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The genetic information on organisms is stored in the cell nucleus in the form of higher-ordered DNA structures.
Here, we use DNA framework nanostructures (DFNs) to simulate the compaction and stacking density of nucleosome DNA for
precise conformational and structure determination, particularly the dynamic structural changes, preferential reaction regions, and
sites of DFNs during the reactive oxygen species (ROS) reaction process. By developing an atomic force microscopy-based single-
particle analysis (SPA) data reconstruction method to collect and reanalyze imaging information, we demonstrate that the geometric
morphology of DENs constrains their reaction kinetics with ROS, where local mechanical stress and regional base distribution are
two key factors affecting their kinetics. Furthermore, we plot the reaction process diagram for ROS and DFNs, showing the reaction
process and intermediate products with individual activation energies. This SPA method offers new research tools and insights for
studying the dynamic changes of highly folded and organized DNA structural domains within the nucleus and helps to reveal the key
mechanisms behind their functional differences in topologically associating domains.
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densities, displaying different physical, chemical, and mechanical
character.'”™" This unique ability has been widely used in
research on biomimetics and nanomanufacturing.'®~**

Here, we have constructed a series of DNA framework
nanostructures (DFNs) with different topologies to simulate the
structural characteristics of the higher-ordered DNA structures
packaged in cell chromosome and developed an AFM-based
single-particle analysis (SPA) method” to locate and monitor
the kinetic process of DNA damage induced by ROS in real-
time, facilitating the investigation of both global and localized
damage. We found that topological differences of DFNs underlie

The essential information on organisms to sustain life is stored
within cells in the form of higher-ordered DNA structures.””
However, the damage for these DNA structures from reactive
oxygen species (ROS)’ could destabilize the chromatin’s
topological structure and the genome’s integrity,”” resulting in
the loss of genetic information, ultimately impairing the survival
capability of the living organisms.”~* Meanwhile, due to the tight
arrangement and high concentration of DNA within cell
chromosomes,”™"" intracellular studies are greatly limited.
Hence, it is highly challenging to establish an extracellular
model and visualize their dynamic processes during ROS
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folding pathways, and constructs DNA higher-ordered assembly
structures with different topological morphologies and stacking
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the reaction kinetics of the ROS damage reaction. Subsequently,
we identified that the mechanical stress and base distribution
within DNA structures are two principal factors influencing the
reaction rate. Regions with high mechanical stress and abundant
G bases are more prone to being damaged, which is caused by
the vulnerability of topological stress and the reactivity of the
bases. In the simulated ROS damage reaction process, we found
that the activation energy-dependent on mechanical stress is
lower than that dependent on base distribution, which generated
a faster reaction rate. These findings provide new research tools
and insights for studying ROS damage in highly folded and
stacked DNA structural domains within the cell nucleus.””*"

A DNA nucleosome is the basic unit of DNA packaging in
eukaryotic cells, where the DNA could be packaged into
condensed, compact, and higher-ordered structures. The high
DNA packaging density allows DNA to be effectively stored in a
compact manner within the nucleus, protecting the DNA
molecules from ROS damage and maintaining the stability and
functionality of chromosomes.”*”*> To better simulate the
structural characteristics of the nucleosome, we thus artificially
constructed DFNs mimicking their folding and compaction in
extracellular environments (Figures la and S1—S4).

Since DNA damage is induced by ROS, including base
damage loss and DNA strand breakage, which could fragment
the integrity of DNFs, their overall surface coverage on mica
during AFM scanning can be monitored accordingly, which
means that the overall structural dynamics of DENs can be
tracked by collecting images by AFM before and after the
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Figure 1. SPA of higher-ordered DNA structures during ROS damage.
(a) Construction of artificial higher-ordered DNA structures. (b)
Experimental process of ROS-induced DNA damage. (c) Workflow of
SPA-AFM.

reaction. Here, we employed graphitic carbon nitride (g-C5N,)
nanomaterial as a photosensitizer to generate hydroxyl radicals
(*OH) to study their oxidative damage reactions with DFNs of
different topologies. First, g-C;N, and catalase (hydrogen
peroxide scavenger) were mixed to generate *OH individually.
After a 60 min reaction, the structural damage of DFNs caused
by *OH can be observed through AFM (Figure 1b).

