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ABSTRACT: Within the broad interest of assembling chiral left- and right-handed
helices of plasmonic nanoparticles (NPs), we introduce the DNA-guided organization
of left- or right-handed plasmonic Au NPs on DNA scaffolds. The method involves the
self-assembly of stacked 12 DNA quasi-rings interlinked by 30 staple-strands. By the
functionalization of one group of staple units with programmed tether-nucleic acid
strands and additional staple elements with long nucleic acid chains, acting as promoter
strands, the promoter-guided assembly of barrels modified with 12 left- or right-handed
tethers is achieved. The subsequent hybridization of Au NPs functionalized with single
nucleic acid tethers yields left- or right-handed structures of plasmonic NPs. The
plasmonic NP structures reveal CD spectra at the plasmon absorbance, and the NPs
are imaged by HR-TEM. Using geometrical considerations corresponding to the left-
and right-handed helices of the Au NPs, the experimental CD spectra of the plasmonic
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Au NPs are modeled by theoretical calculations.

Bl INTRODUCTION

Chirality at the nanometer scale has recently attracted
substantial experimental and theoretical research efforts aimed
to mimic biological systems and to develop new bioinspired
materials.'~* Specifically, chirality involving nanomaterials is a
rapidly progressing field that includes many experimental and
theoretical challenges.”™® Different mechanistic paradigms to
assemble chiral nanostructures have been reported. By one
approach, nanoparticles (NPs),”~'* nanotubes,'”'* or nano-
rods'>' are functionalized with chiral ligands, resulting in
electronic coupling between the electronic states of the
nanomaterials and the ligands in the hybrid structures.'”'®
This leads to ligand-induced chiral properties of the nanoma-
terial core."”*° By a second approach, enantioselective synthesis
of inorganic NPs, such as Si0,,”'~** TiO,,”* or asymmetrically
shaped plasmonic Au NPs,” yields chiral nanostructures. A
third paradigm to assemble chiral nanostructures includes the
use of different sized, different shaped, or different constitu-
tional compositions of achiral nanomaterials for their
programmed deposition on chiral scaffolds, such as pep-
tides.”””” Specifically, the information encoded in the base-
sequence of duplex DNA structures provides versatile rules to
assemble chiral-configurational structures of nanomaterials.”*
The DNA-guided assembly of four-different-sized Au NPs
bridged by duplex DNA has been suggested to yield chiral Au
NP aggregates,”” and the anchoring of different nanoparticle
constituents (Au NPs, Ag NPs, NC-QDs) on the corners of
DNA pyramid scaffolds has provided effective means to
construct chiral plasmonic nanostructures.”’ Progress in

-4 ACS Publications  © 2016 American Chemical Society

9895

designing ori§ami frames with programmed protruding nucleic
acid tethers” >* enabled the tailored anchoring of chiral
nanostructures on the origami scaffold. For example, Au NPs
were hybridized with left- or right-handed configurations of
nucleic acid tethers associated with DNA origami bundles, to
yield left- or right-handed helical assemblies of Au NPs that
revealed chiro-optical properties.”” Similarly, asymmetric
deposition of Au NPs*® or Au nanorods’” on origami scaffolds
led to the formation of chiral structures exhibiting chiral
plasmonic functions. Also, the reconfiguration of chiral Au NP
assemblies on structurally switchable origami-bundle scaffolds
led to switchable chiral plasmonic properties of the structures in
solution®® or on surfaces.”” Different applications of chiro-
plasmonic nanostructures were discussed, including their use in
imaging mechanical functions of nanoscale machines,™ their
applications as sensors,”’ and their possible use as wave-
guides. "’

