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ABSTRACT: Controlled three-dimensional  chiral  arrangement  of
plasmonic  nanocomponents  is  crucial  for  understanding
emergent  light-matter  interactions  but  remains  challenging,
particularly  for  heterogeneous  plasmonic  nanoparticles  with
distinct  shape  anisotropy.  Here,  using  an  elaborately  designed
DNA assembly  strategy,  we  constructed  hybrid  chiral  plasmonic
systems  integrating  gold  nanodisks  and  nanorods.  Chiroptical
activity arises from the asymmetric lateral displacement between
them,  and  the  sign  and  intensity  of  the  circular  dichroism  are
determined  by  the  number  and  handedness  of  the  nanorod
arrangements.  We  reveal  that  this  chiroptical  activity  originates
from  selective  plasmonic  coupling  between  the  in-plane
resonance of the nanodisks and the longitudinal resonance of the
nanorods,  representing  an  experimental  realization  of  an  extended  plasmonic  Born−Kuhn  model.  This  work  opens  new
avenues in plasmonics and nanophotonics by providing a design paradigm for constructing complex chiral architectures.
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 1    Introduction
Chemical  self-assembly  of  chiroplasmonic  architectures  aims  to
directionally organize nanoscale building blocks as “artificial atoms”
toward  macroscopic  chiroptical  activity  through  molecular-driven
strategies  [1−3],  representing  an  indispensable  approach  for  the
precise  fabrication  of  nanophotonic  [4−6]  and  optoelectronic
devices  [7, 8].  This  bottom-up  approach  is  particularly  crucial  for
constructing  three-dimensional  (3D)  nanostructures,  a  task  that
remains  challenging  for  conventional  top-down  techniques.  To
date, research in this field has predominantly relied on anisotropic
metal  nanoparticles  such  as  gold  nanorods  (AuNRs)  as  basic
building  blocks.  These  materials  endowed  with  strong  plasmonic
dipole moments along the longitudinal axis can generate significant

chiroptical  response  upon  controlled  assembly  [9−11].
Nevertheless,  this  AuNR-dominated  paradigm  inherently  restricts
structural  diversity,  resulting  in  well-established  3D  oligomeric  or
polymeric  structures  such  as  helices  [12, 13].  With  increasing
demand  in  applying  the  stereoscopic  chiral  configurations  in  flat
integrated  devices  such  as  metasurface  [14−18],  realizing
controllable assembly of planar-geometry nanoscale building blocks
becomes  crucial.  In  this  context,  anisotropic  metal  nanoparticles,
for  example,  gold  nanodisks  (AuNDs)  [19, 20]  and  gold
nanoprisms  [21−23],  are  promising  candidates  for  expanding  the
planar  chiral  assembly.  Their  well-defined  shapes  are  inherently
compatible  with  patterned  substrates,  facilitating  the  transition  of
solution-phase chiral assembly techniques [24] to solid-state devices
[25, 26].  More  importantly,  their  distinct  in-plane  plasmon
resonance [27] enables the construction of hybrid coupled systems,
offering a  platform for investigating complex chiral  interactions in
multicomponent plasmonic nanosystems [28]. However, achieving
precise  control  over  the  chiral  organizations  with  these  emerging
building blocks remains a great challenge.

Herein,  through  a  delicate  DNA  origami  [29−34]  design
approach, we realized a series of chiroplasmonic hybrid constructs
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through  the  orthogonal  assembly  of  AuNDs  and  AuNRs  at
designated  spatial  positions.  Both  the  number  and  handedness  of
AuNR arrangements were controlled at the periphery of an AuND
core to explore the emergent chiral interactions between them. Our
results reveal that the chiral arrangements of AuNRs relative to the
AuND  fundamentally  determine  the  spectral  sign  of  circular
dichroism  (CD),  while  the  number  of  AuNRs  nonlinearly
modulates  the  signal  intensities.  We  confirmed  that  the  observed
chirality  originates  primarily  from  the  coupling  between  the
longitudinal  plasmon  mode  of  the  AuNRs  and  the  in-plane
plasmon mode of the AuNDs, demonstrating the realization of an
extended  plasmonic  Born−Kuhn  model  [35−37].  The  established
experimental  framework  was  further  applied  to  realize  even  more
sophisticated  hybrids  incorporating  helical  nanorods  (HNRs)
[38−41], revealing the interplay between local, intrinsic (HNR) [42]
and  collective  (HNR-ND)  chiral  origins.  Thus,  these  findings
provide  new  insights  into  the  complex  chiral  interactions  in
plasmonic nanosystems.

