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ABSTRACT

Significant chiroptical responses could be generated by chiral coupling of achiral plasmonic nanoparticles, or originated from
intrinsically chiral plasmonic nanoparticles. Here we create dimeric plasmonic metamolecules possessing both chiral coupling
between nanoparticles and intrinsic chiroptical responses derived from nanoparticles themselves. These plasmonic
metamolecules are prepared by assembling helical plasmonic nanorods (HPNRs) with intrinsic chirality in chiral manners on DNA
origami template. Two HPNRs with the same or opposite chirality, or one HPNR and one achiral gold nanorod, are coupled
chirally into dimeric metamolecules with intriguing plasmonic circular dichroism (PCD). We found that both of the intrinsic chirality
of constituent HPNRs and the chiral coupling contribute to the overall PCD while their weights are different in different
metamolecules and vary in different wavelength range for a certain metamolecule. Comparing to conventional chiral plasmonic
metamolecules from achiral nanoparticles, or discrete chiral nanoparticles, these metamolecules bring more dimensions for

tailoring chiroptical responses and make it more flexible to design plasmonic nanodevices with custom PCD.
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1 Introduction

Plasmonic nanoparticles manifest strong interactions with light
due to the phenomenon known as localized surface plasmon
resonance, in which the free electrons of nanoparticles oscillate
upon incident light of certain wavelength [1,2]. Fabricating the
size, shape and composition of plasmonic nanoparticle offers a
feasible way to manipulate light and generate unique optical
properties [3, 4]. Furthermore, organizing such nanoparticles with
proximity into plasmonic metamolecules would give rise to new
properties, e.g., plasmonic chirality [5-12]. In specific, arranging
spherical gold nanoparticles or gold nanorods (AuNRs) in chiral
manners would yield plasmonic metamolecules with chiroptical
properties that isolated nanoparticles do not possess [13-15].
Among various strategies, DNA origami-based assembly is a
particular way to build plasmonic metamolecules [16-18]. DNA
origami is self-assembled based on precise sequence hybridization,
which owns full addressability with nanoscale resolution and
therefore could be employed as an ideal platform to locate
nanoparticles [19,20]. In the past decade, this strategy has
achieved great success to create chiral plasmonic metamolecules
from static to dynamic [21-30].

On the other hand, plasmonic chirality could be realized by
fabricating nanoparticles with chiral shape [31-33]. Recently,

controllable synthesis of chiral nanoparticles with intrinsic
chiroptical responses became practical [34-42]. Like chiral
metamolecules from achiral nanoparticles, these intrinsically chiral
nanoparticles exhibit pronounced plasmonic circular dichroism
(PCD). Furthermore, these chiral nanoparticles could be coupled
by ligand-mediated assembly [38, 43-45]. While these two modes
of developing plasmonic chirality are independent, here we create
dimeric metamolecules which possess chiroptical responses both
from the chiral shape of nanoparticles as well as the chiral
coupling between nanoparticles. These plasmonic metamolecules
are prepared by coupling intrinsically chiral nanoparticles in chiral
manners employing DNA origami as the template. Either two
nanoparticles with the same chirality or a pair of enantiomeric
chiral nanoparticles could be coupled in controlled manner to
form particular dimeric plasmonic metamolecules. We analyze
their PCD and demonstrate that the overall chiroptical
responsiveness consists of both the intrinsic chirality of
nanoparticles and the plasma coupling guided by chiral assembly.
This work provides a novel pathway to create chiral plasmonic
metamolecules and makes it possible to custom chiroptical
responses from both the building blocks as well as the coupling
mode.
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2 Results and discussion

