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Helicoid metal nanoparticles with intrinsic chirality have unveiled tailorable
properties and unlocked many chirality-related applications across various
fields. Nevertheless, the existing strategies for enantioselective synthesis of
helicoid metal nanoparticles have been predominantly limited to gold. Here,
we demonstrate a robust and versatile strategy for the enantioselective
synthesis of helicoid nanoparticles beyond gold, leveraging chiral nanocon-
finement provided by chiral SiO, or nanoshells. The chiral nanoconfinement
strategy enables the decoupling of ligand-directed crystal growth from chiral
induction, allowing for the independent tuning of these two critical aspects. As
a result, this approach can not only facilitate the replication of chiral shapes
from the chiral nanoshells but also allow the generation of alternative chiral
shapes. By employing this approach, we demonstrate the enantioselective
synthesis of helicoid Pt, Au@Pt, Au@Pd, Au@Ag, and Au@Cu nanoparticles.
The chiroplasmonic properties of Pt- and Pd-based chiral nanoparticles have
been discovered, and the inversion of chiroplasmonic properties of Ag-based
chiral nanoparticles via facet control has been documented and theoretically
explained. The chiral nanoconfinement strategy enriches the toolbox for
creating chiral nanoparticles and supports their exploration in diverse
applications.

Chirality, the property of asymmetry in an object or molecule resulting
in the existence of two non-superimposable mirror image forms, is a
fundamental concept observed across various disciplines, from
chemistry and biology to physics and materials science' ™. In recent
years, the manifest of chirality in inorganic nanomaterials has led to the
emergence of a class of chiral materials with tailorable properties™.
Unlike their organic counterparts, chiral inorganic nanomaterials not
only span a diverse range of compositions, including metals’°, metal
oxides'”", semiconductors™”, and others**”, but also exhibit the

potential for multilevel hierarchical architectures with chiral features at
various length scales®?°. Over the past decades, the development of
nanoscience has empowered the deliberate manipulation of the size,
shape, and structure of chiral inorganic nanomaterials, allowing for
precise control over their chiral properties””?. By engineering the
chirality at the nanoscale, chiral inorganic nanomaterials have
now found application in nanophotonics®*, metamaterials®?,
plasmonics”*¥, enantioselective catalysis” ' and sensing®*, biological
response* ™. These properties and applications further stress the need
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to develop strategies for the enantioselective synthesis of chiral inor-
ganic nanoparticles (NPs) with tailored shapes and structures.

Although enantioselective synthesis is well established in modern
organic chemistry, it is challenging in chiral inorganic materials such as
metals®. Unlike organic molecules that predominantly rely on direc-
tional covalent bonds for their construction, the non-directional nature
of metallic bonds poses a challenge in achieving precise chiral
arrangements within metal nanomaterials. Consequently, the enantio-
selective synthesis of chiral metal nanomaterials is exceptionally
intricate”®, Furthermore, the inherent close-packed arrangements in
metals often yield symmetrical structures, making the attainment of
enantioselectivity challenging as it requires disrupting the inherent
symmetry®. Despite these obstacles, innovative approaches involving
chiral biomolecules”?***, chiral micelles’, and circular polarized
light*>** have been harnessed to facilitate the creation of chiral metallic
NPs. A significant recent advance has been the amino-acid/peptide-
directed synthesis of chiral gold NPs characterized by helicoid
morphologies’. This method effectively imparts molecular chirality to
gold nanocrystals through the enantioselective interactions of L- or
D-amino acids with R- or S-{hkl} intrinsically chiral Au surfaces. This
process gives rise to the asymmetrical evolution of gold NPs and the
formation of helicoid morphologies featuring highly twisted chiral
structures.

The synthesis of helicoid gold NPs has unveiled their tailorable
chiroplasmonic properties and unlocked many chirality-related appli-
cations such as metamaterials**, enantiomer-dependent immunologi-
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Fig. 1| Schematic representation for the growth mechanisms of various heli-
coid NPs under chiral nanoconfinement. The chiral nanoconfinement strategy
involves two distinct growth pathways: the shape-replicating pathway (blue) and
the self-adjusting regioselective pathway (red). Depending on difference growth
processes, helicoid Pt (green models) and Au@Pd NPs (blue models), which
undergo polycrystalline growth and adhere to the shape-replicating pathway, fol-
low Route I and Route I, respectively. Ag-based NPs undergo the self-adjusting
regioselective pathway with faceted single-crystalline growth, which are subdivided
into two routes with different crystal facets. When PVP serves as the stabilizer to
promote the Ag {100} facets, helicoid Au@Ag NPs with a cubic profile (red models)
follow the Route IIl. When CA is used as the stabilizer to promote the Ag {111} facets,
helicoid Au@Ag NPs with an octahedral profile (purple models) follow the Route IV.
The golden and translucent models represent the helicoid Au NPs and chiral SiO,
nanoshells, respectively.

cal response’, and chiroplasmonic sensing or catalysis***’. With the
success of gold helicoid NPs, it is of fundamental interest that helicoid
of other metals could be synthesized. Nonetheless, the amino-acid/
peptide-directed synthesis method’s adaptability to other metals is
highly constrained®. The pursuit of a comprehensive and versatile
strategy for generating chiral metal NPs remains a compelling goal.
Here, we demonstrate a versatile strategy to synthesize chiral metallic
helicoid NPs beyond gold. In this strategy, chiral silica nanoshells are
leveraged as chiral transfer medium to impart their chirality onto other
metal helicoid NPs (Fig. 1). Mechanistic analysis of these growth
pathways highlight the importance of decoupling ligand-mediated
crystal growth from chiral induction, making this strategy a general
strategy for the enantioselective synthesis of helicoid Pt, Au@Pt,
Au@Pd, Au@Ag NPs with replicated or alternative chiral shapes.
Among these helicoid NPs, the chiroplasmonic properties of Pd- and
Pt-based chiral NPs have been discovered, and the inversed chir-
oplasmonic properties of Ag-based chiral NPs have been achieved.

Results
Principles of enantioselective growth by nanoconfinement
The limitation of the existing synthetic strategy for helicoid metal NPs
stems from the symmetry-breaking process, where the chiral induction
process is tightly coupled with the growth process””. Both processes
are significantly influenced by the strong interactions of thiolate chiral
ligands with gold surfaces. Consequently, when attempting to apply
the same strategy using different metals, surfactants, or chiral ligands,
altering the interaction strength of ligands or the growth kinetics of
NPs renders the strategy ineffective®. Recognizing this limitation, we
hypothesize that by decoupling the chiral induction from ligand-
mediated growth processes, we could establish a general and versatile
strategy for synthesizing helicoid metal NPs. Inspired by the methods
reported by Yin's group**>° and others®*>, we propose the use of a
nanoreactor technique®*, which can be easily generalized for the
preparation of various nanomaterials. This approach does not rely on
the strict control over reaction kinetics or highly material-specific
ligand adsorption processes to govern nanoparticle architectures®-°.
Based on this hypothesis, we propose a strategy for the synthesis
of chiral metallic helicoid NPs other than gold. The synthesis
mechanism is depicted in Figs. 1 and 2a, encompassing the following
procedures: (1) the synthesis of porous chiral silica nanoshells; (2) the
formation of seeds confined in chiral silica nanoshells; (3) the enan-
tioselective growth of metals in the nanoshells, resulting in the
synthesis of helicoid metal@SiO, NPs; (4) the removal of silica nano-
shells. In this strategy, chiral silica nanoshells, completely duplicating
the complex chiral structures of helicoid Au NPs, serve as the chiral
transfer medium, imparting their chirality onto other metallic helicoid
NPs. The chiral induction in the proposed strategy solely employs the
rigid L- or D-chiral silica nanoshells, which impose physical steric hin-
drance for the enantioselective growth of metal helicoid NPs rather
than relying on chemical adsorption of ligands”*” or soft supramole-
cular templates®”. Consequently, this design effectively decouples
chiral induction from ligand-mediated growth processes. By decou-
pling these processes, this strategy can be generalized for the enan-
tioselective synthesis of various helicoid metal NPs, enabling the
replication of chiral shapes of the SiO, nanoshells, or even the for-
mation of alternative chiral morphologies (Fig. 1).

