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Abstract 

Detecting the chirality of molecules is of great importance in optics, biomedicine, and 

materials science. In chiroptical spectroscopy, it’s crucial to achieve strong chiroptical 

signals with a minimal number of chiral molecules. The molecular chiroptical signals, 

however, are typically weak for chiral molecular sensing in conventional circular dichroism 

using photonic spin angular momentum, even in the presence of a large number of chiral 

molecules (micromoles to millimoles). Here, by involving chiral light-matter interaction with 

photonic orbital angular momentum, we demonstrate strong chiroptical responses that 

reflect the molecular chirality in a single chiral nanoassembly. We experimentally present 

the helical dichroism spectra of chiral nanoassemblies synthesized from L/D-cystines, 

consistent with electromagnetic simulations. The asymmetry factors in the fundamental 

wavelength and photoluminescence emission reach values of 0.53 and 1.18, respectively, 

exceeding those observed in the circular dichroism mechanism. To improve the dimensions 

of helical dichroism spectroscopy, we analyze helical dichroism in wavelength domain, 

polarization domain, and momentum space. Our findings not only expand the methods for 

trace chiral molecular sensing but also provide insights into chiral light-matter interactions. 
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Introduction 

Chirality, defined as an object’s inability to be superimposed on its mirror image through 

translation or rotation, plays a crucial role in physics, biomedicine, and materials science1–4. 

Chiroptical spectroscopy is highly significant as enantiomers can produce significantly different 

responses when interacting with other chiral entities5,6. However, conventional chiroptical 

spectroscopy techniques that rely on the spin angular momentum (SAM) of light, such as circular 

dichroism (CD) spectroscopy, normally yield extremely weak chiroptical signals (an asymmetry 

factor of 10-5~10-3) due to the size mismatch between chiral molecules and the probing light7–9. 

Due to the inherent nature of the phenomenon, detecting a substantial CD signal generally 

necessitates a large quantity of chiral molecules, typically in the range of micromoles to millimoles. 

Therefore, achieving strong chiroptical signals with a minimal number of chiral molecules, ideally 

even a single molecule, is crucial for ultrasensitive chiroptical spectroscopy. 

In CD measurements, substantial efforts have been invested into strengthening chiral light-

matter interactions by size-matching principle. Advancements in nanophotonics enable the 

enhancement of CD signals as they focus light into nanometer dimensions, improving their 

sensitivity to surrounding molecules10–24. However, the molecular chiroptical signals using these 

artificial nanostructures are influenced by the intrinsic chirality of the artificial structures and the 

random distribution of chiral molecules. Recently, chiral molecules-involving self-assembly 

represents a simpler and more sensitive method for enhanced chiroptical signals (an asymmetry 

factor of 10-1, typically) by facilitating the transfer of chiral features from the molecular scale to 

the micrometer/nanometer scale25–34. Notably, the chirality of the molecules determines the 

chirality of the assemblies, allowing for an asymmetry factor as high as 0.42, which is derived 

from CD signals33. However, these chiral nanoassemblies synthesized by the self-assembly of 

chiral molecules adopt random orientations and distributions, which may limit the chiroptical 

signal and necessitate a large number of nanoassemblies (Fig. 1a, Supplementary note 1). A 

potential remedy for these limitations can be achieved by arranging these nanoassemblies into 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

periodic arrays32, though this significantly increases the experimental complexity. 

Optical orbital angular momentum (OAM) represents a promising candidate for chiral 

molecular sensing35–43. Owing to its helical wavefronts with local chiral characteristic and 

unbounded topological charges, vortex beams carrying photonic OAM have the potential to obtain 

a strong chiroptical signal and increase the versatility of chiroptical spectroscopy. The OAM-

dependent dichroism, also known as helical dichroism (HD), has been demonstrated in artificially 

engineered chiral microstructures and metasurfaces, achieving substantial asymmetry factors39,40. 

However, detecting a strong HD signal originating from chiral molecules remains a challenge. 

Although theoretical studies predict the occurrence of HD in chiral molecules35-36,44-46, the 

underlying mechanism of vortex-molecule interactions is still poorly understood, as evidenced by 

the weak observed HD signals of less than 0.00636. To improve the HD signals of chiral molecules, 

nonlinear optical HD and hard X-rays HD have also been realized in chiral molecular sensing47,48. 

However, the experimental HD signals are still relatively small, usually ranging from 0.01 to 0.05.  

Here, we propose an approach for strong HD detection by synthesized single chiral 

nanoassemblies from chiral molecules (L/D-cystines). By translating the molecular-scale chiral 

characteristics to micrometer scale that couples effectively with vortex light, we demonstrated a 

high asymmetry factor with single chiral nanoassemblies, which can reflect the molecular chirality. 

The asymmetry factors in the fundamental wavelength and photoluminescence spectrum reach 

0.53 and 1.18, respectively, substantially surpassing those observed in circular dichroism 

mechanisms for chiral molecular sensing. Our findings not only expand the methods for trace 

chiral molecular sensing but also provide new insights into chiral light-matter interactions between 

vortex beams and chiral nanoassemblies. 

