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ABSTRACT: DNA origami-based templates have been widely Intercalator concentraton
used to fabricate chiral plasmonic metamaterials due to their \
precise control of the placement of nanoparticles (NPs) in a \

desired configuration. However, achieving various chiroptical f\gl ﬁg‘l 53’1 Ay l
responses inevitably requires a change in the structure of DNA - =
origami-based templates or binding sites on them, leading to _|? r 6‘0 ‘ - :
the use of significantly different sets of DNA strands. Here, we 9 4 \ d’ -
propose an approach to controlling various chiroptical D o 0\ B 450 B3 E50590 850
responses with a single DNA origami design using its chemo- g o' o' Wavelength (nm)
mechanical deformation induced by DNA intercalators. The

chiroptical response could be finely tuned by altering the concentration of intercalators only. The silver (Ag) enhancement
was used to amplify the chiroptical signal by enlarging NPs and to maintain it by stiffening the template DNA structure.
Furthermore, the sensitivity in the chiroptical signal change to the concentration of intercalators could be modulated by the
type of intercalator, the mixture of two intercalators, and the stiffness of DNA origami structures. This approach would be
useful in a variety of optical applications that require programmed spatial modification of chiroptical responses.
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hiral plasmonic metamaterials exhibit chiroptical resolution. Its high programmability has enabled the reliable
‘ activity due to their characteristics of surface plasmon construction of nanostructures in arbitrary shapes by folding a

resonance and chirality. Since chiral structures do not long DNA strand with multiple short strands of rationally
overlap with their mirror image, chiral-shaped plasmonic designed sequences. Precise control over the arrangement of
metamaterials have different responses to left- or right- plasmonic NPs on DNA origami nanostructures has been
circularly polarized light. If constructed at the nanoscale, successfully demonstrated.”"*™"* Its dynamic change through
they can interact with visible light, which is highly useful in the reconfiguration of DNA origami induced by strand
various applications." While several methods have been studied displacement reactions'®™** and environmental stimuli**™>°

for realizing chiral shapes including direct laser lithography,”
glancing angle deposition,” and directed synthesis,* they often
require fine-tuning of manufacturing conditions, rendering it
difficult to build a complex shape at the nanoscale.
Alternatively, more easily accessible achiral plasmonic NPs
such as gold nanoparticles (AuNPs) and gold nanorods can be
used. Although they do not show chiroptical activity
individually, it can be achieved by the chiral arrangement of
these particles in close proximity due to plasmon coupling
between them. For example, the twist or stacking angle of a
polymer substrate with NPs was directly controlled.® Received:  October 23, 2023
Furthermore, diverse types of chiral templates such as Revised:  January 11, 2024
polymer,” nanofiber,® liquid crystal,” and peptide'®'" have Accepted: January 12, 2024
been employed for the attachment of NPs in the chiral form. Published: January 18, 2024
DNA origami'” is a promising template where achiral
plasmonic NPs can be precisely arranged in nanometer

have been shown to be possible.

However, controlling chiroptical responses with these
conventional methods remains limited. For example, although
they can be varied by designing the locations where NPs bind
the structure, they are highly limited due to the helical nature
of the DNA duplex, which inevitably restricts the position
where DNA handle strands can point outward for the
attachment of NPs. The twist of the DNA structure itself
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Figure 1. Principle of controlling the chiroptical response. (a) Torsional deformation of a unit block in 6HB due to the unwinding effect of
an intercalator. (b) Various NP arrangements dependent on the concentration of intercalators. (c) Corresponding CD signals after Ag
enhancement. @ is the initial angle between neighboring AuNPs without intercalators. § is the twist angle per unit block between adjacent
NPs. Bold straight lines indicate the ideal positions and orientations of the first and second NPs. Dotted straight lines indicate the initial
position of the second NP. The degree in parentheses represents the acute angle in the axial direction between adjacent NPs.