Synthesis of porous chiral SiO, nanoshells

To achieve the restricted growth of different metals under chiral
nanoconfinement, semipermeable chiral SiO, nanoshells with robust
rigidity, well-developed porosity, removability, and distinctive helicoid
morphologies are synthesized with helicoid Au NPs as templates
(Fig. 2a-g). The helicoid Au NPs are synthesized using cysteine (Cys) as
chiral inducers (see Methods for details), featured with mirror-
symmetric helicoid morphologies consisting of eight twisted trigonal
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Fig. 2 | Process illustration of chiral nanoconfinement strategy. a Schematic
illustration for the formation of silica nanoshells as chiral transfer medium. The
golden and translucent models represent the Au NPs and chiral SiO, nanoshells,
respectively. b, ¢ SEM images of (b) L-helicoid Au NPs and (c) D-helicoid Au NPs with
the g-factor of 0.07. d-g TEM images of (d) L-helicoid Au NPs, (e) helicoid Au@SiO,
NPs, (f) Au seed@chiral SiO, NPs, and (g) chiral SiO, nanoshells. h-m SEM images
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of individual 0.07-L-helicoid Au NP oriented along the (h) [100], (i) [111], and (j)
[110] axes. TEM images of individual 0.07-L-chiral SiO, nanoshells viewed from the
(k) [100], (1) [111], and (m) [110] axes. n, 0, (n) g-factor and (0) normalized extinction
spectra of L- (orange) and D-helicoid Au NPs (blue), L- (yellow) and D-helicoid
Au@SiO, NPs (sky blue). Scale bars: b-g 200 nm. h-m 100 nm. Source data are
provided as a Source Data file.

pyramids®’ (Fig. 2b, c). Taking the L-helicoid Au induced by L-Cys as an
example, the misalignment of four ridges from different trigonal pyr-
amids leads to a counterclockwise rotated pinwheel-like structure, as
viewed in the [100] direction (Fig. 2h). Each trigonal pyramid of the
helicoid Au NPs exhibits a distinct counterclockwise rotation along the
[111] axis (Fig. 2i). Viewed from the [110] direction, the synchronized
rotation of two trigonal pyramids creates a tilted valley (Fig. 2j). In the
present of D-Cys, pinwheel-like structures and trigonal pyramids of
D-helicoid Au NPs display clockwise rotation (Supplementary Fig. 1). By
controlling the amounts of seeds, the size of helicoid NPs and the
depth of valleys can be adjusted (Supplementary Figs. 2 and 3),
accompanied by the change of dissymmetry factor (g-factor), up to
0.14 (Supplementary Fig. 4).

To obtain chiral SiO, nanoshells, the helicoid Au NPs are coated
with a = 22.5 nm thick silica shell through base-catalyzed hydrolysis of

tetraethyl orthosilicate (TEOS)***° (Fig. 2e). Subsequently, the helicoid
Au templates can be partially or completely removed through H,0,
etching®® (Fig. 2f, g). Figure 2k-m show the transmission electron
microscopy (TEM) images of the chiral SiO, nanoshells viewed along
different directions, demonstrating a complete replication of the
complex chiral structures of the helicoid Au NPs. The coating and
etching processes are monitored by circular dichroism (CD, Fig. 2n and
Supplementary Fig. 5a) and UV-vis (Fig. 20 and Supplementary Fig. 5b)
spectroscopy. After coating with silica shells, the chiroptical properties
experience a slight red-shift, which is attribute to the slightly higher
refractive index of SiO, (n=1.46) compared to H,O (n=1.33)°"2, The
CD signals of L- and D-helicoid Au@SiO, NPs are inverted with respect
to each other, consistent with the helicoid Au NPs (Fig. 2n). After
partial or complete etching of Au, the CD signal will completely dis-
appear (Supplementary Fig. 5a). In addition, statistical analysis of three
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batches of helicoid Au@SiO, NPs shows that nearly 100% of the heli-
coid Au NPs are coated with uniform, crack-free SiO, nanoshells
(Supplementary Fig. 6), and 98.3% of the empty chiral SiO, nanoshells
remain intact after etching (Supplementary Fig. 7).

A shape-replicating growth pathway

The chiral SiO, nanoshells are subsequently employed as chiral
nanocontainers for the growth of different helicoid metal NPs. By
optimizing the reaction conditions, the chiral nanoconfinement from
chiral SiO, nanoshells can transfer their chirality to helicoid Pt, Au@Pt,
and Au@Pd NPs, which strictly replicate the chiral morphology of the
SiO, nanoshells.

Enantioselective growth of helicoid Pt NPs

To grow helicoid Pt NPs within the chiral nanoshells, Pt seeds are first
introduced inside chiral nanoshells as nucleation centers to minimize
the risk of non-specific or untemplated growth (Fig. 3a and Supple-
mentary Fig. 8). This can be achieved by depositing a small quantity of
Pt onto Au seeds which are obtained by partially etching helicoid Au
NPs, employing K,PtCl, as the metal precursor and L-ascorbic acid
(AA) as the reducing reagent (Fig. 3b). The Au seeds are subsequently
removed by Au**, leaving Pt seeds confined within the chiral nanoshells
(Fig. 3c). Ultimately, helicoid Pt@SiO, NPs can be acquired by the
growth of Pt seeds confined in the chiral silica nanoshells by optimiz-
ing growth time (Fig. 3d). Helicoid Pt NPs can be obtained after the
removal of silica shells by NaOH (Fig. 3e).

