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ABSTRACT: Discrete, three-dimensional (3D) gold nanoparticle (AuNP)
tetrahedron nanoarchitectures are successfully self-assembled with DNA origami
as template with high purity (>85%). A distinct plasmonic chiral response is
experimentally observed from the AuNP tetrahedron nanoarchitectures and appears
in a configuration-dependent manner. The chiral optical properties are then
rationally engineered by modifying the structural parameters including the AuNP
size and interparticle distance. Theoretical study of the AuNP tetrahedron
nanoarchitectures shows the dependence of the chiral optical property on the
AuNP size and interparticle distance, consistent with the ensemble averaged

measurements.
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tructural DNA nanotechnology has been widely employed

for building nanostructures with nanoscale resolution
because of the sequence programmability and structural rigidity
of DNA molecule. Much progress has been achieved recently in
the DNA-programmed self-assembly of nanoarchitectures
comprising nano-building blocks, including noble metal
nanoparticles,' > semiconductor nanocrystals,* and organic
dyes.”® As early in 1996, Alivisatos pioneered the discret
nanostructures self-assembly directed by DNA, in which one
dimensional (1D) gold nanoparticle (AuNP) dimers were
complished through hybridizing complementary DNA mono-
functionalized AuNPs for the first time.” Subsequently, many
more complicated two dimensional (2D),*”'° and three
dimensional (3D)'"'? nanoarchitectures were successfully
assembled using DNA as scaffold. These nanoarchitectures
give rise to a rich variety of optical properties, such as surface
enhanced raman scattering (SERS)," surface plasmonic
resonance (SPR)14 and so on.

Recently, chirality of plasmonic nanoarchitectures has been a
hot topic in optical properties study. Constructing discrete,
asymmetric nanoarchitectures and rational tailoring their
plasmonic circular dichroism (CD) are of great significance in
understanding their underlying optical interactions. Liedl and
coworkers used a 24-DNA helix bundle to direct the
positioning of AuNPs, in which helically arranged attachment
sites were displayed on the bundle and the helically arranged
AuNPs presented chiral optical response.”> Wang and cow-
orkers delicately constructed 3D Au nanorod (AuNR) dimers
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using a simple bifacial DNA origami as template.'® Strong chiral
optical signals were observed from ‘L’-shaped asymmetric 3D
dimers. More recently, Ding demonstrated a simple asymmetric
AuNP tetrahedron model by organizing four nominally
identical AuNPs into two asymmetric tetrahedrons with left-
handed and right-handed chirality and investigated their chiral
optical properties.'” As we know, the plasmonic chirality of the
AuNP tetrahedron is significantly harvested from a localized
electromagnetic field at the AuNP interface, which is relevant to
the size of the AuNPs and the interparticle distance between
the AuNPs. Therefore, in this contribution, we systematically
investigate how the size of AuNP and the interparticle distance
between AuNPs affect the chiroptical properties by using the
simple AuNPs tetrahedron model.

The process of assembling AuNPs into 3D tetrahedrons is
schematically illustrated in Figure 1. The rectangular bifacial
DNA origami (90 nm X 60 nm X 2 nm) is self-assembled from
a long single-stranded M13 viral genomic DNA with a set of
~200 short staple strands and rationally designed capture
strands (see Figure SI in the Supporting Information for
details). Three copies of capture strands were used to precisely
dock one single AuNP on the DNA origami. To obtain the 3D
AuNP tetrahedrons, three AuNPs were defined on one side of
the DNA origami and the fourth AuNP was positioned on the
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Figure 1. Schematic illustration of (a) a bifacial DNA origami-directed self-assembly of Au AuNP tetrahedrons and (b) the obtained four AuNP
tetrahedrons in which (i) 20 nm AuNPs with interparticle distance of 15 nm, (ii) 20 nm AuNPs with interparticle distance of 10 nm, (iii) 20 nm
AuNPs with interparticle distance of 5 nm, (iv) 13 nm AuNPs with interparticle distance of 10 nm, respectively.

opposite side, therefore, the interparticle distance between the
AuNPs assembled on the two sides of DNA origami is defined
to be 12 nm in our study, taking account of the molecule length
of two batches of capturing strands and the thickness of origami
template. Previous theoretical studies have demonstrated that
the particle size and the inter-particle distance can lead to a
dramatic interaction of plasmonic resonant coupling among the
plasmonic nanoarchitectures and the resultant chiral optical
activity.> > Therefore, toward precisely tailoring the plas-
monic chirality of discrete AuNP tetrahedrons, we rationally
tune the size of AuNPs and the interparticle distance between
the three AuNPs on the same side.

