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Herein, we propose a versatile strategy for dynamic DNA self-
assembly through a control loop embedded with responsive
chemical groups. Responsive to a stimulus, the inserted chemical
group will enable the formation or cleavage of the control loop,
determining its intact or cleaved states. When the loop is intact,
DNA self-assembly occurs; otherwise, the assembly process is
prevented. The “Turn-On”, “Turn-Off”, and reversible “On—-Off—On"
systems have been achieved for two DNA assembly systems by
incorporating different chemical groups, responding to various stimuli
such as light irradiation, metal ions, and small molecules. The loop-
controlled dynamic DNA self-assembly strategy holds excellent desig-
nability and versatility, enriching the existing regulation reservoir and
bringing new opportunities for dynamic DNA nanotechnology.

1. Introduction

Dynamic DNA nanotechnology has attracted worldwide interest
since it holds great potential for a wide range of applications,
such as in vivo sensing and therapy,' '° nanorobotics'™° and
biocomputing.”°* One continuous pursuit is to develop var-
ious stimuli-responsive strategies to enrich the regulation pool,
meeting the needs of diverse application scenarios.”> One
category of dynamic DNA systems takes advantage of the
toehold-mediated strand displacement reactions or specific
base sequences, such as aptamer, i-motif, G-quadruplex,
etc.>®* Another important category achieves base-sequence-
independent dynamic control by attaching stimuli-responsive
chemical groups to the backbone of DNA strands.**™*' The
advantage of such strategies lies in the great diversity of
chemical groups that can be used. Various stimuli, such as
light irradiation, enzymes, small molecules and metal ions,
have been employed for the dynamic control of DNA
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Rational designh of dynamic DNA self-assembly
through a responsive-bond-embedded loop
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New concepts

This work demonstrates the novel concept of taking advantage of the
intact or cleaved states of a single-stranded loop to dynamically regulate
DNA self-assembly. Responsive chemical groups are embedded in the
control loop to regulate its states and hence realize the dynamic control of
DNA self-assembly. In previous studies, responsive chemical groups were
generally incorporated into the hybridization sequence. However, in our
strategy, responsive chemical groups are embedded in the control loop
which is not part of the hybridization sequence. Separating the control
unit from the hybridization unit grants our strategy more designability
and versatility. Besides, the control loop itself holds great potential for
adding extra designability to the dynamic regulation systems of DNA self-
assembly, in addition to the great variety of responsive chemical groups,
opening up new possibilities for the development of dynamic DNA
nanotechnology.

self-assembly by adopting different chemical groups. In the
previous studies, the chemical groups were usually integrated
in the hybridization assembly zone. Hence, it would be highly
valuable to develop a novel chemical-modification-based strat-
egy for dynamic DNA self-assembly with the regulating group
outside of the hybridization assembly zone, achieving more
versatile and facile dynamic controls.

In the present strategy, we design a single-stranded loop
(named the control loop) that hangs over the hybridization
block, and the states of the loop can regulate the assembly and
disassembly of DNA structures. As shown in Scheme 1a, when
the loop is intact or formed, DNA tiles can associate with each
other through sticky ends (marked in blue and aqua), result-
ing in the self-assembly of designed nanostructures. Conver-
sely, when the loop is cleaved into two separated overhangs,
the tiles cannot associate with each other for higher-order self-
assembly, because the existence of overhangs close to the
sticky ends would largely weaken the interactions between
tiles and hinder the formation of the target DNA nanostruc-
ture. The control loop is embedded with responsive chemical
groups, which could respond to stimulus and determine
whether the loop is formed or cleaved, achieving the dynamic

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Schematic diagram of dynamic DNA self-assembly controlled
by a loop embedded with responsive chemical groups. (a) The states of the
loop determine the self-assembly of DNA tiles. When the loop is intact,
DNA self-assembly occurs through sticky-end cohesion. When the loop is
cleaved, the assembly process is prevented. (b) Stimuli-responsive
chemical groups are embedded in the loop to dynamically control the
states of the loop. Stimuli-triggered assembly and disassembly of DNA
nanostructures are thus achieved by forming and breaking the responsive
covalent bonds in the loop region, respectively.

control of the assembly and disassembly of DNA nanostruc-
tures (Scheme 1b).

