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Understanding chirality, or handedness, in molecules is important
because of the enantioselectivity that is observed in many
biochemical reactions1, and because of the recent development
of chiral metamaterials with exceptional light-manipulating
capabilities, such as polarization control2–4, a negative refractive
index5 and chiral sensing6. Chiral nanostructures have been
produced using nanofabrication techniques such as lithography7
and molecular self-assembly 8–11, but large-scale and simple
fabrication methods for three-dimensional chiral structures remain
a challenge. In this regard, chirality transfer represents a simpler
and more efficient method for controlling chiral morphology12–18.
Although a few studies18,19 have described the transfer of molecular
chirality into micrometre-sized helical ceramic crystals, this
technique has yet to be implemented for metal nanoparticles with
sizes of hundreds of nanometres. Here we develop a strategy for
synthesizing chiral gold nanoparticles that involves using amino
acids and peptides to control the optical activity, handedness
and chiral plasmonic resonance of the nanoparticles. The key
requirement for achieving such chiral structures is the formation of
high-Miller-index surfaces ({hkl}, h ≠ k ≠ l ≠ 0) that are intrinsically
chiral, owing to the presence of ‘kink’ sites20–22 in the nanoparticles
during growth. The presence of chiral components at the inorganic
surface of the nanoparticles and in the amino acids and peptides
results in enantioselective interactions at the interface between
these elements; these interactions lead to asymmetric evolution of
the nanoparticles and the formation of helicoid morphologies that
consist of highly twisted chiral elements. The gold nanoparticles
that we grow display strong chiral plasmonic optical activity (a dissymmetry factor of 0.2), even when dispersed randomly in solution;
this observation is supported by theoretical calculations and direct
visualizations of macroscopic colour transformations. We anticipate
that our strategy will aid in the rational design and fabrication of
three-dimensional chiral nanostructures for use in plasmonic
metamaterial applications.
To control the chiral morphology of gold nanoparticles through
molecular interactions of amino acids or peptides with high-index surfaces, we devised an aqueous-based, two-step growth method involving organothiol additives. As the first step, low-index-plane-exposed
gold nanoparticles of uniform size were synthesized using the wellestablished seed-mediated method23–25. In the second step, cysteine
or cysteine-based peptides with chiral conformations were used to
encode chirality into the gold nanoparticles. The molecules were added
to the growth solution, in which the pre-synthesized low-index-planeexposed gold nanoparticles evolved into high-index-plane-exposed
nanoparticles as a result of the reduction of Au+ ions (see Methods for
detailed experimental procedure). Au–S bonding and interactions of
other functional groups in the amino acid or peptides are also involved
in the nanoparticle growth process. Peptide-sequence-specific interactions have been investigated as a way of controlling the growth of
nanomaterials and their optical properties26–28. Changes in growth

components, such as the peptide sequence and concentration, and in
seed morphology affect the growth kinetics and induce the dynamic
morphological evolution of low-index-plane-exposed gold seed nanoparticles into chiral nanoparticles.
Circular dichroism and scanning electron microscopy (SEM) analyses confirm the synthesis of chiral plasmonic nanoparticles (Fig. 1).
Notably, the conformation of the molecule used for synthesis controlled
the handedness of the resulting nanoparticles. When l- or d- amino
acids were added during the nanoparticle growth process, the nanoparticles that formed had the opposite handedness. Optical responses followed the handedness of nanoparticles. For example, when l-cysteine
(l-Cys) and d-cysteine (d-Cys) were used as additives, the associated
extinction spectra of the synthesized nanoparticles were identical and
depended on only the overall particle size (Extended Data Fig. 1a).
However, the measured circular dichroism spectra were inverted with
respect to each other, but had the same peak positions, at 569 nm and
699 nm (Fig. 1a). In both the cases, the morphologies of the synthesized
nanoparticles were cube-like, with a side length of 150 nm. An interesting feature of the nanoparticles synthesized using l-Cys and d-Cys
is that the vertices protrude and the edges, which typically bridge two
vertices in a cube, are split into two. As shown in the insets of Fig. 1b,
the two split edges for the l-Cys nanoparticles point in opposite directions (one into and the other out of the cube), with a tilt angle of −ϕ.
In the case of the d-Cys nanoparticles, the split edges were tilted in the
opposite direction, at an angle of + ϕ (Fig. 1c). Along the [111] view, the
tilted edges protrude as tripods at each vertex of a cube, thereby contributing to the chirality of the synthesized gold nanoparticles (Fig. 1b,
right inset). These tripods, which are 40 nm thick and 100 nm long,
assemble, making nanometre-scale gaps inside a helicoid cube. The
right-handed chiral structures, synthesized using l-Cys as an additive,
exhibit increased absorption of left circularly polarized light at 569 nm,
whereas the opposite chiro-optical response is observed for the lefthanded chiral structures, synthesized using d-Cys. The yield of the
chiral nanoparticles using this synthesis approach was about 81% (of a
total of 989 nanoparticles) (Extended Data Fig. 1a).
The development of chiral morphology is a result of the different
growth rates of the two oppositely chiral high-index planes of gold in
the presence of l-Cys or d-Cys. Under our growth conditions, the
absence of cysteine resulted in a stellated octahedron, differentiated by
{321} facets (Fig. 2a, Extended Data Fig. 2a). (The synthesis method
reported here can also be used to modify other stellated nanostructures29,30.) We assigned the {321} indexing by analysing the relative
angles of each edge in transmission electron microscopy (TEM) images
¯ /m
(Extended Data Fig. 2c, d). The stellated octahedron has 4/m32
point-group symmetry, defined by 48 identical triangular faces. The
{321} facets are in the R (clockwise rotation, (321)R) or S (anticlockwise
rotation, (321)̄ S) conformation, defined by the rotational direction of
the low-index planes (or microfacets) (100), (110) and (111), as outlined black in Fig. 2b20–22. In Fig. 2a, the pairs of {hkl} planes with R and
S conformation (within the rhombus ABA′B′) are indicated in purple
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Fig. 1 | Opposite handedness of three-dimensional plasmonic helicoids
controlled by cysteine chirality transfer. a, Circular dichroism spectra
of chiral nanoparticles synthesized using l-Cys (black) and d-Cys (red).
b, SEM image of l-Cys nanoparticles. The highlighting in the insets
illustrates the fact that the edges (solid lines) are tilted by an angle −ϕ

with respect to the vertices (red dots) and cubic outline (dashed lines), as
viewed along the [100] (left) and [111] (right) directions. c, SEM image
of d-Cys nanoparticles. The inset highlights the tilted edges (solid lines),
cubic outline (dashed lines) and tilt angle (+ ϕ).