The most basic form of chiral plasmonic metamolecules is dimer
of AuNR, in which each anisotropic nanoparticle can be a dipole
and minimally two dipoles can form a chiral conformation
[24,46]. To follow this simplest strategy, we employed helical
plasmonic nanorods (HPNRs) as building blocks for the dimeric
metamolecules. The HPNRs have strong PCD due to their
intrinsic chirality [37-39,47]. Similar to ordinary AuNRs, their
orientation could be well-controlled on DNA origami template,
which is critical for creating metamolecules with expected
conformations. The synthesis of HPNRs are adapted from a
previous work [39]. In short, they were obtained by depositing
reduced Au and Ag atoms on AuNRs modified by ligands of L- or
D-cysteine and 4-aminothiophenol molecules. The as-synthesized
HPNRs have the length of around 60 nm and diameter of around
20 nm, exhibiting a transverse resonance band at approximately
524 nm and longitudinal resonance band at around 790 nm
respectively with similar intensity (Figs. 1(a), 1(c), and 1(d)). Their
PCD spectra are determined by their intrinsic chirality, which are
controlled by choosing ligands of L- or D-cysteine during
synthesis. In the following, we use L-HPNRs (brown color in
figures) and D-HPNRs (yellow color in figures) to denote these
two HPNRs. The maximum g-factors of HPNRs we synthesized
are approximately —0.013 for L-HPNRs and +0.013 for D-HPNRs
at the transverse resonance band (Fig. 1(b)).

To assemble HPNRs on DNA origami, the HPNRs were firstly
modified by thiolated DNA. Considering the rugged surface
morphology of HPNRs, thiolated DNAs with 20-nt were used,
whose length is relatively longer than that for modifying
conventional AuNRs. Meanwhile, we utilized an optimized
strategy combining salt-aging and freeze-facilitated methods to
ensure the stability of DNA-modified HPNRs in the buffer of
DNA origami (detailed procedure in method section). After
modification, we examined their absorption spectra, PCD spectra
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and g-factor spectra in the buffer with 500 mM Na, it turned out
that there was no obvious difference from their original spectra,
confirming they were well-dispersed and stable after DNA
modification.

We designed a rigid two-layer DNA origami (approximately
50 nm X 48 nm x 4 nm) as the template for guiding the assembly
of HPNRs. Two lines of staple strands are extended from the
origami for capturing one HPNR (details in the Electronic
Supplementary Material (ESM)). Each capture strand contains a
12-nt segment for hybridizing with DNA grafted on HPNR. As
aforementioned, two NRs are enough for the chiral assembly of
metamolecules. We prepared two typical chiral conformations of
NR dimer, both of which were formed by arranging two HPNRs
in a non-coplanar manner, while one is orthogonal dimer
overlapped at the ends and the other one is crossed dimer
overlapped at the centers (Fig. 2). The combination of these two
conformations with either L-HPNR or D-HPNR building blocks
yields up to 12 kinds of chiral plasmonic metamolecules. The
metamolecules were purified by agarose gel electrophoresis after
annealing process (Fig.2(c)) and characterized by transmission
electron microscopy (TEM) to confirm the successful assembly
(Fig. 2(d)), more TEM images in Fig. S3 the ESM).

We first assembled metamolecules from two HPNRs with the
same intrinsic chirality. For metamolecules of L-HPNR (Figs. 3(a)
and 3(b)), all four metamolecules, including orthogonal dimer and
crossed dimer assembled in either left-handed or right-handed
manner, exhibit PCD spectra with a trough at short wavelength
(around 560 nm) and a peak at long wavelength (around 790 nm).
This feature is roughly consistent with the PCD spectrum of
discrete L-HPNR, suggesting the chiroptical responses of these
metamolecules are dominated by their intrinsic chirality. While
the trough positions are nearly the same with that of intrinsic PCD
spectra of L-HPNR, the peak positions show obvious blue-shift for
left-handed metamolecules and red-shift for right-handed
metamolecules. We ascribe this to the coupling of two
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Figure1 Plasmonic and chiroptical properties of the HPNRs. (a) PCD, UV-vis extinction and (b) g-factor spectra of L- and D-HPNRs before (solid curve) and after