In contrast to previous reports that implemented origami
scaffolds to organize the chiral structures of the plasmonic
nanoparticles, we introduce self-assembled DNA barrels
modified with right- or left-handed helical configurations of
tethers that act as scaffolds for the anchoring of right- or left-
handed chiral Au NP structures on the barrels. In contrast to
previous reports that required the predesign of two mirror
images of chiral tethering sites on DNA scaffolds, we introduce
a new paradigm, where steric and electrostatic interactions
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Figure 1. (A) Schematics of the DNA barrels composed of quasi-circles of nucleic acids R0, R1, R2, R3, R4, and RS, stapled by short strands that
form crossover DNA junctions between consecutive quasi-circles. (B) AFM images of the DNA nanobarrels and accompanying cross-section analysis
of three nanostructures (images recorded in liquid). (C) Dynamic light scattering results corresponding to the average hydrodynamic diameter of the
DNA barrel. (D) Schematic presentation of the self-assembly of the DNA barrels functionalized with left-handed, Panel I, or right-handed
configuration, Panel II, of the anchoring tethers, T. In Panel I, the promoting strands, Ps (colored in red), associated with the respective staples and
the tether strands, T (colored in blue), associated with the respective staple units, are beyond the “imaginary” surface of the quasi circle units forming
the barrels. The electrostatic/steric-dictated folding of the quasi-circle-based barrels leads to the left-handed configuration of the anchoring tethers,
T, BT, ,L. In Panel II, the promoter strands, Ps, associated with the respective staples, and the tether strands, T, associated with the respective staple
units, are above the “imaginary” surface of the quasi-circle units forming the barrels. The electrostatic/steric-dictated folding of the quasi-circle-based
barrels leads to the right-handed configuration of the anchoring tethers T, BT, ,R. (For the assembly of the mirror images of the chiral barrels BT; ,L
and BT;,R, see Figure S2.)

introduced by auxiliary nucleic acid promoter strands drive the Supporting Information. The capping units hybridize with each
dictated assembly of right/left helical configurations of of the six R strands to yield a quasi-circular structure. The staple
functionalized tethers for the attachment of the NPs. units include appropriate base sequences to form crossover

The CD signals from the right-handed and left-handed junctions between neighboring quasi-rings to yield rigidified
helices are indeed inverted, as expected, yet they have barrels composed of 12 quasi-rings stacked in a programmed
remarkably different amplitudes. We rationalized this observa- configuration Ry >R, > R, > R; > R, > Ry > R, = R, —
tion in terms of a global right-hand twist in the structure of the R; —» R, = R; = R, (tail-to-tail stacking). Figure 1A depicts
barrels, originating from an unbalanced number of base-pairs schematically the 2D projection of the barrel structure “cut”
per turn in the duplexes comprising the barrels that leads to along the longitudinal direction of the barrel. We should note,
nonexact mirror images of the two Au NP helices. however, that in contrast to the previously reported method to

This study advances the area of chiroplasmonic nanoparticle construct DNA nanotubes of undefined length, via the linkage

structures by introducing new methods to assemble the systems
and by addressing important phenomena controlling their
properties. Besides the basic significance of the results, we
believe that the scalability of the barrel structure into nanowire
architectures, followed by the helical immobilization of Au NPs,
could lead, in the future, to chiroplasmonic wave-guides.

of circular DNAs by crossover forming staples, our approach
leads to defined barrel structures of 12 quasi-rings. The
resulting barrel dimensions were evaluated by AFM imaging,
Figure 1B, and by Dynamic light scattering (DLS) experiments
that indicated that only upon mixing of all components, we
generate supramolecular structures with a hydrodynamic
average diameter corresponding to ca. 39 nm, consistent with

B RESULTS AND DISCUSSION the design of the barrels, Figure 1C. Furthermore, by designing
The method for the assembly of the DNA barrel construct is staple units that allow the limitless head-to-tail assembly of the
depicted in Figure 1A. The method is based on the recently quasi-rings, the self-assembly of the Ry—R; into long nanotubes
reported method for the construction of DNA nanotubes by was demonstrated (for a detailed discussion and AFM images,
the self-assembly of circular DNAs by means of crossover see Supporting Information, Figure S1 and accompanying
junctions acting as stapling motifs between the stacked rings.** description).