and yellow, respectively. The R and S triangular regions alternate and
their distribution is essentially symmetric and achiral. We observe that
the chiral morphologies developed as a result of the shifting and tilting
of specific R–S boundaries. We present a detailed analysis of the
time-dependent evolution when using l-Cys as the additive in the
following.
The addition of low-index-plane-exposed cube-shaped seeds into
the second-step solution containing l-Cys begins the growth. To monitor the evolution of morphology, nanoparticles were grown for different reaction times from 10 min to 120 min. The underlying mechanism
of the evolution is most clearly evident in the 20-min case, in which the
g-factor (see Methods) starts to increase over the next 20 min (Fig. 2c, d,
Extended Data Fig. 4d). For clear visualization, the rhombus ABA′B′,
which consists of two sets of R and S regions, is displayed schematically
(Fig. 2c, d, top) and marked with red dots and dotted white lines in the
corresponding SEM images (Fig. 2c, d, bottom). Substantial changes,
such as splitting, movement and overgrowth, were found at the R–S
boundaries AC and A′C in the rhombus ABA′B′, and the 12 equivalent
boundaries changed in the same manner. AC and A′C were both tilted
by −ϕ towards the S regions and protruded with distortion, as indicated by the red-patterned area and arrows in Fig. 2c, d. In the [111]
and [100] directions, the chiral elements formed three- and four-fold
symmetry, respectively. As shown in the sequential images of the
growth process (Extended Data Fig. 2e, f), the twisted edges continued
to thicken, growing laterally and evolving into the final morphology,
in which the elongated edges are twisted inwards (Fig. 2e). As the mirror symmetry of the R and S regions was broken by the distortion, the
¯ /m point-group symmetry of the stellated octahedron changed
4/m32
to 432 symmetry. We therefore designate any nanoparticle with this
chiral morphology as a ‘432 helicoid I’. When using d-Cys as the additive in the second-step solution, the R–S boundaries AC and A′C are
tilted by + ϕ towards the R regions, resulting in a 432 helicoid I with
opposite chirality.
In high-resolution TEM images (Extended Data Fig. 3a), the steps
and terraces on the facets of a chiral nanoparticle at an early stage of
growth (20 min) reveal the Cys adsorption on the high-index plane.
In addition, the increased adsorption energy, as demonstrated by
temperature-programmed desorption and electrochemical desorption studies, suggests that the molecules bind to a high-index surface
(Extended Data Fig. 3b, c). N-terminal blocking of l-Cys completely
inhibits the formation of chiral particles, and C-terminal blocking
reduces the g-factor (Extended Data Fig. 5a). These data imply that

the thiol and amine groups bind with the ‘kinks’ on the {321} facets.
This mechanism is also supported by previous studies31–33, which
have shown that the relative location of an amine group with respect
to a thiol is the main determinant of the different binding affinities to
R or S kink sites. Therefore, the preferred interaction of l-Cys with
the {321} planes in the R regions leads to slower growth in the vertical direction on the R regions than on the S regions. For this reason,
the R–S boundary shifts from the R to the S region, accompanied by
asymmetric overgrowth.
The surface coverage of l-Cys is estimated to be 0.01 monolayers
(0.028 nmol cm−2) at the optimal concentration (at which 432 helicoid
I exhibits the highest g-factor) (Extended Data Fig. 4a–c, Methods).
This low coverage seems to be necessary for chiral-selective growth—
weak-binding motifs such as amine and carboxylic groups would be
interfered with at high concentrations (Extended Data Fig. 4g). In addition, from a screening experiment with several peptide sequences, we
found that other functional groups as well as thiol are key to determining the chiral morphology (Methods).
One of the most interesting results of our study is that the addition
of l-glutathione (l-GSH) instead of l-Cys or d-Cys induces a completely different chiral morphology, by shifting a different R–S boundary (Fig. 2f–h). We observe a change in the four outer boundaries of
the rhombus ABA′B′ instead of in the inner AC and A′C boundaries,
as was observed in the case of l-Cys. Note that AC and A′C are convex,
whereas BC and B′ C are concave. AB and A′B′ both expand outwards,
while the other boundaries ( AB′ and A′B) move inwards, distorting the
boundary of the rhombus ABA′B′ (Fig. 2f ). Consequently, a
pinwheel-like chiral structure with clockwise rotation and four-fold
symmetry appears along the [100] direction (Fig. 2g, h). We refer to
any nanoparticle with this helicoid morphology as a ‘432 helicoid II’.
A low-magnification SEM image shows uniformly synthesized 432
helicoid II particles (Extended Data Fig. 1b).
The different growth directions of 432 helicoids I and II can be
understood at the atomic level by looking at the facets with (321)R
conformation surrounded by those with (312)S and (231)S conformation in the [111] direction (Extended Data Fig. 5b–d). (321)R structures
are composed of a (111) terrace and alternating (100) and (110) microfacets. Different orders of (100) and (110) alternation result in opposite
chirality, such as (312)S or (231)S. AC, which is important in 432 helicoid I, is the boundary of (321)R and (231)S; AB, which is important in
432 helicoid II, is the boundary of (321)R and (312)S. This property
̄
indicates that l-Cys and l-GSH shift the AC boundary in the [101]
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Fig. 2 | Mechanism of chirality evolution through the interplay between
the enantioselective binding of molecules and the asymmetric growth
of high-index facets. a, Schematic of a stellated octahedron, differentiated
by high-index facets consisting of {321}S, (S region, yellow) and {321}R
(R region, purple) configurations. The vertices of the [111], [100] and
[110] directions are indicated as A, B and C, respectively; A′ and B′ refer to
the symmetric points of A and B, respectively. b, Comparison of the
atomic arrangement of the (321)R and (321)̄ S gold surfaces for region
indicated by the red dotted box in a. The conformation at ‘kink’ sites is
defined by the rotational direction of low-index microfacets in the
sequence (111) → (100) → (110): clockwise, R region; anticlockwise,
S region. c, d, Schematics (top) and SEM images (bottom) of R–S pairs

showing the morphological development of 432 helicoid I in the presence
of l-Cys, as viewed along the [110] (c) and [100] (d) directions. Newly
developed boundaries are indicated as red patterned areas with arrows;
each vertex is marked on the corresponding SEM image. e, Threedimensional model (top) and SEM image (bottom) of the final chiral
shape. The newly formed R region is coloured red and the chiral element is
indicated by the dashed outline. The red shaded region in e is equivalent to
the red patterned areas in c and d. f, g, Morphological development of 432
helicoid II in the presence of l-GSH. h, The corresponding final chiral
shape. The newly formed boundaries and the pinwheel-like chiral
elements of the final shape are coloured blue. Scale bars, 100 nm.

direction and the AB boundary in the [011]̄ direction, respectively. On
the {321} surfaces, the gold atoms attach to the (100) and (110) microfacets at the kink, generating a new kink. We propose that the orientation of the Cys or GSH molecule that is adsorbed could determine the
specific growth direction of the kinks. Owing to the larger molecular
size, GSH seems to interact with multiple kinks, whereas Cys interacts
with only a single kink32,33. We believe that the enantioselective interaction of l-GSH also benefits from the flexibility of the γ-peptide linkage, as supported by experiments with other GSH derivatives (Extended
Data Fig. 5e). Calculations based on density functional theory and
molecular dynamics are needed to identify other peptide sequences
that affect single or multiple R–S boundaries and twist them
multi-dimensionally.
The strongest optical activity among the nanoparticles that we synthesized was displayed by those that were synthesized using an octahedral seed instead of a cubic seed and therefore exhibit another type of
chiral structure; we designate any such nanoparticle as a ‘432 helicoid
III’. 432 helicoid III nanoparticles have pinwheel-like structures—
consisting of four highly curved arms of increasing width—on each of
the six faces of the cubic geometry (Fig. 3a, b, Extended Data Fig. 6a).
Compared to 432 helicoids I and II, the chiral elements in 432 helicoid
III are twisted with larger curvature and the gaps between them are

