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ABSTRACT: Plasmonic polymers consisting of metallic nanoparticles (NPs) are
able to squeeze light into the deep-subwavelength space and transfer along a highly
confined nanoscale path in long range. DNA nanotechnology, particularly
benefiting from the molecular programmability of DNA origami, has provided
otherwise nearly impossible platforms for constructing plasmonic nanoparticle
polymers with designer configurations and nanoscale gaps. Here, we design and
assemble a DNA origami hashtag tile that is able to polymerize into one-
dimensional chains with high rigidity. The DNA origami hashtag chains are used as
frames to enable robust, versatile, and precise arrangement of metallic NPs into
micrometer-long chiral and magnetic plasmonic polymers, which are capable of
efficiently transporting plasmonic angular momentum and magnetic surface
plasmonic polaritons at the deep-subwavelength scale. Our work provides a
molecular platform for the fabrication of long, straight, and structurally complex
nanoparticle polymers with emerging plasmonic properties that are appealing to a
variety of fields.
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DNA nanotechnology represents a powerful technique for
a variety of custom nanofabrications.1−3 Particularly, the

precise organization of metallic nanoparticles (NPs) by DNA
origami has significantly advanced the field of plasmonics and
metamaterials.4,5 For example, organizing metallic NPs into
one-dimensional (1D) architectures of designer configurations,
benefiting from excellent programmability of DNA origami,
enables the production of plasmonic polymers with emerging
optical properties: the linearized gold NP polymers in self-
aligned fashion can act as a deep-subwavelength plasmonic
waveguide,6,7 while the helical arrangement of gold NPs along
1D chains provides a platform for chiral plasmonics.8−10 For
NPs’ assembly on DNA origami, linear DNA origami helix
bundles (HBs) with various cross-sectional geometries have
been frequently used for organizing NPs into chains.6−8

Recently, Liu and colleagues reported V-shaped DNA origami
polymers for the dynamic organization of gold nanorods
forming reconfigurable plasmonic chiral chains.10 We also
reported the assembly of a plasmonic polymer of NP rings by
using a DNA origami hexagon tile.11 Some other reports
employed an alternative strategy by using DNA origami
structures as adaptors to induce the hierarchical assembly of
metallic NPs to form 1D architectures.12−14 Nevertheless,
limited success in fabricating long, straight, and structurally
complex plasmonic polymers has been achieved so far due to
the lack of DNA origami frames to allow robust and versatile

organization of NPs forming highly persistent chainlike
assemblies, which largely impedes the versatility and plasmonic
properties of plasmonic polymers that can be fabricated.
Herein, we aimed to design and assemble a rigid and

versatile DNA origami tile, which can be polymerized into rigid
1D chains serving as robust frames for NP assembly. DNA
origami hexagon tile is a wireframe-like template that is highly
versatile for assembling NPs into structurally complex
architectures, but it lacks rigidity to enable the assembly of
robust 1D chains. The new DNA origami tile reported here is
constituted by orthogonal stacks of two decks, denoted as a
hashtag tile, given it structurally resembles a hashtag symbol. It
retains the wireframe design of a hexagon tile but with
significantly enhanced rigidity attributed to its geometry of
orthogonally stacked two decks. Phononic band calculation
reveals that the polymerized 1D chain of hashtag tile exhibits
significantly higher bending stiffness than that of hexagon tiles
by at least one order of magnitude. The optimized assembling
conditions for the hashtag tiles and its subsequent linear
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polymerization enable the platforms for the precise organ-
ization of chiral and magnetic plasmonic polymers in a
strikingly long and straight fashion (Figure S1). The collective
set of (i) design principles, (ii) robust folding and polymer
assembly, and (iii) plasmonic characterizations were synergisti-
cally outlined in this work and will be of general interest not
only for the hierarchical organization of DNA origami but also
for facilitating the soft DNA approaches to the plasmonic-
based nanophotonic applications.
The DNA origami hashtag tile was designed to have four

