanced field con-
finement inmatched systems arises from the effective alignment
of the spin angular momentum (SAM) of the incident CPL with
the intrinsic chirality of the nanopropellers, leading to more effi-
cient plasmonic mode excitation and localization.[41]

Simulated optical spectra (scattering and absorption,
Figure 4f; Figure S12b,c, Supporting Information) revealed
that matched polarization-chirality conditions (e.g., LCP illumi-
nating LCGNPs) selectively favored the excitation of radiative
plasmonic modes. This was manifested by increased scattering
intensity (6–19%) and reduced absorption (11–42%) compared
to mismatched scenarios. These findings directly correlate
with the experimentally observed SERS signal enhancement
under matched chirality conditions (Figure 4a; Figure S8, Sup-
porting Information), as radiative modes are more effective in
enhancing Raman scattering through efficient photon-molecule
coupling. Simulated extinction spectra (Figures S10,S12a,
Supporting Information) further supported this, showing that
under matched conditions, extinction was primarily driven by
scattering, whereas mismatched conditions led to increased
non-radiative absorption. This confirms that total extinction is

Adv. Optical Mater. 2026, 14, e01589 © 2025 Wiley-VCH GmbHe01589 (7 of 12)
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Table 1. Comparison of chiral sensing capabilities of various reported nanostructures and CGNPs.

Nanostructure Enantioselectivity Chiral Analyte Refs.

D-DOPA-imprinted mesoporous Pt-Ir alloys 26% 3,4- dihydroxyphenylalanine [11]

L-DOPA-imprinted mesoporous
Pt-Ir alloys

27% 3,4- dihydroxyphenylalanine [11]

S-Ag film 11% Alanine [26]

R-Ag film 20% Alanine [26]

D-Au with homochiral surface 28.3% Tryptophan [25]

L-Au with homochiral surface 32.7% Tryptophan [25]

TiO2/MIL-125NH-L-His NTs 33% 3,4- dihydroxyphenylalanine [39]

160-D-PheOMe/Zn-TCPP 16.6% Tryptophan [40]

LC-LCGNPs 36% Phenylalanine This work

modulated by the SAM alignment between the incident light
and the nanoparticle’s chirality.[42]

Simulated energy density profiles (Figure 4g; Figure S12d,
Supporting Information) provided spatial insight into these opti-
cal effects. LCGNPs under LCP illumination (matched) displayed
broader, more delocalized energy density distributions, indica-
tive of effective excitation of multiple plasmonic hotspots along
the nanopropeller blades. In contrast, mismatched polarization
scenarios (e.g., DCGNPs under LCP) resulted in weaker, spa-
tially constrained fields. This polarization-dependent spatial en-
ergy distribution directly contributes to the experimental differ-
ences in SERS intensities observed between homochiral and het-
erochiral interactions.
Table 2 summarizes key simulated optical properties alongside

experimental SERS enhancement data, reinforcing the relation-
ship between structural chirality, CPL alignment, and plasmonic
field enhancement. Undermatched polarization conditions (LCP
+ LCGNPs and RCP + DCGNPs), calculated Raman Enhance-
ment Factor (REF) values were substantially higher (2.68 × 104

and 1.93 × 104, respectively) compared to mismatched configu-
rations (ca. 9 × 103). This quantitative agreement validates the
FDTD model and underscores the decisive role of the CGNPs’
structural chirality in optimizing plasmonic enhancement for
SERS. The spherical gold nanoparticles (SGNPs) yield higher av-
erage Raman enhancement in the experiments under unpolar-
ized excitation due to their isotropic plasmonic response, CGNPs

are optimized for enantioselective enhancement. FDTD simu-
lations (Figure 4b,c) clearly show that CGNPs generate signif-
icantly stronger near-field intensities when the handedness of
the illumination matches the particle’s geometry. This selective
field amplification, though not fully reflected in bulk EFmeasure-
ments in experiments (Figure 4h), is essential for stereospecific
molecular recognition. Therefore, CGNPs are uniquely suited
for chiral sensing applications, where polarization and molecu-
lar matching drive functional performance. The collective opti-
cal properties (scattering, absorbance, extinction) of LCGNPs and
DCGNPs under LCP, alongside experimental EFs for chiral and
achiral gold, are presented in Figure 4h, providing a robustmech-
anistic framework. These results align with theoretical predic-
tions of optical chirality density by Tang and Cohen[41] and extend
insights from planar chiral structures to solution-processable col-
loidal platforms.[41,43]

2.4. Quantitative Sensing Performance and Substrate Reusability

2.4.1. Determination of Enantiomeric Excess (ee%)

The capability of cysteine-functionalized CGNPs to quantify
enantiomeric excess (ee%) was tested using racemic mixtures of
L-phenylalanine (LP) and D-phenylalanine (DP) at varying molar
ratios (detailed protocols in Supporting Information). Figure 5a

Table 2. Simulated optical properties of chiral gold nanopropellers (CGNPs) including the extinction, enhancement factor (EF), Raman Enhancement
Factor, g-factor of L/D-CGNPs under circularly polarized (L/R-CP) illumination and the experimental SERS signal intensity for stereo-matching and
mismatching interaction.