Under optimum conditions, L- or D-helicoid Pt NPs with a purity
of 93.3% and a size distribution of 209.2 + 6.6 nm can be obtained
(Fig. 3f, g and Supplementary Fig. 9). They exhibit identical enantio-
meric helicoid structures as the L- or D-helicoid Au NPs. When viewed
from different directions, L- or D-helicoid Pt NPs showcase counter-
clockwise or clockwise rotated pinwheel-like features and trigonal
pyramids, and oppositely tilted valleys (Fig. 3j-I and 3n-p), suggest-
ing the helicoid Pt NPs strictly replicate the chiral morphologies of the
helicoid Au NPs, due to the steric hindrance imposed by the chiral
silica nanoshells. The selected area electron diffraction (SAED) pat-
tern on a single helicoid Pt NP (Fig. 3r), characterized by typical dif-
fraction rings, illustrates that Pt grows into a polycrystalline
structure®®. High-resolution TEM (HRTEM) study (Fig. 3s) reveals
abundant crystal domains with different lattice orientations, con-
firming the polycrystalline nature of the helicoid Pt NPs. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image and energy-dispersive X-ray spectroscopy
(EDX) elemental mapping (Fig. 3t) confirm the uniform distribution of
Pt over the helicoid Pt NPs. Furthermore, X-ray diffraction (XRD)
(Supplementary Fig. 10) and X-ray photoelectron spectroscopy (XPS)
patterns (Supplementary Fig. 11) prove the formation of metallic and
crystalline Pt NPs.

The growth route of helicoid Pt NPs (Fig. 1, Route I) is monitored
by TEM studies (Supplementary Fig. 12). In the early stage, the Pt seeds
slowly grow into irregular shapes and more than one Pt NPs can be
observed with one nanoshell. With the increase in size, the Pt NPs in
each nanoshell emerge into one NP and begin to exhibit the helicoid
structure by the steric hindrance imposed by the chiral silica nano-
shells. At an optimal reaction time of 75 min, the Pt NPs filled all the
space within silica nanoshells and L- or D-helicoid Pt NPs with a purity
of 93.3% could be obtained after SiO, removal (Supplementary Fig. 13).
With the extension of reaction time, multiple small disordered poly-
crystalline Pt NPs are attached to the outer surface of the chiral Pt NPs.
Furthermore, the chiral nanoconfinement strategy has the capability
for scale-up production. The synthesis can be scaled up to 125 times,
yielding =15 mg of helicoid Pt NPs (Supplementary Fig. 14). In addition,
similar growth conditions can also be applied for the preparation of
helicoid Au@Pt NPs by directly using Au seeds as nucleation centers
(Supplementary Fig. 15), demonstrating the versatility of the chiral

nanoconfinement strategy in synthesizing helicoid NPs with either
pure or core-shell Pt-based structures.

Interestingly, the helicoid Pt NPs display notable chiroplasmonic
properties. The L- and D-helicoid Pt NPs exhibit distinct inverted
chiroptical signals with a g-factor of =0.0007 at about 445 nm (Fig. 3h).
Similar chiroplasmonic properties can be observed from the helicoid
Au@Pt NPs as well (Supplementary Fig. 16). The consistent CD spectra
of helicoid Pt and helicoid Au@Pt NPs demonstrate that the Au core
has minimal influence on the chiroptical properties of the helicoid Pt-
based NPs. To understand the chiroplasmonic properties of helicoid Pt
NPs, the finite-difference time-domain (FDTD) method is employed to
simulate their chiroptical properties (Supplementary Fig. 17). The
overall spectra in the simulations are consistent with the experimental
results, despite differences in g-factors possibly due to the model’s
assumption of smooth surfaces for the Pt-based NPs, whereas the
actual samples exhibit surface roughness (Fig. 3q, s). Furthermore, the
intensity difference distribution for the local electric fields of L- or
D-helicoid Pt (Fig. 3i, m) upon plasmonic excitation is simulated,
consistent with the rotational direction of the pinwheel-like geometry
of the L- or D-Pt NPs, respectively. These results suggest the potential
of the helicoid shape to impart chiroptical properties to nanomaterials
composed of non-coinage metals.

Enantioselective growth of helicoid Au@Pd NPs

The chiral nanoconfinement strategy can be extended for the enan-
tioselective synthesis of helicoid Pd-based NPs (Fig. 4a). In order to
initiate the growth of Pd within the confined space of silica nanoshells,
H,PdCl, as a metal precursor and AA as a reducing agent are intro-
duced into the Au seed@SiO, solution. As shown in Fig. 4b-i, L- and
D-helicoid Au@Pd also exhibit distinct mirror-symmetric helicoid
morphologies with oppositely rotating pinwheel-like structures. The
three-dimensional (3D) structures of the helicoid Au@Pd NPs are also
reconstructed through electron tomography, revealing chiral features
consistent with scanning electron microscopy (SEM) observations
(Supplementary Fig. 18). The helicoid Au@Pd NPs exhibit relatively
stronger chiroptical properties compared to the helicoid Pt NPs, with a
g-factor of =0.0029 (Fig. 4j). FDTD simulation results (Supplementary
Fig.19) are in good agreement with the experimental results, and there
is no difference in the optical signal of helicoid Pd-based NPs with or
without Au cores, indicating that the chiroptical signal originate from
the helicoid Pd shells. Furthermore, FDTD simulations demonstrate
that the properties and relative positions of metal cores have minimal
impact on the chiroplasmonic properties of helicoid core-shell struc-
tures, whereas the plasmonic properties of the shells strongly influ-
ence the chiroplasmonic behavior. The intensity sequence aligns with
the classical trend of plasmonic properties®® (Supplementary
Figs. 20-22). HAADF-STEM image (Fig. 4k), EDX elemental mapping
(Fig. 41-n), EDX linear scan profiles (Fig. 40) collectively provide evi-
dence for an Au@Pd core-shell structure. XPS (Supplementary Fig. 23)
and XRD results (Supplementary Fig. 24) prove the formation of
metallic and crystalline Pd nanoshells on Au seeds. TEM, SAED, and
HRTEM studies of a single helicoid Au@Pd NP (Fig. 4p-r) show that Pd
also grows into a polycrystalline structure on the Au seed.

Although both Pt- and Pd-based helicoid NPs follow the shape-
replicating pathway, their growth routes are different. In contrast to
the Pt-based helicoid NPs, where purity is sensitive to the optimum
reaction time, the purity of the Pd-based helicoid NPs can be effec-
tively controlled by the amount of seeds added (Fig. 1, Route II).
Introducing an excessive amount of seeds results in some nanoshells
being completely filled while others remain partially empty (Supple-
mentary Fig. 25). When 0.27 mL of seed solution was added, half of the
nanoshells remain unfilled. As seed addition decreased, the percentage
of fully filled nanoshells increases. Upon reducing the seed quantity to
one-third, helicoid Au@Pd NPs with a purity of 96.2% and a diameter of
213.3 + 6.9 nm (Supplementary Fig. 26) are obtained, which reproduce
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Fig. 3 | The enantioselective synthesis of helicoid Pt NPs. a Schematic illustration
for the synthesis of helicoid Pt NPs. The green and translucent models represent the
Pt-based NPs and chiral SiO, nanoshells, respectively. b-e TEM images of (b)
Au@Pt@chiral SiO, NPs, (¢) Pd seeds@chiral SiO, NPs, (d) L-helicoid Pt@SiO, NPs,
and (e) L-helicoid Pt NPs. f, g SEM images of (f) L- and (g) D-helicoid Pt NPs. h The g-
factor and normalized extinction spectra of L- (dark green) and D-helicoid Pt NPs
(violet). i-p Theoretical calculation of the intensity difference distribution of local
electric fields (AE = Egcp-Eicp) On (i) L- and (m) D-helicoid Pt NPs irradiated by
circularly polarized light from the [100] direction, with the color map from blue
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single helicoid Pt NP and (r) the corresponding SAED pattern taken over the entire
NP. s HRTEM image of the edge-on surface on the helicoid Pt NP corresponding to
the red box in (q). t EDX elemental mapping of Pt (green) from a single helicoid Pt
NP. The inset show the corresponding HAADF-STEM image. Scale bars:

b-g 200 nm. i-p 100 nm. ¢ 50 nm. ¥ 5nm. s 5nm. t 100 nm. Source data are
provided as a Source Data file.
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Fig. 4 | The enantioselective synthesis of helicoid Au@Pd NPs. a Schematic
illustration for the synthesis of helicoid Au@Pd NPs. The yellow, blue, and trans-
lucent models represent the Au NP, Pd-based NPs, and chiral SiO, nanoshells,
respectively. b, ¢ SEM images of (b) L- and (c) D-helicoid Au@Pd NPs. d-i SEM
images of individual (d-f) L- and (g-i) D-helicoid Au@Pd NPs viewed from the (d, g)
[100], (e, h) [111], and (f, i) [110] axes. j The g-factor and normalized extinction
spectra of L- (blue) and D-helicoid Au@Pd NPs (pink). k-o, (k) HAADF-STEM image
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single helicoid Au@Pd NP, (q) corresponding SAED pattern, and (r) HRTEM image
of edge-on surface corresponding to the red box in (p). Scale bars: b, ¢ 200 nm.
d-i 100 nm. k-n 100 nm. p 50 nm. g 5 nm™. r 2 nm. Source data are provided as a
Source Data file.
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the helicoid morphology of the chiral templates (Supplemen-
tary Fig. 27).

To explore the generality of the chiral nanoconfinement strategy,
chiral resorcinol-formaldehyde (RF) nanoshells are also employed as
the chiral transfer medium for the synthesis of helicoid NPs (Supple-
mentary Fig. 28). Following the procedures established by Yin and co-
workers®*¢, chiral RF nanoshells and Au seed@chiral RF NPs are also
synthesized (Supplementary Fig. 28b-i). Unlike SiO,, RF nanoshells
offer enhanced stability under harsh conditions such as high tem-
peratures and acidic or basic environments®’, expanding the versatility
of our strategy. As a proof of concept, RF nanoshells were used for the
growth of Cu-based helicoid NPs, a process that requires harsh con-
ditions—such as the use of hydrazine as a reducing agent—that would
degrade SiO, nanoshells but are tolerated by RF nanoshells*s, TEM,
EDX, CD, and FDTD simulations collectively confirm the formation of
chiroplasmonic helicoid Au@Cu@RF NPs (Supplementary Fig. 29).

A self-adjusting regioselective growth pathway

Based on the principle of chiral nanoconfinement strategy, the chiral
induction process can be decoupled from ligand-mediated growth
process, thus, it is possible to fine-tune the crystal growth process of
NPs. For the growth of Ag in chiral nanoshells, Ag can coat Auseeds ina
single-crystalline manner due to the high lattice match between Au and
Ag®. Simultaneously, the crystal facets of Ag can be governed by
introducing ligands favoring {100} or {111} facets. Under chiral con-
finement, this growth pathway renders this strategy more versatile and
flexible, facilitating the generation of alternative chiral helicoid shapes
with highly tunable chiroplasmonic properties.

Enantioselective growth of cube-helicoid Au@Ag NPs
The self-adjusting regioselective growth pathway is first demonstrated
with the growth of helicoid Au@Ag NPs under the condition that
favors the formation of Ag {100} facets. Typically, the growth of Au
seeds within the chiral nanoshells is initiated with AgNO3 as a metal
precursor, AA as a reducing agent, and polyvinylpyrrolidone (PVP,
M, =55,000gmol™) as stabilizer that promotes the Ag {100}
facets®®’°. Acetonitrile is introduced to form complexes with Ag* as a
means to control the reaction rate”. Without chiral confinement, such
a condition would lead to the formation of cubic Au@Ag NPs. In the
presence of chiral nanoshells, helicoid Au@Ag NPs with alternative
chiral shapes, distinctly different from the chiral templates, are
obtained (Fig. 5a-i). Although the helicoid Au@Ag NPs retain a simpler
cube-like profile compared to the original chiral Au templates due to
intrinsic limitations of nanoconfinement, these results suggest that the
chiral nanoconfinement strategy offers an approach to control chiral
morphologies beyond the original templates. Due to the combination
of four tilted valleys on the edge of cube, L- or D-helicoid Au@Ag NPs
present a different pinwheel-like structure rotating counterclockwise
or clockwise on the (100) plane, respectively, along the [100] direction
(Fig. 5c, f). When viewed from the [111] direction, a clockwise or
counterclockwise rotated misalignment of three valleys for L- or D-
Au@Ag NP can be observed, respectively (Fig. 5d, g). The valleys with
opposite tilts are more clearly observed on the edges of L- or
D-helicoid Au@Ag NPs as viewed from the [110] direction (Fig. Se, h).
Single-particle TEM images (Fig. 5j), corresponding SAED patterns
obtained on the entire NP (Fig. 5k and Supplementary Fig. 30), and
HRTEM study (Fig. 51 and Supplementary Fig. 31) of the Au@Ag@SiO,
NPs suggest that the growth of Ag leads to a single-crystalline struc-
ture. HAADF-STEM image, EDX elemental mapping, and EDX linear
scan profiles (Fig. 5m-o) prove that the helicoid Au@Ag NPs are core-
shell structures. XPS (Supplementary Fig. 32) and XRD (Supplementary
Fig. 33) studies confirm the bimetallic face-centered cubic (FCC) phase
of the helicoid Au@Ag NPs.

The dramatic shape difference between the helicoid Au@Ag and
the chiral SiO, nanoshells indicates that the growth of helicoid Au@Ag

NPs follows a distinctly different growth pathway (Fig. 1, Route III).
First, the single-crystalline structure of Au@Ag NPs is facilitated by the
high lattice match between Au and Ag. Second, PVP promotes the Ag
{100} facets, resulting in the helicoid NPs characterized with a cubic
profile. Finally, the most striking feature of this growth pathway is the
strict orientation correlation between the chiral nanoshells and the
Au@Ag helicoids, where the [111], [100], and [110] axes of the Au@Ag
helicoids are highly orientated with the 3-, 4-, and 2-fold axes of the
chiral SiO, nanoshells, respectively, despite the fact that small Au@Ag
NPs move freely within the nanoshells at the early growth stage. As the
Au@Ag NPs grow larger, they constantly adjust their relative positions
within the shells, ensuring the eight vertices of the cube align precisely
to the eight triangular pyramids of the template. Such self-adjusting
nature of the NPs allows for the strict regioselectivity provided by the
chiral silica nanoshells. Specially, upon contacting the inner edges of
the chiral nanoshells, the cubic Au@Ag NPs encounter the steric hin-
drance effect, preventing the growth of Ag on the edges of the NPs and
resulting in a valley on each of edge of helicoid NPs. The valleys with
certain tilt angles give rise to the chiral structures of the helicoid
Au@Ag NPs, depending on the chirality of the chiral nanoshells.
Therefore, the self-adjusting regioselective growth pathway enables
the synthesis of new chiral helicoid shapes with a purity of 89.3% and a
diameter of 159.7 + 5.6 nm (Supplementary Figs. 34, 35).