Results 

Chiroptical detection from optical SAM to OAM. 

A substantial chiroptical signal can be obtained in a single chiral molecular nanoassembly by HD 

measurements (Fig. 1b). When employing vortex beams for chiroptical detection, the local chiral 
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properties are captured by focusing vortex beams to a size similar to the chiral nanoassembly (see 

Supplementary Fig. 2, 3). Distinct from CD signals from collective nanoassemblies, our HD 

measurements only require single chiral nanoassemblies.  

 We further studied the chiral light-matter interaction in nanoassemblies by simulating the local 

angular momentum flux densities49. As shown in Fig. 1d, the structural parameters are obtained 

from scanning electron microscopy (SEM) images of chiral nanoassemblies. The z-component 

angular-momentum flux density for the vortex beam through a transversal plane oriented in the z-

direction can be separated as 𝑀𝑍𝑍 = 𝑀𝑠𝑝𝑖𝑛 + 𝑀𝑜𝑟𝑏𝑖𝑡 . Specifically, the two angular momentum 

flux are given by: 𝑀𝑠𝑝𝑖𝑛 =
1

2𝜔
𝐼𝑚[𝐄𝑥𝐇𝑥

∗ + 𝐄𝑦𝐇𝑦
∗ ]   𝑀𝑜𝑟𝑏𝑖𝑡 =

1

4𝜔
𝐼𝑚 [𝐄𝑦

𝜕𝐇𝑥
∗

𝜕𝜑
− 𝐇𝑥

∗ 𝜕𝐄𝑦

𝜕𝜑
+

𝐇𝑦
∗ 𝜕𝐄𝑥

𝜕𝜑
− 𝐄𝑥

𝜕𝐇𝑦
∗

𝜕𝜑
], where 𝜔 is the angular frequency of the electromagnetic field44. A comparison 

of angular momentum flux density distributions is performed for a nanoassembly illuminated by 

circularly polarized light or vortex beams. To ensure consistent total angular momentum of the 

incident photons, circularly polarized light with σ = +1 and vortex light with topological charge l 

= +1 are used in the simulation, both with the same power. Under circularly polarized light 

illumination, the angular momentum flux density shows a sparse distribution with low values at 

various heights (Fig. 1e). Under vortex beam illumination, the angular momentum flux density is 

concentrated near the structure and exhibits a higher local density, indicating stronger chiroptical 

interaction with the nanoassembly (Fig. 1f). Local angular momentum flux densities for circularly 

polarized light and vortex beam are also simulated in free space, showing the different chiral-field 

distributions (see Supplementary Fig. 4). 

We compared the asymmetry factors of chiroptical signals from chiral molecules in previous 

researches and our work, as shown in Fig. 1c. Our approach achieves an asymmetry factor of 0.53 

and 1.18 in the fundamental wavelength and photoluminescence emission, respectively, which 

represents a significant advancement in the identification and sensing of chiral molecules (see 

Supplementary Table S2). 
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Experimental set-up and synthesis of chiral nanoassemblies. 

We transfer the chiral characteristics of chiral molecules by promoting their self-assembly into 

chiral nanoassemblies. L/D-cystine and cadmium chloride (CdCl2) solutions were mixed in an 

alkaline condition to produce the chiral nanoassemblies. We then assessed the chiroptical HD 

signals of these nanoassemblies by incident linearly polarized vortex beams on the synthesized 

chiral nanoassemblies (Fig. 2a). Gaussian beams are converted into optical vortex beams with 

tunable OAM by displaying various holograms using a liquid-crystal spatial light modulator 

(SLM). By using a microscopic system, we have provided a quantitative analysis of the 

relationship between beam size and topological charge (see Supplementary Fig. 2), and adjusted 

the beam to ensure perpendicular incidence while precisely aligning it with the center of the 

nanoassembly. The HD measurement is schematically shown in Fig. 2b, illustrating the interaction 

between vortex beams and single chiral nanoassemblies. For vortex beams with opposite 

topological charges, the reflection intensity is different to deduce the chirality of the 

nanoassemblies. The nanoassemblies synthesized by L-cystine exhibit a right-handed helical 

arrangement, resulting in a larger reflection intensity for vortex beams with negative than positive 

topological charges (Fig. 2c). 

The concentrations of the solutions and the relative proportions of the various components 

affect the size and chirality of chiral nanoassemblies31 (see Methods for detailed synthesis). In our 

experiments, pure L-cystine-derived nanoassemblies have a right-handed helical shape, whereas 

pure D-cystine-derived nanoassemblies have a left-handed helical shape (Fig. 2d). We define the 

nanoassemblies formed from L-cystine (D-cystine) as L-Cys (D-Cys) nanoassemblies for 

simplicity. The SEM image of large-area D-Cys nanoassemblies exhibits uniform chirality and 

random distributions on the substrate (Fig. 2e). 

By harnessing the ability to maintain chiral characteristics during the self-assembly of chiral 

molecules, we can effectively transfer the chiral properties of molecules from the molecular-scale 

to the micrometer-scale. This transition significantly enhances chiral light-matter interactions with 
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vortex light in the visible spectrum, enabling more effective chiroptical detection of molecules. 