 2    Experimental

 2.1    Self-assembly, purification of DNA origami
For  self-assembly  of  the  DNA  origami,  16  nM  of  the  M13mp18
ssDNA scaffold strand and a staple mixture containing 320 nM of
each  staple  strand  were  mixed  in  the  folding  buffer  (pH  =  8.0)
containing 10 mM MgCl2, 5 mM NaCl, 1 mM Tris-HCl, and 1 mM
EDTA. The mixture was then annealed as follows: 80 °C for 8 min;
from  75  to  27  °C, −1  °C/15  min;  held  at  27  °C.  To  remove  the
excess free staples and measure the concentration of DNA origami,
the  sample  was  mixed  with  1×SYBR  green  dye,  then  purified  by
agarose gel electrophoresis (1%) in the ice bath at 70 V for 2 h. The
gel  was  characterized by gel  imager  and the target  bands were  cut
and  chopped  with  a  sharp  knife  on  a  sealing  film  to  release  the
DNA origami. The sample solution was collected by extrusion with
a thin cover glass. Then, the sample concentration was determined
by measuring its absorbance at 260 nm.

 2.2    Synthesis,  functionalization,  and  assembly  of  the
AuNRs/AuNDs with DNA origami
AuNRs were synthesized with dimensions of 27   ×  5 nm [43] and
40 × 13 nm [44] using a seed-mediated growth method. AuNDs of
46  nm  diameter  were  prepared  following  reported  protocols  [19].
HNRs  were  obtained  by  reacting  AuNRs  with  L- or  D-cysteine.
Functionalization  of  the  AuNRs/AuNDs/HNRs  with  thiolated
DNA  was  carried  out  following  the  butanol  dehydration  method
[45].  The  AuNRs/AuNDs/HNRs  functionalized  with  thiolated
DNA  were  purified  to  remove  excess  free  DNA  strands  by
centrifugation and the pellets were redispersed in 0.02% SDS-0.5 ×
TBE buffer. The mixed sample and 300 μL of 0.02% SDS-0.5 × TBE
buffer were added to the filter and centrifuged at 4000g for 1 min.
The  sample  was  washed  five  times  by  adding  400  μL  of  0.02%
SDS–0.5 × TBE buffer to the filter device for each rinse cycle until
purification  was  complete.  Finally,  the  filter  was  inserted  upside
down  into  a  0.5  mL  tube  and  centrifuged  at  4000g for  2  min  to
recover  the purified sample  solution.  Purified DNA-functionalized
AuNRs or HNRs were mixed with purified DNA origami at  a  7:1
molar  ratio.  The  concentration  of  functionalized  AuNDs  was
calibrated  by  ultraviolet–visible  (UV–Vis)  absorbance  (peak
absorbance  set  to  18)  and then mixed with  2.5  nM DNA origami

solution at a 7:3 volume ratio. The mixture was annealed as follows:
45 to 30 °C, −1 °C/10 min; repeated for four cycles;  held at 25 °C.
The  sample  was  purified  by  agarose  gel  electrophoresis  (0.5%)  in
the  ice  bath  at  70  V for  2  h.  Then,  the  target  bands  were  cut  and
squeezed into solution for characterizations.

The  purified  assemblies  were  then  adsorbed  onto  the
transmission  electron  microscopy  (TEM)  grids.  The  samples  were
characterized with TEM (Hitachi HT7700 TEM, 100 kV).

 2.3    Spectroscopic characterization
The  absorption  spectra  were  recorded  on  a  Thermo  Scientific
UV–Vis  spectrometer.  The  CD  spectra  were  acquired  using  an
Applied  Photophysics  Chirascan-plus  CD  spectrometer.  The
assemblies were diluted in 0.5 × TBE-Mg2+ buffer,  and CD spectra
were collected from 500 to 1000 nm with a 1 cm path length, a scan
speed of 100 nm/min, and under a nitrogen atmosphere.

The g-factor,  also  known  as  optical  anisotropy  factor,  was
calculated using

g= CD (in mdeg)
33,000× absorbance

 3    Results and discussion
As  shown  in Fig.  1(a),  a  previously  reported  triangular  DNA
origami was employed as the assembly template [46]. This template
contains  designed  binding  sites  for  the  site-specific  attachment  of
AuNDs and AuNRs, enabling the construction of a double-layered
chiral  architecture  (for  DNA  design,  see  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM)).  The  DNA  origami  measures  80
nm  in  edge  length  and  approximately  2.5  nm  in  thickness,
consisting  of  three  identical  secondary  triangular  sheets  connected
by  fourteen  DNA  loops  along  each  edge.  For  clarity,  the  face
functionalized for AuNDs attachment is referred to as the top side,
while  the  opposite  face  assembled  with  AuNRs  is  denoted  as  the
bottom side.