can be finely tuned,”" but in this case, we need different sets of
constituent DNA strands to construct each structure with
different twists, which is costly and inefficient to realize diverse
chiroptical responses. Alternatively, several methods to control
the chiroptical signal dynamically have been proposed.'®™*’
Their structures (and hence the attached NPs) were switching
between a few configurationally restricted (e.g, open and
closed) states only by using a rather simple on-and-off
mechanism controlled by the stimuli-responsive formation of
double-stranded DNA (dsDNA). As a result, while it was
possible to obtain continuously varying chiroptical signals,
accurate control over a wide range of them was challenging due
to the difficulty in the adjustment of the ratio between these
restricted states.”> "

Here, we propose a way of controlling the chiroptical
response with a single DNA origami design using the chemo-
mechanical deformation induced by DNA intercalators. The
unwinding of dsDNA, when intercalators bind, is used to
induce the torsional deformation of the DNA origami
structure, which modulates, in turn, the NP arrangement on
it. Various chiroptical responses could be obtained conven-
iently by changing the concentrations of intercalators only. The
sensitivity in the chiroptical signal change to the concentration
of intercalators could be tuned by using different types of
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intercalators or their mixtures and by changing the stiffness of
DNA origami structures. We used the Ag enhancement to
amplify the designated signal by enlarging NPs' and to
maintain it by stiffening the template DNA structure®>™** even
after the change in the concentration of intercalators. This
ability to realize various chiroptical responses would be useful
in applications such as optical metasurfaces, where a
programmable spatial variation of chiroptical responses is
necessary.

RESULTS AND DISCUSSION

Design and Principle. DNA intercalators change the
equilibrium configuration of dsDNA when bound. For
example, ethidium bromide (EtBr) is known to unwind
unconstrained dsDNA so that its helical pitch increases from
10.5 base pairs (bp) per turn for B-form DNA.*>*® These
chemicals may induce mechanical stresses into structured
DNA assemblies because DNA helices on them are cross-
linked and constrained by Holliday junctions (crossovers),
thereby deforming the structure into bent and/or twisted
shapes.®”**

Here, we propose to use this chemo-mechanical deformation
for controlling the chiroptical response. To illustrate, we
constructed an initially straight six-helix bundle (6HB) on the
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Figure 2. Prediction and characterization for AuNP arrangements. (a) 6HB design with the protruding DNA handles for the attachment of
AuNPs and process of attaching AuNPs and adding intercalators. (b) Predicted arrangements of AuNPs with respect to the helical pitch
using the SNUPI analysis. Images in squares show the AuNP arrangement in the axial view. (c) TEM images showing deposition forms of
AuNPs depending on the EtBr concentration. Yellow triangles indicate the positions of AuNDPs in the zigzag deposition form. Scale bars are
50 nm. (d) Ratio of AuNPs in the zigzag deposition form dependent on the EtBr concentration. Error bars were obtained using the
bootstrapping method. Specific numbers are shown in Figure S4. Solid straight lines were obtained by linear regression.

honeycomb lattice designed to exhibit a torsional deformation
in the left-handed (LH) direction via the unwinding effect of
intercalators (Figure la). Its twist angle per unit block (&)
would increase monotonically with the concentration of
intercalators until saturated. The positions of protruded
DNA handles for AuNP attachment were designed so as to
locate five AuNPs with LH helical form at an equal distance on
the straight bundle (6 = 0°) consisting of four unit blocks
(Figure 1b). The initial angle 6 between neighboring AuNPs
without intercalators was set to approximately 120°. The
torsional deformation of the bundle would increase continu-
ously with the concentration of intercalators, which would, in
turn, change the AuNP arrangement on it gradually. For
example, if § is increased to 60°, the angle between the
adjacent AuNPs becomes 180°, ideally leading to the zigzag
form having achiral properties. If § is further increased to 120°,
AuNPs show the right-handed (RH) helical form opposite to
their initial one. Note that while intercalators induce
monotonic torsional deformation in the LH direction to
DNA origami bundles, various chiroptical responses can be
achieved through the rational design of the initial arrangement
for discretely attached AuNPs. The Ag enhancement was
employed to increase the size of AuNPs large enough to get
the chiroptical signal (Figure 1c). It also stiffened the template
DNA structure®>* so that its deformed shape hardly changed
with the concentration of intercalators maintaining the
designated chiroptical signal.
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Characterization of AUNP Arrangements. For quanti-
tative characterization of AuNP arrangements, we used 6HB
with additional flag-like regions at its ends,®"*® which assist the
observation of torsional deformation of the bundle (Figure 2a
and Figure S1). From the middle of the bundle, five AuNPs
were attached with three or four DNA handle strands per
binding site at 84 bp and 120° intervals along the axial axis to
set the AuNP arrangement on the template bundle initially to
the LH helical form. Then, EtBr at various concentrations was
introduced as the
deformation of the bundle and the corresponding change in
the chirality of the AuNP arrangements.