carved more deeply in the central direction. Imaging after ion milling
using helium-ion microscopy shows the curved surfaces located inside
the gaps (Extended Data Fig. 6b). From the depth and curvature information, we construct a three-dimensional model to assign the Miller
index at each location (Extended Data Fig. 6c, d). The strong circular
dichroism signal of this structure (Fig. 3c) is largely attributed to the
highly twisted chiral structures and is consistent with the simulation
results (Fig. 3d). The g-factor of 432 helicoid III is approximately 0.2
at 622 nm, which is roughly ten and three times larger than that of
432 helicoids I and II, respectively (Fig. 3e). The g-factors of various
chiral nanostructures are compared in Extended Data Table 1. The
g-factor of 432 helicoid III is larger than that of any other chiral nanostructure fabricated using bottom-up approaches. The exceptionally
strong chiro-optical properties of 432 helicoid III may have resulted
from the high-order plasmonic modes of large continuous chiral particles (Extended Data Fig. 7). The intensity difference for the electric
and magnetic near-fields (Fig. 3f) is consistent with the macroscopic
asymmetric response of 432 helicoid III to circularly polarized light.
Interestingly, in contrast to a symmetric sphere, the induced magnetic dipole moment of 432 helicoid III cannot be perpendicular to
the induced electric dipole moment. We also find that several other
structural changes, such as edge length, gap width, gap depth, gap angle
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Fig. 3 | Morphology and optical activity of 432 helicoid III. a, SEM
image of 432 helicoid III nanoparticles evolved from an octahedral seed.
b, Three-dimensional models (left) and corresponding SEM images (right)
of 432 helicoid III oriented in various directions. Scale bars, 100 nm.
c, d, Experimental (c) and theoretical (d; based on a finite-difference
time-domain method) circular dichroism and extinction spectra of
432 helicoid III. e, Comparison of the dis-symmetry g-factors of the
synthesized helicoid structures and other nanoparticles (SEM images
are shown in Extended Data Fig. 5e, f). A-C, l-alanyl-l-cysteine; Y-C,

l-tyrosyl-l-cysteine; C-C, l-cysteinyl-l-cysteine; γ-E-C, γ-l-glutamyl-lcysteine; E-C-G, l-glutamyl-l-cysteinyl-glycine; γ-E-C-A, γ-l-glutamyll-cysteinyl-l-alanine. f, Theoretical calculation of the dependence of local
electromagnetic fields on the handedness of circularly polarized light. The
asymmetric responses of the electric (left; E) and magnetic (right, B) fields
are displayed by the differences in these fields under excitation by left
circularly polarized (LCP) and right circularly polarized (RCP) light. The
colour scale indicates the magnitude of the field difference, with red (blue)
indicating a positive (negative) difference.

and curvature, affect the chiro-optical activity of the nanoparticles
(Extended Data Figs 8, 9, Methods).
As a result of the large g-factor of the helicoid nanoparticles, a
macroscopically distinguishable change in their colour is possible by
controlling the polarization. The circular dichroism spectrum and
the corresponding optical rotatory dispersion spectrum for 432 helicoid III are presented in Fig. 4a, and the output polarization state was
measured directly at four wavelengths using linearly polarized incident
light (Fig. 4b). The largest ellipticity (χ = −28.7°, left circular polarization) was observed at 635 nm and the azimuthal rotation (ψ) changed
gradually from −7.9° to + 29° as the wavelength was increased. The
conversion from linearly to elliptically polarized light by 432 helicoid
III is clear under cross-polarized conditions. Although the achiral nanoparticles did not exhibit any transmission (Fig. 4c, left), a solution of
432 helicoid III nanoparticles showed bright yellow cross-polarized
transmission, which reflects a pronounced polarization-rotating ability
at visible wavelengths (Fig. 4c, right). Further, we confirmed the isotropic response and Lorentz reciprocity of the nanoparticles (Extended
Data Fig. 10a, b). Changing the size of 432 helicoid III nanoparticles by
controlling the initial seed concentration caused a resonance shift of the

resulting nanoparticles, with λmax (the wavelength at which the maximum g-factor is observed) increasing from 552 nm to 668 nm (Fig. 4d,
Extended Data Fig. 10c). This modification also enabled gradual tuning
of the transmitted colours under cross-polarized conditions (0°, dotted
box in Fig. 4e). In addition, rotation of the analyser reversibly generated
various transmitted colours, thereby providing a versatile method of
colour modulation that reflects the optical rotatory dispersion response
(Fig. 4e, Extended Data Fig. 10d, Supplementary Video 1). In contrast
to the symmetric pattern for achiral nanoparticles, the colour transition of 432 helicoid III was continuous and asymmetric (Fig. 4e),
forming elliptical traces in the chromaticity diagram (Extended Data
Fig. 10e–h). The colour transformation of 432 helicoid III was dynamic
and covered a wide range of colours.
We envision that the biomolecular approach presented here for the
evolution of chirality in a plasmonic helicoid has technological potential for the development of biologically responsive and tunable metamaterials. Using this approach, chiral elements were arranged within
cube-like structures with a side length of only about 100 nm, resulting
in three-dimensional, angle-insensitive plasmonic metamaterials. We
believe that conformation control using long peptides or other chiral
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Fig. 4 | Visible light polarization control by 432 helicoid III solution.
a, Circular dichroism and optical rotatory dispersion spectra of 432
helicoid III. b, Output polarization states measured at the wavelengths
indicated in a: 561 nm (i), 635 nm (ii), 658 nm (iii) and 690 nm (iv). The
polarization ellipses at each wavelength expressed in terms of the ellipticity
(χ) and azimuthal rotation (ψ) are: χ = 1.7° and ψ = −7.9° at 561 nm;
χ = −28.7° and ψ = 2.6° at 635 nm; χ = −20.7° and ψ = 26.6° at 658 nm;
and χ = −4.8° and ψ = 29.0° at 690 nm (x and y are the horizontal and
vertical components of the electric-field vector). c, Photographs of achiral
(left) and 432 helicoid III (right) solutions, showing the light transmitted

under cross-polarized conditions. d, Circular dichroism spectra of 432
helicoid III for different values of λmax (the wavelength of the maximum
g-factor). Seven spectra were obtained from differently sized 432 helicoid
III nanoparticles with various resonance peaks (552 nm, 561 nm, 577 nm,
594 nm, 614 nm, 637 nm and 668 nm). e, Polarization-resolved colours of
light transmitted through seven different 432 helicoid III solutions with
different λmax values (shown on the right) and an achiral nanoparticle
solution (top row). The rotational angle of the analyser was increased
from −10° (left-most) to 10° (right-most) (see Methods). An angle of 0°,
indicated by the dashed box, represents cross-polarized conditions.

biomolecules will enable the synthesis of other sets of chiral symmetry groups. Further, insights from this study could provide theoretical
guidelines for designing artificial chirality and chiro-optical properties
for active colour displays, holography, reconfigurable switching, chirality sensing and all-angle negative-refractive-index materials.
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Methods