Further quantitative analysis of the average area of DFNs can
demonstrate the process and degree of reactions with different
reactants. However, this statistical data processing model can
yield only an overall reaction efficiency and lacks the ability to
differentiate the reaction sites and regions of individual DFNSs.
Therefore, we introduced SPA into AFM data processing,29’32’33
which includes a large number of single-particle image
collections, coarse annotation, fine contour searching, and
particle alignment to obtain structural and conformational
changes in DNA assemblies after reaction with ROS (Figure 1c).
This SPA-AFM data reprocessing method has provided
additional reaction information, such as the dynamic and
preferential reaction regions of DNA damage caused by ROS,
which holds great potential for further investigation of the
structure and function of DNA structural domains during time-
dependent monitoring,

Therefore, in order to better simulate the structural
characteristics of higher-order DNA structures (Figure 1a), we
thus artificially designed a series of DFNs based on the
compaction and stacking density of DNA helical bundles. By
adjusting the folding pathway of DNA,***® we have assembled
four DNFs, including rectangle, triangle, cross, and regular
hexagon-shaped nanostructures mimicking their folding and
compaction in extracellular environments (Figure 1b).

We first tested the reactivity of triangle DFNs with *OH by
monitoring the AFM images at different time points during the
reaction (Figure S5). The AFM results showed that ROS could
effectively deformed the structure of DFN, and the structural
damage extent could directly reflect the reaction process.

We further conducted the SPA data processing procedure
based on multiple AFM images and found the preferential
damage regions in triangle DFNs. The damage localization
results showed that the damage reactions happened in vertices
first and then went to edges during the first 60 min. Hence, we
anticipated that the kinetics of *OH-induced DFN damage had a
geometric-dependent manner.

Since the dynamics of many natural systems are fundamen-
tally constrained by their underlying structures,””*" we hence
examine the degree to which geometric morphology can
determine diverse kinetics of ROS damage. Therefore, we
have designed and built a series of artificial DFNs in different
configurations to increase the morphological diversity, including
rectangle, triangle, cross, and regular hexagon-shaped DFNs
(Figure 2a).

Subsequently, we conducted experiments on various DFNs to
study ROS damage and collected 50 single-particle AFM images
(Figures S6—S9). After SPA processing, we were able to observe
the dynamic changes and damaged regions of high-order DNA
structures with different topologies during ROS damage. In
Figure 2b, we observed that triangle-shaped DFNs exhibited
noticeable damage after 20 min, disintegrating by 60 min,
whereas hexagon-shaped DFNs started to show significant
damage at 40 min but retained their structural shape at 60 min.
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Figure 2. Geometric morphology of DEN constrains their reaction kinetics of ROS damage. (a) Construction of rectangle, triangle, cross, and regular
hexagon-shaped DFNs. (b) SPA processing of *OH-induced structure deformation in time-dependent manner. (c) Analysis of the total area and height
changes in the SPA images of the reaction between DFNs and ROS. (d) Heat map showing the time-dependent changes in the average area of each
DEN with different topological properties. (e,f) Kinetic curves of the reaction, first-order reaction kinetics equations between DFNs with *OH.

Meanwhile, with the help of SPA, we found that the preferential
damage reaction sites of four DEN structures were different: for
triangular DFN, the majority of the structural damage gathered
at the vertices of the triangle in the beginning; for rectangular
DENs, they appeared at the center of rectangles first; and for
cross- and honeycomb-shaped DFNS, they prefer reacting along
the linear edges.