We first simulated the AuNP arrangement induced by the
chemo-mechanical deformation of 6HB using SNUPI’**
(Figure 2b). The unwinding effect dependent on the
concentration of intercalators was modeled by increasing the
helical pitch from the reference value (10.5 bp per turn). When
we calculated the final positions of AuNPs on 6HB from the
SNUPI analysis results (Note S1), the initial form of AuNP
arrangement (set to 120° intervals per 84 bp) was found to be
crucial to achieving states gradually varying from LH to achiral
to RH helical forms according to the change in the helical pitch
(Figure S2). The achiral zigzag form was observed around the
helical pitch of 10.9 bp per turn, and the RH helical form
appeared at the helical pitch of approximately 11.4 bp per turn.
These results indicated that various chiral properties of AuNP

intercalator to induce the torsional
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Figure 3. Ag enhancement. (a) Fabrication stage with Ag enhancement and measurement stage of increasing total volume to measure the CD
signals. TEM images show the arrangement of Au@Ag NPs at zero EtBr concentration. Scale bar is 50 nm. (b) Measured CD spectra for
various EtBr concentrations. The peak wavelength without EtBr is 534 nm, as indicated by the dotted line. (c) Normalized CD values at 534
nm for different EtBr concentrations. Dashed straight lines were obtained by linear regression. (d) The g-factors for various conditions of
NPs (dispersed AuNPs, dispersed Au@Ag NPs, assembled AuNPs, assembled Au@Ag NPs, and modified assemblies of Au@Ag NPs
dependent on EtBr concentration). (e and f) CD spectra in the change of EtBr concentration after Ag enhancement. Arrows indicate the dip
and peak wavelengths for each spectrum. (g) Comparison of g-factors for the changed and unchanged EtBr concentrations during the
measurement stage. Those for the change in EtBr concentration were obtained at the indicated dip and peak wavelength, respectively.

arrangements would be possible by adding intercalators to
change the effective helical pitch of dsDNA.”>*°

For experimental verification, AuNPs of 5 nm diameters
were attached to five binding sites on 6HB. The yield of
attaching five AuNPs to the 6HB was roughly ~80% when we
counted the number of AuNPs from the atomic force
microscopy (AFM) images (Figure S3). We measured the
zigzag ratio at various EtBr concentrations by using trans-
mission electron microscopy (TEM) on negative-stained
samples. It was defined as the number of bundles with the
zigzag deposition form of AuNPs divided by the total number
of bundles (Figures 2c, 2d, and $4). Ideally, it would be zero if
the AuNP arrangement would be either the LH or RH helical
form, while it would be one for the fully zigzag form. In
practice, due to the flexibility of the bundle and its handle
strands for AuNP attachment, 14.1% of bundles showed the
zigzag deposition form of AuNPs even without EtBr. However,
as the concentration of EtBr increased, the zigzag ratio
monotonically increased and reached its maximum value of
76.0% at approximately 1.5 uM, where two-dimensional zigzag
forms were dominant. Then, it decreased and reached its
minimum value of 13.3% around 3.5 uM EtBr as the RH
helical form of AuNPs became dominant. These results
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illustrated that the AuNP arrangement could be successfully
varied with intercalators, inducing torsional deformation of the
template DNA origami bundle.