Chemicals. Hexadecyltrimethylammonium bromide (CTAB, 99%), l-ascorbic
acid (AA, 99%) and tetrachloroauric(iii) trihydrate (HAuCl4·3H2O, 99.9%) were
purchased from Sigma-Aldrich. l-cysteine hydrochloride monohydrate (99%,
TCI), d-cysteine hydrochloride monohydrate (99%, TCI), l-cysteine ethyl ester
hydrochloride (99%, TCI), N-acetyl-l-cysteine (98%, TCI), l-glutathione (γ-EC-G, 98%, Sigma-Aldrich), l-glutathione ethyl ester (90%, Sigma-Aldrich) and
γ-l-glutamyl-l-cysteine (γ-E-C, 80%, Sigma-Aldrich) were obtained commercially and used without further purification. Di- and tri-peptides, l-alanyl-lcysteine (A-C, > 98%), l-prolyl-l-cysteine (P-C, > 98%), l-cysteinyl-l-cysteine
(C-C, > 98%), l-tyrosyl-l-cysteine (Y-C, > 98%), l-glutamyl-l-cysteinylglycine (E-C-G, > 98%) and γ-l-glutamyl-l-cysteinyl-l-alanine (γ-E-C-A, > 98%)
were provided by GenScript and prepared in hydrochloride salt form before use.
All aqueous solutions were prepared using high-purity deionized water
(18.2 MΩ cm−1).
Synthesis of chiral nanoparticles. Cubic and octahedral seeds were synthesized
as reported previously24,34. Before use, both types of seed nanoparticle were centrifuged (6,708g, 150 s) twice and dispersed in aqueous CTAB (1 mM) solution. In
a typical synthesis, a growth solution was prepared by adding 0.8 ml of 100 mM
CTAB and 0.2 ml of 10 mM gold chloride trihydrate into 3.95 ml of deionized water
to form an [AuBr4]− complex. Au3+ was then reduced to Au+ by the rapid injection
of 0.475 ml of 100 mM AA solution. The growth of chiral nanoparticles was initiated by adding 5 μl of amino acid or peptide solution and 50 μl of seed solution into
the growth solution. For the preparation of 432 helicoid I, cubic seed solution was
added to the growth solution and then, after a 20-min incubation, 100 μM cysteine
was added. To prepare 432 helicoid II, 2 mM glutathione was added to the growth
solution, followed by the addition of cubic seed solution. To prepare 432 helicoid
III, 5 mM glutathione was added to the growth solution, followed by the addition
of octahedral seed solution. The growth solution was placed in a 30 °C bath for 2 h,
and the pink solution gradually became blue with large scattering. The solution was
centrifuged twice (1,677g, 60 s) to remove unreacted reagents and was re-dispersed
in a 1 mM CTAB solution for further characterization.
Characterization. Extinction and circular dichroism (CD) spectra were obtained
using a J-815 spectropolarimeter instrument (JASCO), and optical rotatory dispersion (ORD) spectra were measured using an additional ORD attachment. To
check the Lorentz reciprocity, we prepared solutions of nanoparticles and particles
attached on the substrate. The CD spectrum of each sample condition was measured in the forwards and backwards directions by changing the direction of the
sample relative to the incident light.
Kuhn’s dis-symmetry factor (g-factor) is a dimensionless quantity that is useful
for quantitative comparisons of chiro-optical properties among different systems
and was calculated from the measured extinction and CD values using:

g -factor = 2

AL − AR
CD
∝
AL + AR extinction

SEM images were taken with a SIGMA system (Zeiss). TEM images were captured
using a JEM-3000F system (JEOL).
The polarization-rotating ability of 432 helicoid III was evaluated from polarizationstate measurements using an optical configuration consisting of a laser source, iris,
linear polarizer, quarter-wave plate, sample and polarimeter. The output polarization state was measured using a PAX5710VIS-T rotating-wave plate Stokes
polarimeter (Thorlabs). Laser sources with centre wavelengths of 561 nm (CNI
MGL-FN-561, DPSS Laser), 635 nm (Hitachi HL6321G laser diode), 658 nm
(Hitachi HL6501MG laser diode) and 690 nm (Hitachi HL6738MG laser diode)
were used. For the measurements, a solution of randomly dispersed 432 helicoid
III nanoparticles was added to a quartz cell with a path length of 10 mm, and was
then irradiated with a vertically polarized incident beam. A quarter-wave plate was
used with a linear polarizer to compensate for any polarization interference caused
by other optical parts of the system.
Macroscopic colour changes in transmitted light were detected by polarizationresolved transmission measurements with an optical configuration consisting of
a white-light illumination source, iris, linear polarizer, sample, linear polarizer
(analyser) and digital camera. The sample was placed between two crossed linear
polarizers (0° represents cross-polarized conditions) and was irradiated with a
collimated cold white-light source. The angle of the analyser was changed from
−10° (clockwise) to + 10° (anticlockwise) in steps of 1° from the orthogonal configuration, which enables different wavelengths of light to propagate, rendering
different colours of transmitted light. While rotating the analyser, the colour transition of the transmitted light was observable by the naked eye and was recorded
with a digital camera (D90, Nikon).
Quantification of amino acids and peptides. To quantify the amount of Cys
and GSH on the 432 helicoids I and II, a thiol-selective dye-based fluorometric
assay was performed. After complete growth in growth solution (100 nM l-Cys

for 432 helicoid I and 2.5 μM l-GSH for 432 helicoid II), the chiral nanoparticles
were centrifuged and washed three times to remove the remaining chemicals in
solution except the molecules adsorbed on the nanoparticle surface. By adding
NaBH4 to the nanoparticle solution, the reductive desorption reaction of adsorbed
thiolate molecules (Au–SR) started immediately, and free thiol molecules (RS−)
were released to the solution as follows: Au–SR + e− → Au + RS− (Extended Data
Fig. 4a)35,36. The final concentration of NaBH4 was 25 mM and the final volume of
the solution was fixed to 100 μl. After 5 min of incubation, the nanoparticles were
centrifuged again and clear supernatant solutions containing the released Cys or
GSH molecules were collected and incubated for 1 day in 25 °C to decompose the
remaining NaBH4.
Quantification of Cys and GSH on the 432 helicoids I and II was carried out by
using thiol-selective dye (Thiol detection assay kit, Cayman Chemical, 700340).
The sample was diluted in the reaction buffer (10 mM phosphate buffer with 1 mM
EDTA, pH 7.4). The thiol-selective dye reacted spontaneously with the free thiol of
Cys or GSH in the sample solution, producing a fluorescent derivative (Extended
Data Fig. 4a). The fluorescence signal of the sample was recorded by using an
excitation wavelength of 405 nm and an emission wavelength of 535 nm. For the
relative quantification, the standard solution was prepared under the same conditions and measured in the concentration range 0–5 μM. The standard concentration curve showed good linearity, with R2 = 0.999 (Extended Data Fig. 4b). The
quantified amounts of Cys and GSH on the surface of 432 helicoids I and II were
98.9 ± 22.6 pmol and 280.2 ± 90.2 pmol, respectively.
The adsorption amount of GSH during the synthesis of 432 helicoid II was monitored over time (Extended Data Fig. 4e). To stop the growth at different stages, the
particles were centrifuged out every 10 min. After the centrifugation was repeated
three times to remove the remaining chemicals, the quantification experiment for
GSH was performed as described above.
Calculation of surface coverage. To convert the measured concentration of molecules to the surface coverage, we estimated the total surface area of the 432 helicoid
I and II samples. According to extinction measurements for the seed nanoparticles, the total number of nanoparticles in each sample batch was measured to be
NNP = 1.53 × 109 ml−1. The surface area of a single 432 helicoid I nanoparticle was
ANP,H1 = 2.31 × 10−9 cm2, and that of helicoid II was ANP,H2 = 1.78 × 10−9 cm2,
approximated from the schematic three-dimensional models in Extended Data
Fig. 1. Therefore, the total surface area of the nanoparticles in each sample were