Next, in order to investigate the influence of the topological
structure of DFNs on the oxidative damage reaction process to
obtain more comprehensive information about DNA oxidative
damage, we systematically examined the reaction kinetics
between DFNs and *OH. Quantitative results were based on
the average relative area of the DEN§’ differences in their degrees
of deformation at different time points. We then conducted
further statistics on the retained area and structural height of
each DNA higher-ordered structure (Figures 2¢ and S14), and
based on their area dynamic, we further plotted heat maps for
each structure, which illustrated the differences in reactivity
among DFNs with different topologies (Figure 2d), and the
kinetic curves of different structures’ reactions with *OH (Figure
2e,f). The fitted curve demonstrated that all the reactions
followed the first-order reaction kinetics equation (In(C/C,) =
kt), and the apparent rate constants for triangle, hexagon, cross
and rectangle-shaped structure were 34.7 X 1073, 13.21 X 1073,
9.9 X 107, and 9.2 X 107> min™', respectively, where triangle-
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shaped DFNs exhibited the fastest reaction with ROS. After
calculating the half-time of each reaction, we found the half-time
for triangle, hexagon, cross, and rectangle structures were 20.0,
52.5, 70.2, and 75.6 min, respectively, where triangle-shaped
DFNs exhibited the shortest half-time with ROS (Figure S9).
Agarose gel also exhibits differences in the dynamics of various
topological structure DFNs (Figures S10—S13).

Given that the designed higher-ordered DFNs utilized the
same DNA scaffold strand with identical sequences, the
variations in their reaction kinetics should lie in the differences
of their topological structures. First, different folding directions
of DNA strands in DFNs make DNA at specific regions
(corners) more exposed, and the reduced spatial steric
hindrance at specific locations make those DNA more
susceptible to be attacked; second, compared to inner edge
areas, outer edge areas are prone to being damaged due to the
lower stacking density. Therefore, we believe that the sensitivity
of DNA higher-order structures to ROS reactions strongly
depends on their geometric morphology.

In order to better explore the heterogeneity of oxidative damage
in DNA topological structures and its key mechanism, we
conducted further SPA studies using highly reactive triangular
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Figure 3. Mechanical stress-dependent ROS damage for higher-ordered DFNs. (a) Subregion division in triangular DFNs. (b) SPA processing of
original triangular DFN after 20 min reaction with *OH. (c) SPA images of R1, R2, and R3 regions after reducing mechanical strain. (d) Damage
extents of R1, R2, and R3 regions after reducing mechanical strain. (e) SPA images of R1 region after reducing different degrees of mechanical stress by
removing 6, 9, and 12 staple strands. (f) Damage extents of R1 after reducing different degrees of mechanical stress by removing 6, 9, and 12 staple
strands. (g—i) Theoretical calculations of the free energies of the triangular DFN and their corresponding intermediates based on DNA molecular
dynamics (MD) simulation.

DENs s to interrogate the differences in reaction activity caused naturally due to the folding pathway and bending degree of
by intrinsic topological structures. long DNA chains. Due to the strict C; symmetry of the triangular
Geometrically, the connections between different subregions DENes, the entire triangular structure could be segmented into
within the triangular DFNs generated mechanical stress six geometrically identical regions (Figure 3a). Hence, one
968 https://doi.org/10.1021/jacsau.4c01203

JACS Au 2025, 5, 965-974


https://pubs.acs.org/doi/10.1021/jacsau.4c01203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01203?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01203?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

a)
GC map

Arm A
AmB ¥ a'iﬁ.'@hn. l ame

.\'&gﬁﬁ‘w -

1.'&‘"5'7\\!!“1/‘ M

Arm

Triangle (A—l)

Region 4 (GC rich)

Arm C
Adenlne (A) Guanine (G)
4 R

Hypoxanthine (l)

Hypoxanthine (l)

Triangle (G—1)

2

Damage extents
© o9 o
- N W -

(=}

f)