Ag Enhancement. We employed Ag ions to amplify the
designated chiroptical signal by enlarging AuNPs and to
maintain it even after a change in the concentration of
intercalators by stiffening the template DNA bundle. First of
all, the diameter of ~5 nm for the original AuNPs and the gap
of ~25 nm between them were not suitable to achieve plasmon
coupling for chiroptical activity (Figures SS and S6). Hence,
we enlarged the diameter of NPs from ~5 to ~38 nm and
reduced the gap between them from ~25 to ~2 nm on average
via Ag enhancement"*' (Figure 3a and Figure S7). The
structures were then diluted under the same buffer condition
to fill a cuvette for circular dichroism (CD) measurements
(Figure 3a). Without the addition of EtBr, the CD signal
exhibited a characteristic bisignate peak—dip shape with its
peak value of 15.8 mdeg at a wavelength of 534 nm (Figure 3b
and Figure S8), indicating the LH helical form of Au@Ag NP
arrangements. The peak value decreased with the concen-
tration of EtBr and the CD spectra became almost flat at 1.5
UM, corresponding to the achiral zigzag form of Au@Ag NP
arrangements (Figure 3b and Figure S9). Further addition of
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Figure 4. Sensitivity of chiroptical response change depending on the type and combination of intercalators. (a and b) CD spectra when
DOX and AO were used as the intercalator. (c—f) Normalized CD values at 534 nm for three intercalators (EtBr, DOX, and AO) and their
mixtures. Dashed and solid straight lines in c—f were obtained by linear regression.

EtBr led to the increase of the peak CD signal in the opposite
direction, resulting in a fully reversed CD spectrum around 3.8
UM due to the RH helical form of the Au@Ag NP
arrangements. Normalized CD values at the wavelength of
534 nm showed almost linear dependency on the EtBr
concentration (Figure 3c). We further calculated the g-factors
at the wavelength of 534 nm to see the variation of chiroptical
responses with respect to the EtBr concentration more clearly
(Figure 3d and Figures SS and S6). Those for dispersed
AuNPs, dispersed Au@Ag NPs, and assembled AuNPs were
considerably lower. These results confirmed that various
chiroptical responses could be obtained effectively with the
proposed, DNA-origami-templated Au@Ag NP system using
DNA intercalators.

It has been reported that Ag ions bind and stiffen the DNA
helices.”>™* We used this effect to stabilize the designated
chiroptical signal for the concentration change. To demon-
strate it, we measured CD signals of two assemblies fabricated
at 3.8 and 0.8 M EtBr with Ag enhancement (Figures 3e, 3f,
and S10). Both assemblies had similar CD spectra even after
the change of EtBr concentration in the dilution for the CD
measurement, suggesting that the designated chiroptical signal
could be maintained to some extent. To compare this, we
estimated g-factors at the dip and peak wavelengths for 3.8 and
0.8 M, respectively (Figure 3g). The g-factors remained
constant despite the change in EtBr concentration. The
redshift might be caused by the electrostatic screening effect
of bound Ag ions reducing the repulsive forces between DNA
helices.*”** As a result, DNA helices in the structure became
more densely packed, leading to a decrease in the distance

3418

between Au@Ag NPs. This reduction in the distance between
Au@Ag NPs might be responsible for the observed redshift.'"
It could also be observed when we increased the concentration
of MgCl, having a similar screening effect (Figure S11). Except
for this unwanted effect, the desired chiroptical signal could be
stabilized for the change in the concentration of intercalators
effectively by Ag enhancement.