The AuNP tetrahedrons were purified from the annealed
mixtures by agarose gel electrophoresis. Images a and b in
Figure 2 show the agarose gel images (stained by SYBR green)
under daylight and UV light, respectively. The sharp bands
without smearing indicate the high purity of the products. Lane
1 corresponds to the rectangular DNA origami as reference.
Lanes 2— S contain the four AuNP tetrahedrons of (i), (ii),
(iii), and (iv) illustrated in Figure 1b, respectively. Three gel
bands were observed after the electrophoresis of the annealed
mixture, in which band A is the free AuNPs in the mixture,
band B is the target AuNP tetrahedrons and band C represents
the aggregates of AuNPs associated with two or more DNA
origami. Due to the much large size of the origami in
comparison with the AuNP, AuNP tetrahedrons exhibit
approximate mobility compared to the pure DNA origami,
whereas the free AuNPs move much faster and the aggregates
of AuNPs assocaited with two or more DNA origami move
much slower as shown in images a and b in Figure 2. The four
target gel bands were then sliced and extracted by electro-
elution with dialysis tubing membranes (MWCO 8000—
14000). The purified AuNP tetrahedrons were characterized
by TEM. As shown in Figure 2c, high purity (>85%) of the
designed tetrahedrons was obained. Althogh the relative
position of each AuNP in a tetrahedron is difficult to recognize
because of the drying process during sampling and the 2D
imaging of the samples, the observed structures are in good
agreement with their model structures, validating the success of
the building the tetrahedrons by using DNA origami directed
self-assembly. More TEM images of AuNP tetrahedrons are
presented in Figure S2 in the Supporting Information. The high
purity of the obtained AuNP tetrahedrons further support the
subsequent optical studies of the ensembles.
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Figure 2. Characterization of the assembled AuNP tetrahedrons. (a)
SYBR green-stained agarose gel of the AuNP tetrahedrons assembled
on the DNA origami taken under daylight. (b) SYBR green-stained
agarose gel of the AuNP tetrahedrons assembled on the DNA origami
taken under UV light. Lane 1, the rectangular DNA origami as
reference; lanes 2—5 represent the four AuNP tetrahedrons,
respectively. (c) TEM images of the obtained AuNP tetrahedrons
and their models. All scale bars are 100 nm.

It has been demonstrated that noble metal NPs with
localized surface plasmon resonance (LSPR) can generate
strong surface electromagnetic fields, which remarkably
influence the ogtical properties of the NP-assembled
nanostructures.'® ! Figure 3a presents the UV—vis spectra
of the obtained tetrahedrons. The extinction curve peaks of the
tetrahedrons red-shift in comparison with that of the free
AuNPs. This is mainly due to the near-field coupling between
the AuNPs in the assembled tetrahedrons. Decreasing the
interparticle distance leads to a larger red-shift of the extinction
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Figure 3. Normalized UV—vis extinction spectra of the four AuNP tetrahedrons: (a) experimental data, (b) calculated data.

spectra because of the stronger coupling among the AuNPs.
Figure 3b depicts the calculated results by using coupled dipole
approximation (CDA) method. The calculation results
qualitatively agree with the experimental data, which further
proves high purity of the obtained tetrahedron.