—~ -15.20
;: [l Potential energy (K,T)
=

>

e

S -15.15
S

<

2

o

Q- .15.10

G loss

C loss

AE (K.T)

Aloss T loss

Figure 4. DNA base distribution-dependent ROS damage for higher-ordered DFNS. (a) R4 region: GC-rich trapezoidal region of the C arm. (b) Base-
replacement experiment in R4 region, where I base was used to replace G and A bases. (c) SPA images of R4 after base replacement. (d) Damage extent
of R4 after base replacement. (e,f) Theoretical calculations of the free energies of triangular DFNs and their corresponding intermediates based on

DNA MD simulation.

region was chosen from the six and further divided into three
individual subregions according to the distinct folding pathway
of the long-chain DNA: region R1, where scaffold DNA rotated
between adjacent arms; region R2, where scaffold DNA rotated
within one arm; and region R3, where scaffold DNA stacked
with each other within one arm.

Subsequently, we collected the AFM images of the R1, R2,
and R3 regions post-reaction at 20, 40, and 60 min (Figure S16),
statistically analyzed the dynamic changes via SPA for three

969

regions, and plotted damage extents and damage rates,
respectively, as shown in Figure 3b. We found that in phase I
(0—20 min), the reaction rate in R1 was much faster than that in
R2, which was also faster than that in R3. While in phase II (20—
40 min), reaction rates in R3 become much faster; and in phase
111 (40—60 min), the reaction rates for the three regions had no
significant difference. This result demonstrated that reactions in
R1 and R2 regions possess higher reaction priority over R3,
which was highly related with their geometry.

https://doi.org/10.1021/jacsau.4c01203
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Therefore, we speculate that this priority difference should be
related to the fact that R1 and R2 are the bending regions during
DNA folding in higher-ordered DFNs.*7% During the
formation of DFNs, the DNA double helix folded or bent with
a higher frequency and in a stiffer manner in the R1 and R2
regions, which generated higher mechanical stress correspond-
ingly. For instance, the R1 area was the region where DNA
strands connected and turned between adjacent arms, R2 was
the region where long-chain DNA turned and folded within a
single arm, and in contrast, R3 was the region where DNA
double helices were parallelly stacked on the same plane without
accumulating more mechanical stress. Hence, we concluded that
regions with higher mechanical stress were more susceptible to
ROS attack reactions.*"**

To validate this hypothesis, we removed 6 assembled single
strands from R1, R2, and R3 regions of the DFNS, to reduce the
mechanical stress in the corresponding areas, and then tested the
difference in the ROS reaction in these areas before and after the
removal via SPA (Figure 3c). By comparing the AFM images
before and after removal, we found that the extent of damage in
all three regions became smaller after reducing mechanical stress
when reacting with *OH for 20 min, indicating that higher
mechanical stress led to increased reactivity. More importantly,
by comparing the extent of damage in three different regions
before and after reducing mechanical stress, we found that the
R1 region showed the highest reduction in average damage
(19.1%), followed by R2 region (8.8%), with the R3 region
showing the smallest reduction (2.8%) (Figure 3d). This
damaged extent variation further indicated that different regions
of the DFNs maintained different levels of mechanical stress,
which were caused by the variations in DNA topological
structures. When removing the same number of assembled
single strands from the R1 region possessing the highest
mechanical stress, the decreased ratio of mechanical stress was
also the highest, which made the reaction less active, leading to
the highest damage decrease. This was consistent with our
previous speculation that regions with higher mechanical stress
were more susceptible to ROS attack reactions. In other words,
the more fragile the topologically region, the higher the
mechanical stress and the faster the reaction rate will be.