The self-adjusting regioselective growth in the chiral nanoshells
provides an alternative method to control the chiroplasmonic prop-
erties of the helicoid Au@Ag NPs by controlling their sizes and valley
depths. For instance, helicoid Au NPs with different g-factors (Fig. 2i, j
and Supplementary Figs. 1-4) are synthesized as templates for con-
trolling the size of the chiral SiO, nanoshells. Using these nanoshells
(Fig. 2f and Supplementary Fig. 36), helicoid Au@Ag NPs with different
sizes and valley depths are obtained (Fig. Sb-i and Supplementary
Figs. 37, 38). As the sizes of chiral templates increase, the sizes of the
helicoid Au@Ag NPs increase with deeper valleys, resulting in the
pinwheel-like structures. The g-factor of Au@Ag NPs, synthesized from
SiO, nanoshells obtained from helicoid Au NPs with g-factor of 0.14,
0.07, and 0.04, can reach approximately 0.08, 0.04, and 0.004,
respectively, with A, (the wavelength at which the maximum g-factor
is observed) from 491 to 424 nm (Fig. 5p-r). Furthermore, the valley
depths and sizes can also be regulated by controlling the amount of Au
seed@SiO,. The g-factor obviously increases with the deepening of
valleys, but it drops significantly as the depths become shallower, even
with an increase of the NP size (Supplementary Figs. 39, 40). Thus, the
valley depths of helicoid Au@Ag NPs have a profound effect on their
chiroplasmonic properties than sizes.

Enantioselective growth of octahedron-helicoid Au@Ag NPs

Under the self-adjusting regioselective growth pathway, exotic chiral
shapes can be obtained with the formation of other crystal facets.
When PVP is replaced with citric acid (CA) as the stabilizing agent,
which favors the formation of Ag {111} facets’>”, helicoid Au@Ag NPs
with octahedral profiles can be simply synthesized (Fig. 6a-c). Viewed
from the [100] axis, the pinwheel-like structures of L- or D-octahedron-
helicoid Au@Ag NPs, originating from the combination of four valleys
along the four edges extending from the same vertex, which rotate
counterclockwise or clockwise with the 4-fold vertex as the rotation
center (Fig. 6h, i). This differs from the cube-helicoid Au@Ag NPs,
where the pinwheel-like structures originate from four tilted valleys
located on the four edges around one square (100) plane (Fig. 5c-h).
Furthermore, when viewed from [111] direction, three misaligned val-
leys rotating on the octahedron-helicoid Au@Ag NPs share the same
(111) plane (Fig. 6j-m). Additional details (Supplementary Figs. 41, 42)
and electron tomography reconstructions (Supplementary Figs. 43,
44) confirm the helicoid structures of the Au@Ag NPs observed in the
SEM images. For completeness, 3D reconstructions of helicoid NPs
involved are provided as Supplementary Movies 1-6. The growth of
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Fig. 5| The enantioselective synthesis of cube-helicoid Au@Ag NPs. a Schematic
illustration for the synthesis of cube-helicoid Au@Ag NPs. The yellow, orange, and
translucent models represent the Au NP, Ag-based NPs with cubic profiles, and
chiral SiO, nanoshells, respectively. b, i SEM images of (b) 0.14-L- and (i) 0.14-D-
helicoid Au@Ag NPs, respectively. c-h SEM images of individual (c-e) 0.14-L- and
(f-h) 0.14-D-helicoid Au@Ag NP viewed from the (c, f) [100], (d, g) [111], and (e, h)
[110] axes. j, k, (j) TEM image of a single helicoid Au@Ag@SiO, NP along the [100]
zone axis, and (k) corresponding SAED pattern. | HRTEM image of edge-on surface
corresponding to the red box in inset. m, n, (m) HAADF-STEM and (n)
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corresponding EDX elemental mapping of a single helicoid Au@Ag@SiO, NP. The
red and yellow colors denote Au and Ag, respectively. o EDX linear scan profiles of
Au (red) and Ag (orange) corresponding to the red line in (m). p-r The g-factor
spectra of cube-helicoid Au@Ag NPs synthesized using helicoid Au templates with
different g-factors. (p) 0.14, (q) 0.07, and (r) 0.04 represent the g-factor of helicoid
Au templates used for synthesis, respectively. (L-helicoid Au@Ag: orange line,
D-helicoid Au@Ag: blue line). Scale bars: b, i 200 nm. ¢—j 100 nm. k 5nm™. 13 nm.
Inset: 50 nm. m, n 100 nm. p-r 100 nm. Source data are provided as a Source
Data file.
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Fig. 6 | The enantioselective synthesis of octahedron-helicoid Au@Ag NPs.

a Schematic illustration for the synthesis of octahedron-helicoid Au@Ag NPs. The
yellow, pink, and translucent models represent the Au NP, Ag-based NPs with
octahedral profiles, and chiral SiO, nanoshells, respectively. b, ¢ SEM images of (b)
0.07-L- and (c) 0.07-D-octahedron-helicoid Au@Ag NPs. d SAED pattern of a single
octahedron-helicoid Au@Ag@SiO, NP along the [100] zone axis. e HRTEM image of
edge-on surface corresponding to the red box in inset of (d). FHAADF-STEM and (g)
corresponding EDX elemental mapping of a single octahedron-helicoid
Au@Ag@SiO, NP. The red and yellow colors denote Au and Ag, respectively.
h-m SEM images of individual (h, j, I) 0.07-L- and (i, k, m) 0.07-D-octahedron-
helicoid Au@Ag NP viewed from (h, i) [100], (j, k) [111], and (I, m) [110] axes.

n Chiroptical signal reversal of helicoid Au@Ag NPs within the same chiral template
regulated by the facet formation. The g-factor spectra and geometric models, and
the corresponding intensity difference distribution of local electric fields of L-
(orange line, orange model with red-orange concaves) and D-cube-Au@Ag NPs
(blue line, orange model with blue concaves), L- (purple line, pink model with
purple concaves), and D-octahedron-Au@Ag NPs (green line, pink model with
green concaves). The intensity difference distributions of local electric fields are
presented with the color map from blue (-2.0) to red (2.0). Scale bars: b, ¢ 200 nm.
d 5nm™ Inset: 100 nm. e 2 nm. f, g 100 nm. h-n 100 nm. Source data are provided
as a Source Data file.
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octahedron-Au@Ag NPs follows a single-crystalline core-shell mode
with FCC phase, as indicated in TEM, SAED, and EDX studies (Fig. 6d-g
and Supplementary Fig. 45). The rigidly aligned orientation of the
octahedral Au@Ag NPs with their chiral nanoshells suggests the same
self-adjusting regioselective growth pathway (Fig. 1, Route IV). The six
vertices of octahedral Au@Ag NPs align with the centers of six
pinwheel-like structures of the SiO, nanoshells. Consequently, each
edge in contact with the nanoshell is constrained during growth,
forming a valley with a distinct tilt. Under this pathway, the synthesized
octahedron-helicoid Au@Ag NPs exhibit a purity of 88.7% and a size
distribution of 177.1+ 5.0 nm (Supplementary Fig. 46).