(dash curve) DNA modification; TEM images of (c) L-HPNRs and (d) D-HPNRs.
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Figure2 Fabrication of chiral HPNR metamolecules. (a) Schematic illustration for the assembly of 12 kinds of chiral plasmonic metamolecules. The triangle points
represent the sites on the top layer and the circular points represent the sites on the bottom layer. (b) TEM image of the two-layer DNA origami. (c) Agarose gel
electrophoresis and (d) representative TEM image of assembled chiral metamolecules (from metamolecules of right D-/L-HPNRSs).
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Figure3 Chiroptical properties of chiral metamolecules assembled by two HPNRs with the same chirality. PCD spectra of orthogonal (a) and crossed (b) dimeric
metamolecules assembled by two L-HPNRs as well as orthogonal (c) and crossed (d) dimeric metamolecules assembled by two L-HPNRSs. In all four figures, the red
curve denotes that of left-handed conformation and the blue curve denotes right-handed. The cyan dash curve refers to the difference spectrum respectively (left-
handed minus right-handed). We name the metamolecules in this rule: The first left or right refers to their chiral conformation, and the next segment lists two

constituent nanoparticles separated by “|” (orthogonal) or “/” (crossed); the same applies below.

nanoparticles in the longitudinal mode. To clearly show the
contribution of chiral coupling, we calculated the difference

spectra between the left-handed and right-handed metamolecules
(PCD:efthanded = PCDighihanded)> Which eliminate the part from their
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intrinsic chirality (cyan dash curve in figures). For both
orthogonal dimer and crossed dimer, the difference spectra are
consistent with that of typical left-handed AuNR dimer
metamolecules. As shown in Figs. 3(a) and 3(b), the bisignate
difference spectra could be correlated to the longitudinal coupling
of nanorods while the transverse coupling is much weaker. In
addition, the difference spectra of subtracting PCD of constituent
L- or D-HPNRs from PCD spectra of metamolecules are shown in
Fig. S$4 in the ESM.

For metamolecules assembled from D-HPNR, all the spectra
show nearly mirrored shapes compared to their mirrored
metamolecules (Figs. 3(c) and 3(d), and Fig. S4 in the ESM). It
should be noted that a pair of mirrored metamolecules have
mirrored conformation from assembly as well as mirrored
intrinsic chirality from HPNRs. For example, the mirrored
metamolecule of left-handed L-/L-HPNRs is right-handed R-/R-
HPNRs, and their spectra are nearly mirrored (Fig.S4 in the
ESM). In short, their PCD spectra are mainly determined by the
intrinsic chirality of nanoparticles while the longitudinal coupling
notably alters their chiroptical responses at long wavelength.

We then assembled metamolecules from two enantiomeric
HPNRs. In specific, one L-HPNR and one D-HPNR are coupled
to form one dimer. On one hand, such dimers could be regarded
as a racemic mixture when disassembled. On the other hand, they
could be assembled to form left- or right-handed conformations
on the DNA origami template. To prepare these dimers, the L-
HPNRs and D-HPNRs were modified by thiolated DNAs with
different sequences. By extending corresponding capture strands
from DNA origami template, L-HPNR was located at one surface
and D-HPNR was at the other surface, ensuring all dimers were
formed by two mirrored HPNRs. The PCD spectra of these
metamolecules consisting of two enantiomeric HPNRs exhibit
clear difference from dimeric metamolecules of AuNRs with the
same conformations. As shown in Fig. 4, besides the strong
longitudinal coupling, their PCD spectra show obvious transverse
coupling at a short wavelength range. We speculate that the strong
transverse coupling is related to the helical morphology at the side
of nanorods. To confirm these features are induced by the
coupling of HPNRs instead of their intrinsic properties, we
disassembled these dimers by heating the samples to 65 °C and
subsequently measured their PCD spectra. It turns out there is no
obvious PCD responses at the whole wavelength range, suggesting
the samples could be regarded as racemic mixtures when
disassembled.