Atotal = NNPANP ,

Atotal,H1 = 3.53 cm2,

Atotal,H2 = 2.72 cm2

The surface coverage of Cys and GSH in 432 helicoids I and II was calculated from
the quantification results and the estimated total surface area of the nanoparticle
samples, as shown in Extended Data Fig. 4c. The surface density of Cys and GSH
was 0.028 nmol cm−2 and 0.103 nmol cm−2, respectively. These values correspond
to 0.01 and 0.22 monolayers, respectively, calculated from the reported maximum
coverage37,38. On the basis of the surface density estimate, the average intermolecular distance for Cys and GSH is expected to be 2.5 nm and 1.3 nm, respectively.
Therefore, we conclude that, under optimized conditions, both molecules have
enough room to bind multiple functional groups, as is necessary for enantioselective recognition.
Adsorption study of Cys and GSH on {321} nanoparticles. To compare adsorption kinetics, we measured the amount of adsorbed Cys and GSH on {321} nanoparticles. The {321} nanoparticles were incubated in Cys and GSH solution with
different concentrations from 0.5 μM to 10 μM. After 2 h of incubation, the nanoparticles were centrifuged and the clear supernatant solutions that contained the
remaining molecules were collected for quantification using thiol-specific dye.
The adsorbed amount was calculated by subtracting the measured supernatant
concentration from the initial concentration (Extended Data Fig. 4f). Given the
concentration, a larger amount of Cys was attached to the high-indexed surface
compared to GSH. In addition, a similar trend is reflected in the formation of chiral morphology. Owing to this fast loading of Cys, only 0.1 μM is required for 432
helicoid I, whereas molecules that are 25 times larger are needed for 432 helicoid
II to achieve a chiral morphology (Extended Data Fig. 4g, h).
Effects of functional group on chiral morphology. We investigated the effects
of functional groups on the resulting morphology of the gold nanoparticles to
further understand the amino acid and peptide interactions with the gold surface
at a molecular level (Extended Data Fig. 5). The N terminus of the amino acid or
peptide that was added was a critical parameter in determining the chiral shape.
For example, blocking an amine group in l-Cys greatly reduced chirality (Extended
Data Fig. 5a). Different N-terminal sequences modified the morphology and texture of the gold nanoparticle surface considerably. We examined several dipeptides
with N-terminal modifications of alanine, proline, cysteine and tyrosine (Extended
Data Fig. 5f). The morphology of the resulting nanoparticles was very dependent
on the peptide sequence. Such substantial morphological differences may arise
from alterations in the binding sites and the spatial arrangement of functional
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groups that are imparted by dipeptide side chains. Compared to Cys, GSH has an
elongated N terminus owing to the specific γ-Glu group. When γ-Glu is replaced
with α-Glu (E-C-G; Extended Data Fig. 5e), the chiral morphology was noticeably
degraded. In addition, nanoparticle synthesis using γ-E-C produced a different
morphology with a certain level of chirality, whereas other dipeptide cases resulted
in achiral morphologies (Extended Data Fig. 5f). These results support the idea that
the γ-Glu group has an important role in the evolution of chirality.
In addition to the N-terminal modification, substitution of the C terminus
resulted in different types of shape evolution owing to changes in the spatial
arrangement of functional groups related to the oriented attachment of amino
acids and peptides12,31. When l-Cys ethyl ester with a blocked carboxylic acid
group was used in the synthesis, the g-factor was reduced by a factor of approximately ten (Extended Data Fig. 5a). Blocking of the C-terminal carboxylic acid of
l-GSH (γ-E-C-G) generated only achiral structures (Extended Data Fig. 5e). In
addition, a different chiral morphology was developed by replacing Gly with Ala,
probably as a result of the steric hindrance near the C-terminal side. According to a
previous report39, the -COOH of the Gly moiety in GSH is involved in binding onto
the gold surface, along with the thiol and amine groups. The different chiral structure that is induced by the exchange of sequence at the C terminus suggests that
more diversified chiral structures may be synthesized by changing the C-terminal
sequence (Extended Data Fig. 5e).
Temporal evolution of chiral nanoparticles. The different molecular features of
Cys and GSH collectively influenced the morphological development and thus
led to notable changes in the final chiral morphology. To monitor the evolution of
chirality, the growth reaction was stopped at different stages by centrifugation, after
which we performed three repetitions of washing, re-dispersion and centrifugation
to remove the remaining chemicals. To obtain a detailed comparison of chiral
evolution, we analysed the temporal growth of 432 helicoids I and II in terms of
SEM (Extended Data Fig. 2e, f), g-factor (Extended Data Fig. 4d) and the amount of
GSH in a nanoparticle (Extended Data Fig. 4e).
′ boundaries between the R
In the case of 432 helicoid I, the AC and AC
and S planes started to develop and shift slightly to the S-plane direction, forming
the split edges (stage I). In stage I, the g-factor is still low because the chiral components have not developed yet. After 20 min, protruded edges (R–S boundary)
split more and these tilted edges grow laterally as the overall size of the particle
increases (stage II). As the chiral components of the tilted edges developed, the
g-factor increased rapidly.
In the case of 432 helicoid II, the evolution direction of the chiral components
′ ′ edges of the
is completely different. For the initial 30 min (stage I), the AB and AB
rhombus ABA′B′ expand with distortion. The distortion takes place gradually as
a result of the increase in the R region. Distinctive edge growth was observed only
after 40 min (stage II). During stage II, as the distorted edges became thicker, the
chiral components were more distinguishable, increasing the g-factor. According
to the quantification result (Extended Data Fig. 4e), the amount of adsorbed GSH
also increased at this growth stage. The increasing trend of adsorbed peptides with
growth time is similar to that of g-factor (Extended Data Fig. 4d). This finding
implies that the evolution of chirality is closely related to the adsorption of GSH
on the gold surface. Furthermore, different increasing trends in the g-factor
between 432 helicoids I and II indicate that contrasting binding kinetics between
Cys and GSH on the gold surface.
Numerical calculations. We analysed the optical activity of the chiral nanoparticles using a three-dimensional full-wave numerical simulation using a
commercial-grade simulator (Lumerical). The calculations were based on the
finite-difference time-domain (FDTD) method. The geometry of the simulation
model was deduced from SEM images and a mesh was constructed non-uniformly,
with a mesh size of less than 10 nm near the nanoparticles. The refractive index
of water was assigned a value of 1.33 and the optical properties of gold were taken
from a previous study40.
The FDTD simulation calculates the scattering (Csca) and absorption (Cabs)
cross-sections of a given particle. The extinction cross-section (Cext = Cabs + Csca)
is used to estimate the macroscopic absorption. According to the Beer–Lambert
law, the transmission T and absorbance A through a medium of thickness l and
filled with particles to a number density N is represented by T = I/I0 = exp(−NlCext)
and A = −log10(T). A chiral-particle medium exhibits different absorbance to left
(LCP) and right (RCP) circularly polarized light (AL and AR); the CD calculated
from this absorbance difference is approximated as