The versatility of the self-adjusting regioselective growth pathway
is also reflected in governing the chiroplasmonic properties of helicoid
Au@Ag NPs. Interestingly, the CD spectra of L-octahedron-Au@Ag NPs
and L-cube-Au@Ag NPs show a distinct inversion, despite being syn-
thesized with SiO, nanoshells of the same chirality. As shown in Fig. 6n,
the CD spectrum of L-octahedron-helicoid Au@Ag NPs exhibits two
peaks at around 435 (+) and 388 (-) nm, opposite to the CD spectrum of
L-cube-helicoid Au@Ag NPs, where the peaks are located at approxi-
mately 430 (-) and 395 (+) nm. A similar signal inversion is observed in
two D-helicoid Au@Ag nanostructures obtained through D-chiral
nanoshells. To elucidate the phenomenon of chiral inversion, we have
conducted FDTD simulations on octahedron- and cube-helicoid
Au@Ag NPs. In both cases, the simulated CD and extinction spectra
closely match the experimental results (Supplementary Figs. 47, 48).
We note that the g-factors of the as-synthesized helicoid Ag-based NPs
are smaller than those of the original helicoid Au NPs. To investigate
this observation, FDTD simulations were conducted on helicoid Ag-
based NPs with the same chiral shapes as the original helicoid Au NPs
(Supplementary Fig. 49a, b). The results confirm that helicoid Ag-
based NPs with these original chiral shapes exhibit higher g-factors
than the helicoid Au NPs, suggesting that the observed lower g-factor
of helicoid Ag-based NPs is due to morphological variations. Further-
more, FDTD simulations were performed on helicoid Au NPs with the
cubic and octahedral profiles observed in the helicoid Ag-based NPs
(Supplementary Fig. 49c, d). The simulations reveal that the g-factors
of both cube- and octahedron-helicoid Au NPs are indeed lower than
those of the corresponding helicoid Ag-based NPs. These confirm that
the relatively lower g-factors of helicoid Ag-based NPs are primarily
due to changes in chiral morphology. The comparatively shallower
plasmonic gaps in the helicoid Ag-based NPs are responsible for their
reduced g-factors’.

Furthermore, we illustrate the intensity difference distributions
of their electric fields (AE = Ercp-ELcp) (Fig. 6n) on the helicoid Ag-
based NPs when irradiated by right-handed and left-handed circu-
larly polarized light (Ercp, E1cp) (Supplementary Fig. 50). The chiral
valleys in L-octahedron- and L-cube-Au@Ag NPs exhibit AE with
opposite signs, resulting in an overall positive AE for the former and
an overall negative AE for the latter, despite having the same rota-
tion direction. This trend is also observed for two D-helicoid Au@Ag
NPs. These findings suggest that the spatial arrangement of chiral
units significantly influences their chiroplasmonic properties and
can lead to reversed CD signals, in addition to the rotation direction
of the chiral units. Currently, reversals of chiroplasmonic properties
in chiral nanomaterials using chiral inducers of the same handed-
ness—particularly in Au systems—have been achieved through the
hybridization of bichiral centers”””*” or by tuning the crystallinity
of nanorod seeds”. In contrast, our work introduces an alternative
route for inducing chirality reversal by precisely controlling
crystal facets.

Discussion

In summary, a chiral nanoconfinement strategy has been established
for the enantioselective synthesis of chiral NPs. This strategy addresses
the limitations associated with previous chiral ligand-directed

methods*”® by allowing for the decoupling of ligand-mediated crys-
tal growth and chiral induction processes. Consequently, it enables the
synthesis of a series of helicoid metal NPs, thereby expanding the
scope of available chiral nanomaterials. Moreover, the demonstrated
growth pathways under chiral nanoconfinement not only facilitate the
precise transfer of chiral morphology from nanoshells to other metals
but also yield alternative chiral shapes by integrating other advanced
crystal growth strategies. Furthermore, the application of the nano-
confinement synthetic strategy has led to the discovery of a diverse
array of chiroplasmonic NPs, highlighting the potential of helicoid
shapes in endowing the chiroptical properties of nanomaterials”. This
strategy achieves precise regulation of chiroplasmonic properties and
even signal inversion, providing a platform for customizing chir-
oplasmonic nanomaterials and understanding the role of chiral
structures for chiroplasmonic properties. The chiral nanoconfinement
strategy enriches the toolbox for designing chiral NPs’®”°, offering
promising potential for a variety of applications. This approach can be
extended to the synthesis of catalytically active metals, such as Pt- and
Pd-based helicoid NPs*°. Their combination of catalytic and chir-
oplasmonic properties makes them candidates for enantioselective
catalysis and circularly polarized light (CPL)-enhanced catalysis® .
Additionally, the ability to precisely control the surface facets of Ag
helicoid NPs unlocks opportunities for surface-sensitive chir-
oplasmonic applications in metamaterials®>*°, enantioselective
sensing™**, chiral drug development®*°°, and enantioselective
plasmon-enhanced spectroscopy’ 2. We note that recently, the Nam
group reported a versatile method for synthesizing chiral metal heli-
coids using chiral silica molds®. Complementing this work, we pro-
pose that decoupling ligand-directed crystal growth from chiral
induction can expand the synthetic toolbox for helicoid metal NPs,
enabling the formation of alternative chiral shapes from templates or
molds. Specifically, our approach provides a pathway for reversing
chirality by controlling the chiral shapes and crystal facets of Ag-based
NPs using SiO, nanoshells with the same chirality. Additionally, we
expanded the methodology by replacing SiO, with RF shells as the
chiral transfer medium, facilitating template-based growth under
harsh conditions. Overall, these results, along with recent
advancements****%, offer promising avenues for expanding both the
variety and functionality of chiral metal NPs for fundamental research
and technological applications.