Furthermore, the chiral nanoassemblies investigated in our experiments reside in a regime of D > 

λ for dimensional matching, where D is the diameter of nanoassemblies and λ is the wavelength 

of visible light. This conceptual framework represents a significant departure from previous 

works25-30,47,48, leveraging controlled self-assembly and the unique dimensional characteristics of 

vortex beams to achieve enhanced chiroptical performance. 

HD spectrum of chiral nanoassemblies. 

To mitigate fluctuations in the asymmetric signals caused by nearly zero reflection intensity in 

large topological charges, we define the HD asymmetry as: 

𝐻𝐷 = 2 ∗
𝐼+  −  𝐼−

𝐼𝑚𝑎𝑥
+  +  𝐼𝑚𝑎𝑥

−
(1) 

where 𝐼+  and 𝐼−  represent the reflection intensities under vortex beam illumination with 

topological charge +l and −l, respectively. Meanwhile, the terms 𝐼𝑚𝑎𝑥
+   or 𝐼𝑚𝑎𝑥

−   denote the 

maximum reflection intensity obtained as the topological charge l varies, effectively normalizing 

the differential signal.  

The characteristic donut-shaped spatial distribution of incident vortex beam with topological 

charge l = +4 is presented in Fig. 3a. The white arrow indicates both the magnitude (length) and 

direction (orientation) of the momentum density within the x-y plane. Additionally, we numerically 

simulate the electric field distribution and reflection spectra for L/D-Cys nanoassemblies. We 

present the intensity distribution (|𝐄|2) obtained from illuminating the D-Cys nanoassembly with 

vortex beam (  = +4), as shown in Fig. 3b. This distribution is closely related to the chirality of 

the nanoassemblies, thereby confirming the presence of strong chiral light-matter interactions. 

Notably, the electric field distributions of vortex beams with opposite topological charges, initially 

identical, exhibit significant differences upon reflection from the nanoassemblies (see 

Supplementary Fig. 6). The intensity difference for the electromagnetic near-fields is consistent 

with the macroscopic asymmetric response of chiral nanoassemblies to vortex beams, which can 
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be attributed to scattering at the nanoplanes that make up the nanoassemblies. The simulated 

chiroptical HD spectrum further corroborates these findings, displaying mirror images with respect 

to the zero line for the L-Cys and D-Cys nanoassemblies (Fig. 3c). For consistency, the geometric 

parameters of the chiral nanoassemblies used in the model are aligned with those employed in the 

experimental setup. In addition to pitch, length, and width, the segmented characteristics of the 

nanoassemblies are also considered, as they influence the chiroptical HD signal (see 

Supplementary Note 6). We have also conducted detailed simulations to assess the robustness of 

the chiroptical signals on beam-center alignment (see Supplementary Fig. 11). 

The experimental normalized reflection spectra of vortex beams with opposite topological 

charges on the L-Cys and D-Cys nanoassemblies are depicted in Fig. 3d, e. For the L-Cys 

nanoassembly, the reflection curves for vortex beams with positive and negative topological 

charges exhibit pronounced differences for charges ranging from  = 0 to 10. This discrepancy 

arises due to the strong chiral light-matter interaction between vortex beams and chiral 

nanoassemblies. Specifically, when the helicity of light aligns with that of the nanoassembly, 

strong coupling occurs, resulting in reduced reflection intensity. As the topological charge 

increases to  = 30, the curves converge closely, attributed to the increased diameter of the donut-

shaped beam, which causes a mismatch that manifests as the reflection intensity approaching zero. 

For the D-Cys nanoassembly, the behavior is precisely the opposite (Fig. 3e). This observation is 

further validated by the experimental chiroptical HD spectra, which also demonstrate mirror 

images with respect to the zero line for the L-Cys and D-Cys nanoassemblies (Fig. 3f). The 

experimental results agree well with our simulations, though the lower peak in the simulated HD 

spectrum may be attributed to simplifications within the simulation model.  

Notably, the chiroptical HD signal peaks at |l| = 4 for the L-Cys nanoassembly, exceeding 0.5, 

representing a significant enhancement compared to other studies using optical OAM for chiral 

molecular sensing. To clarify the origin of HD, we conduct a multipolar decomposition analysis 

and the results demonstrate that the electric quadrupole (EQ) component contributes significantly 
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to the electromagnetic field response (see Supplementary Note 5). Moreover, while our 

experiments are conducted in reflection mode, this approach is also applicable in transmission 

mode. The HD signal in transmission mode exhibits an opposite sign but follows a similar trend 

to that in reflection mode, suggesting comparable chiroptical responses can be achieved (see 

Supplementary Fig. 7). 

HD spectrum of chiral nanoassemblies in photoluminescence. 