2. Materials and methods
2.1. Chemicals and reagents

Tris(hydroxymethyl) aminomethane (Tris), ethylenediamine
tetraacetic acid disodium salt (EDTA-Na,), magnesium acetate
(MgAc,), sodium acetate (NaAc), L-sodium ascorbate (r-AA), tris-
(2-carboxyethyl)-phosphine hydrochloride (TCEP), acrylamide
and bis-acrylamide were purchased from Sangon Bioengineering
Technology and Services Co. Ltd (Shanghai, China). Acetic acid
(HAc), hydrogen peroxide (H,0,), copper(u) sulfate (CuSO,-5H,0)
and formamide were obtained from Sinopharm Chemical
(Shanghai, China).

2.2. Oligonucleotides

All strands were purchased from Sangon Bioengineering Tech-
nology and Services Co. Ltd (Shanghai, China). The strand of Y1
for the assembly of a tetrahedron was cyclized by enzymatic
ligation and purified by denaturing polyacrylamide gel electro-
phoresis. Other strands were used directly without purification.

2.3. Thermal annealing for DNA self-assembly

For the self-assembly of double-crossover (DX) tiles, all consti-
tuent DNA strands were mixed in a 1x TAE/Mg buffer (40 mM
Tris, 20 mM HAc, 2 mM EDTA-Na,, 12.5 mM MgAc,, pH 8.0),
followed by a fast thermal annealing process (95 °C for
3 minutes, 65 °C for 5 minutes, 50 °C for 10 minutes, 37 °C
for 10 minutes, and room temperature (RT) for 10 minutes).

This journal is © The Royal Society of Chemistry 2025
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For the self-assembly of three-point-star tiles (Y-tiles), all con-
stituent DNA strands were mixed in a 1x TAE/Na buffer (40 mM
Tris, 20 mM HAc, 2 mM EDTA-Na,, and 200 mM NaAc, pH 8.0),
followed by a slow thermal annealing process from 95 °C to RT
overnight in a 1-litre water bath insulated in a styrofoam box.
The concentration of the DX tile or Y-tile was 200 nM.

2.4. UV light induced disassembly

First, the dimers of DX-PC tiles and the DNA tetrahedron
composed of Y-PC tiles were assembled by thermal annealing
in a 1x TAE/Mg buffer and a 1x TAE/Na buffer, respectively.
Then, the sample was exposed to UV light (~312 nm) for
5 minutes. Finally, all samples were analyzed by native poly-
acrylamide gel electrophoresis (native PAGE).

2.5. Cu'-triggered assembly

First, all constituent DNA strands for the DX-CuAAC tile and the
Y-CuAAC tile were mixed in a 1x TA/Mg buffer and a 1x TA/Na
buffer (without EDTA), respectively, followed by a fast thermal
annealing process. Then, Cu®* (0.5 mM) and 1-sodium ascor-
bate (1.0 mM) were added. The samples were incubated at
~17 °C for three hours for the copper-catalyzed azide-alkyne
cycloaddition (CuAAC). Finally, all samples were analyzed by
native PAGE.

2.6. Redox-responsive reversible assembly and disassembly

First, the dimers of DX-SS tiles and the DNA tetrahedron
composed of Y-SS tiles were assembled by thermal annealing
in the 1x TAE/Mg buffer and the 1x TAE/Na buffer, respec-
tively. Then, redox-responsive disassembly and assembly were
realized by adding TCEP and H,O, alternately. After each
addition, the solution was allowed to sit quietly on the bench
at RT (~25 °C) overnight. Finally, all samples were analyzed by
native PAGE.

2.7. Native polyacrylamide gel electrophoresis

The gels containing 3% or 6% polyacrylamide (19:1 acryla-
mide/bisacrylamide) were run on an electrophoresis unit
(DYCZ-24DN, Beijing Liuyi Biotechnology Co. Ltd., China) at
RT under a constant voltage of 100 V. The gel buffer and
running buffer were 1x TAE/Mg. The gels were stained with
Stains-All (Sigma) and photographed with a camera after
electrophoresis.