CD ≈ (AL − AR )

log(10)
log(10) 180
rad = (AL − AR )
deg
π
4
4

Here, the orientation average over 756 directions was used to account for the
random orientation of the chiral nanoparticles in a water medium. The incident
illumination of an electromagnetic wave travels in the + z direction. Under this
fixed-illumination condition, nanoparticles were rotated in three-dimensions;

the polar angle (Θ) was changed from 0° to 180° and the azimuthal angle (Φ) was
simultaneously changed from 0° to 360° (Extended Data Fig. 7d). Therefore, the
orientation-averaged extinction (〈Cext〉Ω) and CD (〈CD〉Ω) could be calculated.
The electromagnetic field near the plasmonic helicoid was calculated at a normal incidence (Θ = 0° and Φ = 0°) with a uniform mesh size of 2 nm. The electricand magnetic-field distributions on the illuminated surface were displayed at
selected wavelengths (650 nm, 950 nm and 1,200 nm); the field differences,
( E LCP 2 − E RCP 2 )/E 02 and ( B LCP 2 − B RCP 2 )/B02, are representative of the microscopic asymmetric responses, where E0 (B0) indicates an amplitude of the initial
electric (magnetic) field. We analysed the multipolar contribution to scattering
through multipole decomposition from the calculated electromagnetic-field
vectors41.
Design guidelines of chiral nanoparticles. Efforts to quantify chirality and to correlate geometric chirality with the observed chiral property have encountered many
difficulties in many disciplines42. Despite the difficulty in correlating structural
chirality with the observed macroscopic chiral properties, we tried to obtain general design guidelines for achieving large chiral responses by restricting ourselves
to certain chiral particle designs (Extended Data Fig. 8). Although there are no
universal design principles to intuitively predict the relationship between structural
chirality and the optical chiral response, we obtained chiral responses for fixed
structure designs of chiral nanoparticles using computational electrodynamics,
which can be used to successfully express the optical properties of nanoparticles;
that is, we can predict the morphologies of nanoparticles that will exhibit better
performance. However, it is impossible to study any arbitrary design using computationally intensive full-wave numerical simulations; therefore, we show only
some design guidelines for chiral nanoparticles using simplified models from SEM
images (Fig. 3a, b), retaining the characteristic four-fold rotational symmetry of
the helicoids.
To estimate the chiral properties of chiral nanoparticles, we first calculated the
scattering cross-section and absorption cross-section of a single chiral nanoparticle
at LCP and RCP incidences using FDTD with a total-field scattered-field formalism and perfectly matched layer (PML) absorbing boundaries in a water medium
(n = 1.33). We considered random orientations of the colloidal chiral nanoparticles
by rotating them to discrete orientations and averaging the results. Because the
simulation of many particles with different orientations is time consuming, we
simulated using a uniform 4-nm mesh. However, for some chiral nanoparticles
with small feature sizes (< 20 nm), a 3-nm mesh was used. We checked some of the
results against those calculated with a 1-nm mesh and found no substantial differences, although the responses obtained with a 1-nm mesh were slightly stronger.
Absorbance (abs), CD and g-factor are characterized as follows:

Nl ∑ C
2log(10)
Nl ∆C
CD =
4
∆C
g -factor = 2
∑C
abs =

where ∑ C ≡ ⟨C ext,LCP⟩Ω + ⟨C ext,RCP⟩Ω , ∆C ≡ ⟨C ext,LCP⟩Ω−⟨C ext,RCP⟩Ω ; 〈…〉Ω
represents an average over all orientations, N = 1 × 1015 m−3 is the particle number
density, and l = 1 × 10−3 m is the optical path length. With this definition, the
g-factor is constrained between −2 and 2.
It is well known that larger particles can support stronger dipole moments and
higher-order modes, which can lead to stronger extinction and chiral responses.
Extended Data Fig. 8a supports this claim, with chiral nanoparticles (samples
1–3) with increasing edge lengths (size of particle) in the same geometry showing
increasing g-factors. However, to function as a metamaterial, the meta-atom, or
chiral nanoparticle, should be smaller than the wavelength of the incident light;
hence, the size of the chiral nanoparticle is limited to some extent. Remarkably,
the optical properties of the chiral nanoparticles (both extinction and chirality)
depend strongly on their subwavelength plasmonic gap. Generally, chiral nanoparticles with narrower and deeper plasmonic gaps exhibit a stronger and redshifted
extinction and chiral response. The results are summarized in Extended Data
Fig. 8a, in which chiral nanoparticles (samples 4–7) with increasing gap widths
have decreasing g-factors and those (samples 8–14) with increasing gap depths have
increasing g-factors of more than 0.7. These stronger and redshifted features may
originate from a stronger dimeric coupling between the two domains separated by
the plasmonic gap. This could be explained by the plasmon-hybridization model,
which explains the behaviour of closely coupled plasmonic nanostructures due to
the electrostatic dipole–dipole interaction resulting in an enhanced and stabilized
(redshifted in wavelength) response43. We also found an enhanced electric field
near the plasmonic gaps in Extended Data Fig. 8b, which can result in enhanced
dipole moments. This field enhancement increased as the plasmonic gap became
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narrower and deeper. We also studied chiral nanoparticles (samples 16–19) with
different gap angles, which is essential for the broken parity symmetry and chiral
response. An achiral nanoparticle with a gap angle of 0° or 90° will not exhibit any
chiral response; however, it is still difficult to quantify the structural chirality of
the other chiral nanoparticles studied here.
We also simulated chiral nanoparticles with more complex geometries
(Extended Data Fig. 8c). The difficulty in correlating structural chirality to the
observed chiral properties is also addressed by the decreasing g-factor of chiral
nanoparticles with increases in certain curvatures in samples 20–22. As stated
above, structural chirality cannot be quantified and we generally rely on numerical methods or experiments to predict chiral properties. In samples 23–26, the
extinction of elongated chiral nanoparticles showed noticeable changes due to an
increase in size, but their g-factors remained similar despite large changes in their
aspect ratio and size, of up to a factor of three. The four-fold symmetry of our chiral
nanoparticle gets broken, and the orientation dependence of responses becomes
larger. In sample 32, the triangular plate also showed noticeable orientationdependent responses. This anisotropic response has commonly been observed in
canonical chiral systems, such as helices, twisted-nanorods and helical arrangements of nanoparticles, and is responsible for the lowering of the average chiral
response. In samples 27–31, different chiral particle designs, such as hollow chiral
nanoparticles, were constructed by removing cubic domains inside the chiral nanoparticle. In samples 27 and 28, which have small void sizes, the particles did not
exhibit noticeable change in their responses. However, chiral nanoparticles with
large voids (samples 29–31) had g-factors of more than 0.9—the strongest g-factor
of these simulations. These hollow chiral nanoparticles have very thin outer shells
and exposed insides. Interestingly, strongly enhanced and redshifted responses
were observed despite the greatly reduced volume.
The properties of small chiral particles or chiral molecules are often explained
using electric and magnetic dipole moments. This description is consistent for
small chiral systems with spectrally overlapping absorption and chiral responses,
which essentially limit the available g-factor. Interestingly, we observed enhanced
g-factors along with enhanced CD despite increasing extinction and CD. This is
because their peaks do not appear at the same wavelength and the CD peak appears
between the fundamental and higher-order modes of extinction. This separation
of the extinction modes appears with the redshifted response and may arise from
higher-order plasmon modes. The excitation of higher-order modes using plasmon
hybridization has often been reported in the field of plasmonic metamaterials43
and could have a role in our chiral nanoparticles, in which nanogaps much smaller
than the wavelength effectively change the overall response.
In summary, we have developed some general guidelines for designing chiral
nanoparticles with high g-factors. First, both the extinction (absorbance) and
chiro-optical response (CD, g-factor) depend on the size of chiral nanoparticles.
This is because a larger particle supports stronger dipolar modes and even higherorder modes, resulting in stronger extinction and chiro-optical responses. Second,
in general, the chiro-optical properties of chiral nanoparticles depend strongly
on their ‘gap’. Although the feature size of these gaps is much smaller than the
wavelength, plasmonics allows considerable changes in response with subtle morphology differences. Narrower and deeper gaps allow stronger and redshifted chirooptical responses as well as extinction, which could originate from stronger dimeric

