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Owing to its unique programmability and address-
ability, DNA origami-based nanofabrication has been widely utilized
in fields such as nanomedicine and nanophotonics. The accessibility
of addressable sites on DNA origami structures is crucial for their use
as nanofabrication platforms. In this study, we systematically
investigated the impact of structural defects on accessibility using a
classic six-helix bundle (6HB) DNA origami and two variants with
subsets of DNA staple strands deleted, introducing programmable
defects in 6HB nanostructures. DNA point accumulation for imaging
in nanoscale topography super-resolution microscopy was employed
to monitor hybridization and dehybridization at each addressable site
and analyze corresponding localizations and kinetics. Statistical
analysis revealed that addressable sites on 6HB nanostructures
retained significant accessibility robustness despite structural defects,
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which was further supported by molecular dynamics simulations. These results provide valuable insights into the design principles

and applications of DNA origami.
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Leveraging the predictable base-pairing rules of DNA
molecules, structural DNA nanotechnology has empowered
the creation of intricately customized structures with
nucleotide-level precision since the 1980s."~* Over the years,
numerous successful methods have been developed to fabricate
DNA nanostructures of almost any arbitra?r geometry.”
Among them, the DNA origami technique,” pioneered by
Rothemund in 2006, uses hundreds of short DNA
oligonucleotides (staples) to fold a long single-stranded
scaffold into a predefined shape via a one-pot self-assembly
process. By providing precise spatial control over the
arrangement of functional moieties, such as molecules and
particles, DNA origami has emerged as a powerful platform for
nanofabrication.'~"?

DNA origami-based nanofabrication offers exceptional
programmability and has been extensively utilized in various
fields, such as nanophotonics,l‘?”14 nanomedicine,">~"” nano-
robots,"®'? and artificial enzymatic reaction networks.”>*! Its
functionality critically relies on postassembly or direct chemical
modification of functional entities on addressable sites,
typically single-stranded DNA (ssDNA) tethers on the DNA
origami surface.”” Therefore, to efficiently functionalize DNA
origami, exploration of the parameters that affect the
accessibility of these addressable sites is essential, particularly
for the postassembly DNA—DNA hybridization method.
Structural defects, such as missing staples, could alter the
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mechanical rigidity and thermal stability of DNA origami and
thus potentially impact the hybridization dynamics at
addressable sites.”> However, whether such structural
perturbations directly translate into functional impairment of
accessibility remains to be systematically explored.

Atomic force microscopy (AFM) and electron microscopy
(EM) provide detailed structural and morphological informa-
tion on DNA origami nanostructures’ but cannot assess the
accessibility of addressable sites on these nanostructures.
Alternatively, DNA point accumulation for imaging in
nanoscale topography (DNA-PAINT)**** allows for precise
characterization of addressable sites on DNA origami. Previous
studies have explored ssDNA accessibility on both two-
dimensional’*” and three-dimensional®”> DNA origami
structures, revealing site location dependency and structural
correlations. For instance, due to steric hindrance and
positional differences, central binding domains in rectangular
DNA origami typically exhibit higher accessibility than edge
sites.”® Despite these advances, a quantitative understanding of
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Figure 1. Overview of the design and self-assembly of 6HB DNA origami with three levels of defects. (A) Schematic of the self-assembly of 6HB
origami with varying levels of defects. Del0 represents a defect-free 6HB with no staple strands removed from a single addressable site; Dell and
Del3 have one and three staple strands removed from a single addressable site, respectively. (B) Representative AFM images of 6HB DNA origami
with varying defects. Left: wide-field AFM images. Scale bars: 500 nm. Right: representative AFM images of individual structures. Scale bars: 100
nm. (C) Contour statistics of 6HB origami with varying defects. Contours from over 100 representative monomers for each design are aligned with