2.8. Denaturing PAGE

The gels containing 15% polyacrylamide (19:1 acrylamide/
bisacrylamide) and 8.3 M urea were run on a DYCZ-24DN
electrophoresis unit at RT under a constant voltage of 250 V.
The gel buffer and running buffer were Tris-Borate-EDTA
buffer (TBE), which consisted of 89 mM Tris buffer (pH 8.0),
89 mM boric acid, and 2 mM EDTA. DNA samples containing
about 50% (v/v) formamide were heated at 95 °C for 3 minutes
before being loaded in the gels. After electrophoresis, the gels
were stained with Stains-All (Sigma) and photographed with a
camera.
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2.9. Atomic force microscopy (AFM) characterization

5 pL of the sample was spotted onto a freshly cleaved mica
surface. The drop was blown away in 30 seconds by compressed
air, followed by washing the surface 1-2 times with 2 mM
MgAc, solution. Then, the samples were imaged in air with a
Bruker Dimension Icon atomic force microscope operated
in a ScanAsyst mode using a Bruker SNL-10 AFM tip (65 kHz,
0.35 N m™'). All AFM images were produced by the software
NanoScopeAnalysis.

3. Results and discussion
3.1. Impact of the control loop on the dimerization of DX tiles

To test the impact of the control loop over DNA assembly, we
first compared the dimerization of double-crossover (DX) tiles
with cleaved and formed control loops (Fig. 1a and Fig. $1).*
One terminal of the DX tile was set to be blunt, preventing the
polymerization of DX tiles. The other terminal contains the
sticky end (marked in blue and aqua in Fig. 1a) and control
loop (marked in green in Fig. 1a). The two tiles, named the
DX-T, tile and the DX-T,/T, tile respectively, have the same
sticky end of 5 nucleotides (abbreviated as 5-nt) but different
control loops. The DX-T, tile has an intact single-stranded loop
of four thymine (T) nucleotides. The length of T nucleotides
was experimentally optimized to be four by trying a series of
different lengths of poly-T loops (Fig. S2). In contrast, the
DX-T,/T, tile, corresponding to the tile with a cleaved control
loop, has two separated overhangs, each of which was
composed of 2 thymine nucleotides.

Native PAGE analysis results in Fig. 1b and Fig. S3b showed
that the DX-T, tile could self-assemble into the dimeric nanos-
tructure through Watson-Crick base pair interactions. How-
ever, the dimerization of the DX-T,/T, tile was completely
hindered. The sharp contrast demonstrated that the dimeriza-
tion of DX tiles could be regulated through the control loop.
That is, the intact control loop allowed the dimerization, while
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Fig. 1 Dimerization of DX tiles with cleaved and formed control loops. (a)
Schematic diagram of the assembly of DX-T,/T, and DX-Tj tiles. 6% native
PAGE analysis of the self-assembly products of DX-T,/T, and DX-T, tiles
with the sticky ends of (b) 5-nt, (c) 6-nt, and (d) 7-nt.
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the cleaved loop impeded the assembly. Since the lengths of
sticky ends were crucial for DNA self-assembly, we designed
three more groups of sticky ends with various lengths, includ-
ing 7-, 6-, and 4-nucleotides (abbreviated as 7-nt, 6-nt, and 4-nt
tiles, respectively). Besides, the length of the overhang was also
an important factor in our strategy, so we also tried different
lengths of overhangs, including 2-, 1- and 0-thymine nucleo-
tides (abbreviated as T,, Ty, and Ty, respectively). As shown in
Fig. 1c and Fig. S3c, although a small amount of dimer
products of the DX-T,/T, tile with a 6-nt sticky end was seen
in the gel, the contrast with that of the DX-T, tile was still
obvious. The length of overhangs had an obvious impact on the
dimerization of DX tiles when the sticky end was 6-nt. The
shorter the overhang, the more the dimer products obtained.
When the length of the sticky end increased to be 7-nt (Fig. 1d
and Fig. S3d), much more dimer products of the DX-T,/T, tile
were observed, resulting in the diminished difference between
the self-assembly of the DX-T, tile and the DX-T,/T, tile.
Conversely, when the length of the sticky end was 4-nt, both
the DX-T, tile and the DX-T,/T, tile could not assemble into
stable dimeric structures (Fig. S3a). Therefore, an appropriate
inter-association strength between DNA tiles would be signifi-
cant in our strategy.