In addition to the reflection spectra, we measured the photoluminescence (PL) spectra of the 

synthesized nanoassemblies and realized a larger chiral asymmetry. The asymmetry factor in 

photoluminescence is defined as follows: 

𝐻𝐷𝑃𝐿 = 2 ∗
𝐼𝑃𝐿

+ − 𝐼𝑃𝐿
−

max( 𝐼𝑃𝐿
+ ) + max (𝐼𝑃𝐿

− )
(2) 

where 𝐼𝑃𝐿
±  represent the PL intensity. 

Fig. 4a illustrates the schematic of measuring 𝐻𝐷𝑃𝐿  by collecting the PL emission from 

chiral nanoassemblies. We are also able to capture the full fluorescence spectrum by replacing the 

charge-coupled device (CCD) camera with a spectrometer. Similar to the principles of HD spectra 

measurement, the chirality of the nanoassemblies can be detected by comparing the PL intensities 

under the illumination of vortex beams with opposite topological charges. We present the intensity 

difference (∆|𝐄|2) on the D-Cys nanoassembly by subtracting the intensity between topological 

charge  = +6 and -6, where the predominance of positive values near the nanoassembly indicates 

stronger light-matter interaction with  = +6 (Fig. 4b). The 𝐻𝐷𝑃𝐿 originates from the absorption 

difference with opposite vortex beams as the strongest PL emission is generated by the strongest 

interaction between a specific handedness of OAM light and the nanoassembly (see 

Supplementary Fig. 14). Both L-Cys and D-Cys nanoassemblies exhibit chiral PL emission in the 

range of 500-700 nm under illumination with vortex beams (Fig. 4d, e). The dotted lines in the 

figures represent the raw experimental data, while the solid lines correspond to the fitted 𝐻𝐷𝑃𝐿 

spectra. As expected, the corresponding 𝐻𝐷𝑃𝐿 spectra of the L-Cys and D-Cys nanoassemblies 
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display mirror symmetry with respect to the zero line (Fig. 4c). For the L-Cys nanoassembly, the 

asymmetry factor peaks at approximately 600 nm, showing a remarkable asymmetry factor 

exceeding 0.7. Furthermore, we observe that the asymmetry factor, derived from vortex beams 

incident on the D-Cys nanoassembly, varies with changes in the topological charge |l| in the 𝐻𝐷𝑃𝐿 

spectra (Fig. 4f). This variation follows a trend similar to that observed in the chiroptical HD 

spectra, but the asymmetry factor can reach a maximum value of 1.18 at the topological charge  

= 8.  

To improve the dimensions of HD spectroscopy, we further explored the HD signals in 

wavelength domain, polarization domain, and momentum space. Fig. 5a presents a schematic 

diagram of the experimental setup, which utilizes a supercontinuum laser to vary the wavelength 

of the incident light over a tunable range of 450–650 nm. To enhance the accuracy of phase 

modulation during wavelength adjustments, the central wavelength of the SLM is synchronously 

tuned. The experimental HD signals at various wavelengths demonstrate that the topological 

charge associated with the HD peak value decreases as the wavelength increases, with peak values 

ranging between 0.2 and 0.4 (Fig. 5b). Additionally, we measured the CD signal on the same 

nanoassembly under identical tight focusing conditions (see Supplementary Fig. 13). The observed 

asymmetry factor for the CD signal is at the level of 0.05 by spin-orbit coupling, which indicates 

that interactions with photonic OAM can yield a larger asymmetry factor.  

To investigate the impact of incident light polarization, a linear polarizer and a quarter-wave 

plate (QWP) are integrated into the optical path, with the wavelength set to the commonly used 

530 nm (Fig. 5c). The peak values of HD signal exhibit a sinusoidal variation with the rotation 

angle of QWP, reaching a maximum at 45° and a minimum at 135° (corresponding to circular 

polarization). This behavior stems from the conversion of partial SAM into OAM under tight 

focusing conditions. Moreover, we examined the influence of oblique angle on HD spectra. The 

results reveal that the peak value of the HD signal diminishes as the tilt angle increases, both in 
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experiments and simulations (Fig. 5d). In addition to out-of-plane rotations, the impact of in-plane 

orientation relative to the light beam on the HD signal is also simulated, revealing that these 

rotations similarly reduce the peak value of the HD signal to different extents (see Supplementary 

Fig. 12). These findings highlight that the HD signal depends on the orientation of nanoassembly, 

which is crucial for optimizing the interaction between chiral nanoassemblies and photonic OAM. 

Discussion 

By involving chiral light-matter interaction with optical OAM, we demonstrate strong 

chiroptical responses in single chiral nanoassemblies. This technique aims to exploit the preserved 

chiral characteristics of molecules during the self-assembly process, addressing the challenge of 

weak signal strength often encountered when directly detecting chiral molecules with vortex 

beams. The asymmetry factors in the fundamental wavelength and photoluminescence emission 

reach values of 0.53 and 1.18, respectively, exceeding those observed in the CD mechanism and 

underscoring the significant potential of optical OAM in chiral molecular sensing. We have also 

analyzed HD signals in wavelength domain, polarization domain, and momentum space to 

improve the dimensions of HD spectroscopy. 