initial tangents horizontally. Scale bars: 100 nm.
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Figure 2. Super-resolution imaging of 6HB origami with three defect levels. (A) Workflow of super-resolution DNA-PAINT imaging of the 6HB.
Up: sequence design for DNA-PAINT super-resolution imaging experiments. Middle: a diffraction-limited image of 6HB structures. Scale bar: 500
nm. Bottom: reconstructed super-resolution DNA-PAINT image of the 6HB structure. Scale bar: S00 nm. (B) Localization of DNA-PAINT
binding events and extracted monomer contour from the green boxed region in panel (C). Scale bar: 100 nm. (C) Histogram of localization counts
along the contour of a single 6HB and one-dimensional Gaussian fitting along its contour. (D) Visualization of binding domains in 6HBs with three
levels of defects. Representative DNA-PAINT images of Del0 (defect-free), Dell, and Del3. Scale bar: 100 nm.
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Figure 3. Localization analysis of accessibility in 6HB DNA origami with varying levels of defects. (A) Time-lapse imaging of DNA binding events
on a single 6HB. Representative DNA-PAINT images (top) and specific binding events (bottom) at addressable sites for Del0, Dell, and Del3 at
increasing acquisition times (25—500 s). Scale bars: 100 nm. (B) Distribution of localizations over time. Histograms show localizations detected at
25, 100, and 500 s for Del0, Dell, and Del3. (C) Quantitative comparison of localizations of Del0, Dell, and Del3 within 500 s. Box plots (left)
display localization distributions for 300 independent structures of each design. Probability density plots (right) illustrate similar distributions
despite increased defects. (D) Cumulative localizations as a function of time over 1000 s (N = 6). The inset shows a magnified view of an
intermediate time point. (E) Accessibility heatmap for eight addressable sites of Del0, Dell, and Del3.

how structural defects specifically affect ssDNA accessibility
remains limited.

Here, we employed the classic six-helix bundle (6HB) DNA
origami”’ and its two variants with deleted subsets of required
DNA staple strands as a model system to systematically analyze
the impact of structural defects on the accessibility of
addressable sites. By combining DNA-PAINT super-resolution
microscopy and molecular dynamics simulations, we quantita-
tively evaluated accessibility across 6HB structures with varying
defect designs. Our results demonstrate that the accessibility of
addressable sites on DNA origami remains largely unaffected
despite structural perturbations caused by the removal of staple
strands.
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We employed the classic 6HB DNA origami, featuring a
slender honeycomb lattice geometry, as the model system.
Previous studies have reported the impact of defects on the
geometry and mechanical performance of 6HB origami,
making it an ideal framework for our investigation.’>*" Using
the caDNAno software,*> we engineered two 6HB structures
with varying levels of defects (Figure 1A). The intact 6HB
DNA origami structure has a total length of 400 nm, an inner
diameter of 2 nm, and an outer diameter of 6 nm, with eight
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addressable sites evenly spaced along the structure, each 42.2
nm apart. At each addressable site, four protruding 11 nt
ssDNA are available for subsequent accessibility evaluation
(Figure 1A and Figures S1 and S2). These three distinct 6HB
designs with varying defect levels were constructed through a
one-step annealing process: (i) an intact 6HB DNA origami
(Del0), without missing staple strands; (ii) a partially defective
6HB DNA origami (Dell), with one staple strand missing at a
single addressable site; and (iii) a severely defective structure
(Del3), with three staple strands missing at a single addressable
site. Defects were uniformly introduced into the eight
addressable sites distributed evenly along the 6HB. AFM
imaging confirmed the successful folding of all defect-
programmed 6HB structures (Figure 1B and Figures S3—
S6). To further visualize the AFM characterization results, we
aligned the contour lines of 6HB monomers at one end
(Figure 1C), where increased contour fluctuations were
observed with higher defect levels. These observations validate
the successful fabrication of 6HB origami structures with three
distinct defect states.

In our DNA-PAINT imaging experiments, the four 11 nt
ssDNA protruding from each addressable site of a single 6HB
served as docking strands, while the complementary Cy3B-
labeled 9 nt ssDNA acted as imager strands (Figure 2A). To
ensure unbiased comparisons, DNA-PAINT data acquisition
was conducted under identical experimental conditions for all
three types of 6HB DNA origami (Del0, Dell, and Del3). The
fluorescently labeled imager strands transiently and reversibly
bind to the docking strands located on the eight addressable
sites of each 6HB (Figure 2A). By localizing the detected
single-molecule binding events, diffraction-limited images of
the 6HB DNA origami were obtained, which were further
processed using image reconstruction techniques to produce
super-resolution DNA-PAINT images (Figure 2A).