Although  extensive  studies  have  reported  DNA  origami-
mediated control of AuNR assemblies, it does not necessarily mean
the success of applying the same designing concept based on DNA
binding  interactions  to  other  complex  nanoparticles  or
combination  of  heterogenous  nanoparticles.  In  our  study,  to
achieve  precise  positioning  of  the  AuND,  we  first  screened  the
AuND  sizes  and  binding  site  distributions  on  the  DNA  origami.
AuNDs  of  different  sizes  were  assembled  onto  DNA  origami
templates  carrying  identical  binding-site  patterns.  Three  AuNDs
(86, 66, 46 nm) were evaluated for geometric matching (Fig. 1(b)):
(i)  86-nm  AuNDs  conform  to  the  inscribed  circle  of  the  DNA
origami, enabling full  site coverage; (ii) 66-nm AuNDs, marginally
undersized,  maintain  potential  to  all  sites;  (iii)  and  (iv)  46-nm
AuNDs, although the smallest (Fig. S2 in the ESM), have a size that
fits the densely arranged peripheral sites on the DNA origami. The
assembly  process  was  optimized  by  tuning  the  reaction  ratio
between  AuNDs  and  thiolated  DNA  and  by  controlling  the
assembly  sequence  of  AuNDs  and  AuNRs.  These  optimizations
minimized structural aggregation and enabled high-yield formation
of  the  target  structures  (Figs.  S3–S5  in  the  ESM).  Assembly
precision  was  evaluated  using  TEM.  Taking  the  three  AuNR-
AuND  (ND-3NR)  configurations  as  an  example,  positional
accuracy  was  quantified  by  measuring  the  deviation  between  the
center of each AuND and the geometric center defined by the three
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reference  AuNRs.  Both 86  and  66  nm  AuNDs  showed  notable
positional offsets, primarily due to their large effective binding area,
which  permits  sufficient  stability  through  partial  hybridization  of
the binding sites without requiring strict center alignment. Further
optimization  showed  that  centrally  clustered  binding-sites  create
high  local  density,  which  can  induce  asymmetric  local  binding  of
the  AuND,  shifting  it  away  from  the  center  of  the  DNA  origami
(Fig. 1(b)(iii)). By rearranging sites into a peripherally concentrated
pattern  (Fig.  1(b)(iv)),  this  bias  was  avoided,  achieving  alignment
between  the  AuND  center  and  the  structural  center  of  the  DNA
origami [47]. To attach the AuNRs (40 × 13 nm), a strip of binding
sites,  each  approximately  40  nm  long,  was  patterned  on  each

secondary triangular sheet at the bottom side of the DNA origami.
The  AuNR  positions  could  be  tuned  by  lateral  shifting  of  the
binding sites along the edge of the DNA origami (Fig. 1(c)). These
design parameters enable the positional assembly of heterogeneous
nanocomponents with tunable chirality.

In  order  to  study  the  plasmonic  interactions  in  the
heterogeneous assemblies, we systematically tuned the number and
chiral  arrangement  of  AuNRs  around  the  central  AuND  core.  As
shown  in Figs.  2(a)–2(i),  a  series  of  AuNR-AuND  architectures
were successfully constructed. Precise control over the number and
positions of AuNRs in each assembly was achieved by designing the
specific  binding  sites,  as  depicted  in  Fig.  S6  in  the  ESM.  TEM

 

Figure 1    (a) Schematic diagram of heterogeneous assembly, showing a top view of DNA origami with AuNDs and a bottom view of DNA origami with AuNRs. (b) Size
screening of AuNDs and binding sites analysis. Scale bar, 50 nm. (c) Arrangement of AuNRs on the structure at left, middle, and right positions relative to the central
AuND core. The horizontal edge-to-edge distance between the AuNR and the AuND is 7 nm.

Nano Research | Vol. 19, No. 7 Song et al.