Methods

Materials

Gold chloride trihydrate (HAuCl4-3H,0, 99.9%), sodium borohydride
(NaBH4, 99.99%), TEOS (98%), polyacrylic acid (PAA, My=
2,000 g mol™), PVP (M,, = 55,000 g mol™ and M,, = 40,000 g mol™), CA
(=299.5%), potassium tetrachloroplatinate(ll) (K,PtCl,, 99.99%), and
palladium(ll) chloride (PdCl,, 99%) were purchased from Sigma-
Aldrich. Hexadecyltrimethylammonium bromide (CTAB, >98.0%),
PVP (M,,~10,000 gmol™), cetylpyridinium chloride monohydrate
(CPC, >98%), hexadecylpyridinium bromide hydrate (CPB, >96.0%),
AA (>99%), L-cysteine hydrochloride monohydrate (>99.0%), and
D-cysteine hydrochloride monohydrate (>99.0%) were purchased
from TCI. Cupric chloride dihydrate (CuCl,-2H,0) was purchased from
Aladdin. Sodium hydroxide (NaOH, >96%), hydrochloric acid (HCI,
37wt.% in water), and ammonia (NH5-H,0, 25wt.% in water) were
purchased from Beijing Chemical Reagent Company. Silver nitrate
(AgNO3, >99.8%), resorcinol (= 99.5%), and formaldehyde (37%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. Methanol
(=99.5%), ethanol (=99.7%), hydrazine hydrate (N,H4-H,O, 50%) and
hydrogen peroxide (H,0, >30.0%) were purchased from Xi Long
Scientific Co., Ltd. Acetonitrile (=99%) was purchased from Tian Tai
Chemical Reagent Co., Ltd. All chemicals were used as received with-
out further purification. Ultrapure water was used in all of the
experiments.
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Synthesis of Au seeds
Single-crystalline Au seeds capped with CPC were prepared according
to the procedures from refs. 97,98. with modification:

(1) Synthesis of small Au nanorods: First, the Au seeds for small Au
nanorods were synthesized by adding 0.25 mL of 10 mM HAuCl,
and 0.6 mL of 10 mM NaBH, sequentially to 10 mL of 100 mM
CTAB solution under vigorous stirring. After 2 min, the mixture
was left undisturbed at 30 °C for at least 30 min. To obtain small
Au nanorods, the growth solution was prepared by sequentially
introducing 6 mL of 10 mM HAuCl,, 0.72 mL of 10 mM AgNO;,
and 0.96 mL of 100 mM AA into 120 mL of 100 mM CTAB solu-
tion, with gentle shaking. The growth of small Au nanorods was
initiated by rapidly introducing 144 pL of the Au seeds solution.
The reaction proceeded at 30 °C for 2 h without disturbance.
Then, the product was centrifuged (15,778 x g, 10 min), washed
once with water, and redispersed in 120 mL of 10 mM CTAB
solution.

(2) Growth and etching of larger Au nanorods: To obtain spherical
Au seeds, larger Au nanorods were first grown by adding 6 mL of
10 mM HAuCl, and 1.2 mL of 100 mM AA to 120 mL of the small
Au nanorod solution, followed by incubation at 40 °C for 1h
without disturbance. The product was centrifuged (15,778 x g,
10 min) and redispersed in 120 mL of 10 mM CTAB solution.
Then, the larger Au nanorods were etched by introducing 2.4 mL
of 10 mM HAuCl, into 120 mL of the larger Au nanorod solution.
The reaction proceeded at 40°C for 12-16 h without dis-
turbance. The product was centrifuged (15,778 xg, 10 min),
washed twice with 20 mM CPC, and redispersed in 120 mL of
20 mM CPC.

(3) Secondary growth and etching of Au NPs: To ensure the
monodispersity of the final seeds, secondary growth of Au NPs
was carried out by sequentially adding 4 mL of 10 mM HAuCl,,
0.6 mL of 100 mM AA, and 40 mL of the etched Au NPs into
200 mL of 100 mM CPC solution. The reaction solution was left
at 30°C for 1h without disturbance, then centrifuged
(15,778 x g, 3min) and redispersed in 40 mL of 10 mM CTAB
solution. The final step was the synthesis of Au nanospheres by
adding 2.4 mL of 10 mM HAuCl, to 120 mL of the Au NP solution
obtained after secondary growth, followed by incubation at
40°C for 12-16 h. The product was centrifuged (15,778 xg,
10 min), washed twice with 20 mM CPC, and redispersed in
120 mL of 20 mM CPC.

Synthesis of helicoid Au NPs

Helicoid Au NPs were synthesized using the seed-mediated growth
method*’. The growth solution for the helicoid Au NPs was prepared
by sequentially introducing 22.5 mL of 100 mM CPC solution, 67.5 mL
of 100 mM CPB solution, 10 mL of 10 mM HAuCl, solution, and 70 mL
of 100 mM AA solution into 101.25 mL of water, with gentle shaking.
Subsequently, 0.625 mL of 0.1 mM L- or D-Cys solution (correspond to
L- or D-helicoid Au NPs, respectively) was added and thoroughly
blended. Finally, the growth of helicoid Au NPs was initiated by
rapidly introducing 3 mL of the Au seed solution. The growth con-
tinued for 2 hin a 30 °C water bath without disturbance. The resulting
products were collected through centrifugation (3944 xg, 3 min),
washed once with water, and then re-dispersed into 60 mL of 1.5 mM
CTAB solution. The g-factor of helicoid Au NPs produced by the above
procedures is 0.07.

For the synthesis of helicoid Au NPs with other sizes and valley
depths, the reactions were carried out using identical reaction condi-
tions, except for the variations in the volume of seeds added. Specifi-
cally, 0.75 mL of seeds was added to produce helicoid Au NPs with a g-
factor of 0.14, while 4.5 mL of seeds was added to yield helicoid Au NPs
with a g-factor of 0.04.

Synthesis of porous chiral silica nanoshells on helicoid Au NPs
For SiO, coating, 0.6 mL of 0.1 M NaOH solution was added into the as-
prepared helicoid Au solution under stirring (400 rpm), followed by
three additions of TEOS solution (20% v/v in methanol, 0.18 mL) at
60 min intervals. The reaction was stirred in a 30 °C water bath for 96 h
to obtain helicoid Au@SiO, NPs, coating a silica shell with a thickness
of 22.5nm. The products were collected by centrifugation (7012 x g,
3 min), and then washed with water and methanol. Finally, helicoid
Au@SiO, was re-dispersed into 25 mL of methanol for storage.

To increase the porosity of the silica nanoshell and enhance the
condensation within the Si-O-Si network, a heat treatment was per-
formed for the helicoid Au@SiO, NPs”’. Take 3mL of helicoid
Au@SiO, stock solution and re-disperse it in 30 mL of PVP solution
(M,,=10,000 g mol™, 0.013gmL™). The solution was then heated at
95 °C for 2 h. Eventually, the products was washed twice with methanol
and dispersed in 12 mL of methanol.

Synthesis of RF nanoshells on helicoid Au NPs

Before coating the RF layer, 2.4 mL of the helicoid Au solution was
collected by centrifugation and re-dispersed in 1 mL of PAA solution
(10 mg mL™) and incubated for 8 h to modify PAA on the surface of the
NPs. The helicoid Au NPs were then re-dispersed in 27 mL of water
containing 10 mg of resorcinol, 60 pL of diluted ammonia (2.5 wt.%),
and 18 pL of formaldehyde. The solution was stirred in an oil bath at
50°C for 2h, then heated to 100 °C for 3 h. After the reaction, the
helicoid Au@RF NPs were collected by centrifugation (7,012 g, 3 min),
washed alternately with water and ethanol, and finally dispersed into
4 mL of water.