After having tested the mechanical stress effect in different
regions, we conducted a titration analysis of the mechanical
stress release experiment in one specific region by removing 6, 9,
and 12 assembled single strands from R1 to reduce different
levels of stress (Figure 3e) and then compared the damage
extents to further investigate the mechanical stress effect. Hence,
we statistically analyzed the AFM images via the SPA method
before and after the removals, and we found that the damage
rates for R1—6, R1—9, and R1—12 were 44.8, 28.9, and 14.3%,
respectively (Figure 3f). This meant the more strands we
removed, the more the mechanical stress of the structure
decreased, resulting in a corresponding decrease in the damage
rate, which once again demonstrated that the higher the
mechanical stress was, the higher the severity of the damage
reaction caused.

Ultimately, we studied the impact of mechanical stress on
ROS damage to DNA higher-order assembly structures through
theoretical simulation. We used the DNA MD simulation
software oxDNA to construct coarse-grained models of
intermediates™ " (corresponding to different mechanical
stress regions where chain breaks occurred for R1, R2, and R3
in the figure) (Figure 3g), and then calculated their free energies
(detailed in the Supporting Information, Methods). The
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theoretical calculations of the free energies of triangle DFN
and their corresponding intermediates indicated that intact
triangle DFN exhibited the lowest energy level due to its stable
structure, while the free energy of the corresponding
intermediates was higher. This implied that the formation of
intermediates through oxidative damage reactions had an energy
barrier to cross over, which was provided by the chemical energy
from ROS. The energy level of the intermediates corresponded
to the reaction rates between triangle DFNs and ROS, where
lower energy indicated a smaller energy barrier to be crossed,
leading to a faster reaction rate. The entire process is a result of
kinetic trapping (Figure 3h). From the simulation data, it can be
observed that the product with chain breakage in the R1 region
had the lowest energy, while the product in R3 had the highest
energy. Therefore, the intermediate products with chain
breakage in the R1 region with the lowest energy barrier (20.5
K;T) compared with the reactants, were most likely to form.
While the product in the R2 region (131.7 KzT) and the R3
region (222.4 KyT) required more energy. Hence, the
intermediate structure was time-dependent due to this kinetic
trapping (Figure 3i). These results further elucidated that
mechanical stress within the DFNs was a key factor influencing
its reaction rates and reaction sites with the ROS.

DNA double helix bundles, as the basic units that constituted the
different shapes of DNA higher-order structures, were formed
on their parallel stacking. This stacking method was identical
across different higher-order structures in terms of config-
uration, with the only difference being the nucleotide-location of
multiple DNA double helices (superhelices). Therefore, we
further conducted a systematic study on the impact of DNA
nucleotide distribution on ROS damage.

We first investigated the nucleotide-distribution effect on
three different arms (arm A, B, and C). After a 40 min reaction
with *OH, we found that C arm suffered more damage than the
A and B arms (Figure S15), where the damage ratio of C arm was
45.3%, which was much higher than A and B arms (31.7 and
40.4%). Since the GC content in the C arm was much higher
than the other two based on the GC content map shown in
Figure 4a. In addition, there are differences in CG maps between
DFNs (Figures S17—S20), and we believe this difference in
damage extent was caused by the GC base distribution among
different arms.

It was reported that purine base guanine (G) was the most
easily oxidized one among the four bases, with its C8 position
being the most prone to oxidation.”*™** Under the action of
strong oxidative free radicals, the G base tended to lose an
electron, forming subsequent damage products such as 8-oxo-G,
which in turn broke the DNA double helix state and displayed
the imaging defects in AFM output. Therefore, we hypothesize
that the preferential reaction sites of ROS in DFNs were
distributed, not only in the regions with high mechanical stress
but also in the regions with high G ratios.