Type and Combination of Intercalators. The torsional
deformation of DNA origami bundles would vary with the
intercalator type because each intercalator has a different
unwinding angle per molecule and binding affinity. As a result,
the sensitivity in the chiroptical response change to the
concentration of intercalators would be dependent on their
type. To investigate, we tested two additional intercalators,
doxorubicin (DOX) and acridine orange (AO), and measured
the CD signals at various intercalator concentrations (Figures
4a—4c and Figures S12 and S13). DOX resulted in similar CD
spectra but exerted a stronger chemo-mechanical effect than
EtBr. The peak CD at 534 nm dropped to —30.4 mdeg when
3.8 uM DOX was added, approximately 2 times more than that
observed with the addition of the same amount of EtBr. In
contrast, CD values barely changed with AO. The peak CD
dropped to 10.6 mdeg even with 3.8 uM AO. Nevertheless, a
redshift appeared in the CD spectra probably due to the
reduction in the distance between NPs.'"***’ It has been
reported for the interaction of AO with DNA that intercalation
is dominant at a low concentration and electrostatic binding
becomes more prominent as the concentration of AO
increases.”* Hence, the repulsive electrostatic forces between
DNA helices might decrease with the AO concentration,
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Figure 5. Sensitivity of chiroptical response change depending on the stiffness of DNA origami bundles. (a) Five representative cross-
sectional shapes of DNA origami bundles. Dependence of § and the normalized CD on the helical pitch for different cross-sectional shapes.
(b) 12HB design with the protruding DNA handles for the attachment of AuNPs. (c) Predicted arrangements of AuNPs at 12HB with
respect to the helical pitch using the SNUPI analysis. Images in squares show the arrangement of AuNPs in the axial view. (d) CD spectra of
Au@Ag NPs at 12HB measured for various EtBr concentrations. The peak wavelength at zero EtBr concentration is 518 nm. (e)
Comparison of normalized CD values for Au@Ag NPs at 6HB and 12HB. Those at 12HB are normalized at 518 nm. (f) The g-factors at
12HB depending on EtBr concentration. They were obtained at 518 nm. (g) Estimated binding densities of EtBr with respect to its
concentration (Figure $29). Solid straight lines in parts a—g were obtained by linear regression.

leading to a reduction in the effective diameter of DNA
bundles and hence the distance between NPs. The slopes of
the normalized peak CD to the intercalator concentration were
—0.68, —0.46, and —0.09 uM™' for DOX, EtBr, and AO,
respectively. Consequently, the sensitivity to the concentration
of intercalators is greater in the order of DOX, EtBr, and AO.
Although the unwinding angle per molecule of EtBr (~26°)"
was known to be the largest compared with that of AO
(~17°)* and DOX (~11°),"”*® the order of sensitivity was
changed because the binding affinity of DOX was reported to
be about 40 and 200 times larger than that of EtBr and AO,
respectively, in the ionic strength of ~0.06 M,*’ ™" similar to
our experimental condition of ~0.05 M.
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In addition, we explored the variation of chiroptical
responses when the two intercalators were used together as a
mixture. CD signals were measured with three mixing ratios
(25%—75%, 50%—50%, and 75%—25%) of two intercalators at
the same total concentration for each combination of
intercalator types (Figures 4d—4f). For mixtures of AO and
EtBr (Figure 4d and Figures S14—S16), the normalized CD
values lay between 100% AO and EtBr lines but leaned toward
the 100% EtBr line more. This result suggests that EtBr might
be more competitive in intercalation than AO. A similar result
was observed when AO and DOX were used as a mixture
(Figure 4e and Figures S17—S19), with a stronger dependency
on the DOX concentration. Interestingly, if we used the
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mixture of DOX and EtBr (Figure 4f and Figures $20—522),
much higher sensitivities were observed even when compared
to the sensitivity achievable with 100% DOX. The maximum
sensitivity was obtained with the mixture of 50% DOX and
50% EtBr, and it decreased when the ratio of DOX was further
increased. This result suggests that there might exist a
cooperative effect in binding to DNA when these two
intercalators were used. The structural deformation of the
DNA helices due to the binding of one intercalator type might
increase the binding of the other. Additional studies using, for
example, molecular dynamics simulations would be necessary
to reveal the exact mechanism. The g-factors obtained at a
wavelength of 534 nm for different intercalators and their
combinations also showed similar trends (Figure $23). Taken
altogether, the sensitivity of chiroptical responses can be finely
controlled by using a mixture of intercalators even in broader
ranges compared to when only a single type of intercalator is
used.

Stiffness of DNA Origami Bundles. While the sensitivity
in the chiroptical response change can be effectively modulated
by DNA intercalators, it is determined by the unwinding rate
and binding affinity of the intercalators available. Alternatively,
it can also be controlled by the stiffness of DNA origami
bundles, which has been shown to be finely tuned in a wide
range via cross-sectional design and engineered de-
fects.”">”°*** For example, various rates of change in & with
respect to the helical pitch could be achieved by changing the
cross-sectional shape of the bundle according to the SNUPI
analysis. Then, various slopes of the normalized peak CD to
the helical pitch were obtained by assuming linear dependence
of § to the normalized peak CD (Figure Sa and Note S2).