Selective etching of Au in helicoid Au@SiO, NPs

To obtain the Au seed@chiral SiO, NPs, 100 pL of 37 wt.% HCI and
50 pL of 200 mM H,0, solution were added into 5mL of helicoid
Au@SiO, solution treated with heat. The reaction was continued in a
70 °C water bath for 30 min with stirring. When the solution was
cooled down, the products were collected by centrifugation
(15,778 x g, 3 min). The synthesized Au seed@SiO, NPs were washed
with 1.1wt.% PVP solution (My=55,000gmol™?), and then redis-
persed in 1mL of PVP solution for further synthesis. To obtain the
chiral SiO, nanoshells, the reaction time was extended to 50 min. In
the case of the helicoid Au@RF NPs, the selective etching of Au was
continued for 120 min in a 70 °C water bath with stirring.

Synthesis of helicoid Pt@SiO, and helicoid Au@Pt@SiO, NPs
First, 0.15 mL of seed solution was diluted to 0.6 mL with PVP solution
(M, = 55,000 g mol™), followed by the addition of 120 puL of 10 mM
K,PtCl, solution and 50 pL of 30 mM AA solution. The reaction solu-
tion was kept undisturbed in a 30 °C water bath for 30 min. To obtain
Pt seeds@chiral SiO, NPs, NPs were redispersed into 5 mL of 50 mM
CTAB solution, then 50 pL of 5 mM Nal solution and 100 pL of 10 mM
HAuCl, solution were added. The reaction was carried out in a 50 °C
water bath for 60 min to achieve complete etching of Au. The Pt
seeds@chiral SiO, NPs were collected by centrifugation (15,778 x g,
3 min), washed with water and then dispersed in 0.6 mL of PVP solu-
tion (M,,=55,000 gmol™). To obtain the helicoid Pt@SiO, NPs, Pt
seeds@chiral SiO, solution was mixed with 120 pL of 10 mM K,PtCl,
solution and 50 pL of 30 mM AA solution. The reaction solution was
gently shaken for 5min and then kept undisturbed in a 30 °C water
bath for 75 min. The resulting products were centrifuged at 2739 x g
for 3 min, washed with ethanol, and redispersed in ethanol.

For the synthesis of helicoid Au@Pt@SiO, NPs, 0.15mL Au
seed@chiral SiO, solution was diluted to 0.6 mL, followed by the
addition of 120 pL of 10 mM K,PtCl, solution and 50 pL of 30 mM AA
solution. Finally, the reaction solution was gently shaken for 5 min and
then kept undisturbed in a 30 °C water bath for 105 min.
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Synthesis of helicoid Au@Pd@SiO, NPs

For the growth of Pd, 0.09 mL of seed solution was diluted to 0.6 mL
with PVP solution (M, = 55,000 g mol™), followed by the addition of
30 pL of 10 mM PdCl, solution (dissolved in 10 mM HCI solution) and
120 pL of 30 mM AA solution. The reaction solution was gently shaken
in a 30 °C water bath for 3 h, and finally the products were collected by
centrifugation.

Synthesis of helicoid Au@Cu@RF NPs

For the growth of helicoid Cu-based NPs, 0.16 mL of the Au seed@-
chiral RF solution was mixed with 5 mL of H,O, 0.5 mL of PAA solution
(18 mgmL™), and 0.125mL of PVP solution (M, =~40,000¢gmol™,
0.1gmL™). Under stirring, 50 puL of 100 mM CuCl, solution and 90 pL
of N,H, solution (50%) were added to the solution successively. The
reaction was carried out in a water bath at 25 °C for 20 min, and then
heated to 60 °C for 40 min. Finally, the products were collected by
centrifugation.

Synthesis of helicoid Au@Ag@SiO, NPs

For the growth of Ag, different amounts of seed solutions were diluted
to 0.6 mL with PVP solution (M, =55,000 g mol™), followed by the
addition of 60 pL of acetonitrile and 30 pL of 10 mM AgNO; solution.
The growth of Ag was initiated by rapidly introducing 25 pL of 30 mM
AA solution. Finally, the reaction solution was gently shaken in a 30 °C
water bath for 50 min, and then cube-helicoid Au@Ag@SiO, NPs were
collected by centrifugation.

For the synthesis of octahedron-helicoid Au@Ag@SiO, NPs, Au
seed@SiO, was dispersed in 1 mL of 50 mM CA solution. 0.09 mL of
seed solution was diluted to 0.6 mL with CA solution, followed by the
addition of 30 pL of 10 mM AgNO; solution and 25 pL of 30 mM AA
solution. Finally, the reaction solution was gently shaken in a 30°C
water bath for 70 min.

Etching of silica nanoshells

To obtain helicoid metal NPs without nanoshells, the reaction solution
was prepared by introducing 0.1mL of 5wt.% PVP solution
(My =10,000 g mol™) and 0.1 mL of 1 M NaOH solution into 0.8 mL of
water. A batch of helicoid metal@SiO, NPs was dispersed in 1 mL of the
reaction solution and kept in a 30 °C water bath for 1 h. The resulting
helicoid metal NPs were collected by centrifugation at 1753 x g for
2 min and washed with water.

Characterization

SEM images were acquired by a Zeiss Merlin microscope at 5kV. CD
spectra were recorded using a Jasco J-820 spectropolarimeter instru-
ment. Extinction spectra were recorded using a Shimadzu UV-1800 UV-
vis spectrophotometer. TEM images were obtained using a Japan’s
Hitachi H-600 TEM operating at 100 kV. EDX data, SAED, HAADF-
STEM, and HRTEM images were acquired with Tecnai G2 F30 STWIN
operating at 300 kV. XRD data was obtained on Bruker D8 Discover
with Cu Ky radiation. XPS spectra was obtained using a thermo
ESCALAB 250 spectrometer with an Al Ka X-ray source. 3D electron
tomography reconstruction was performed using a Thermo Talos
F200X G2 TEM instrument (200 kV) equipped with CMOS camera
(Thermo), and the image post-processing used a software package of
Inspect 3D and Avizo.

Kuhn’s dissymmetry factor (g-factor) is a dimensionless quantity
that is used for quantitative comparisons of chiroptical properties
among different systems and was calculated from the measured
extinction and CD values by Eq. (1):

AL — A CD
X - .
A +Ag  extinction

g —factor=2 1)

Numerical simulations

The simulations were performed using the 3D FDTD numerical method
with commercial software (FDTD Solution, Lumerical Solutions, Inc.).
The theoretical model dimensions matched the statistical results
obtained from SEM images, and the material permittivity values were
sourced from Johnson and Christy data in the software’s database. The
background index was set as 1.361 (ethanol). A uniform mesh size of
1nm was applied in all directions around the model to maintain
structural detail, and the boundary conditions were set as perfectly
matched layer. Circularly polarized light was modeled as two ortho-
gonal linearly polarized beams with a phase difference of +90° and
-90° for left circularly polarized (LCP) and right circularly polarized
(RCP) light, respectively. The simulation time was set to 1000s to
ensure the convergence of the results. CD and extinction spectra were
calculated based on the average simulations from three different
nanoparticle orientations. For chiral nanomaterials with original heli-
coid Au shapes, three spectra were obtained under irradiation with
circularly polarized light along the [100], [110], and [111] directions. For
chiral nanomaterials with cube- or octahedron-helicoid Au@Ag
shapes, three spectra of NPs were obtained from the three axes in a
right-angled coordinate system. Electric field distributions were
recorded by frequency domain profile monitor.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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