structurally identical decks (2 helices tall, 4 helices wide, 192
bp long) that are orthogonally stacked via scaffold DNA
linkage (Figure 1a, Figures S2, S3). The deck is 65 nm long, 10
nm wide, and 5 nm tall, assuming the helical pitch and
diameter of B-form DNA is 0.34 nm/bp and 2.5 nm,
respectively. The internal square resides at the center of the
hashtag tile and has a side length of 21 nm. Connector strands
were designed to bridge the ends of designated decks to induce
unidirectional hierarchical assembly to form hashtag polymers.
Numerical calculations of photonic band structure were
performed to compare the mechanical properties of the
DNA origami hashtag polymer (Figure 1b,c) and hexagon
polymers (Figure S4).15 Figure 1b illustrates the unit cell
(black outlines) and first Brillouin zone (orange outlines) of
the hashtag tile polymers. The numerically calculated phononic
band structures for the hashtag tile unit is presented in the top
panel of Figure 1c. Polymers of hashtag tiles, which are
assumed to be dispersed in a buffer solution, can incur four
different phononic vibrations including longitudinal mode
(denoted as LA), transverse mode along out-of-plane direction
(denoted as TA1), transverse mode along in-plane direction
(denoted as TA2), and torsion mode (denoted as Torsion), as
shown in the bottom panel of Figure 1c. It is noteworthy that
the hashtag tile showed the steeper modal slopes of LA, TA1,

TA2, and Torsion modes (along Γ to Y point) than its hexagon
counterpart (Figure S4b), evidencing its significantly higher
stiffness. We then quantitated the bending stiffness (D) from
these phononic band structures as follows16,17

D
Eh

12(1 )

3

2ν
=

− (1)

where E is the effective Young’s modulus, ν is the effective
Poisson’s ratio, and h is the thickness of the unit cell (the
calculation details are given in Materials and Methods in the
Supporting Information). It turned out that the D value of the
hashtag tile chain can be up to 0.105 pN·nm, which was higher
than that of hexagon tile counterpart (0.015 pN·nm) by one
order of magnitude.
When the assembled polymers adsorbed onto the substrate,

phononic vibrations along out-of-plane directions would be
difficult to occur; therefore, in-plane modes such as transverse
(T) and longitudinal (L) modes can be only induced (Figure
S5). In this case, E rather than D can be used to quantitate the
mechanical rigidity of the assembled chain due to the absence
of out-of-plane modes. It was revealed that the hashtag tile
chain can reach up to the E value of 11 897 Pa, which is much
higher than that of the hexagon tile chain (1533 Pa); see
steeper modal slopes of T and L modes of the hashtag tile
chain than those of the hexagon counterparts (Figure S5).
Furthermore, it is important to note that the analyses on the
persistence length (Pl) of two chains, which can be considered
as an experimental quantitation of mechanical rigidity of
polymeric chain,18−20 agreed well with the above theoretical
results, as shown in Figure S6 (avg. Pl of ∼4.1 μm for the
hashtag tile chain and avg. Pl of ∼ 470 nm for the hexagon tile
chain). The superior mechanical stiffness of the hashtag tile
polymer is afforded by the cross double-deck rather than
single-deck motifs.

Figure 1. Design, numerical calculations, and assembly of DNA origami hashtag tile polymers. (a) Schematic of DNA origami hashtag tile design
and assembly. (b) Unit cell (black outlines) and first Brillouin zone (orange outlines) of hashtag polymer. (c) The numerically calculated phononic
band structures (top panels) of the hashtag tile polymer. The corresponding phononic modes are summarized in the bottom panel, where u is
displacement vector as the eigenstate of the band structures. (d,e) Transmission electron microscopy images of DNA origami hashtag tile monomer
and polymers, respectively.
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We then examined the assembly of DNA origami hashtag
tiles. Transmission electron microscopy (TEM) images of the
hashtag tile monomers (Figure 1d) and polymers (Figure 1e)
unambiguously confirmed their successful construction with
sizes and geometries agreeing to the prescribed designs (Figure
S7). The hashtag polymers with length up to several microns
were assembled by adding connector strands to induce one-
direction hierarchical growth of tiles, suggesting that it has the
potential to serve as robust frames to organize metallic NPs
forming high-fidelity plasmonic polymers. This long-lasting,
1D chain organization can be attributed to the unique
mechanical stiffness of the hashtag tile, as quantitated above.
To precisely assemble gold NPs, staple strands with

extended overhangs were placed at designated locations on
the hashtag tile forming a total of nine binding sites (Figure
S1). One binding site was located within the internal square