plasmon coupling. The high-performance plasmonic chiral systems reported so far
often have discrete particles that are coupled to achieve the enhanced responses.
These chiral systems have linker molecules, such as DNA, to maintain their conformations. A single continuous chiral nanoparticle could have a similar property
owing to the gaps that are deep and long. Therefore, designing chiral nanoparticles
with high performance requires control over gap formation. Third, hollow chiral
nanoparticles could achieve highly enhanced chiro-optical properties with g-factor
of 0.9. In addition, the redshifted response without an increase in particle size could
be beneficial because it decreases the particle-size-to-wavelength ratio, which brings
this particle medium closer to the definition of a metamaterial.
Data availability. The data that support the findings of this study are available
from the corresponding authors on reasonable request.
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Extended Data Fig. 1 | Chiral morphology and characterization of 432
helicoids I and II. a, Large-area SEM image of 432 helicoid I. l-Cys was
used as an additive. Inset, extinction spectra of 432 helicoid I synthesized

using l-Cys and d-Cys. b, Large-area SEM image of 432 helicoid II,
synthesized with l-GSH.
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Extended Data Fig. 2 | Chiral morphology development of 432
helicoids I and II. a, Schematic illustration of stellated octahedron with
differentiated {321} facets ({321} nanoparticle). Each triangular facet of a
stellated octahedron is divided into two convex {321} facets with R and S
surface conformation. b, SEM images showing the detailed geometry of a
{321} nanoparticle. c, Bright-field TEM image along the [110] direction
showing angles (α, β, γ) between the eight outermost edges. d, Calculated
angles between the outermost edges of an {hkl}-enclosed nanoparticle.

The exposed facets of the nanoparticle in c were indexed as {321}.
e, Schematic illustration of the time-dependent evolution of 432 helicoids
I and II. All models are viewed along the [110] direction. Starting from
a {321}-indexed nanoparticle with an equal ratio of R and S regions,
different R–S boundaries are split, thickened and distorted. f, SEM images
of 432 helicoids I and II at different growth times. The chiral components
that developed in 432 helicoids I and II are highlighted in red and blue,
respectively.
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Extended Data Fig. 3 | Interaction of l-Cys with high-index planes.
a, Atomic structure of a chiral nanoparticle at the initial stage. SEM image
(i) and TEM images (ii and iii) of a chiral nanoparticle after 20 min of
growth. Because the nanoparticle was oriented along the 〈110〉 direction,
the projected boundaries in the TEM image consist of chirally distorted
edges. The high-resolution TEM image of distorted edges corresponds to
the red dotted box in ii. The atoms of the microfacets are marked with
coloured circles, and different colours are assigned to the Miller index of
each microfacet. Using microfacet nomenclature, the microstructure of
(551) can be divided into three units of (111) and two units of (111)̄ . Inset,
corresponding fast Fourier transform (FFT) showing typical patterns
̄ zone. b, Temperature-programmed desorption spectra of
along the [110]
l-Cys of 432 helicoid I and a low-index cubic nanoparticle, with

monitoring of CO2 (m/q = 44 amu). As the temperature was raised at a rate
of 3 K min−1, helium carrier gas flowed over the dried nanoparticle sample.
The distinguishable temperature-programmed desorption peak at 635 K
for 432 helicoid I indicates a specific interaction of l-Cys with a kink atom
on the gold surface. Cys on the cube (100) surface shows no observable
peak at high temperatures. c, Cyclic voltammograms for a cube, a highindex stellated octahedron (with differentiated {321} facets) and 432
helicoid I, with l-Cys measured in 0.1 M KOH-ethanol solution at a scan
rate of 0.1 V s−1. Negative peaks between about −1.8 V and −1.1 V
originate from the reductive desorption of l-Cys by the cleavage of an
Au–S bond, Au–SR + e− → Au + RS−. Desorption peaks at more negative
potentials indicate the higher adsorption energy of l-Cys on high-index
gold surfaces.
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Extended Data Fig. 4 | Comparison of Cys and GSH by time-dependent
concentration quantification and adsorption assay. a, Schematic
experimental procedure for thiol quantification on the gold surface. The
reduction of thiolate by NaBH4 cleaved the Au–S bond, and the thiol group
of the released molecule spontaneously reacted with the thiol-specific
dye, producing a fluorescent derivative. The excitation and emission
wavelengths were 405 nm and 535 nm, respectively. b, Concentration curve
from 0 μM to 5 μM for a fluorometric assay of l-Cys. The linear fitting and
corresponding R2 value show good linearity within the measured range.
c, Measured surface density of l-Cys and l-GSH for 432 helicoids I and II,
respectively. Surface coverage is calculated using the previously reported
surface densities of l-Cys and l-GSH at the fully saturated monolayer
condition. Mean ± s.d. (n = 3) is shown. d, Increase in g-factor of 432
helicoids I (Cys) and II (GSH) with time. The CD signal was measured
and the normalized g-factor is displayed every 5 min during growth.
The maximum g-factors (gmax) of 432 helicoids I and II at 120 min were

0.02 and 0.04, respectively. e, Amount of GSH adsorbed on 432 helicoid
II at different growth times. For a detailed quantification of the amount
of GSH on a nanoparticle, see Methods. f, Adsorption study of Cys and
GSH on {321} nanoparticles. Different concentrations of Cys and GSH
were added and aged for 2 h, and the amount of adsorbate was measured
by subtracting the Cys and GSH concentrations in the supernatant
from the initial concentration. See Methods for a detailed Cys and GSH
quantification study. g, h, Effect of Cys and GSH concentrations on
chiral morphology. SEM images of chiral nanoparticles synthesized with
different concentrations of Cys (g) and GSH (h). The highest g-factor
was observed at the optimum amino acid and peptide concentration
(red text). At low concentrations, only achiral nanoparticles formed, but
with incremental additions, chiral edges started to appear. An excess
of molecule results in the overgrowth of edges and a greatly decreased
CD signal, indicating that an optimal concentration exists for chirality
formation. Scale bars, 100 nm.
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Extended Data Fig. 5 | Effect of molecular structure on chirality
evolution. a, Effect of functional-group change in l-Cys. Comparison of
g-factor and SEM images of synthesized nanoparticles with C-terminal
blocked l-Cys (l-cysteine ethyl ester) (top), N-terminal blocked l-Cys
(N-acetyl-l-cysteine) (middle) and l-Cys (bottom). C-blocked l-Cys
changed the chiral morphology and decreased the CD intensity of the
resulting nanoparticles. Furthermore, nanoparticles produced with
N-blocked l-Cys showed achiral morphology without an observable CD
signal. b, Schematic illustration of chirality formation on a {321}
nanoparticle. Boundary shifts of 432 helicoids I (l-Cys) and II (l-GSH)
are indicated in red and blue, respectively. c, Schematic (111) cross-section
of (312)S–(321)R–(231)S facets. Original and newly shifted R–S
boundaries are indicated with dashed lines. d, Atomic arrangement of

(312)S–(321)R–(231)S facets in a (111) cross-section view. The {321}
surface consists of a (111) terrace and alternating {100} and {110}
̄
microfacets. The AC boundary in 432 helicoid I shifts in the [101]
direction and the AB boundary in 432 helicoid II shifts in the [011]̄
direction. The differentiated growth directions at (312)S and (231)S,
indicated with thick arrows, resulted in contrasting morphology for the
different chiral nanoparticles. e, Effect of functional-group change in
l-GSH. SEM images are shown of the synthesized nanoparticles prepared
with l-glutathione ethyl ester (C-blocking), γ-E-C-A, E-C-G and γ-E-C
sequences. f, SEM images of nanoparticles synthesized with different
dipeptide sequences. Alanine (A), proline (P), cysteine (C) or tyrosine (Y)
was added to the N terminus of l-Cys, which modified the morphology of
the resulting nanoparticle substantially.
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Extended Data Fig. 6 | Characterization of surfaces inside the
gaps of 432 helicoid III. a, Large-area SEM image of 432 helicoid III
nanoparticles, synthesized using an octahedral seed and l-GSH.
b, Helium-ion microscopy secondary electron images of 432 helicoid III
during the He+-ion milling process. The original pinwheel-like structure
of 432 helicoid III is highlighted in yellow. Exposure to a He+-ion beam
with an acceleration voltage of 30 keV and a beam current of 0.733
pA allows visualization of the interior parts of the curved surfaces, as
indicated by red arrows. c, Modelling of the 432 helicoid III surface.