In conclusion, we propose a method for chiral molecular sensing by detecting the chiroptical 

HD signal of chiral nanoassemblies synthesized from L/D-cystines. While the direct self-assembly 

of chiral molecules into nanoassemblies is specific to certain systems, the core principle of our 

approach—scaling the chirality of molecules from the molecular level to a dimension comparable 

to the wavelength of light for interaction with photonic OAM—holds broader potential. By 

amplifying the chiral dimensions of molecules, this concept can be adapted to other systems, such 

as in chiral molecule-mediated growth of gold nanoparticles or other self-assembly processes 

involving chiral molecules. Our method offers a paradigm of chiroptical detection for chiral 

molecules, presenting an exciting direction for future chiroptic research.  

Methods 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Synthesis of chiral nanoassemblies 

L-cystine (Ultra-pure, 99.5%) and D-cystine (98%) were purchased from Macklin. Cadmium 

chloride (CdCl2, 99%) and sodium hydroxide (NaOH, pellets, >96%) were purchased from 

Sinopharm Chemical Reagent Co.,Ltd. The chiral nanoassemblies were synthesized by mixing 

solutions of L/D-cystine and cadmium chloride (CdCl2) under alkaline conditions31. Stock 

solutions of L-cystine and D-cystine were prepared by dissolving appropriate amounts of each in 

10 mL of de-ionized water to achieve concentrations of 2mM. To aid the dissolution of cystine, 60 

𝜇L of 1M NaOH solution was added to the cystine solutions and the mixture was vigorously shaken 

until homogeneous. This solution was then mixed with an equal volume of a 2 mM CdCl₂ solution, 

ensuring thorough mixing by further shaking. Typically, 500 μL of the cystine solution was added 

to 500 μL of the CdCl₂ solution. This mixture was allowed to remain undisturbed at room 

temperature for 15 minutes to enable the complete self-assembly of the chiral nanoassemblies. For 

optical characterization, 1 μL of the suspension was pipetted onto a glass slide and allowed to air-

dry. SEM images were obtained using a ZEISS EVO18 SEM at an accelerating voltage of 10 kV, 

operating in secondary electron detection mode, after depositing approximately 10 nm of gold on 

the sample. 

Optical apparatus 

A mode-locked Ti:sapphire ultrafast oscillator (Chameleon Vision-S, Coherent Inc.) is used as the 

femtosecond laser source, operating at a central wavelength of 800 nm with a pulse width of 75 fs 

and a repetition rate of 80 MHz. The polarization is controlled by a half-wave plate and a polarizer. 

A phase-only reflective liquid-crystal spatial light modulator (Pluto NIR-2, Holoeye Photonics AG) 

featuring a resolution of 1,920 × 1,080 pixels (pixel pitch: 8 μm) is utilized to display computer-

generated holograms with varying topological charges. The vortex beams are focused onto the 

sample using an Olympus 100× dry objective lens (NA = 0.9). A 3D piezo nanostage (E545, Physik 

Instrumente), with nanoscale resolution, is employed to enable precise adjustments of the sample 

position during optical microscopy. The reflection intensity distribution is captured using a CCD 
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camera (MindVision HD-SUA133GM-T, image area: 1,280×1,024 pixels), with an exposure time 

of 10 ms. The PL intensity is measured using a spectrometer (MX Pro, OceanOptics). A 

supercontinuum laser (NKT Photonics EU-15) generated a laser beam with a variable wavelength. 

The modulation range of the spatial light modulator (X15213, Hamamatsu) corresponding to this 

laser is 400-700 nm. 

Numerical simulation 

Electromagnetic numerical simulations are conducted using a full-wave finite-difference time-

domain method, from which the electric field distribution and the simulated HD spectrum are 

generated. The simulation domain is set to 10×10×5 μm³, chosen to ensure accurate representation 

of the chiral microstructure and sufficient space to capture the electromagnetic field. Perfectly 

matched layer boundaries are applied in the x, y, and z directions, and the minimum mesh step is 

set to be 0.25 nm. The model of the chiral nanoassembly, composed of seven pieces is consistent 

with the actual dimensions derived from the SEM images. The refractive index of chiral 

nanoassemblies is set to 2.5 (see Supplementary Note 4). The linearly polarized vortex light source 

with an operating wavelength of 800 nm is positioned above the structure. The electrical field 

distribution 𝐸𝑠𝑜𝑢𝑟𝑐𝑒 in polar coordinate space can be described as: 

𝐸𝑠𝑜𝑢𝑟𝑐𝑒 = 𝐶
𝑟|𝑙|

√|𝑙|!
𝑒

−
𝑟2

𝑤0
2
𝑒𝑖𝑙𝜑𝑒

−
𝑖𝑘𝑟2

2𝑓 (3) 

where C is a normalized constant independent of l and r, w0 is the beam waist, k denotes the wave 

vector and f is the focal length. The incident vortex light is focused on the center of nanoassembly 

by superimposing a spherical wave phase. 

Data availability 

The main data supporting the results in this study are available within the paper and its 

Supplementary Information. Other source data that support the findings of this study are available 

from the corresponding authors upon request.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

References 

1. Deng, M., Yu, J. & Blackmond, D. G. Symmetry breaking and chiral amplification in prebiotic 

ligation reactions. Nature 626, 1019–1024 (2024). 