By our approach we use a mixture of 6 long single strands Ry, Figure 1D depicts the method to dictate the assembly of the
R), Ry Ry, Ry R, each consisting of 96 bases, and 30 short chiral helical structures of nucleic acid tethers on the DNA
oligonucleotides acting as capping units and staples (6 caps and barrels. In this process, we further modify the constituents of

24 staples). For the full detailed list of DNA sequences, see the the rings/staple units comprising the barrels by the addition of

9896 DOI: 10.1021/jacs.6b04096
J. Am. Chem. Soc. 2016, 138, 9895-9901


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04096/suppl_file/ja6b04096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04096/suppl_file/ja6b04096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04096/suppl_file/ja6b04096_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04096

Journal of the American Chemical Society

several elements: (i) We conjugate to the appropriate staple
units the sequences (blue) acting as tethers, T (these tethers
will be used as anchoring sites for the hybridization of T'-
modified Au NPs, vide infra). The tethers T are linked to the
appropriate staples to form, upon assembly of the barrels, right-
or left-handed helices of the tethers, as desired. (ii) To other
staple units, long nucleic acids (red) composed of identical
base-sequences are conjugated. These sequences are aimed to
act as promoter strands, Ps, that introduce electrostatic
repulsive interactions and/or steric perturbing interactions
upon the wrapping and self-assembly of the barrels. That is, the
promoter units Ps dictate the assembly of the stacked quasi-ring
by minimizing the energy of the resulting barrel via retaining
the promoter units in a perpendicular orientation to the
exterior surface of the barrels (rather than to the inner surface),
originating from a constant eight-base distance at the
promoters from the crossover junctions. Accordingly, the
dictated assembly of the barrels by the promoter strands leads
to the left-handed tether configuration BT ,L or right-handed
configuration of the tethers BT,,R. Note that the barrels
BT,,L and BT ;R include two tether sequences T, and T,,
attached to the staple units, that functionalize the barrels. The
left-handed (L) or right-handed (R) configurations are dictated
by the promoter strands.

It should be noted that a further permutation of the tether
sequences T, associated with the appropriate staples allows, in
the presence of the quasi-circles Ry—R; and the promoter-
modified staples outlined in Figure 1D, panel I and panel II, the
assembly of barrels that include opposite chiralities of the
tethers decorating the barrels. Barrels BT; ,R and BT;,L are
counter structures of BT;,L and BT,,R, respectively. It is
relevant to note that the majority of the staple units in the
different barrels have identical sequences and only the staples
needed for joining the two RS quasi-rings differ for geometrical
reasons (for a detailed discussion of the formation of BT, ,R
and BT,;,L, see Supporting Information, Figure S2 and
accompanying discussion). It should be noted, however, that
in the barrels BT;,R and BT, L the tethers T; and T, are
identical in their sequences to T and T,, respectively, but they
are attached to mirror-image staple units associated with the
barrels BT ,L. and BT ,R, respectively.

In the next step, Au NPs, 10 nm diameter, functionalized
with a single nucleic acid T, or T,’, complementary to the
tethers T, and T, associated with the barrels BT ,L. and BT ,R
(or complementary to tethers T; and T, associated with the
barrels BT; L or BT3,R), were hybridized with the respective
barrels to yield the chiral structures of 12 Au NPs on the
respective barrel scaffolds. The modification of the Au NPs with
a single nucleic acid complementary to the tether units is
important to prevent the aggregation of the nanoparticle-
modified barrels (for the synthesis and separation of the single
nucleic acid-functionalized Au NPs, see Figure S3 and
associated discussion).

The hybridization of the T,’- and T,’-modified Au NPs on
the barrels BT, ,L or BT ,R yielded the left (L)-handed or
right (R)-handed assemblies of the Au NPs (similarly, the
hybridization of T3'- and T,’-modified Au NPs to the BT;,R
and BT;,L barrels yields the respective (R)-handed or (L)-
handed assemblies of the Au NPs). Figure 2A depicts
schematically the assembly of the (L)-handed assembly of the
Au NPs on the barrels BT ,L (for the similar assembly of the
(R)-handed structure of the Au NPs on the BT),R, see
Supporting Information, Figure S4). Figure 2B exemplifies the
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Figure 2. (A) Schematic anchoring of nucleic acid functionalized Au
NPs (10 nm) to the left-handed configuration of the tethers associated
with the barrels BT ,L to yield the left-handed configuration of 12 Au
NPs (for a similar assembly of the right-handed configuration of 12 Au
NPs, see Figure S4). (B) Representative TEM images of the left-
handed 12 Au NPs helical structure and schematic models of the Au
NPs decorating the barrels. The distances separating Au NPs on
opposite sides and end-Au NPs, d; and d,, were estimated from the
TEM images and are provided in the schematic left-handed structure
in (A). For TEM images of the right- or left-handed helical structures
associated with barrels BT,,R, BT;,R, BT;,L, and the respective
derived distances, see Figures S4, S6, and S7.