To verify the effect of the bundle stiffness, we designed a 12-
helix bundle (12HB) with binding sites to locate five NPs with
the LH helical form at an equal distance on the straight bundle
(Figure Sb and Figure S24). The yield of attaching five AuNPs
to 12HB was roughly ~87% (Figure S25). SNUPI analysis
suggested that the helical pitches around 11.1 and 11.7 bp per
turn were required for 12HB to achieve the achiral zigzag and
RH helical forms, respectively, which were higher than those
for 6HB (Figure Sc).

We measured CD signals of the Au@Ag NPs on 12HB by
increasing the concentration of EtBr to 16.5 uM (Figure Sd
and Figures $26—528). The peak wavelength was shifted to
518 nm because of a larger effective diameter of 12HB than
6HB resulting in the increased gap between Au@Ag Nps.'!
CD values at a wavelength of 518 nm decreased monotonically
with EtBr. The CD spectra became almost flat at 7.5 yM and
then reversed at 15.0 yuM compared to the initial chiroptical
response. A redshift of the reversed peak CD values at higher
than 15.0 uM was observed probably because the shrunken
inner space of 12HB induced by an excessive deformation
might cause the change in the helical radius of NP
arrangement. To clearly identify the variations in the CD
signals, we obtained the normalized CD and g-factor at a 518
nm wavelength (Figures Se and S5f). The slope of the
normalized CD for 12HB was ~4.2 times smaller than that
for 6HB. It is, however, ~1.3 times larger than that predicted
by SNUPI analysis with helical pitch variation (Figure Sa).
This difference suggests that it might be harder for
intercalators to be intercalated into the helices of a stiffer
bundle. In other words, the stiffness of DNA origami bundles
may affect the binding density of intercalators for a given
concentration. Based on this hypothesis, we estimated the
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binding density of intercalators as a function of their
concentration for 6HB and 12HB using simulated and
measured CD variations (Figure Sg and Figure S29). The
rates of binding density with respect to the concentration of
intercalators were calculated as 0.025 and 0.008 molecules per
bp-uM for 6HB and 12HB, respectively.

CONCLUSION

The proposed method offers a way to control the chiroptical
response. It exploited the chemo-mechanical deformation of
DNA origami bundles induced by DNA intercalators to finely
and broadly tune the chiroptical response. Ag enhancement
was employed to amplify the designated chiroptical signal by
enlarging NPs and to stabilize it for the change in the
concentration of intercalators by stiffening the template DNA
bundle. We could control the sensitivity in the chiroptical
response change to the concentration of intercalators by using
different intercalators since each intercalator has a different
binding affinity and unwinding effect on the dsDNA.
Interestingly, using a mixture of two intercalators extended
the controllable range of sensitivity even beyond the inherent
sensitivity of each intercalator. Designing the stiffness of the
DNA origami bundle was also an effective alternative to using
different intercalators for modulating the sensitivity. Our
approach would advance the development of chiral meta-
surfaces that require different chiroptical responses depending
on the region>*~>° if combined with top-down technologies for

precisely positioning DNA origami structures on a sur-
57—60
face.

METHODS

Folding DNA Origami Bundles. We designed 6HB and 12HB
using caDNAno software®’ (Figures S1 and S24 and Tables S1 and
S2), where the 6HB design was slightly modified from the one in the
previous paper>" for our study. To fold the bundles, we prepared 100
uL of the folding solution containing 10 nM scaffold DNA
(M13mp18, Guild BioSciences, www.guildbiosciences.com), 100
nM each staple strand (Bioneer, www.bioneer.co.kr), 20 mM
MgCl,, and 1x TAE (40 mM Tris-acetate, 1 mM EDTA, Sigma-
Aldrich). It was heated to 80 °C at 1 °C/s and annealed from 80 to 65
°C at —0.5 °C per 2 min and from 65 to 25 °C at —0.5 °C per 30 min
using the T100 Thermal Cycler (Bio-Rad).