3.2. Impact of the control loop on the assembly of a
tetrahedron

To further check the feasibility of our strategy, we moved
forward to investigate the impact of the control loop on the
assembly of a wireframe tetrahedron (TET), a higher-order DNA
nanostructure composed of four copies of a symmetric three-
point-star tile (Y-tile).”*** As shown in Fig. 2a and Fig. S4, all
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Fig. 2 Assembly of a TET from Y-tiles with cleaved and intact control
loops. (a) Schematic diagram of the assembly of Y-T,/T, and Y-Ty tiles. The
length of each edge of the TET was four turns (42 base-pairings). (b) 3%
native PAGE analysis of the self-assembly products of Y-T,/T, and Y-T,4
tiles with a 5-nt sticky end. (c) Atomic force microscopy (AFM) image of the
assembly products of the Y-T4 tile. The inset shows a close-up view of the
particle marked with a white square. The scale bar in the inset is 15 nm.
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three branches of the Y-tile have the sticky end and control
loop. Each branch of the Y-T; tile has an intact single-stranded
loop of 4T nucleotides, while each branch of the Y-T,/T, tile has
two separated overhangs of 2T nucleotides, representing the
tile with a cleaved control loop. The two tiles have the same
sticky end of 5-nt. As demonstrated by the native PAGE data
(Fig. 2b) and atomic force microscopy (AFM) results (Fig. 2c and
Fig. S5), the Y-T, tiles can associate with each other to assemble
into the designed DNA tetrahedron. In contrast, no TET product
was seen in the gel when using the Y-T,/T, tile (Fig. 2b).
The influences of the lengths of sticky ends were also studied
(Fig. S6 and S7). When the sticky end was 6-nt, the contrast
between the self-assembly of the Y-T, tile and the Y-T,/T, tile
was striking, similar to the results of 5-nt tiles. However, when
the inter-association strength was too weak (4-nt sticky end) or
too strong (7-nt sticky end), the difference between the self-
assembly of the Y-T, tile and the Y-T,/T, tile diminished.

3.3. Stimuli-responsive dimerization of DX tiles

The above results proved that the self-assembly of DNA nanos-
tructures through the inter-association of DNA tiles could be
controlled by the single-stranded control loop in the tile. When
the control loop was formed, DNA tiles could associate with
each other through the hybridization of sticky ends to form
higher-order DNA nanostructures. Conversely, when the loop
was cleaved into separated overhangs, the self-assembly of the
DNA nanostructure would be significantly hindered. Based
on the above findings, we further considered incorporating
stimuli-responsive chemical groups into the control loop to
realize dynamic regulation of DNA self-assembly. The great
variety of responsive chemical groups would make diverse
regulation models possible. Stimuli-responsive dimerization
of DX tiles was first chosen as an example.

We first tested the “Turn-Off” system, that is, the disassem-
bly of as-formed DNA nanostructures resulting from the clea-
vage of the control loop when exposed to a stimulus. As shown

View Article Online
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in Fig. 3a and Fig. S8a, a photocleavable o-nitrobenzyl group
was inserted into the control loop of the DX tile,*” *° named the
DX-PC tile. After UV light irradiation, the native PAGE analysis
(Fig. 3b and Fig. S9a) results showed a clear downshifted band
which matched the electrophoretic speed of the individual DX
tile, indicating the disassembly of dimeric nanostructures. The
cleavage of the o-nitrobenzyl-labeled loop strand was confirmed
by the denaturing PAGE analysis of the products after UV light
irradiation (Fig. S10). Conversely, the as-formed dimer without
UV light irradiation did not disassociate into the individual DX
tile. The control sample of the DX-T, tile, which did not contain
the o-nitrobenzyl group, still ran at the speed of the dimers
in the gel even after UV light irradiation (Fig. 3b and Fig. S9b).
The percentages of the dimeric nanostructures were roughly
estimated from the band intensity using Image ] software
(Fig. 3c).*® It showed a significant decrease in the percentage
of the dimeric assembly products of DX-PC tiles after UV light
irradiation. These results demonstrated that responsive disas-
sembly of the DNA nanostructure can be achieved by inserting a
stimuli-induced cleavable group in the control loop of the
DNA tile.