To verify this hypothesis, we designated the GC-rich
trapezoidal region in the C arm as R4 and conducted ROS
damage research on it (Figure 4a). We conducted a base-
replacement experiment in the R4 region. First, we introduced a
new base (hypoxanthine, I)*”*° to replace the residual bases.
Since I base can hybridize with A, T, C, and G bases, it can still
maintain the DNA superhelix structure after the replace-
ment.®! 753 Subsequently, we conducted SPA processing
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before and after damage for three different groups: group 1 with
the original R4 region, group 2 where I replaced all G bases in
R4, and group 3 where I replaced all A bases in R4 (Figure 4b).
After reacting with *OH for 40 min (Figure 4c), we found that
compared to group 1, the damage extent of arm C in group 2 had
a slightly increase from 39.1 to 40.9%, which meant I base was
more reactive than A base with ROS. Meanwhile, the damage
extent of arm C in group 3 decreased to 12.5%, showing that G
base was more reactive than I base with ROS and the
replacement of G base with I base could increase their resistance
to ROS damage reaction. Hence, from the damage extent data
shown in Figure 4d, we could conclude that the active reactivity
of G base with ROS was greater than that of I base and then A
base.

We then conducted theoretical simulations to further study
the influence of DNA base-distribution on damage to high-level
DNA structures. Using the DNA MD simulation software
0xDNA,**™*° we constructed coarse-grained models of
intermediate products (lacking bases in R4 region) and
generated products lacking guanine (G base missing), adenine
(A base missing), thymine (T base missing), and cytosine (C
base missing) sites. Subsequently, we calculated the free energy
of four intermediates (detailed in Supporting Information,
Methods) (Figure 4e,f). Theoretical calculations of the free
energy of the intermediates corresponding to base damage in R4
region of triangle DFNs showed that the product with the
missing G base had lower energy (639.3 KzT) than the other
three bases (670.2 KgT for C base, 725.8 KT for A base, and
1008.2 KyT for T base), making it the easiest to form, which was
consistent with our previous experimental results. Furthermore,
since this intermediate was structure-captured kinetically, its
formation was also time-dependent. These results further
elucidated that DNA base distribution inside higher-order
DNA nanostructures was another key factor influencing the
reaction rates and sites with ROS.

Our results have demonstrated that there are two main factors
determining the intermediate structure of the oxidative damage
reaction in higher-order DNA nanostructures:

1 Mechanical stress: the reaction preferentially occurs at
topologically fragile regions where the higher-ordered
DNA nanostructures showing configurations with more
bending and folding. These regions have higher
mechanical stress and smaller steric hindrance, making
themselves more susceptible for attack of ROS.

2 Nucleotide distribution: the ROS damage reaction is
highly related to DNA bases of the DNA higher-ordered
DNA assembly with diverse base distribution. The
positions with high G base are more prone to react,
compared with A, T, and C bases.

Therefore, based on experimental and theoretical simulation
results, we have plotted the reaction energy barrier diagram for
the entire ROS damage reaction of DFN in Figure 5. We found
that this reaction followed a kinetically trapped process.”’1 First,
the earliest intermediates formed were the mechanically stress-
dominated products, which corresponded to three types of
products: the product with chain breakage in R1 (20.5 K5T), the
product with chain breakage in R2 (131.7 KzT), and the product
with chain breakage in R3 (222.4 KzT). Lower energy values
indicated easier product formation and shorter half-lives (15.7,
23.4, and 26.8 min for R1, R2, and R3). The subsequent
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Figure 5. Reaction energy barrier diagram for the multistep chemical
reactions involved in ROS damage on DFNS.

products were predominantly influenced by the base distribu-
tion, which was mainly related to the GC distribution inside the
higher-ordered DFNs. This group corresponded to four base-
oxidized products: G, C, A, and T base-oxidation products. The
activation energy for the formation of the G base-oxidation
product was 629.3 KT, the lowest among the four bases,
making it the most easily formed product in the nucleotide
distribution-dependent group. Meanwhile, the activation energy
for C, A, and T base oxidation were 670.2, 725.8, and 1008.2
K3T, respectively. The half-life for the R4 region was 41.2 min,
which was almost twice that for the reactions occurring in the
R1—R3 regions. Hence, the reaction process between ROS and
DEN could be illustrated, showing the different intermediates
along the direction of the reaction.