HR-TEM image of the 12 Au NPs structures associated with
the barrels BT ,L (on the right of each of these (L)-handed Au
NPs helices, schematic models of the Au NPs linked to the
tethers T; and T, are marked). From the HR-TEM images we
estimate the maximum spatial separation between two Au NPs,
on opposite sides of the barrel to be d; = 16 + 3 nm and the
distance separating two Au NPs at the ends of the barrel to be
d, = 30 + 4 nm. These values are consistent with the calculated
dimensions of the width/length of the barrels and taking into
account the length of the tethers and the dimensions of the
NPs. Figure S4, in the Supporting Information, similarly, shows
examples for the HR-TEM images of the 12 Au NP structures
associated with the mirror image barrels BT ,R. Also, a
discussion relating the two-dimensional HR-TEM images of the
12 Au NP structures associated with BT,,L and BT, ,R, and
the two-dimensional projection of the 3D-model of the left-
and right-handed helical structures of the NPs is provided in
Figure S5. Furthermore, Figures S6 and S7, Supporting
Information, provide the HR-TEM images of the 12 Au NPs
associated with the chiral structures BT;,R and BT;,L; while
Figures S8—S11 show examples of large area HR-TEM images
of the respective structures. The yield of the purified Au NP
BT, ,L structures is estimated to be ca. 30% and representative
HR-TEM images are presented in Figure S8. While most of the
structures include the expected 12 Au NPs, some of the
structures show defects, where only 10 or 11 particles comprise
the helical structures. It should be noted that most of the
barrels are functionalized with 12 nanoparticles, while some of
the barrels include defects where the helices include 10 and 11
nanoparticles (a trace of barrels included 13 nanoparticles,
presumably due to nonspecific adsorption to the barrels); see
histograms of the composition of the barrels, Figure SI12.
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Furthermore, attempts to further purify the intact 12-nano-
particle-modified barrels by electrophoresis were unsuccessful
due to partial dissociation of the NPs from the barrel structures
during electrophoresis and extraction of the products from the
gel.

Figure 3A and B depicts the CD spectra corresponding to the
(L)-handed and (R)-handed helical structures of the 12 NPs
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Figure 3. CD spectra corresponding to (A) the helical left-handed
structure and associated with the barrel BT, ,L; (B) the helical right-
handed structure associated with the barrel BT|,R; (C) the helical
right-handed structure associated with barrel BT;,R; (D) the helical
left-handed structure associated with barrel BT ,L.

associated with the BT,,L and BT,,R barrels, respectively.
Similarly, Figure 3C and D shows the CD spectra of the (R)-
handed and (L)-handed helical structures of the 12 Au NPs