To quantify accessibility at the level of individual
addressable sites, we analyzed the spatial resolution of DNA-
PAINT images. We counted the localized binding events from
the super-resolution images of the 6HB to extract the contour
of the individual 6HB (Figure 2B). The DNA-PAINT imaging
resolution of the 6HB was calculated using the histogram of
localization counts and one-dimensional Gaussian fitting along
the contour line (Figure 2C). Super-resolution images of the
6HB with varying defect levels consistently revealed a clear
pattern of eight distinct points (Figure 2D and Figures S7—
S9). Notably, as structural defects increased, the contour
fluctuations of the 6HB became more pronounced (Figure
$10), consistent with AFM observations (Figure 1B). Although
the inherent flexibility of the 6HB and defect-induced rigidity
reduction caused significant structural bending, the recon-
structed super-resolution images demonstrated exceptional
spatial resolution. The cross-sectional histograms revealed that
the averaged distances between two addressable sites for the
three types of 6HB were approximately 42.2 + 3.4, 41.7 + 3.6,
and 40.9 + 44 nm (Figures S11 and S12), which closely
matched the designed theoretical spacing of 42.2 nm. The full
width at half-maximum (fwhm) resolution, determined by
Gaussian fitting of the reconstructed images, was approx-
imately 13.1 nm for all three types of 6HB (Figure Sllc),
indicating that structural defects did not significantly impact
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spatial resolution for the individual addressable site in DNA-
PAINT experiments.

To quantify the accessibility of addressable sites at 6HBs, we
applied a localization threshold to distinguish detectable sites
and determined their absolute accessibility by statistically
analyzing a large number of 6HB structures. Localizations
generated by binding of the 9 nt imager strand to docking
strands on 6HBs were used as a metric to measure the
accessibility of addressable sites. An increase in localizations
indicates more binding events of imager strands to the docking
strands, providing a reliable quantitative assessment for
addressable sites’ accessibility within an individual 6HB DNA
origami.

DNA-PAINT imaging results revealed that the eight
addressable sites in one single 6HB could be clearly
distinguished within 250 s at a constant imager concentration
of § nM (Figure 3A and Figure S13). The localizations of the
three 6HB variants were comparable over time (Figure 3B).
Specifically, the observed average localizations for a single
Del0, Dell, and Del3 within 500 s were 733 + 187, 699 + 200,
and 720 + 182, respectively (mean = SD, n = 300), indicating
minimal impact of defect on the accessibility of addressable
sites (Figure 3C). To validate these findings, we analyzed the
cumulative changes in localizations over time (Figure 3D) and
found out that the localizations increased linearly with time for
all three 6HB structures within 1000 s, with very similar
growth rates. The comparable localizations and consistent
cumulative changes of localizations over time for Del0, Dell,
and Del3 clearly indicated that structural defects had minimal
effect on the accessibility of addressable sites. A higher level of
structural defects resulted in 6HB assembly failure and loss of
addressable sites. As shown in Figure S14, the eight
addressable sites in one single Del6 could not be distinguished
by DNA-PAINT.

Next, we conducted absolute quantification of addressable
sites’” accessibility by analyzing the localization data of eight
addressable sites in 300 6HB DNA origami and compared
those of Del0, Dell, and Del3. For all three 6HB variants, over
85% of DNA origami exhibited complete sets of eight points in
DNA-PAINT images (Figure S15). The accessibility of eight
addressable sites showed no significant correlation with
defects, though a slight position dependency was observed,
with central regions exhibiting slightly higher accessibility than
peripheral regions (Figure 3E and Figure S16).

Taken together, these results indicated that the accessibility
of addressable sites is not significantly affected by structural
defects in 6HBs, even when up to 14% of staples (24 out of
172 staples) were omitted from the self-assembly reaction
mixtures.

This robust accessibility highlights the resilience of the
addressable sites in DNA origami against structural perturba-
tions.

To further elucidate the accessibility of addressable sites in
6HBs with varying defect levels, we conducted a compre-
hensive analysis of single-molecule binding kinetics. Binding
kinetics were characterized by two key parameters: bright time
(1,) and dark time (7;) (Figure 4A). Bright time (7)
represents the duration of hybridization between the imager
strand and the extended staples on 6HBs, during which
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Figure 4. Hybridization kinetics at addressable sites on 6HBs with
varying levels of defects. (A) Schematic of blinking-based detection of
accessibility. 7, and 74 represent bright and dark times obtained from
intensity—time trajectories, respectively. (B, C) Statistical analysis of
mean bright and dark times for Del0, Dell, and Del3. 100 structures.
Box plots indicate the 25th and 75th percentiles, with the median
marked by a line within the box. (D) Scatter plots of 7, and 74 for
Del0, Dell, and Del3 (N = 1500). (E) Constant of hybridization rate
(kon), (F) constant of dissociation rate (kg), and (G) affinity constant
(k, = kon/kog) for hybridization at addressable sites in Del0, Dell, and
Del3 (N = 10). ns, not significant; *P < 0.05, **P < 0.01,, ****p <
0.0001 by the two-tailed paired Student’s ¢ test.