The annealed solution was purified by a poly(ethylene glycol)
(PEG) precipitation to remove excess staple strands.”> We mixed 100
uL of the annealed solution, 650 uL of a FoB20 buffer (20 mM
MgCl,, S mM NaCl, 1x TAE) and 750 uL of a precipitation buffer
(15% PEG-8000, S00 mM NaCl, 1x TAE) sequentially. The mixture
was centrifuged at 20,000 rcf and 4 °C for 25 min using the 1730R
microcentrifuge (LaboGene). Its supernatant was carefully removed
until 30 4L of the mixture remained. To recover the volume, 70 L of
10 mM MgCl, and 1x TAE buffer was added. The recovered mixture
was incubated at 35 °C for 30 min to dissolve DNA origami bundles
precipitated by PEG.

Functionalizing AuNPs with DNA Strands. We slightly
modified the typical protocol of previous papers”®>** to obtain the
bundles attached with AuNPs. The AuNP solution (5 nm in diameter,
~90 nM, 20 mL, Sigma-Aldrich) was shaken with 8 mg of bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP,
Sigma-Aldrich) at room temperature overnight. The solution was
divided into 1 mL per tube, and 200 L of 5 M NaCl was added to
each tube. Then, it was shaken and centrifuged at 1700 rcf and 4 °C
for 30 min. The supernatant was removed until the pellet remained
only. The pellet was resuspended in 16 yL of 2.5 mM BSPP solution
and 16 uL of methanol. The centrifugation of the solution and the
removal of the supernatant were performed again with the same
conditions. The pellet was resuspended in 16 yL of a 2.5 mM BSPP
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solution without methanol. The concentration of the AuNPs was
estimated using a NanoDrop One spectrophotometer (Thermo Fisher
Scientific) by measuring the absorbance at 520 nm.

Thiolated single-stranded DNA (ssDNA) (S’-thiol-
TTTTTTTTTTTTTTTTTTT-3') was incubated with 10 mM
Tris(carboxyethyl) phosphine hydrochloride (TCEP, Sigma-Aldrich)
for 30 min in order to disconnect its disulfide bonds. AuNPs and
thiolated ssDNA were mixed in a ratio of 1:60 (AuNP/ssDNA) in
0.5x TBE buffer (44.5 mM Tris-borate, 1 mM EDTA, Sigma-Aldrich).
For salt aging, 1.5 M NaCl was added S times with incubation for 20
min each time to reach the final concentration of 500 mM NaCl. The
final solution was incubated at room temperature overnight. To
remove the excess thiolated ssDNA, we purified the solution by using
a 100 kDa centrifugal filter (Amicon Ultra, Merck Millipore). The
empty filter was washed first with 500 pL of 10 mM MgCl, and 1x
TAE buffer at 14,000 rcf and 20 °C for S min. Then, 100 uL of the
solution was added to the filter and washed 4 times with 400 uL of 10
mM MgCl, and 1x TAE buffer at 14,000 rcf and 20 °C for 5 min.

Assembling DNA Origami Bundles and AuNPs. We mixed
purified AuNPs and DNA origami bundles at the ratio of 5 AuNPs per
binding site. The mixture was incubated from 38 to 25 °C at the rate
of —1 °C/h. AuNP-attached DNA origami bundles were separated
from excess AuNPs through gel extraction by running the incubated
mixture at 19 agarose gel in 10 mM MgCl, and 0.5x TBE buffer
stained with EtBr (Thermo Fisher Scientific). The gel electrophoresis
was performed at 75 V for 90 min in a bath filled with iced water. To
extract the structures, the cut and chopped bands were frozen at —27
°C for 5 min. Then, they were centrifuged at 7000 rcf and 20 °C for 5
min using Freeze ‘N Squeeze DNA Gel Extraction Spin Columns
(Bio-Rad).