We further demonstrated the “Turn-On” system, that is,
DNA nanostructures were assembled from the tiles after the
formation of the covalently linked control loop from two
separated overhangs when exposed to a stimulus. Click chem-
istry is renowned for its high efficiency and specificity in
chemical synthesis.*"*® Therefore, we designed such a “Turn-
On” system using the click reactions of strain-promoted azide-
alkyne cycloaddition reaction (SPAAC) and copper-catalyzed
azide-alkyne cycloaddition reaction (CuAAC)."””*° As shown
in Fig. S8b, the DX-AAC tile was composed of an azide-
labelled strand, a dibenzocyclooctyn (DBCO)-labelled strand
and three other unlabelled strands. In the DX-CuAAC tile, the
DBCO-labelled strand was replaced by an alkyne-labelled
strand (Fig. 3d and Fig. S8c). After a thermal annealing process,
dimeric nanostructures were obtained using the DX-AAC tile,
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Fig. 3 Stimuli-responsive disassembly and assembly of DX tiles. (a) Schematic diagram and (b) 6% native PAGE analysis of UV-light-induced disassembly
of the dimeric nanostructure of the DX-PC tile. (c) Quantitative analysis of the gel result in (b). (d) Schematic diagram and (e) 6% native PAGE analysis of
Cu*-triggered dimerization of the DX-CUAAC tile. (f) Quantitative analysis of the gel result in (e).
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because the control loop could be formed through DBCO-azide
conjugation without the need for a catalyst. However, indivi-
dual tiles rather than the dimeric nanostructures were obtained
when using the DX-CuAAC tile, since the azide- and alkyne-
groups were unable to be covalently linked to form the intact
control loop in the absence of a Cu" catalyst. Upon the addition
of a Cu’ catalyst, which was in situ generated through the
reduction of Cu®>" by sodium ascorbate, the click chemistry
between azide- and alkyne-groups was initiated, resulting in the
formation of the intact control loop. Thanks to the proximity
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Schematic diagram. (b) 6% native PAGE analysis of three cycles of the
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effect, the reaction between azide- and alkyne-groups within
one tile has great precedence over the linkage of azide- and
alkyne-groups between two tiles (Fig. S11), forming the loop as
desired and therefore triggering the dimerization of DX-CuAAC
tiles. As shown by the native PAGE results in Fig. 3e and
Fig. S12, an upshifted band that matched the electrophoretic
speed of the dimer marker appeared after adding Cu’, indicat-
ing the dimerization of DX-CuAAC tiles through the formation
of the control loop by the CuAAC reaction. The linkage of the
azide-labelled strand and the alkyne-labelled strand was con-
firmed by the denaturing PAGE analysis of the products after
Cu' treatment (Fig. S13). The reaction could be finished in
several minutes (Fig. S14). When adding the Cu" catalyst to the
control sample of DX-T,/T, tiles without azide- and alkyne-
groups, no dimeric products were seen in the gel (Fig. 3e). The
quantitative analysis of the gel image in Fig. 3e showed a sub-
stantial increase in the percentage of the dimeric nanostructures
after adding the Cu’ catalyst to the sample of DX-CuAAC tiles
(Fig. 3f).*> These results proved that click reactions can be applied
for the covalent linkage of two adjacent overhangs to form the
intact control loop in the tile, thus triggering the self-assembly of
DNA tiles into higher-order nanostructures. Any stimulus initiating
the click reactions could, in principle, be developed for such “Turn-
On” control of DNA self-assembly.