fluorescence spots appear under total internal reflection
fluorescence (TIRF) microscopy. This parameter reflects the
stability of hybridization, influenced by intrinsic factors such as
imager sequence and length.>> In contrast, dark time ()
corresponds to the interval when no hybridization occurs,
reflecting the diffusion and hybridization dynamics of the
imager, which are modulated by factors such as sequence,
buffer conditions,”® and particularly the concentration of
imager strands.”” Together, 7, and 7, provide detailed insights
into addressable sites’ accessibility of different defect-level
6HBs at the single-molecule level.

Due to the bilaterally symmetric design of 6HBs, addressable
sites were categorized into four groups (pl, p2, p3, and p4),
based on their relative positions to 6HB edges. The average
bright times (7;,) for 100 single 6HBs were identical for Del0,
Dell, and Del3, indicating consistent binding durations
between the imager strands and docking strands (Figure 4B
and Figure S17). However, slight differences in average dark
time (74) were observed, with edge sites (pl and p2) showing
slightly longer dark times compared to central positions (p3
and p4) (Figure 4C and Figure S18). This observation
suggests a mild spatial dependence in accessibility, with
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enhanced hybridization dynamics at central sites. These
findings align with prior observations of accessibility variations
in linear DNA nanostructures.”” Scatter plot analyses of 7, and
74 for 1500 individual Del0, Dell, and Del3 revealed consistent
hybridization/dehybridization kinetics regardless of defect
levels (Figure 4B and Figure S19), indicating that structural
defects have minimal impact on hybridization/dehybridization
kinetics at addressable sites.

To assess whether photobleaching influences 7, measure-
ments, we conducted photobleaching experiments (Figure
S20). The photobleaching rate of Cy3B fluorophores
(Kphotobleaching = 0.3 s™') was significantly slower than the
slowest dissociation rate measured for DelO structures (k,z =
0.84 s7'), confirming that dissociation dynamics dominated 7;,
measurements, and photobleaching interference was negligible.
Therefore, the photophysical properties of Cy3B fluorophores
did not compromise the accuracy of hybridization kinetics.
Notably, DNA-PAINT typically uses imager-docking strands of
9 or 10 nt with binding times shorter than 2 s.*> Longer
sequences of imager-docking strands increase binding strength
and hybridization time, raising the risk of photobleaching and
overestimation of k,,, which should be considered for the
evaluation of addressable sites” accessibility.

The constants of binding rate (k,,) for Del0, Dell, and Del3
were calculated to be approximately 4.37 X 10% 4.41 X 105,
and 4.51 X 10° M~'s™!, respectively, showing no significant
dependence on defect levels (Figure 4E). Similarly, the
constant of dissociation rate (k.g) was consistent, with average
values of 0.84, 0.97, and 0.94 s~' (Figure 4F), respectively. The
affinity constant (k, = k,,/k) also remained stable, averaging
approximately 5.22 X 10° 4.59 X 10% and 4.82 X 10° M,
respectively (Figure 4G). These results further confirm that
structural defects in the 6HB DNA origami do not significantly
affect the accessibility of addressable sites. While k. and k,
exhibit variations, the statistical analysis results indicate that
these differences are not substantial enough to alter the overall
accessibility of addressable sites. Specifically, the localization
counts, binding kinetics, and temporal sampling dynamics
remain comparable across three defect levels. Additionally, the
observed variations in k,; and k, fall within expected
fluctuations due to the slight fluctuations in the experimental
environment rather than a systematic disruption of functional
accessibility.

To investigate why the defect levels of 6HBs do not impact the
accessibility of addressable sites, molecular dynamics (MD)
simulations were conducted (Figure S). We first quantified the
extent of thermodynamic fluctuations in Del0, Dell, and Del3
structures using root-mean-square fluctuation (RMSF), where
higher RMSF values correspond to greater fluctuations and are
directly correlated with the extent of structural defects. The
MD results demonstrated that increasing the number of
missing staples led to larger thermodynamic fluctuations,
inducing greater overall instability of 6HBs (Figure SA and
Figure S21A). Further analysis revealed that the distribution of
RMSF values across the extension single strands in different
addressable sites showed only minor variations (Figure S21B—
D), indicating that the impact of structural defects on
thermodynamic fluctuations was not significantly position-
dependent.