associated with the BT;,R and BT;,L, respectively. As
expected, the CD spectra show characteristic bisignate peak/
dip bands centered around the plasmon absorbance band of the
Au NPs. Also, the CD spectra show mirror images of the (L)-
and (R)-handed assemblies. The clear CD spectra originate
from the fact that the effective interparticle plasmonic coupling
occurs in the helical structures of the Au NPs, positioned at
close spatial distances on the respective barrels. Accordingly,
increased absorbance of the incident light proceeds along the
respective helical structures of the Au NPs possessing the same
helicity of the circularly polarized light. It should be noted that
although some “shoulders” appear on the central CD bands,
these perturbations of the CD bands may be attributed to the
existence of defective, imperfect structures of the Au NPs
(resulting in larger interparticle distances) and/or the
heterogeneity of the 10 nm-sized Au NPs. The absorbance
spectra of the different helical Au NP structures associated with
the barrels BT, ,L, BT, ,R, BT;,R, and BT;,L are depicted in
Figure S13A, and the calculated extinction Discrete Dipole
Approximation (DDA) spectrum of BT, ,R, used to simulate
the CD spectra, is depicted in Figure S13B. From the respective
CD spectra and absorption spectra of the structures, the
anisotropy g-factors of the systems were calculated to be 0.6 X
1072, 0.1 X 1072, 0.5 X 1072, and 0.6 X 1072 (at the respective
CD band peaks of barrels BT, ,L, BT, ,R, BT;,R, and BT; L),
Figure S14, consistent with previously reported g-factors for
other chiral Au NPs structures.’”*""*> Furthermore, we note
that the CD spectra associated with the left-handed Au NP
assemblies are always 2.5- to 3-fold enhanced as compared to
the right-handed Au NPs assemblies (this conclusion is derived
from a set of N = S experiments). The experimental data fit well
the theoretical calculations, taking into account the absorbance
of the circularly polarized light from the chiro-plasmonic NP
structures.”*™* For these calculations we adopted the geo-
metrical model of the Au NPs as depicted in Figure 4A. From
the HR-TEM images, we conclude that the spatial separation
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Figure 4. Theoretical simulations of the CD spectra of the left- and right-handed helical structures of the Au NPs associated with the barrels. (A)
Schematic geometrical model for the Au NPs functionalizing the barrel: panel I, top view; panel II, side view. Angle a corresponds to the angle
between two adjacent Au NPs and the axis of the barrel, @ = 60°. (B) Calculated CD spectra corresponding to the left-handed and right-handed
helical structures of the plasmonic Au NPs (for details on the calculations, see Methods). (C) and (D) Geometrical paramters corresponding to the
separation between the Au NPs in the left- and right-handed helices, taking into account the global right-handed twist in the DNA scaffolds. (E) and
(F) Calculated CD spectra corresponding to the left-handed and right-handed helical configurations of the 12 Au NPs associated with the barrels

subjected to the global right-handed twist, respectively.

9898

DOI: 10.1021/jacs.6b04096
J. Am. Chem. Soc. 2016, 138, 9895—9901


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04096/suppl_file/ja6b04096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04096/suppl_file/ja6b04096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04096/suppl_file/ja6b04096_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04096

Journal of the American Chemical Society

across the diameter of the barrels is d; = 16 + 3 nm whereas the
maximum distance between two Au NPs at the edges of the
longitudinal axis of the barrel is d, = 30 + 4 nm. Accordingly,
the top-view of the six Au NPs forming one rim of the helix is
shown in Figure 4A, panel I, whereas Figure 4A, panel II,
depicts the lateral view of the two full helices of Au NPs,
associated with one side of the barrel. Knowing the values of d,
and d,, and using simple geometrical considerations, the
distances between the respective particles were calculated as
given in the two panels. The mirror image of the left-handed Au
NPs structure given in Figure 4A is shown in Figure S15. Using
these dimensions, the models of the left-handed and right-
handed Au NP helices were constructed, Figure S16, and these
allowed the Discrete Dipole Approximation (DDA) calculation
of the (L)- or (R)-handed helical structures CD signals, Figure
4B. Evidently, the experimental patterns of the CD spectra are
well reproduced and show the bisignate peak/dip bands
centered around the plasmon absorbance band of the Au
NPs presented in Figure 3. The calculated intensities of the CD
bands for the (L)- and (R)-handed Au NPs assemblies are
within the experimental range, yet reveal similar intensities. The
higher CD bands observed for the (L)-handed helical Au NP
configurations are rationalized in terms of torsional stress
originating from local underwinding of the duplex DNA in the
barrel structures.”” In our design, we have 10.67 bp per turn
(derived from the distance between consecutive crossover
points) as compared to the theoretical 10.5 base-pairs/turn in
B-DNA. This unbalanced torsional stress of ca. 2% is released
by a global right-hand twist in the barrel structures (a similar
unbalanced torsional stress leading to a global twist of an
origami structure was previously addressed””). This global twist
in the barrel structure is anticipated to increase the interparticle
distances between adjacent Au NPs associated with the helical
tethers of the same handedness as the global twist. In turn, this
global twist in the barrel structure is anticipated to decrease the
interparticle distances between adjacent Au NPs when
associated with the helical tethers of the opposite handedness.
That is, the 60° angle between consecutive particles is expected
to increase to 61.2° in the (R)-handed configurations, and to
decrease to 58.9° in the (L)-handed configurations. Figure 4C
and D depicts the geometrical models for the (L)-handed and
(R)-handed helical Au NP structures subjected to the (R)-
handed global twist, respectively, and Figure 4E and F shows
the relative calculated CD spectra. One may realize that the
(L)-handed Au NP structure, subjected to the (R)-handed
global twist, that results in an interparticle distance of 3.0 nm
(vs 3.3 nm for the 60°) leads to CD bands that are ca. 30%
intensified as compared to the calculated CD bands without the
global twist. Similarly, one may realize that the (R)-handed
helical Au NP assembly subjected to the (R)-handed global
twist yields an interparticle distance of 3.5 nm (vs 3.3 nm for
the 60°) that results in a decrease of ca. 50% in the intensities
of the CD bands. That is, the intensities of the CD bands of the
(L)-handed Au NPs are anticipated to be ca. 1.8-fold higher
than the CD band intensities of the (R)-handed Au NPs,
consistent with the experimental results.