(no. 1), four binding sites were on the exterior edges (nos. 2−
5), and another four were on the surface of the decks (nos. 6−
9). Each binding site was composed of multiple (2, 4, or 6)
single-stranded DNA overhangs protruding from designated
staple strands to capture complementary DNA-functionalized
NPs via sequence-specific DNA hybridization. The hashtag tile
monomers were then used as frames to validate its versatility
and capability on assembling gold NPs. We first constructed a
group of 10 different gold NP clusters by assembling gold
nanospheres (AuNSs, 10 nm in diameter) and gold nanorods
(AuNRs, 15 nm in diameter and 40 nm in length) onto the
hashtag tiles. The configurations of assemblies were pro-
grammed by tuning the number and location of NPs. All NP
clusters were successfully assembled as revealed by agarose gel
electrophoresis (Figure S8) and unambiguously visualized by
TEM (Figure 2, Figures S9−S18). It is worth noting that the

Figure 2. Gold NP clusters on hashtag tile monomers. Assembling gold nanospheres (a−e) and gold nanorods (f−j) onto hashtag tiles at
designated locations and with designated numbers. Scale bars: 100 nm, 20 nm (insets).

Figure 3. Gold NP polymers on hashtag chains. Assembling AuNSs (a−c) or AuNRs (d−i) onto hashtag chains. Scale bars: 500 nm, 50 nm
(insets).
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cluster composed of four AuNRs (Figure 2j) had a certain
degree of dislocation of AuNRs, which may be attributed to
the surface drying effect while depositing the clusters on TEM
grids. Overall, these NP clusters exhibited prescribed
configurations, suggesting the robust and versatile assembling
capability of the hashtag tiles.
NP polymers with nine different periodic configurations

were constructed on hashtag chain frames, as illustrated in
Figure 3. AuNSs (Figure 3a−c, Figures S19−S21) and AuNRs
(Figure 3d−i, Figures S22−S27) were anchored onto
prescribed locations on the chain frames. TEM imaging
revealed the formation of NP polymers with prescribed
configurations. Particularly, the NP polymer, shown in Figure
3c, can provide a template for fabricating plasmonic circuits to
enable effectively excitation and propagation of a magnetic
plasmon (i.e., a magnetic dipolar plasmonic waveguide), which
will be experimentally characterized and theoretically calcu-

lated in detail in the following section. Minor defects such as
an occasional missing NP in the polymers were observed,
especially for complex configurations involving a large number
of NPs (e.g. assembly in Figure 3c). However, the magnetic
plasmonic waveguide was found to be quite tolerant against
such structural defects, especially compared with an electric
counterpart.21 Furthermore, micrometer-long chiral AuNR
polymers with left-handed (LH) or right-handed (RH)
chirality were successfully assembled (Figure 3h,i).
Next, the corresponding nano-optical characterizations of

these plasmonic polymers were performed both experimentally
and theoretically. The circular dichroism (CD) spectra of
chiral AuNR dimers (LH-D, RH-D) and polymers (LH-P, RH-
P) exhibited characteristic features of the chiro-optic responses
(Figure 4a) matching well with the numerical simulations
(Figure 4b). Finite element method (FEM), implemented with
the appropriate dipolar and chiral descriptions, was used to

Figure 4. Chiro-optic response of AuNR dimers (LH-D and RH-D) and polymers (LH-P and RH-P). Experimental (a) and numerically calculated
(b) CD spectra of chiral AuNR dimers and polymers. Numerically calculated spatial distributions (modal analyses) of optical chirality (top panels)
and spin angular momentum (bottom panels) of LH-D (c) and LH-P (d). Herein, the numerical calculations were supported by finite element
method (FEM).
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theoretically predict the chiro-optic behaviors of the AuNR
dimers and polymers. Several features are noteworthy as
follows. The AuNR LH-D and RH-D showed distinct chiro-
optic spectral features, resulting from a highly and strongly
confined optical chirality (C) between two AuNRs (C = ω/2c2

Im(E*·H), where E and H are complex electric and magnetic
fields, and ω is the angular frequency of light).22 This confined
C is directly evidenced by modal analysis of spin angular
momentum at plasmonic resonant wavelength (Figure 4c). As
a representative example, modal analyses for LH chiral cases
(light illumination with left circular polarization (LCP) on LH-
D and LH-P) are included in main manuscript, while RH
counterparts are summarized in Supporting Information
(Figure S28). More strikingly, the resonantly induced C can
be coupled between the chiral AuNR dimers and cascaded
along the polymer. Corresponding modal analyses, presented
in the top panel of Figure 4d, confirmed the coupling of C
between the LH-D (or RH-D) in that the hot spot of C can be
formed between the LH-D (or RH-D). Corresponding spatial
distribution of spin angular momentum further evidenced the
coupling of the induced C, as shown in the bottom panel of
Figure 4d. This coupling of the induced C gave the origin of
redshift on the CD spectra, observed for LH-P (or RH-P).
Also, note that during the cascaded propagation of these chiral