We then statistically analyzed the theoretical lengths of all 32
11 nt ssDNA protruding from eight addressable sites in DelO0,
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Figure S. MD simulations of 6HB origami with varying defects. (A) Average structural models of Del0, Dell, and Del3 derived from MD
simulations. (B) Schematic representation of theoretical length measurements for single extended staples at addressable sites of Del0, Dell, and
Del3. Distances (D) are measured as the relative distance between the first and last nucleotide of each extended DNA strand. (C) Statistical
distribution of theoretical lengths for all extended staples in Del0, Dell, and Del3. Mean lengths are 3.00 + 0.96, 3.02 + 0.91, and 3.08 + 0.84 nm,
respectively (mean + SD). (D—F) Distribution of theoretical lengths for extended staples across eight addressable sites in Del0, Dell, and Del3.

Dell, and Del3 structures (Figure SB) and found that the
average lengths of these ssDNA were comparable (Figure SC).
These findings indicate that ssDNA flexibility remained largely
unaffected by neighboring structural defects. Additionally, the
distance distributions of all extended staples across eight
addressable sites were similar (Figure SD—F), further
suggesting minimal position dependence of ssDNA flexibility.

The results confirm that, despite increased thermodynamic
fluctuations in 6HB structures of a higher level of defects, the
theoretical hybridization lengths of ssDNA at addressable sites
do not undergo significant changes. This consistency ensures
that the accessibility of addressable sites in Del0, Dell, and
Del3 remains relatively uniform. These findings highlight the
resilience of 6HB DNA origami, which can tolerate substantial
mechanical and structural perturbations while maintaining the
functional accessibility of addressable sites. This robustness
underscores the potential of 6HB DNA origami for
applications requiring precise molecular accessibility under
challenging conditions.

2242

The accessibility of addressable sites on DNA origami
structures is crucial for their functionalization. The exploration
of the accessibility of addressable sites is essential for ensuring
the functionality, reliability, and applicability of DNA origami
structures. We systematically investigated the impact of
structural defects on the accessibility of eight addressable
sites within 6HB DNA origami using DNA-PAINT super-
resolution microscopy and MD simulations. Structural defects
were introduced into 6HBs by deleting one and three staples in
each addressable site. DNA-PAINT images of 6HBs with
varying defect levels consistently revealed a clear pattern of
eight distinct points for predesigned eight addressable sites,
with comparable spatial resolution. Quantitative analyses
revealed no significant differences in localizations, binding
kinetics, or temporal sampling dynamics between intact
designs (Del0) and those with moderate (Dell) or severe
(Del3) defects. Detailed kinetic analyses showed that key
parameters, including bright time (zy), dark time (zy),
hybridization rate constant (k,,), and dissociation rate
constant (k,g), were uniformly distributed across all defect
levels, highlighting the intrinsic stability of addressable sites.
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MD simulations supported these observations, revealing that
while structural defects increased thermodynamic fluctuations,
they did not compromise the accessibility or functional
integrity of the extended staples at addressable sites. These
results demonstrate the exceptional structural integrity and
functional reliability of 6HB DNA origami nanostructures,
even under significant structural and mechanical perturbations.
The higher accessibility observed in the central region is likely
due to differences in staple incorporation efficiency rather than
spatial positioning effects. MD simulations (Figure 5) indicate
that the flexibility of protruding strands is unaffected by their
location, implying that structural factors do not drive the
observed accessibility differences. Instead, staple strands at the
periphery are more prone to loss during DNA origami
assembly or purification due to the lack of neighboring duplex
support and base stacking interactions. This remarkable
robustness of the addressable sites’ accessibility of defective
6HB DNA origami provides valuable insights for the design
and applications of DNA origami and contributes to the
fundamental understanding of how DNA nanostructures
behave at the molecular level.

DNA origami nanostructures have been extensively engi-
neered as pro§rammable platforms for tar%eted drug delivery,
biosensing,g”1 and molecular diagnostics, 17 where functional
integrity under operational conditions is critical. Our findings
reveal that functional sites’ accessibility exhibits remarkable
insensitivity to structural imperfections (e.g., up to 14% staples
omitted in 6HB) arising during self-assembly or under
physiological conditions. This defect tolerance validates the
reliability of DNA origami as scaffolds in maintaining
molecular recognition fidelity, which is a critical prerequisite
for their utilization in biomedical applications, where environ-
mental perturbations necessitate function robustness. We
envision that the utility and resilience of DNA origami could
be further enhanced by exploration on the structure and
functionality in various environmental conditions.
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