In summary, we have developed a new SPA method based on the
reconstruction and reprocessing of AFM images to visualize the
process of damage of ROS to higher-order DNA structures
simulated by DFNs. This new SPA method allows for
localization of molecular reaction regions in real-time while
ensuring resolution, which can track the dynamic changes,
reaction sites, and regions of DFNs during the reaction process.
Using this method, we have found that the kinetics of the
reaction between DNA nanostructures and ROS is highly
dependent on their topologies, where local mechanical stress
and regional base distribution greatly affect the reaction
activation energy. These findings provide new research tools
and perspectives for studying the ROS damage of highly folded
and stacked DNA structural domains and help reveal the key
mechanisms behind their functional differences in topologically
associating domains.

All DNA staple strands were purchased from Sangon (Shanghai, China)
and were used as received. M13mp18 single-stranded DNA (7249) was
purchased from New England Biolabs. P7560 was purchased from
Tilibit (Munich, Germany). Gelred, agarose, and a gel loading buffer
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were purchased from BioRad. All other chemicals were purchased from
Sigma-Aldrich.

Triangle, rectangle, cross, and hexagon were synthesized in this work,
and the structure design and annealing procedures were based on
previously reported methods. The scaffold strand of all of the DNA
origami was M13mp138, except for hexagon, whose scaffold strand was
p7560. The scaffold strands (400 nM, S uL), S-fold excess staple strands
(500 nM, 20 uL), folding buffer (10 L), and ddH,O (65 uL) were
added to a 100 L PCR tube and annealed in PCR. Triangle, rectangle,
and cross were annealed in 1 X TAE/ Mgz+ buffer (40 mM Tris, 2 mM
EDTA, and 12.5 mM magnesium acetate, pH 8.0) using the reported
annealing procedure. Hexagon was annealed in folding buffer (S mM
Tris base, | mM EDTA, and 14 mM MgCl,, pH 8.0) using the reported
procedure (65 °C for 5 min, 60 to 24 °C, at 120 min/°C). After
annealing, the synthesized DNA origami is ultrafiltered 3—4 times at
3500 g for S min in a 100 KD ultrafiltration tube to remove the free
staple strands. The purified samples are quantified using Nanodrop.

DNA origami (50 nM, 200 L) and PCN (1 g/L, 200 L) were mixed
in a beaker with a final volume of 2 mL. To ensure that only *OH is
generated in the solution, catalase (4000 units/mL, 100 L) was added
to the solution to remove the additional H,0O, produced by PCN. Then,
the beaker was placed under a xenon lamp equipped with ultraviolet
reflector and band-pass filter (365 nm) for illumination (10 mW/cm?),
and the solution (100 uL) was collected at different time points. To
avoid the interference of PCN with DNA origami during AFM imaging,
the sample solution was centrifuged at 6000 rpm for 2 min to allow
PCN to form a precipitate, and the supernatant after centrifugation was
taken and reserved for subsequent imaging.

The morphological changes of DNA origami after oxidative damage at
different times and under different reaction conditions were
characterized by AFM (Multimode Nanoscope VIII, Bruker). All
samples (2 nM, 10 L) were dripped onto a freshly peeled mica surface
and incubated at room temperature for 5 min. The sample was scanned
with SCANASYST-FLUID+ tips (Bruker) and conducted under a
PeakForce QNM in Fluid imaging mode. The scan size was 2 ym, and
representative fields of view were selected for characterization, 2—3
parallel samples were taken for each condition, and at least 5 images
were taken for each sample. The representative images were then
processed using NanoScope Analysis 2.0 (Bruker).

ImageJ was used to quantify the average origami area at each time point,
which was regarded as the residual concentration of reactants at the
current time point (C,), while the intact DNA origami area was
regarded as the initial concentration of the reaction (C,), and C,/C, was
used to represent the degree of damage. Through the curve fitting of the
results, we found that the reaction kinetic process of ROS and DNA
origami was in line with the first-order kinetic reaction; that is, In(C,/
C,) was linearly correlated with the reaction time. The kinetic equations
of four reactions were obtained, and the slope in the equation was the
kinetic constant (k) of the reaction.