It should be noted that the structural features of the 24-mer
nucleic acid promoter units have a significant effect on the
formation of the right/left-handed helical structures of the
tethers and the resulting attached Au NPs: (i) We find that 15-
mer tethers (T) alone, in the absence of promoter units (Ps),
do not lead to any chiroselective formation of the tether-
functionalized barrels or helical structure of the Au NPs. That
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is, although the tethers could provide steric/electrostatic
repulsive interactions, the short chains of the free tethers and
their positions on the barrel scaffold are insufficient to induce
chiral assemblies. (ii) Short-chain 15-mer promoter units (Ps)
are insufficient to yield Au NPs-functionalized barriers of
noticeable CD responses. These results imply that promoter-
driven chiroselective assembly of the barrels, and the formation
of chiroplasmonic structures, require bulky long-chain
promoter units. (iii) The hybridization of complementary
nucleic acids to the long-chain promoter strands, PsC, did not
improve the yield of the chiroplasmonic structures, cf. Figure
S17. That is, despite the enhancing of the electrical repulsive
interactions associated with the double-strand promoter units,
the CD spectra of the chiroplasmonic structures are unchanged.
These results might imply that the steric effects rather than the
electrostatic repulsive interactions play a major role in the
chiroselective formation of the plasmonic NP structures.

B CONCLUSIONS

The present study has introduced a new paradigm to construct
programmed tether-modified barrels for the organization of
right- or left-handed chiral plasmonic Au NPs configurations.
The folding of the barrels was dictated by “promoter” strands,
Ps, that induced, by electronic and/or steric interactions, the
assembly of right- or left-handed tethers for the deposition of
the plasmonic chiral Au NP configurations. In this context, it is
important to note that our approach relies on constant quasi-
circular/stapled subunits modified identically by the tethers for
the attachment of the Au NPs, and only the positioning of
auxiliary promoter units drive the formation of the barrels with
dictated chirality of the helicity of the tethers. The chiral
plasmonic features of the different Au NP configurations were
followed by CD spectroscopy and the results were supported
by theoretical computations. Interestingly, the CD bands of the
left-handed helical configurations of the Au NPs are intensified
as compared to the CD bands of the right-handed helical
configurations of the Au NPs. This phenomenon was attributed
to a global twist of the DNA barrel scaffold.

The study introduced new concepts advancing the area of
chiroplasmonic nanoparticle structures. The scalability of the
assembly of the barrels into wires suggests that such helical
nanoparticle architectures could be implemented as chiroplas-
monic wave-guides.