System (CGNPs—CP) EFa) REFa) Exta). Peak [nm] g-Fac.a) Exp. SERS (CGNPs—Pa)

L-CGNP + LCP 12.8 2.68 × 104 ≈605 −0.06 Highest signal
(Stereo-matching)

D-CGNP+ RCP 11.8 1.93 × 104 ≈605 +0.06 Highest signal
(Stereo-matching)

L-CGNP + RCP 9.82 9.23 × 103 Broader &
less intense

≈0 Weaker signal
(Stereo-mismatching)

D-CGNP + LCP 9.64 8.65 × 103 Broader &
less intense

≈0 Weaker signal
(Stereo-mismatching)

a)
g-Fac: g-factor, Ext: extinction, EF: Enhancement factor, REF: Raman Enhancement Factor, P: enantiomer of Phenylalanine, CP: circularly polarized light, L/R-CP: left/right-

handed-CP.
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Figure 5. Performance metrics for quantitative chiral sensing. a) Linear calibration of relative SERS intensity vs. enantiomeric excess. b) SERS response
curves across phenylalanine concentrations. c) Binding energy and geometry comparisons fromDFT. d) Reusability test showing consistent signal across
cycles and sampling positions.

illustrates the relationship between ee% and the relative SERS in-
tensities of three prominent phenylalanine Raman bands: NH2
stretching at 1348 cm−1, COOH stretching at 1400 cm−1, and
CH2 bending at 1427 cm−1, respectively, in the phenylalanine
mixture. The positive and negative ee% indicate a higher pro-
portion of LP and a higher proportion of DP in the racemate of
Phenylalanine, respectively. A clear linear relationship was ob-
served between the relative SERS intensity of these bands and the
ee%. For LC-functionalized LCGNPs, signal intensities progres-
sively increased as the ee% shifted toward positive values (excess
LP), while diminishing for negative ee% values (excess DP). Con-
versely, DC-functionalized CGNPs exhibited the opposite trend,
with intensities increasing at higher DP concentrations (negative
ee%), consistent with their enantioselective binding preferences
(Figure S13, Supporting Information). These linear correlations
demonstrate the platform’s capacity for precise quantification of
enantiomeric excess.

2.4.2. Sensitivity and Limit of Detection

The sensitivity of the CGNP platform was determined by varying
the total phenylalanine concentration from 5 μM to 35 μM. For
stereomatched systems (LC-functionalized LCGNPswith LP, and
DC-functionalized LCGNPs with DP), SERS signal intensities at
1348 cm−1 exhibited a clear concentration-dependent enhance-
ment (Figure 5b). Linear regression analysis showed excellent
correlation (R2 = 0.9883 for LC-LCGNP–LP, and R2 = 0.9849 for
DC-LCGNP–DP), confirming reliable analyte quantification. In
contrast, mismatched host-guest interactions showed a decreas-
ing trend in SERS intensity with increasing concentration of the
mismatched enantiomer, as discussed previously.
The limit of detection (LOD), calculated based on signal-to-

noise ratios (details in Supporting Information), was determined
for these systems. Homochiral pairings (e.g., LC-LCGNPs–LP)
achieved an LOD of 2.75 μM. This was substantially lower than

Adv. Optical Mater. 2026, 14, e01589 © 2025 Wiley-VCH GmbHe01589 (9 of 12)

 21951071, 2026, 1, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202501589 by W
estlake U

niversity, W
iley O

nline L
ibrary on [06/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

the LOD for opposite-handed pairings (e.g., LC-LCGNPs–DP),
which was 4.56 μM (Figures 4e,5b). DC-functionalized LCGNPs
demonstrated analogous trends, achieving LODs of 4.10 μM for
homochiral pairing and 4.85 μM for heterochiral interactions
(Figure S13, Supporting Information). These results highlight
the enhanced sensitivity achieved through stereomatched inter-
actions on the CGNP platform.

2.4.3. Substrate Stability and Reusability

The practical applicability of a SERS substrate is significantly
influenced by its stability and reusability. The reusability of the
cysteine-functionalized CGNP substrates was examined using a
mild, pH-driven analyte recovery method.[44] Following recovery,
the substrates were reused for SERS detection of phenylalanine
enantiomers at a fixed concentration (0.1 M). Figure 5d presents
the SERS intensities at 1348 cm−1 recorded across 20 random
positions on the regenerated LC- and DC-functionalized LCGNP
substrates. The relative standard deviation (RSD) values (indi-
cated on each data set) remained consistently low, highlighting
excellent reproducibility and minimal variability in signal inten-
sity. This stability confirms that CGNP substrates retain their
functional integrity and enantioselective sensing capability even
after multiple recovery cycles, a critical factor for potential indus-
trial or clinical adoption.