Step 1: NanoScope Analysis 2.0 software was used to preprocess the
.spm format file. In Choose Color Table, select Gray Colormap, and in
Modify Data Scale, adjust the Contrast display range, with Minimum
slightly less than the lower limit of the data range and Maximum slightly
greater than the upper limit of the data range, and round up to the
nearest whole number. Check Use linear interpolation. Export as a
TIFF image, note that the dpi is set to 600, the image width is 4.4 in.,
and the height is 3.6 in. And display the scale bar and color bar.

Step 2: manually labeling was performed using Image] software.
Import the TIFF format image into Image] and use the Polygon
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selection tool to complete the labeling (single particle circling), and add
the ROI Manager. After completing the initial circling of all the
monolithic structures, choose to save it as RoiSet.zip and put it into a
directory with the original image in TIFF format as a data package.

Step 3: the data packet is processed using a program that extracts the
circle-selected individual particles and performs particle alignment
(Particle alignment).

Step 4: the program will export the output compressed package after
decompression, the entire folder into ImageJ, open for stack, select z-
axis projection, and select average can be averaged particles.
Subsequently, use LUT to select the pseudo color, and use analyze
particles to calculate the resulting image area, the height of the statistical
calculation.

Use DNA Origami Visualization Tools to draw the GC maps of five
types of DNA origami with different morphologies, input the
CaDNAno json file of DNA origami and the corresponding Scaffold
length and Scaffold Sequence, and check Generate a heatmap of GC
content to get the thermal GC map corresponding to the DNA origami.

Coarse-grained modeling and calculation of DNA origami: OxDNA-
based simulations were conducted to enhance the comprehension of
the energy landscape in the process of multistep chemical reactions of
oxidative damage of DNA higher-order structure. The oxDNA model is
parametrized in a top-down manner, with each nucleotide represented
as a site featuring six anisotropic interactions: excluded volume effects,
stacking and cross-stacking forces, hydrogen bonding, backbone
connectivity, and electrostatic repulsion. Here, we employed the
refined oxDNA2 force field with explicit electrostatics.

We have engineered seven distinct structures representative of
various forms of damage to function as the starting point for our
molecular simulations. After the initial structures were set, they were
subsequently relaxed in a two-step process. First, a Monte Carlo
simulation was performed using the DNA_ relax force fields. This was
subsequently followed up with an additional relaxation achieved by
utilizing the max_backbone_force option within a MD simulation
under the DNA2 force field. The production simulations were
performed in the canonical NVT ensemble at 300 K using an
Anderson-like thermostat, The simulation time step for integration was
6.06 fs (0.002 0xDNA time units), MD steps were set 1 X 10° that was
enough for each system to study the energy landscape, The particle
translational diffusion coefficient was set to 2.5, which is about ~2
orders of magnitude faster than in the experiment to accelerate diffusive
dynamics and improve sampling. The Newtonian step of an Anderson-
like thermostat was 103. And configurations were saved for analysis
every 1 X 10* steps. The salt condition for all simulations was set to a
monovalent NaCl concentration of 1 M NaCl. In the MD simulations,
the potential energy of different structures was recorded in the energy
file every 2 X 10* steps. The mean energy of each structure was derived
by averaging the last 2000 sample points (50,000 energy points in total)
when the simulation reached equilibrium. The DNA structure
configurations were derived from the trajectory file and were exported
into high-quality images using oxView.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01203.

Materials and reagents, synthesis of DNA origami
nanostructures, oxidative damage of DNA origami in
the presence of PCN nanomaterials, AFM character-
ization and analysis, statistical distributions of the relative
area of the prepared DNA origami, SPA of DNA origami
AFM images, and coarse-grained modeling and calcu-
lation of DNA origami (PDF)
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