Buffer Exchange. To remove the EtBr used for gel staining from
the gel-extracted samples, they were purified by using a 50 kDa
centrifugal filter. The empty filter was washed with 500 uL of 15 mM
MgCl, and 1x TAE buffer at 5000 rcf and 20 °C for 8 min. The
washed filter was filled with the gel-extracted samples and was
centrifuged again at 5000 rcf and 20 °C for 8 min. Then, we washed
the filter 3 times with 450 yL of 15 mM MgCl, and 1x TAE buffer at
5000 rcf and 20 °C for 8 min followed by the recovery of samples at
10,000 rcf and 20 °C for 3 min. The recovered samples were diluted
in order to achieve ~1.0 nM structures in buffer conditions of 15 mM
MgCl,, 1x TAE, and a target concentration of intercalators such as
EtBr, DOX, and AO (Sigma-Aldrich). Then, they were incubated at
room temperature for 20 min.

Ag Enhancement. The attached AuNPs were grown using the
commercial Ag enhancement kit' (HQ_ Silver, Nanoprobes, www.
nanoprobes.com). The A (initiator), B (moderator), and C
(activator) solutions of the kit were mixed in equal volumes and
diluted with deionized (DI) water to set the absorbance at a
wavelength of 290 nm to ~200 AU. The diluted A+B+C solution (3
uL) was added to 10 uL of the buffer-exchanged sample (~1.0 nM
structures). Because the diluted A+B+C solution did not contain
intercalators, the target concentration of intercalators in the sample
solution should be higher than the final concentration in the previous
buffer exchange process. The mixture was incubated at room
temperature for 20 min without light.

AFM and TEM Measurements. Images of samples were
measured by using AFM (Park NX10, Park Systems) and TEM
(JEM-2100Plus, JEOL). For AFM images, S uL of the sample was
deposited on the clean mica detached with scotch tape and incubated
for S min. Then, it was cleaned 3 times with 200 uL of DI water and
blown using a nitrogen gun. For TEM images, 10 uL of the sample
was deposited on the discharged TEM grid in the negative glow and
incubated for 10 min. It was washed twice with DI water and once
with 2% uranyl acetate buffer. Then, the washed grid was stained with
2% uranyl acetate buffer for 40 s. After drying the grid at room
temperature for 30 min, TEM images were captured at 200 kV. From
the TEM images, we counted the numbers of the zigzag and non-
zigzag deposition forms of AuNPs at each EtBr concentration. Then,
we calculated the zigzag ratio relative to the total number of the zigzag
and non-zigzag deposition forms. The standard deviation of the zigzag
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ratio was calculated using the bootstrapping method by repeating the
process 10,000 times through the bootstrap sampling function of
MATLAB (Figure S4). The diameter and gap of AuNPs and Au@Ag
NPs were measured using Image] (https://imagej.nih.gov).

Optical Measurement. Optical signals were measured by using a
CD spectrometer (Chirascan-plus, Applied Photophysics). To fill into
a cuvette (104-002-10-40, Hellma Analytics, path length 10 mm), the
Ag-enhanced samples were diluted with the buffer containing the
target concentration of intercalators in order to set the volume of the
solution to 300 yL. Then, the diluted solution was incubated at 4 °C
overnight. Due to the error in the sizes of Au@Ag NPs, CD values of
at least three different samples fabricated under the same conditions
were measured and averaged. The contents in the buffer such as
MgCl,, TAE, Ag ions, and intercalators did not show CD signals at a
range of concentrations (Figure S30). The g-factor (Kuhn’s
dissymmetry factor) ™% was calculated as follows:

_ Ae _ CD[AU] _ CD [mdeg]/32982
Atolal [A'U] Alolal [A-U]

€L~ &
(ep +€x)/2 €

g-factor =

where € and ¢y are the molar extinction coefficients for the left and
right circularly polarized light, respectively. Ae is the molar circular
dichroism. € is the molar extinction coeflicient for unpolarized light.
Aoa is the total absorbance for unpolarized light measured by the CD
spectrometer in use.

Structural Simulation. We used SNUPI**** to analyze the
torsional deformation of DNA origami bundles. Some properties such
as geometry and rigidity for simulation were used by averaging the
default values of SNUPI, which are different depending on the
sequences of base pairs (Table S3). The helical pitch of DNA was
controlled by changing the angle between neighboring base pairs.
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