We further assembled dimeric metamolecules by coupling one
HPNR with one conventional AuNR. We synthesized AuNRs
with a similar length and diameter to the HPNR to build the
metamolecules (Fig. S5 in the ESM). The TEM images of dimeric
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metamolecules demonstrate the successful assembly (Fig. 5(b),
more TEM images in Fig. S7 in the ESM). We prepared eight
metamolecules formed by one AuNR and either L- or D-HPNR
and measured their PCD spectra, as shown in Figs. 5(c)-5(f). We
also measured their PCD spectra after heating, in principle they
reflected the contribution of intrinsic chiroptical responses of
HPNRs (dash curve in figures). Different from the dimeric
metamolecules of two identical HPNRs, here the whole chiroptical
responses are dominated by the coupling of two nanoparticles. In
specific, the left-handed conformations all exhibit a peak-to-
trough shape at the long wavelength correlated to the longitudinal
coupling, and vice versa, no matter which HPNR is used.
However, the intrinsic properties of HPNRs also affect their
overall chiroptical responses, especially at the short wavelength
range. At this range, no matter left-handed or right-handed
metamolecules, the chiroptical responses generally follow the
trends of discrete L- or D-HPNRs despite the transverse coupling
obviously alters their intensities. It is noted that these
metamolecules exhibit more intense PCD than that of HPNRs, as
the AuNRs of this size have higher optical density than HPNRs.
For comparison, we also recorded the PCD of corresponding
metamolecules of two AuNRs (Fig. S8 in the ESM).

3 Conclusions

In summary, we prepared a series of chirally assembled dimeric
plasmonic metamolecules using nanorods with intrinsic chirality
as building blocks and investigated their chiroptical responses. We
categorized these metamolecules into three types. The first type
consists of two identical HPNRs in which the chiroptical
responses are dominated by the intrinsic chirality of constituent
HPNRs along with the longitudinal coupling which alter their
PCD spectra mainly at long wavelength. The second type is
dimeric metamolecules with two mirrored HPNRs in which the
intrinsic chirality is canceled out and both transverse and
longitudinal couplings are quite strong. The third type coupling
one achiral AuNR and one chiral NR in which the chiroptical
responses are mainly determined by the chiral coupling. These
results demonstrate that intrinsic chiral plasmonic nanoparticles
could be an intriguing building block for assembling chiral
plasmonic nanostructures and devices. By further tuning the
intrinsic chirality of nanoparticles, selecting combinations of
building blocks and controlling their assembled conformations,
the PCD spectra at different wavelength ranges could be tailored
much more flexibly and simply based on the dimeric
metamolecules, which is hardly to be achieved by conventional
chiral plasmonic metamolecules of AuNRs.
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Figure4 Chiroptical properties of chiral metamolecules assembled by two HPNRs with opposite chirality. PCD spectra of (a) the left-handed (red curve) and right-
handed (blue curve) orthogonal dimeric metamolecules; (b) the left-handed (red curve) and right-handed (blue curve) crossed dimeric metamolecules. The dash curves

are spectra of respective disassembled metamolecules by heating at 65 °C.
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Figure5 Plasmonic metamolecules assembled by one HPNR and one AuNR. (a) Normalized extinction spectra of L-, D-HPNRs and AuNRs; (b) TEM image of the
chiral metamolecules (from metamolecules of right D-HPNR/AuNR). (c)-(f) PCD spectra of the orthogonal and crossed dimeric metamolecules of one L-HPNR and
one AuNR ((c) and (d)) and of the orthogonal and crossed dimeric metamolecules of one L-HPNR and one AuNR ((e) and (f)). As above figures, the red curves are
left-handed and the blue ones are right-handed; the dash curves are disassembled, respectively.

4 Experimental

4.1 Materials

Gold chloride trihydrate (HAuCl,-3H,0, > 99%) was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Cetyltrimethylammonium bromide (CTAB, >99%), sodium
dodecyl sulfate (SDS), 5-bromosalicylic acid (5-BrSA), 4-
aminothiophenol (4-ATP) were obtained from Sigma Aldrich.
Sodium borohydride (NaBH,, 99%), silver nitrate (AgNO;), tris(2-
carboxyethyl) phosphine (TCEP) were purchased from Acros. L-
ascorbic acid (AA), and L- and D-cysteine were purchased from
Alfa Aesar. Non-thiolated DNA sequences were bought from
Azenta Suzhou, China. Thiolated DNA sequences of HPLC grade
were bought from Sangon Biotech (Shanghai) Co., Ltd. The p8064
DNA scaffold DNA was purchased from tilibit nanosystems’
GmbH (Garching, Germany). All reagents were used as received
without further purification. All solutions were prepared using
ultrapure water (18.2 MQY).