A magnified SEM image of 432 helicoid III (i), the corresponding threedimensional model (ii) and the interpolated curved surface of 432 helicoid
III (iii) are shown. The curved outlines of the chiral arm at the front and
side face are indicated by green and red lines, respectively, and the internal
boundary is indicated by the blue dotted lines. The three-dimensional
curved-surface model of 432 helicoid III was constructed by using the
interpolation of surface outlines. d, Distribution of Miller indices on the
modelled surface. The Miller indices were calculated from a normal vector
at each point on the surface.
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Extended Data Fig. 7 | FDTD simulation results for 432 helicoid III.
a–c, Calculated absorbance (dashed lines) and CD (solid lines) for 432
helicoid III with triangular (a), rectangular (b) and curved (c) gap shapes.
The corresponding three-dimensional models are displayed on the left.
All three models derived from SEM images of the particles successfully
reproduce the experimentally observed characteristic spectrum patterns:
two main absorbance peaks, a sharp absorbance feature overlapped
on the fundamental absorbance peak, a CD peak overlapped on the
sharp feature, and the ‘bisignate’ CD signals, with negative peaks near
700 nm and a positive peak around 800–850 nm. This reproduction of
the general features of 432 helicoid III suggests that the models can be
used to study this helicoid theoretically and that they do not have to
be perfect, but only need to resemble the helicoid shape sufficiently.
All of the results are averaged over 756 discrete orientations and were
estimated using a particle number density of N = 1015 m−3 and a cell path

length of l = 10−3 m. d, Three-dimensional model and orientation of 432
helicoid III. e, Orientation-averaged CD spectrum (〈CD〉Ω, black solid
line) and CD spectra calculated at selected orientations (dots). 〈CD〉Ω
is averaged over 756 discrete orientations. The CD spectrum at a single
orientation resembles 〈CD〉Ω with some deviations. f, CD and absorbance
spectra calculated with a normal incidence. g, Scattering cross-section
decomposed by multipole analysis. The total scattering is contributed
by a broad and large electric dipole mode (E1) around 1,200 nm, and
a magnetic dipole (M1) and electric quadrupole (E2) around 650 nm
and 950 nm near the chiro-optical peaks. A strong chiro-optical signal
was observed from two other high-order modes (650 nm and 950 nm).
h, i, Electric- and magnetic-field intensities on an illuminated helicoid
surface upon normal incidence of LCP and RCP light at three different
wavelengths (650 nm, 950 nm and 1,200 nm).
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Extended Data Fig. 8 | FDTD simulations of differently modified 432
helicoid III nanoparticles to identify design guidelines. a, Calculated
g-factors of chiral nanoparticles corresponding to models using
parameterized chiral nanoparticles (samples 1–19). The different samples
represent chiral nanoparticles with: 1–3, edge lengths L of 100–200 nm;
4–7, gap widths w of 10–40 nm; 8–15, gap depths d of 30–100 nm; or
16–19, gap angles t of 30°–75°. The default parameters are L = 150 nm,
w = 20 nm, d = 70 nm and t = 60°. b, Calculated absorbance and CD
of chiral nanoparticle samples 7 (L = 150 nm, w = 40 nm, d = 70 nm,
t = 60°), 12 (L = 150, w = 20, d = 70, t = 60) and 14 (L = 150, w = 20,
d = 90, t = 60), using N = 1015 m−3 and l = 10−3 m (i and ii). The calculated

electric-field intensity of each of these samples on the illuminated face
(z = −75 nm) at RCP illumination at the first CD peak—of 600 nm, 670 nm
and 720 nm, respectively—is also shown (iii–v). c, Calculated g-factors
of chiral nanoparticles corresponding to models 20–32, using chiral
nanoparticles with various geometry changes: 20–22, chiral nanoparticles
with increasing curvature; 23–26, chiral nanoparticles with aspect ratios
of 1–3; 27–31, chiral nanoparticles with hollow structures constructed by
removing cubic domains with side lengths of 70–130 nm; and 32, planartriangle-based chiral nanoparticle with an edge length of 150 nm. The
default size of chiral nanoparticles 20–31 is 150 nm.
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Extended Data Fig. 9 | Effect of defects in the low-index-plane-exposed
seeds on the morphology of 432 helicoid III. a, Characterization of twin
boundary defects in seed nanoparticles. Twin boundaries were observed
as bright lines in a single nanoparticle by scanning TEM imaging.
Nanoparticles with a single twin and fivefold twins are indicated in red
and yellow, respectively. b, Defect-induced morphology deformation of
432 helicoid III. SEM (left), TEM (middle) and selected-area electron
diffraction (SAED; right) images are shown for an ideal 432 helicoid III (i),
an irregular achiral nanoparticle (ii) and an irregular nanoparticle with
broken 432 symmetry (iii). In the case of the irregular achiral particle (ii),

several diffraction spots that deviate from the regular diffraction pattern
of the 〈100〉 zone (red) show polycrystalline character. In case of the
particle with partially broken symmetry (iii), dark-field TEM images
originating from diffraction spots 1 and 2 are also shown on the right,
and demonstrate different crystallographic orientations in a single
nanoparticle. We believe that the irregular, non-homogeneous shapes
represented by ii and iii may originate from the twin boundary defects in
seeds. By decreasing the population of twinned seeds, we expect that the
g-factor can be further increased.
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Extended Data Fig. 10 | Transmitted colour modulation by a dispersed
solution of 432 helicoid III nanoparticles. a, b, Lorentz reciprocity of 432
helicoid III nanoparticles. The CD spectra of 432 helicoid III nanoparticles
were measured from dispersion in aqueous solution (a) and deposition
on a glass substrate (b). In both cases, CD measurements in the forwards
and backwards directions produced identical responses. c, SEM images
of 432 helicoid III nanoparticles with different sizes controlled by seed
concentrations. Increasing the nanoparticle size resulted in a redshift
in the plasmon resonance. The wavelengths at maximum CD intensity
(λmax) are indicated in the images. d, Polarization-resolved transmittance
spectra at different analyser angles. As the angle increased from −10° to
10°, transmittance at 550 nm gradually decreased, whereas that at 620 nm
increased, resulting in a distinct asymmetric transition pattern. e, Colour

transition patterns of 432 helicoid III nanoparticles traced on CIE xy 1931
colour space (CIE, International Commission on Illumination). The white
triangle indicates the RGB boundary. Each pattern shows elliptical traces
with a clockwise rotational direction that reflects the asymmetric colour
transition. f, CD spectra of a 432 helicoid III mixture. The spectral features
of the broad and split CD peaks show linear superposition of the original
components. g, Colour transition traces of the mixture on a colour space.
The trace of the mixture was distinct from that of each original component
and displays tailored colour transformation. h, Polarization-resolved
transmission image of a 432 helicoid III mixture. Compared to the original
components, the mixture shows different colour-transition patterns
depending on the polarization angle.
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Extended Data Table 1 | Comparison of g-factor for various chiral structures

Data are from this and previous9,10,27,44–50 work.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