2. Ahn, H.-Y. et al. Bioinspired Toolkit Based on Intermolecular Encoder toward Evolutionary 4D 

Chiral Plasmonic Materials. Acc. Chem. Res. 52, 2768–2783 (2019). 

3. Ugras, T. J. et al. Transforming achiral semiconductors into chiral domains with exceptional 

circular dichroism. Science 387, eado7201 (2025). 

4. Lu, J. et al. Nano-achiral complex composites for extreme polarization optics. Nature 630, 860–

865 (2024). 

5. Tang, Y. & Cohen, A. E. Optical Chirality and Its Interaction with Matter. Phys. Rev. Lett. 104, 

163901 (2010). 

6. Ozcelik, A., Pereira-Cameselle, R., Poklar Ulrih, N., Petrovic, A. G. & Alonso-Gómez, J. L. 

Chiroptical Sensing: A Conceptual Introduction. Sensors 20, 974 (2020). 

7. Rhee, H. et al. Femtosecond characterization of vibrational optical activity of chiral molecules. 

Nature 458, 310–313 (2009). 

8. Qian, H.-L., Xu, S.-T. & Yan, X.-P. Recent Advances in Separation and Analysis of Chiral 

Compounds. Anal. Chem. 95, 304–318 (2023). 

9. Formen, J. S. S. K., Howard, J. R., Anslyn, E. V. & Wolf, C. Circular Dichroism Sensing: 

Strategies and Applications. Angew. Chem. Int. Ed. 63, e202400767 (2024). 

10. Hendry, E. et al. Ultrasensitive detection and characterization of biomolecules using superchiral 

fields. Nat. Nanotechnol. 5, 783–787 (2010). 

11. Govorov, A. O., Fan, Z., Hernandez, P., Slocik, J. M. & Naik, R. R. Theory of Circular Dichroism 

of Nanomaterials Comprising Chiral Molecules and Nanocrystals: Plasmon Enhancement, 

Dipole Interactions, and Dielectric Effects. Nano Lett. 10, 1374–1382 (2010). 

12. Kuzyk, A. et al. DNA-based self-assembly of chiral plasmonic nanostructures with tailored 

optical response. Nature 483, 311–314 (2012). 

13. Ma, W. et al. Attomolar DNA detection with chiral nanorod assemblies. Nat. Commun. 4, 2689 

(2013). 

14. Singh, G. et al. Self-assembly of magnetite nanocubes into helical superstructures. Science 345, 

1149–1153 (2014). 

15. Zhao, Y. et al. Chirality detection of enantiomers using twisted optical metamaterials. Nat. 

Commun. 8, 14180 (2017). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

16. Yeom, J. et al. Chiromagnetic nanoparticles and gels. Science 359, 309–314 (2018). 

17. Yoo, S. & Park, Q.-H. Metamaterials and chiral sensing: a review of fundamentals and 

applications. Nanophotonics 8, 249–261 (2019). 

18. Zhang, Q. et al. Unraveling the origin of chirality from plasmonic nanoparticle-protein 

complexes. Science 365, 1475–1478 (2019). 

19. García-Guirado J., Svedendahl M., Puigdollers J. & Quidant R. Enhanced Chiral Sensing with 

Dielectric Nanoresonators. Nano Lett. 20, 585–591 (2020). 

20. Solomon, M. L. et al. Nanophotonic Platforms for Chiral Sensing and Separation. Acc. Chem. 

Res. 53, 588–598 (2020). 

21. González-Rubio, G. et al. Micelle-directed chiral seeded growth on anisotropic gold 

nanocrystals. Science 368, 1472–1477 (2020). 

22. Warning, L. A. et al. Nanophotonic Approaches for Chirality Sensing. ACS Nano 15, 15538–

15566 (2021). 

23. Cho, N. H. et al. Bioinspired chiral inorganic nanomaterials. Nat. Rev. Bioeng. 1, 88–106 (2023). 

24. Zhang, C. et al. Quantum plasmonics pushes chiral sensing limit to single molecules: a paradigm 

for chiral biodetections. Nat. Commun. 15, 2 (2024). 

25. Orme, C. A. et al. Formation of chiral morphologies through selective binding of amino acids to 

calcite surface steps. Nature 411, 775–779 (2001). 

26. Han, B., Zhu, Z., Li, Z., Zhang, W. & Tang, Z. Conformation Modulated Optical Activity 

Enhancement in Chiral Cysteine and Au Nanorod Assemblies. J. Am. Chem. Soc. 136, 16104–

16107 (2014). 

27. Feng, W. et al. Assembly of mesoscale helices with near-unity enantiomeric excess and light-

matter interactions for chiral semiconductors. Sci. Adv. 3, e1601159 (2017). 

28. Lee, H.-E. et al. Amino-acid- and peptide-directed synthesis of chiral plasmonic gold 

nanoparticles. Nature 556, 360–365 (2018). 