oscillations in each AuNR dimer, the dephasing between the
radiation from each monomer of chiral AuNR dimer should
inevitably give rise to the retardation effect-mediated optical
loss.23 This retardation effect in the chiro-optic response was
experimentally evidenced by the dimmed spectral peak and dip
of CD features (Figure 4a), agreeing well with the theoretical
prediction (Figure 4b).
In addition to chiral polymers, propagation of magnetic

plasmons along the AuNS polymers was systematically verified
by a synergistic combination of microscopic dark-field
scattering spectrum and FEM numerical calculations (Figure
5). Ten nanometers of AuNSs was first anchored on hashtag
chain frames (Figure 3c), which then served as precursors to
induce in situ silver (Ag) growth to enlarge metallic NPs, while
maintaining structural complexity and integrity, leading to the
formation of architectures with highly enhanced plasmonic
properties.11,24 Figure 5a,b presents a dark-field optical
microscopic image in conjunction with a corresponding
TEM image of the fabricated magnetic polymer. The ring
inclusions of silver NSs (i.e., plasmonic units enabling
excitation of a magnetic dipole25 were found to be assembled
into a straight 1D chain (Figure 5b). The bluish scattering line
in the dark-field image (Figure 5a) was resulted from the
radiation of magnetic surface plasmonic polaritons (SPPs).

Figure 5. Plasmonic polymers capable of exciting and propagating magnetic dipolar resonance (i.e., magnetic surface plasmon polaritons (SPPs)).
(a) Dark-field optical microscope image of the assembled magnetic plasmonic polymers. (b) Corresponding TEM image. (c,d) Dark-field scattering
spectra of the scattering image in (a), which were measured with and without cross analyzer, and the corresponding numerical calculation results,
respectively. These numerical calculations were performed with FEM. (e) Modal analysis of magnetic SPPs of the plasmonic polymers at the
magnetic dipolar resonant wavelength.
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The corresponding dark-field scattering spectra with and
without the cross analyzer (enabling selective screening of
electric dipolar scattering) further evidenced the presence of
magnetic SPPs at the wavelengths of 465 nm (Figure 5c),
which was in a good agreement with the numerical simulations
(Figure 5d). However, additional spectral shoulders with the
cross analyzer (at 530, 570, and 650 nm of wavelengths) were
observed in contrast to theoretical prediction, because the use
of cross analyzer is unable to perfectly screen electric mode-
driven scattering. As well as the in-plane component, the out-
of-plane component is generally observed in electrically
resonant scattering. Indeed, the remnant scattering intensity
resulting from electric dipolar resonance gave an origin of
spectral shoulder at 530 nm wavelength, while the rest of two
unpredicted peaks at 570 and 650 nm wavelengths resulted
from the structural defect-driven electric scattering. The modal
analyses at the magnetic resonant wavelength confirmed the
excitations of a circulating displacement current and the
resultant induction of magnetic field within each ring inclusion
of Ag NSs, consequently supporting the distinct presence of
the magnetic SPPs to be radiated to far-field (Figure 5e).
In conclusion, we have designed and assembled a generic

DNA origami hashtag tile to provide a versatile and
deterministic platform for organizing metallic NPs into one-
dimensional plasmonic polymer architectures, which may be of
general interest in the field of self-assembled plasmonic
devices. To validate its versatility and generality, we
successfully constructed a set of metallic NP architectures
with delicate configurations ranging from nanometer-sized
clusters to micrometer-sized polymers. Most strikingly, the
highly efficient propagations of chiro-optical resonance and
magnetic SPPs along the assembled plasmonic polymers were
successfully demonstrated both experimentally and theoret-
ically. Furthermore, micrometer-long chiral AuNR polymers
were also fabricated on hashtag chain frames. It is worth noting
that the hashtag frame is not limited to polymer assemblies.
Complex oligomers and two-dimensional arrays may also be
assembled to serve as frames for metallic NP organization
(Figures S29−S33). Overall, we demonstrated that the DNA
origami hashtag tile can be used as pegboards for fabricating
plasmonic devices, which hold enormous utilization potentials
towards nano-optics.
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