To move one step forward, we further designed an “On-Off-
On” system, that is, to achieve the reversible self-assembly and
disassembly cycles of the DNA nanostructure when exposed to
specific stimuli through regulating the formation and cleaving of
the control loop reversibly. Dynamic covalent chemistry relates to
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Fig. 5 Stimuli-responsive self-assembly of (a)-(c) the Y-PC tile, (d)—(f) the Y-CuAAC tile and (g)—(i) the Y-SS tile. (a), (d) and (g) Schematic diagrams. (b),
(e) and (h) 3% native PAGE analysis. (c), (f) and (i) Quantitative analysis results of the gel images in (b), (e) and (h), respectively.
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the chemical reactions that could be carried out reversibly under
appropriate conditions.>® Therefore, we tried to insert a dynamic
covalent bond into the control loop to realize the “On-Off-On”
regulation. We chose the disulfide bond as an example, since it
has been extensively studied and widely applied in dynamic
covalent chemistry and also plays an extremely significant role in
biological systems.”™** A disulfide bond was inserted into the
control loop of the DX tile, and the as-obtained tile was named the
DX-SS tile (Fig. 4a and Fig. S8d). As shown in Fig. 4b and Fig. S15,
DX-SS tiles assembled into the dimeric nanostructures because the
control loop was intact. Upon the addition of the reductant (e.g,
TCEP), the band corresponding to dimers disappeared and a new
downshifted band matching the electrophoretic speed of DX tiles
appeared, indicating the disassembly of the dimeric nanostruc-
tures. The reason was that the breaking of the disulfide bond
cleaved the control loop into two separated overhangs. Subse-
quently, after adding the oxidant (e.g, H,O,) to trigger the
formation of the disulfide bond, the dimers of DX-SS tiles were
re-assembled due to the formation of the control loop. Three cycles
of disassembly and re-assembly of the dimeric nanostructures of
DX-SS tiles have been demonstrated (Fig. 4b). The quantitative
analysis results of the cycles are shown in Fig. 4c.*® The cleavage
and linkage of the disulfide-bond-containing control loop were
confirmed by the denaturing PAGE analysis of the products in the
first cycle (Fig. S16). Moreover, the speed of reversible assembly
and disassembly of the dimeric nanostructures of DX-SS tiles could
be regulated by varying the concentrations of the additives
(Fig. S17 and S18). Hence, we have demonstrated the feasibility
of designing reversible “On-Off-On” DNA self-assembly systems
through integrating dynamic covalent bonds in the control loop.

3.4. Stimuli-responsive self-assembly of a DNA TET

After establishing the “Turn-Off’, “Turn-On”, and “On-Off-On”
dynamic regulation systems for the dimerization of DX-tiles, we
further realized the corresponding dynamic systems for the
assembly of a three-dimensional tetrahedron through inserting
the stimuli-responsive chemical groups into the control loop
(Fig. 5 and Fig. S19). By incorporating the photocleavable o-
nitrobenzyl group into the control loop, the disassembly of the
DNA TET was specifically triggered by UV light irradiation (Fig. 5a-c
and Fig. S20). The Cu'-triggered self-assembly of DNA TET was
achieved by using the three-point-star tile labelled with azide- and
alkyne-groups (Fig. 5d-f and Fig. S21, S22). Cycles of reversible
assembly and disassembly of the DNA TET, through forming and
breaking the disulfide bond embedded in the control loop upon
the addition of an oxidant (e.g., H,O,) and a reductant (e.g., TCEP)
alternatively, have also been demonstrated (Fig. 5¢g-i and Fig. S23).

4. Conclusions

In conclusion, we have demonstrated a facile and versatile
strategy for dynamic DNA self-assembly through a control loop
embedded with responsive chemical groups. When the loop is
formed/intact, the DNA assembly can occur; however, when the
loop is cleaved, the DNA assembly is significantly impeded. The

This journal is © The Royal Society of Chemistry 2025
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“Turn-On”, “Turn-Off”’, and reversible “On-Off-On” systems
have been rationally designed for both the dimerization of DX tiles
and the assembly of a DNA tetrahedron. Various stimuli, including
light irradiation, metal ions (e.g., Cu*), and small molecules (e.g.,
TCEP and H,0,), have been employed in our design. The advan-
tages of our strategy are as follows. First, the control loop in our
strategy is not part of the hybridization zone of the assembly,
which means the control loop is not directly involved in hybridiza-
tion. The relative independence between the control unit and the
assembly unit endows the current strategy with more designability
and versatility. Second, thanks to the great variety of responsive
chemical groups and dynamic covalent chemistry,*®*"***° our
strategy could in principle be widely expanded to achieve diverse
regulation models. In addition, the rational design of incorporat-
ing multiple chemical groups into one system or coupling with
other regulation tools makes complex controls on DNA self-
assembly possible, holding great potential in a wide range of
applications, such as dissipative self-assembly,*® molecular
robots,'*>'* DNA computing,®****2* and in vivo targeted ima-
ging and drug-delivery,”**>° which demand smart DNA assemblies
that can respond to one or multiple specific stimuli as required.
Our strategy will greatly enrich the current regulation pool and
bring new benefits for dynamic DNA nanotechnology.
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