29. Jiang, W. et al. Emergence of complexity in hierarchically organized chiral particles. Science 

368, 642–648 (2020). 

30. Ohnoutek, L. et al. Third-harmonic Mie scattering from semiconductor nanohelices. Nat. Photon. 

16, 126–133 (2022). 

31. Kumar, P. et al. Photonically active bowtie nanoassemblies with chirality continuum. Nature 615, 

418–424 (2023). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

32. Kim, R. M. et al. Enantioselective sensing by collective circular dichroism. Nature 612, 470–

476 (2022). 

33. Xu, L. et al. Enantiomer-dependent immunological response to chiral nanoparticles. Nature 601, 

366-373 (2022). 

34. Lu, J. et al. Enhanced optical asymmetry in supramolecular chiroplasmonic assemblies with 

long-range order. Science 371, 1368-1374 (2021). 

35. Babiker, M., Bennett, C. R., Andrews, D. L. & Dávila Romero, L. C. Orbital Angular Momentum 

Exchange in the Interaction of Twisted Light with Molecules. Phys. Rev. Lett. 89, 143601 (2002). 

36. Brullot, W., Vanbel, M. K., Swusten, T. & Verbiest, T. Resolving enantiomers using the optical 

angular momentum of twisted light. Sci. Adv. 2, e1501349 (2016). 

37. Shen, Y. et al. Optical vortices 30 years on: OAM manipulation from topological charge to 

multiple singularities. Light Sci. Appl. 8, 90 (2019). 

38. Ni J. et al. Gigantic vortical differential scattering as a monochromatic probe for multiscale chiral 

structures. Proc. Natl Acad. Sci. USA 118, e2020055118 (2021). 

39. Ni J. et al. Giant helical dichroism of single chiral nanostructures with photonic orbital angular 

momentum. ACS Nano 15, 2893–2900 (2021). 

40. Jain, A. et al. Selective and Tunable Absorption of Twisted Light in Achiral and Chiral Plasmonic 

Metasurfaces. ACS Nano 18, 27383–27392 (2024). 

41. Ni, J. et al. Unidirectional unpolarized luminescence emission via vortex excitation. Nat. Photon. 

17, 601–606 (2023). 

42. Cheeseman, L. & Forbes, K. A. Nonlinear Vortex Dichroism in Chiral Molecules. Adv. Opt. 

Mater. 13, 2402151 (2024). 

43. Cheng, M., Jiang, W., Guo, L., Li, J. & Forbes, A. Metrology with a twist: probing and sensing 

with vortex light. Light Sci. Appl. 14, 4 (2025). 

44. Allen, L., Beijersbergen, M. W., Spreeuw, R. J. C. & Woerdman, J. P. Orbital angular momentum 

of light and the transformation of Laguerre-Gaussian laser modes. Phys. Rev. A 45, 8185–8189 

(1992).  

45. Van Veenendaal, M. & McNulty, I. Prediction of Strong Dichroism Induced by X Rays Carrying 

Orbital Momentum. Phys. Rev. Lett. 98, 157401 (2007).  

46. Ye, L., Rouxel, J. R., Asban, S., Rösner, B. & Mukamel, S. Probing molecular chirality by 

orbital-angular-momentum-carrying X-ray pulses. J. Chem. Theory Comput. 15, 4180–4186 

(2019). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

47. Bégin, J.-L. et al. Nonlinear helical dichroism in chiral and achiral molecules. Nat. Photon. 17, 

82–88 (2023). 

48. Rouxel, J. R. et al. Hard X-ray helical dichroism of disordered molecular media. Nat. Photon. 

16, 570–574 (2022). 

49. Barnett, S. M. Optical angular-momentum flux. J. Opt. B 4, S7 (2002). 

  Acknowledgements 

This work was supported by the National Natural Science Foundation of China (Grant Nos. 

62375253 and 62325507), National Key R&D Program of China (2021YFF0502700, 

2023YFF0613600). C.-W.Q. acknowledged the financial support by the Ministry of Education, 

Republic of Singapore (Grant No.: A-8002152-00-00 & A-8002458-00-00), and the Competitive 

Research Program Award (NRF-CRP26-2021-0004 & NRF-CRP30-2023-0003) from the 

National Research Foundation, Prime Minister's Office, Singapore. C.W.Q. also acknowledged 

the support from National University of Singapore Suzhou Research Institute via grant No. R-

2023-S-011. We acknowledge the Experimental Center of Engineering and Material Sciences at 

USTC for the fabrication and measuring of samples. This work was partly carried out at the USTC 

Center for Micro and Nanoscale Research and Fabrication. 

Author contributions 

Y. Jin and J. N. proposed the idea and conceived the experiment. Y. Jin, X. W. and Z. X. performed 

the experiments. Y. Jin, J. N. and X. R. performed the data analysis. Y. Jin and J. N. performed 

the numerical simulations. Y. Jin, J. N., and C. W. Q. wrote the manuscript. X. C., K. L., Y. Jiang 

and J. C. revised the manuscript. J. N., D. W. and C. W. Q. supervised the project.  