3. Conclusion

In this work, we have successfully designed and implemented
cysteine-functionalized chiral gold nanopropellers (CGNPs) as
an effective platform for enantioselective molecular recognition.
Experimental SERS studies demonstrated that these CGNPs,
when interacting with phenylalanine enantiomers, yield dis-
tinct spectral responses contingent upon stereochemical match-
ing. Specifically, homochiral CGNP-analyte systems exhibited ap-
proximately 30% greater SERS intensity compared to heterochi-
ral systems, enabling a quantitative chiral discrimination abil-
ity (CDA) of 36.0% and a detection limit for L-phenylalanine
as low as 2.75 μM. Mechanistically, we show that optical field
enhancement and molecular binding are not independent phe-
nomena, but rather synergistically coupled through structural
and chiral alignment. DFT calculations reveal favorable ener-
getics and binding geometries in homochiral complexes, while
FDTD simulations revealed that the intrinsic structural chiral-
ity of the CGNPs, when coupled with appropriately handed cir-
cularly polarized light, generates enhanced and asymmetrically
localized electromagnetic near-fields, particularly promoting ra-
diative plasmon modes.
The significance of these findings lies in the demonstration

of a dual-modality approach where both engineered plasmonic
chirality at the nanoscale and specific molecular binding events
cooperatively enhance enantioselectivity. The CGNP platform’s
performance, particularly its CDA, surpasses that of many exist-
ing SERS-based chiral sensing systems, highlighting the efficacy
of the nanopropeller morphology in creating potent chiral opti-
cal environments. Furthermore, the detailed elucidation of how
structural chirality influences local field distributions and cou-
ples with molecular interactions provides valuable insights for

the rational design of advanced optical materials with tailored
chiroptical responses. The demonstrated stability and reusabil-
ity of the CGNP substrates further underscore their potential for
practical applications.
Looking forward, the design principles and mechanistic un-

derstanding established here offer a robust foundation for ex-
tending this chiral sensing strategy to a broader range of chi-
ral molecules critical in pharmaceutical development, biologi-
cal studies, and catalysis. Future research could focus on op-
timizing the CGNP geometry and surface chemistry for even
greater sensitivity and selectivity, or for targeting specific classes
of analytes. The integration of these CGNPs into microfluidic
systems or portable SERS devices could pave the way for high-
throughput screening and real-world, on-site chiral analysis.
Moreover, the demonstrated control over chiral light-matter in-
teractions at the CGNP surface opens avenues for exploring their
utility in other chiroptical applications, such as enantioselective
catalysis driven by chiral plasmonic fields or the development of
novel circular polarization-sensitive photodetectors and optical
switches. Ultimately, this work contributes to the evolving field
of chiral nanophotonics, aiming to translate sophisticated con-
trol over nanoscale optical chirality into functional and impactful
technologies.

4. Experimental Section
Chemicals: L-Phenylalanine (99% purity), D-phenylalanine (99% pu-

rity), L-cysteine (>98% purity), and D-cysteine (>98% purity) were pro-
cured from Shanghai Titan Scientific Co., Ltd. L-glutathione (L-GSH,
≥98%), cetyltrimethylammonium bromide (CTAB, ≥99%), and L-ascorbic
acid (AA, ≥99%) were obtained from Sigma-Aldrich. D-glutathione (D-
GSH, ≥96%) was purchased from GL Biochem Ltd. Spherical gold
nanoparticles (for comparative EF calculations) were sourced from Shang-
hai Macklin Biochemical Co., Ltd. All chemical reagents were utilized as
received without additional purification. Deionized water (Sigma-Aldrich)
was used for all solution preparations.

Synthesis of Chiral Gold Nanopropellers (CGNPs): CGNPs were pre-
pared by a seed-mediated growth approach, employing gold decahe-
dra seeds and L- or D-glutathione as chiral directing agents.[24] Gold
decahedra seeds were synthesized separately and stored in 1.0 mM
cetyltrimethylammonium bromide (CTAB) solution at room tempera-
ture. For nanopropeller formation, a growth solution containing HAuCl4
(0.37 mM), CTAB (14.75 mM), ascorbic acid (8.8 mM) as reducing agent,
and L/D-glutathione (3.6 μM) was prepared. The reaction was initiated by
adding 2.0 μL of the seed solution into 5 mL of the growth solution and
and allowing it to proceed under static conditions at 30 °C. The growth
proceeded for 2 hours, during which the solution color transitioned from
purplish red to bluish red, and ultimately to pinkish gray, indicating suc-
cessful nanoparticle anisotropic growth. The nanoparticles were isolated
by centrifugation at 4,500 rpm for 3 minutes and subsequently purified
by washing three times with ultrapure water for subsequent characteriza-
tion. The purified CGNPs were dispersed in 1 mM CTAB solution, stored
at room temperature, and their long-term colloidal stability was evaluated
by UV–vis spectroscopy.