94908618 (3 of 9) Nano Research, 2026, 19, 94908618

https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618
https://www.sciopen.com/article/10.26599/NR.2026.94908618


confirmed  that  the  resulting  structures  matched  the  intended
designs,  with  the  AuND  consistently  centered  within  the  AuNR
arrangement  and  the  spatial  relationships  closely  following  the
expected  geometries.  We  also  quantified  the  assembly  yields  to
evaluate  the  robustness  of  the  approach.  The  binding efficiency  of
AuNDs to the DNA origami was high, as evidenced by the minimal
number of  structures  lacking AuNDs (Fig.  S7 and Table S1 in the
ESM).  Since  the  number  and  layout  of  binding  sites  are  similar
across different configurations, the R-ND-1/2/3NR was selected as a
representative example for statistical analysis, as showed in Table S2
in  the  ESM.  Analysis  of  approximately  100  structures  per
configuration showed that  ND-1NR achieved a high yield of  87%,
while  yields  for  ND-2NR  and  ND-3NR  remained  considerable  at
about  57%  (Fig.  2(j)),  despite  the  increased  complexity  of
incorporating  multiple  types  of  AuNRs.  This  controlled
heterogeneous assembly strategy enables systematic investigation of
the coupled chiral plasmonic responses arising from AuNR-AuNR
and AuNR-AuND interactions.

The chiroptical activities in terms of g-factors were measured and

compared for ND-1NR, ND-2NR, and ND-3NR structures, as well
as for their corresponding mirror-image AuNR arrangements. First,
we analyzed the g-factor spectra of  ND-1NR structures (Fig.  3(a)).
In the absence of the AuND, no CD signal was detected regardless
of  AuNR  position,  indicating  that  neither  the  AuNR  itself  nor  its
interaction  with  the  DNA  origami  contributes  measurably  to  the
signals (Fig. S8 in the ESM). However, upon introducing the central
AuND, significant CD signals emerged, showing a bisignate spectral
lineshape peaked at  665 and 765 nm. The R-ND-1NR exhibited a
dip-to-peak  line  shape,  in  which  the  peak  at  765  nm  was
approximately twice as intense as that at 665 nm. Its mirror-image
counterpart,  L-ND-1NR,  showed  a  reversed g-factor  profile,
confirming  chiral  inversion.  The  nominally  achiral  M-ND-1NR
produced  a  small  residual  CD  signal.  Finite  element  method
simulations  support  these  observations  (Fig.  3(b) and Figs.  S9  and
S10  in  the  ESM).  A  perfectly  symmetric  M-ND-1NR  yields  no
signal,  whereas  R-ND-1NR  and  L-ND-1NR  generate  mirror-
symmetric  spectra  with  stronger  peaks  at  longer  wavelengths.  The
observed deviation in the M-ND-1NR signal likely results from the

 

Figure 2    Schematic diagrams and TEM images of assemblies containing AuNDs and AuNRs with varied spatial arrangements. (a)–(c) Structures with one AuNR placed
to  the  left  (L),  middle  (M),  and  right  (R)  of  the  AuND  core  (L/M/R-ND-1NR).  (d)–(f)  Structures  with  two  AuNRs  (L/M/R-ND-2NR).  (g)–(i)  Structures  with  three
AuNRs (L/M/R-ND-3NR). Scale bar, 50 nm (all panels). (j) Assembly yields for the different structures: ND-1NR (87.61%), ND-2NR (57.63%), and ND-3NR (56.70%).
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intrinsic  flexibility  of  the  DNA origami  and minor  positional  drift
of the capture strands. Further simulation results indicate that these
factors  could  collectively  induce  a  slight  rightward  shift  of  the
AuNR,  as  illustrated  in  Fig.  S11  in  the  ESM.  This  same  structural
bias also explains why the CD signal of R-ND-1NR is stronger than
that of its mirror-image counterpart, L-ND-1NR.

Unlike the single-AuNR case, assemblies containing only two or
three AuNRs exhibited measurable CD signals (Figs. 3(c) and 3(e)),
confirming that chiral coupling can arise among AuNRs alone. This
observation aligns with previous reports  on two-dimensional  (2D)
planar AuNR assemblies, where chirality originates from non-ideal
planar  orientations  in  solution  [15].  Although  AuNR-only
assemblies  generated  detectable  chiral  signals,  their  intensities
remained  relatively  low.  However,  upon  incorporation  of  the
AuND,  the  chiroptical  behavior  of  the  hybrid  system  changed