B METHODS

DNA Barrel Preparation and Characterization. The appro-
priate DNA sequences (Integrated DNA Technologies, details in the
Supporting Information), 100 nM each, final volume 50 uL, were
added to a solution containing 20 mM magnesium acetate and 0.5X
TAE buffer (Tris-Acetate EDTA) and incubated in a thermal bath
while decreasing the temperature from 90 to 60 °C within 20 min and
from 60 to 4 °C within 14 h. The solution was then filtered using a
Amicon 30 kDa MWCO at 10 000g for S min at 10 °C, using the
buffer employed in the assembly of the barrels. AFM imaging was
conducted in liquid, using the same buffer. A few microliters of the
sample were deposited on freshly cleaved mica that subsequently was
washed two times with buffer. The surface was then subjected to a
buffer droplet while imaging the surface in the solution. Bruker
ScanAsyst software was used with the appropriate ScanAsyst-Fluid*
probe. DLS measurements were performed with a Malvern Zetasizer
in a plastic cuvette in the same buffer used for the thermal bath
incubation, taking care to filter all solutions with Whatman 0.22 ym
filters before barrels assembly. Detailed protocols are reported in the
Supporting Information.
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Au NP Helices Assembly and Characterization, and CD
Analysis. Commercial Au NPs 10 nm (BBI Solutions) were modified
with thiolated DNA following an estabilizhed protocol.’® The Au NPs
were incubated overnight with an excess of bis(p-sulfonatophenyl)-
phenylphosphine dihydrate dipotassium salt (BSPP) and filtered with
an Amicon Ultra 100 kDa MWCO device at 5000g for 3 min, at room
temperature, to eliminate the excess of the capping compound and
concentrate the particles. After spectrophotometric determination of
the Au NPs concentration, they were mixed in a 1:1 ratio with reduced
thiol-modified DNA sequences T’ and sequences T”, that elongates
the sequences T’ by partial complementarity, in a solution containing
100 mM NaCl, 0.5x TBE buffer (Tris Borate EDTA), 0.5 mg/mL
BSPP and incubated for 3 h at room temperature. After gel
electrophoresis separation in 3% agarose gel, the single-strand
modified Au NP band was excided and the particles extracted in a
dialysis tube. The collected particles were then incubated for 48 h in
buffer with T”-releasing strand RT” and a short thiolated DNA
oligonucleotide Stab (HS-dT;), prior to filtering using Amicon Ultra
100 kDA MWCO to eliminate the excess of HS-dT;. To obtain the
AuNP helices, 3 uL of the assembled barrel solution was mixed with
the appropriate mix of T’'-modified Au NPs, with a ratio 1:12, in a
solution containing 20 mM magnesium acetate in 0.5XTAE buffer for
48 h at room temperature. The samples were then analyzed in a Jasco
CD spectropolarimeter in a 1 cm light-path quartz cuvette and three
signal accumulations for each experiment were averaged. TEM
characterization of the Au NP assemblies was performed with HR-
STEM Magellan (FEI). A few microliters of the Au NP-decorated
barrels solution (1 nM) were deposited on a TEM copper mesh and
freeze-dried prior to imaging.

Computational Modeling of the CD Spectra. We employed the
Discrete Dipole Approximation method®'™>® (DDA) for our
theoretical understanding of the measured CD signals obtained from
left and right handed helical structures. The frequency dependent bulk
permittivity of gold has been taken from the literature.”* The dielectric
constant of the medium is taken as 1.8 (water and DNAs) to account
for the surrounding medium of the helical structures. In the optical
experiments, the structures are randomly oriented in solution.
Therefore, in order to calculate the CD signal, one is required to
take the average of the CD for all possible directions of the incident
left and right circularly polarized (LCP/RCP) lights on the structures.
To reduce time-consuming computations while achieving accurate
results, in the simulation, LCP and RCP beams are sent to the
structure from three orthogonal directions. It was previously
demonstrated that this approach is adequate to compute the features
of small structures.”> Accordingly, the extinction cross sections for
circularly polarized photons are calculated. Subsequently, for each
orthogonal direction, the CD signal is obtained by the difference
between the LCP and RCP extinction cross sections. Finally, the
averaged CD was computed by taking the average of the three
directional CD signals. The input parameters for our optical plasmonic
modes were the coordinates of NPs.
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