Surface Functionalization of CGNPs with Cysteine: Functionalization
of CGNPs was carried out following a procedure adapted from the
literature[45] to ensure thorough modification and high purity. A 5 mL
aliquot of 0.5 mM CGNP solution was mixed with 250 μL of 0.1 mM L-
cysteine or D-cysteine under continuous stirring for 2 hours. The function-
alized nanoparticles were purified by centrifugation at 10,000 rpm for 30
minutes, followed by three washing cycles with ultrapure water to remove
unbound cysteine. The purified nanoparticles were dispersed in water us-
ing sonication, yielding LC-CGNPs (L-cysteine-functionalized CGNPs) and
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DC-CGNPs (D-cysteine-functionalized CGNPs). Both LC-CGNPs and DC-
CGNPs were stored at room temperature for subsequent analysis.

Raman Spectroscopy and SERS Measurements: Raman and SERS mea-
surements were performed using a WITec alpha300 confocal Raman spec-
trometer equipped with a 532 nm He-Ne laser excitation source operating
at a power of 12 mW. A 600 gr/mm grating was utilized for spectral dis-
persion and detection. For SERS analysis, suspensions of functionalized
CGNPs were drop-cast onto clean high-purity quartz slides and allowed to
dry at room temperature, forming SERS-active substrates. To evaluate chi-
ral recognition, these CGNP substrates (e.g., LC-LCGNPs, DC-LCGNPs –
ensure these specific combinations used in experiments were consistently
named) were incubated with 0.1 mM solutions of D-phenylalanine (DP) or
L-phenylalanine (LP) for 30 minutes under gentle stirring to ensure ade-
quate binding interactions and system equilibration. Raman spectra were
then collected from the resulting CGNP-analyte complexes using a 50× ob-
jective lens. Multiple spectra were acquired from different spots on each
sample to ensure reproducibility. Direct interpretation of Raman spectra
was often complicated by spectral artifacts, therefore, the relative peak in-
tensities, normalized to the Raman band at 1292 cm−1 (C-C vibrations),
were used to ensure reliability and consistency data. All SERS experiments
were replicated with at least three independently synthesized batches of
CGNPs to ensure reproducibility and the robustness of the synthesis and
sensing methodology.

Circular Dichroism (CD) Spectroscopy: CD spectra were acquired us-
ing a Circular Dichroism Spectrometer V100 (Rudolph Research Analyt-
ical, Autopol IV-T) equipped with a 100 mm path-length quartz cuvette
(outer dimensions: 45 mm x 12.5 mm x 3.5 mm). Data were collected in
the 200–800 nm spectral range with a step size of 1 nm and an integration
time of 0.5 s per point.

Density Functional Theory (DFT) Calculations: DFT calculations were
performed using Gaussian 16 software[46] to investigate the interactions
between L-cysteine or D-cysteine and the phenylalanine enantiomers. The
B3LYP functional was employed with the 6-311G(d,p) basis set. Grimme’s
D3 dispersion correction was included to account for van der Waals inter-
actions. Geometry optimizations were conducted in the gas phase, and all
optimized structures were confirmed as true minima by frequency calcula-
tions (no imaginary frequencies). Intermolecular distances and hydrogen
bonding patterns were analyzed from the optimized geometries. Interac-
tion energies were calculated and corrected for basis set superposition
error (BSSE) using the counterpoise method.

Finite Difference Time Domain (FDTD) Simulations: Three-
dimensional FDTD simulations were performed using Lumerical
FDTD Solutions to investigate the optical properties of the CGNPs and
the origin of enantioselective enhancements. The models comprised
D- and L-type CGNPs (based on SEM dimensions) immersed in a
homogeneous medium with a refractive index of n = 1.33 (approximating
water). Illumination was simulated using a circularly polarized plane
wave (generated by phase-shifting Ex and Ey components) under a
total-field scattered-field (TFSF) source. Both spectral (500–700 nm) and
narrowband (centered at 532 nm for SERS excitation) simulations were
conducted. A fine spatial mesh (mesh override: 1.5 nm) was employed
in the vicinity of the nanoparticles, with a total simulation time of 1000
fs and perfectly matched layer (PML) absorbing boundaries. Various
monitors were used to capture near-field intensity distributions (|E|2),
far-field energy density, extinction, scattering, and absorption spectra, as
well as CD signals and g-factors.
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Supporting Information is available from the Wiley Online Library or from
the author.
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