significantly,  matching  the  spectral  line  shapes  predicted  by
simulation  (Figs.  3(d) and 3(f)).  Notably,  all  AuND-AuNR
structures exhibited signal inversion compared to their AuNR-only
counterparts,  accompanied  by  a  more  than  threefold  increase  in
signal  intensity.  This  can  be  explained  by  the  dual  role  of  the
AuND. First, it promotes planarization of the assembly by fixing the
flexible DNA origami scaffold (Fig. S12 in the ESM). Second, it acts
as an electromagnetic coupling substrate, modulating and inverting
the  optical  response  of  the  hybrid  structure,  as  illustrated  in  Figs.
S13 and S14 in the ESM. The synergy of these two effects accounts
for the observed signal enhancement and inversion. In addition, the
CD peaks of the ND-2/3NR enantiomers are more symmetric than
those  of  ND-1NR.  We  attribute  this  to  the  increased  number  of
AuNRs,  which  renders  the  overall  structure  more  planar  and
consequently leads to a more symmetric chiral configuration.

 

Figure 3    Experimental  ((a),  (c),  and (e))  and simulated g-factor spectra ((b),  (d),  and (f))  for structures with varying numbers of  AuNRs at  different positions on the
DNA origami. Experimental results are shown for configurations both with and without the central AuND core.
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To elucidate the origin of the chiroptical properties of the AuNR-
AuND  hybrids,  we  simulated  their  polarization  behavior  under
incident  light  in  the x/y/z directions.  Taking  L-ND-1NR  as  an
example,  its  surface  charge  distribution  was  displayed  in Fig.  4(a).
Under  left-handed  circularly  polarized  (LCP)  and  right-handed
circularly  polarized  (RCP)  light  excitations  in  the z direction,  the
dipolar  plasmonic  resonances  of  AuNR  and  AuND  are  most
prominent.  The  surface  charge  distribution  corresponds  to
excitation  of  the  in-plane  dipole  resonance  of  the  AuND [48−50],
and  its  orientation  is  defined  relative  to  the  longitudinal  dipole  of
the  AuNR.  At  672  nm,  the  plasmonic  interaction  between  the
AuND and AuNR forms an antibonding-like mode, whereas at 722
nm  it  produces  a  bonding-like  coupled  mode.  These  wavelengths
align with the resonant absorption wavelengths of AuND (672 nm)
and  AuNR  (722  nm),  respectively  (Fig.  4(b)).  At  672  nm,  the
coupled structure absorbs LCP light more strongly than RCP light,
producing  a  positive  CD  signal,  whereas  the  opposite  occurs  at
722  nm,  yielding  a  negative  signal.  This  results  in  a  bisignate  CD
spectrum, a  phenomenon also observed for  L-ND-2/3NR. Further

simulations  reveal  that  L-ND-1/2NR  exhibit  right-handed  CD
spectra under x-incidence and left-handed CD spectra under y- and
z-incidences  (Fig.  4(c)),  while  L-ND-3NR  generates  left-handed
signals  in  all  incident  directions  (Figs.  S15–S17  in  the  ESM).  The
CD  signal  intensity  is  the  strongest  for  the z-incidence  (black
dashed line),  which  is  consistent  with  the  observation of  the  most
prominent  charge  polarization  effects  under  excitation  in  this
direction.

To better explain the plasmonic coupling between the AuNR and
AuND,  we  analyzed  the  ND-1NR  system  using  the  classical
Born–Kuhn  coupled-oscillator  model  (Fig.  4(d)).  In  this  analogy,
each component acts as a polarization-selectively excited dipole. In
the  established  plasmonic  Born–Kuhn  model  composed  of  two
AuNRs,  the  D- and  L-enantiomers  are  known  to  produce  right-
and  left-handed  CD  signals,  respectively  [51].  A  similar  chiral
interaction  occurs  in  our  structure  under  circularly  polarized  light
excitations,  mediated by the in-plane dipole of  the AuND and the
longitudinal  dipole  of  the  AuNR.  Consequently,  the  L-ND-1NR
configuration,  analogous  to  the  L-enantiomer  of  two  AuNRs,

 

Figure 4    (a)  Simulated surface charge distribution of  the L-ND-1NR at 672 and 722 nm under x-, y-,  and z-polarized incident light.  (b) Simulated extinction spectra
under LCP and RCP light and the corresponding CD spectrum of the L-ND-1NR. (c) Simulated extinction spectra under x-, y-, and z-polarized incident light and the
resulting CD spectrum of L-ND-1NR. (d) A classical two-oscillator Born–Kuhn model illustrating the plasmonic coupling in the assembly composed of an AuND and an
AuNR.
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exhibits a left-handed bisignate CD response (Fig. S18 in the ESM).
Conversely,  R-ND-1NR behaves  like  the  D-enantiomer,  yielding a
reversed  CD  signal.  Thus,  our  AuNR-AuND  architectures
constitute  an  experimental  realization  of  extended  plasmonic
Born–Kuhn  model,  potentially  offering  new  insights  into  the
physical design of sophisticated chiroptical systems.