Because of the asymmetry of the prepared AuNP
tetrahedrons, CD properties of the tetrahedrons in 1 X TAE/
Mg** buffer solution were measured. The chiral assemblies are
oriented along all possible directions with respect to the
incident circularly polarized light as they can freely move in
water. Figure 4a shows the measured CD spectra of the
tetrahedrons. Obviously, the CD spectra of the assembled
AuNP tetrahedrons exhibit characteristic bisignate signatures.
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Figure 4. CD spectra of the four AuNP tetrahedrons (a) Experimental
data, (b) Calculated results. (i) 20 nm AuNPs with interparticle
distance of 15 nm (red curve in a and b), (ii) 20 nm AuNPs with
interparticle distance of 10 nm (green curve in a and b), (iii) 20 nm
AuNPs with interparticle distance of S nm (blue curve in a and b), (iv)
13 nm AuNPs with interparticle distance of 10 nm (magenta curve in a

and b).
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In a group of tetrahedron consisted of 20 nm AuNPs, the CD
signal continually increases with the decrease of the
interparticle distance of AuNP from 15 to 10 nm and S nm.
These results reveal that the interparticle distance of AuNP
plays an important role in determining the CD behaviour.
Decreasing the size of AuNP from 20 to 13 nm, the CD signal
intensities decrease dramatically as shown in Figure 4a. Our
ensemble-measured CD spectra clearly demonstrate the size
and distance dependence of the CD intensity of AuNP
tetrahedrons. The variation of CD signal is completely in
conformity with the shift of extinction spectra. Increasing the
interparticle distance and decreasing the particle size weaken
the interaction among the AuNPs which recedes the plasmonic
resonance coupling of the four AuNPs in the tetrahedron.
Therefore, to achieve strong chirality in an artificial plasmonic
chiral structure, the plasmonic resonant coupling and structural
asymmetry are both essential elements.

Toward deep understanding of the plasmonic chirality of the
obtained AuNP tetrahedrons, Coupled-dipole approximation
(CDA) theoretical calculation is performed to calculate the
optical response of the AuNP tetrahedrons. In this model, each
particle of the tetramer is approximated as a electric point
dipole with a polarization®*

p = oE;

where a; = (3V/47)((¢; €,)/(g + 2¢,)) is the
polarizability of NP j, V; is the volume of the particle, ¢, =
1.33% is the permittivity of water, gjis the Au dielectric function
that was taken from the previous report,”> and E; is the electric
field at I, which can be expressed as the sum of incidence E
and the contribution from the dipole at r;

inc,j

exp(ikr;) | (1 — ikr;)
i’ P, = . e

o

[35,(x;p) — 7;7p]
- kzrji X (r; X p)

where r; = 1; — 1, 1; = Ir; — rl.

Then the coupled equation for dipole p; can be written as
2 6,1 - aG;)p = By,
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By solving these equations, we get polarization p; and the
extinction cross section can be expressed as

2

4rk *
%= g, p & B, )

j=1
The CD of the tetramer can finally be calculated by
Gcp = (0, — 0_)g

where + denotes the left- and right-handed circular polar-
ization, respectively. <-->q represents the average over all
possible orientations as the NP tetramer is considered
randomly oriented in the solution.® In our calculation, the
averages was carried out by sampling all the possible orientation
angles in the three dimension by a step of 10°.

If one considers the concentration of the tetramer in the
solution (c = 1 nM) and the length of the optical path (I = 1
mm), the ellipticity can be written in mdeg as

180
CD (mdeg) = IOOOTNaGCDcl
T

Figure 4b shows the calculated CD spectra, which are in a
qualitatively good agreement with our experimental tendency of
the size and distance impact in the CD properties. Increasing
the interparticle distance and decreasing the particle size
obviously weaken the CD signal.

In conclusion, we have successfully fabricated a series of
AuNPs tetrahedron nanoarchitectures with high purity through
DNA origami-directed self-assembly of AuNPs. Varying the size
of AuNPs and the location of AuNPs allows us to precisely tune
the size and interparticle distance of the obtained AuNPs
tetrahedrons, thus engineering the chiral optical properties. The
experimental CD response of the ensemble AuNPs tetrahe-
drons match very well with that of the calculation. Our strategy
shows great potentials in future plasmonic chirality studies, for
example, the chiral plasmonic ruler, where shifting the location
of AuNPs in tetrahedron nanoarchitectures at nanometer scale
leads to strong perturbation in plasmonic CD. Also, precise
positioning of other optical components, such as quantum dots
and fluorescent molecules, onto the surface of the underlying
DNA origami template enables coupling to the localized surface
plasmon in the assembled plasmonic nanoarchitectures and
promises future nanophotonic applications.
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