4.2 Methods
Synthesis of HPNRs. The AuNRs with average dimensions of

10 nm x 49 nm were synthesized through seed-mediated growth
following the reported protocol [48]. The AuNRs solution was
centrifuged at a rate of 8,000x g for 15 min and re-dispersed in an
aqueous CTAB solution (10 mM) to obtain AUNR/CTAB solution
(0.5 nM). To synthesize L-HPNRs (D-HPNRs), the AuNR/CTAB
solution was co-incubated with L-cysteine (D- cysteine) and 4-
ATP at 30 °C for 3 h. The [cysteine] was 60 uM and [4-ATP] was
40 uM (notably, 4-ATP was dissolved in ethanol). Then AgNO;,
HAuCl,, and AA solution were added to the solution one by one.
The final concentrations of AgNO;, HAuCl,, and AA were 0.08,
0.12 and 1.64 mM, respectively. After mixed thoroughly, the
solution grew in a water bath at 70 °C for 1 h.

DNA modification of HPNRs. Thiolated DNA dissolved in 1x
trissEDTA (TE) buffer was incubated with TCEP for 30 min to
reduce the disulfide bonds. The ratio of DNA:TCEP was 1:50. The
HPNRs (0.5 nM, 1 mL) synthesized above were centrifuged at
7,000x g and resuspended with 0.5 mL deionized water to remove
excess CTAB. Then the solution was concentrated to 10-30 pL by
centrifugation. Thiolated DNA strand (500 puM, 8 pL) was
incubated with the concentrated solution for 20 min. Then
the solution was mixed with 0.5x tris-borate-ethylenediamine
tetraacetic acid (TBE) and 0.02% SDS buffer (870 pL) and NaCl
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(5 M, 10 pL) was added every 20 min for 10 times. The thiolated
DNA modified HPNRs were purified by centrifugation to remove
excess free DNA strands before use.

Design, preparation, and purification of two-layer DNA
origami. The double-layer square DNA origami templates were
designed by CaDNAno [49]. For preparing the DNA origami, 10
nM of the p8064 scaffold, and staple mixture containing 100 nM
of each staple type were used. All DNA strands were mixed in
deionized water together with 12 mM MgCl, and 5 mM NaCl in
0.5x TE buffer. The mixture was then annealed as follows: 85 °C
for 5 min; from 65 to 61 °C, -1 °C/5 min; from 60 to 51 °C,
-1 °C/60 min; from 51 to 38 °C, —1 °C/20 min; from 37 to 26 °C,
-1 °C/10 min; held at 25 °C. The origami was then purified by 1%
agarose gel electrophoresis in an ice bath using 0.5x TBE-Mg* as
running buffer.

Fabrication and purification of chiral HPNR metamolecules.
The thiolated DNA modified HPNRs were mixed with the
purified DNA origami at a molar ratio of 5:1, and then annealed
as follows: from 35 to 30 °C, —1 °C/3 h; from 30 to 25 °C, -1 °C/
2 h; held at 25 °C. The HPNR-origami conjugates were then
purified by gel electrophoresis (0.5% agarose) under an ice bath in
0.5x TBE-Mg* buffer to remove excess HPNRs.

Characterization. The absorption spectra of the DNA origami
templates and the HPNRs were measured by using a Thermo
Scientific ~ ultraviolet-visible (UV-vis) spectrometer. The
concentration of the DNA origami was determined by absorption
at 260 nm after purification. The PCD spectra were collected on
an Applied Photophysics Chirascan-plus circular dichroism (CD)
spectrometer. The measurement was carried out at the wavelength
range of 400 nm-1,000 nm at 25 °C in a 10 mm length cell. All the
products were diluted by 0.5x TBE-Mg* buffer. The scanning
speed was 100 nm/min. Hitachi HT7700 TEM (100 kV) was used
for TEM imaging. The purified samples were dropped on a Glow-
discharge grid for 20 s upon staining the samples with 1% uranyl
acetate for 20 s. The liquid was removed by filter paper and the
grid was left for 30 min to completely dry before injecting into the
TEM.

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

~ PCD (in mdeg)
8= 33,000 x absorbance

Both the PCD and the absorbance were measured
simultaneously by the CD spectrometer.
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