The  above  studies  provide  a  versatile  platform  to  investigate
complex  chiral  interactions  among  heterogeneous  nanocom-
ponents.  As  a  further  proof  of  concept,  we  constructed  a  new
hybrid  system  comprising  AuNDs  and  chiral  HNRs  with
dimensions comparable to those of the achiral AuNRs (Figs. 5(a)−
5(d) and Fig. S19 in the ESM). The g-factor spectra of DHNRs and
LHNRs  displayed  mirror-symmetric  profiles,  featuring  a  strong
peak  near  550  nm and  a  weaker  signal  at  long  wavelengths.  After
introducing  the  AuNDs,  a  sharp  bisignate  signal  emerged  around
685 nm. As shown in Figs. 5(e) and 5(f), R-ND-LHNR and R-ND-
DHNR exhibited a clear right-handed bisignate (dip-to-peak) signal
near 685 nm, while L-ND-LHNR and L-ND-DHNR yielded only a
very  weak  left-handed  (peak-to-dip)  response.  This  trend  aligns
with the results described above from ND-NR structures, indicating
strong  chiral  coupling  between  the  two  components.  The
characteristic  HNRs  peak  at  550  nm  remains  present,  indicating
that  the overall  chiroptical  signal  results  from the superposition of

the  intrinsic  HNRs  signal  and  the  contribution  from  HNR-ND
coupling. This behavior persists even when the assembly yields vary
across  different  sample  types.  As  shown  in  Figs.  S20–S22  in  the
ESM, we also  fabricated assemblies  with two and three  HNRs,  for
assemblies containing only HNRs, increasing the number of HNRs
did  not  significantly  alter  the  spectral  shape  but  slightly  enhanced
the g-factor  intensity,  indicating  the  presence  of  HNR–HNR
coupling.  In  the  presence  of  the  AuND,  a  similar  bisignate  signal
appeared around 685 nm, indicating contributions from the AuND
plasmon  resonance  and  the  resulting  HNR–ND  coupling.  These
results clearly demonstrate the multiple origins of chirality in these
structures, which include the intrinsic chirality of the HNRs as well
as  the  collective  chiral  interactions  arising  from  HNR–HNR  and
HNR–ND coupling.

 4    Conclusions
In conclusion, we demonstrated chiral coordinated organization of
heterogeneous and highly anisotropic plasmonic “artificial  atoms”,
namely  AuNRs  and  AuNDs,  through  a  delicate  DNA  assembly
strategy,  and  systematically  investigated  their  chiroptical  behaviors
and modulation mechanisms. A series of structurally precise hetero-
assemblies  were  constructed,  establishing  clear  relationships

 

Figure 5    (a)–(d)  Representative  TEM  images  of  the  L-ND-LHNR,  R-ND-LHNR,  L-ND-DHNR,  and  R-ND-DHNR  structures.  Scale  bar:  50  nm.  (e)  and  (f)
Corresponding g-factor spectra for these four configurations, with either LHNR or DHNR.
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between  the  spatial  arrangements  of  AuNRs  (number  and
handedness) around the AuND core and the resulting chiral optical
properties. Furthermore, by incorporating chiral HNR components,
we  created  composite  systems  governed  by  coupled  interactions
arising  from  both  interparticle  chiral  coupling  (HNR–HNR,
HNR–ND)  and  the  intrinsic  chirality  of  the  HNRs.  This  strategy
expands  the  diversity  of  self-assembled  chiral  plasmonic
architectures  through  the  integration  of  planar  nanoscale  building
blocks.  The  developed  chiral  hybrid  systems  not  only  deepen  the
understanding of complex chiroptical phenomena, but also provide
a combined theoretical and experimental foundation for the design
and  realization  of  more  sophisticated  nanoarchitectures  toward
integration into advanced metasurface photonic devices.

 Electronic  Supplementary  Material: Supplementary  material
(additional  TEM  images  of  AuND/AuNR  superstructures,  DNA
design  details  and  sequences,  and  simulations)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908618.
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