Conflict of interest 

The authors declare no competing interest. 

  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Fig. 1 Schematic illustration of chiroptical sensing using circularly polarized light versus 

vortex light. a The chiral nanoassemblies synthesized by chiral molecules are typically randomly 

distributed on the substrate, resulting in a weak chiroptical signal by circularly polarized light. The 

chiroptical signal by circularly polarized light shows a collective property of chiral nanoassemblies. 

b A strong chiroptical signal can be achieved even on single nanoassemblies by vortex beams, 

yielding a large asymmetry factor from local interaction with optical OAM. c Asymmetry factors 

versus operating wavelengths of chiroptical sensing in chiral molecules or nanoassemblies in this 

work and previous reports for chiral molecular sensing10,15,16,18,21,24,27-30,33,47-48. d Schematic of the 

chiral nanoassemblies. e-f Local angular momentum flux density on nanoassemblies illuminated 

by circularly polarized light (e) and vortex beam (f) with the same total angular momentum, 

respectively. Colors represent the normalized values of the local angular momentum flux density 

(e and f are normalized by the same factor). The three simulated planes are indicated in d. The 

shaded area represents the cross-section of the nanoassembly in that plane. 
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Fig. 2 Experimental characterization of chiroptical detection on chiral nanoassemblies 

synthesized by chiral molecules. a Experimental setup of HD measurements on the synthesized 

chiral nanoassemblies. Linearly polarized vortex beams modulated by an SLM are focused on 

single chiral nanoassemblies for chiroptical detection. The chiral nanoassemblies are synthesized 

by self-assembly of chiral molecules from molecule-scale to micro-scale. BS: beam splitter. b 

Schematic diagram of the chiroptical HD measurements on the chiral nanoassemblies by chiral 

light-matter interactions. c The chiroptical signal can be measured on the difference between 

reflection spectra by vortex beams with opposite topological charges of ±l. d Enlarged SEM images 

of chiral nanoassemblies synthesized by L-cystine (Left panel) and D-cystine (Right panel). e SEM 

image of the randomly distributed chiral nanoassemblies on the substrate. 
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Fig. 3 Chiroptical HD spectra of chiral nanoassemblies. a The simulated optical field 

distribution of the incident vortex beams with topological charge l = +4. The length and orientation 

of the white arrow are indicative of the magnitude and direction of the momentum density in the 

x-y plane, respectively. b Simulated electric field intensity distribution of D-Cys nanoassembly 

illuminated by the vortex beam with topological charge l = +4 at the z = 0 plane. c Simulated 

chiroptical HD spectra on L/D-Cys nanoassemblies. d-e Experimental reflection spectra of L-Cys 

(d) and D-Cys nanoassemblies (e) by vortex beams with topological charge from 0 to 30. The inset 

in panels d and e show schematic illustrations of the L/D-Cys nanoassembly. arb. units, arbitrary 

units. f Experimental chiroptical HD spectra on L/D-Cys nanoassemblies. Solid lines show the 

mean value and the shading indicates the standard deviation of multiple measurements. 
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Fig. 4 Chiroptical HD spectra of chiral nanoassemblies in photoluminescence emission. a 

Schematic of the PL excitation and collection. 𝐼𝑃𝐿
+  and 𝐼𝑃𝐿

−  denote the PL intensity with vortex 

beams carrying opposite OAM. b Simulated distributions of the electric-field difference 

( Δ(|𝐸|2) = |𝐸|+l
2 − |𝐸|−l

2  ) in the D-Cys nanoassembly illuminated by vortex beams with 

topological charges l = ±6. The shaded area represents the cross-section of the nanoassembly in 

that plane. c-e Experimental PL spectra of L-Cys (d) and D-Cys nanoassemblies (e) by vortex 

beams with topological charges l = ±6 and corresponding 𝐻𝐷𝑃𝐿 spectra (c). The inset in panels d 

and e show schematic illustrations of the L/D-Cys nanoassembly. f Experimental 𝐻𝐷𝑃𝐿 spectra of 

the D-Cys nanoassembly by varying topological charges. 
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Fig. 5 Experimental chiroptical HD signals in wavelength domain, polarization domain, and 

momentum space. a Schematic of the experimental setup. LP: linear polarizer; 𝜆/4: quarter-wave 

plate. b Measured HD spectra at the varying operating wavelength from 450 nm to 650 nm. The 

red curve with an arrow is drawn as a guide to the eye, indicating the dependence of topological 

charge corresponding to HD peak value. c Dependence of HD peak values on the quarter-wave 

plate angle 𝜃, measured at the laser wavelength of 530 nm. d Dependence of HD peak values on 

the incident angle 𝛽 . HDpeak: peak value of HD signal. The error bars represent the standard 

deviation of multiple measurements. 

 

Editorial Summary: 

Detecting the chirality of molecules is important in optics, biomedicine, and materials science, 

but the molecular chiroptical signals are typically weak in conventional circular dichroism. 

Here, the authors demonstrate strong chiroptical responses that reflect the molecular 

chirality in a single chiral nanoassembly synthesized from L/D-cystines. 
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