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Abstract: DNA origami has represented a novel route to manipulate 

objects at nanoscale, and demonstrated unprecedented versatility in 

fabricating both static and dynamic nanostructures. Here, we 

introduce a new strategy for transferring modular reconfigurable DNA 

nanostructures from 2D to 3D. A 2D DNA sheet could be modularized 

into connected parts (e.g. two, three and four parts in this work), which 

can be independently transformed between two conformations with a 

few DNA “trigger” strands. More interestingly, the transformation of 

the connected 2D modules can lead to the controlled, resettable 

structural conversion of a 2D sheet to a 3D architecture, due to the 

constraints induced by the connections between the 2D modules. This 

new approach can provide an efficient mean for constructing 

programmable, higher-order, and complex DNA objects, as well as 

sophisticated dynamic substrates for various applications. 

Introduction 

Since the concept of structural DNA nanotechnology was firstly 

demonstrated by Ned Seeman in 1982 [1], the field has flourished 

rapidly during the last decades, especially with the invention of DNA 

origami by Paul Rothemund in 2006 [2]. For DNA origami design, a 

long scaffold strand (typically a m13 viral genomic DNA, ~7k bases) 

is folded into a prescribed shape by interacting with ~100-200 

synthetic “staple” strands. Until now, tremendous progress has been 

made for constructing static DNA origami from 1D [3], 2D [4] to 3D [5] 

objects with defined shapes, as well as dynamic DNA origami like 

tweezers [6], switches [7], walkers [8], circuits [9], nanorobots [10], and our 

previously reported “domino” nanoarrays [11]. However, it’s worth 

noting that remodelling each origami involved de novo design and 

high cost of different staple strands, particularly dimensional variation 

of the nanostructures from 2D to 3D [12]. Therefore, more powerful 

capability of dynamically reconfigurable design strategy is needed for 

realizing more manifold applications, such as sensing [13], delivering 

nanomedicines [14], navigating the local environment [15], transferring 

motion [16], forces [17], and energy [18], and so on. 

Herein, we demonstrated a modular transformation strategy 

based on the reconfigurable DNA origami nanoarray, realizing a 

controllable transformation of nanostructures from 2D to 3D. The 

reconfigurable DNA origami nanoarray was constructed through the 

self-assembly of small reconfigurable modular DNA blocks (also 

called anti-junction units), which could reconfigure from one 

conformation to another conformation. In addition, a 2D DNA sheet 

could be modularized into connected parts (e.g. two, three and four 

parts in this work), which can be modularly transformed. Furthermore, 

the modular transformation could realize resettable structural 

transformation between 2D and 3D nanostructures due to the shape 

change of the individual modules and the constraints induced by the 

connections between modules. This modular reconfigurable DNA 

origami strategy allows us to remodel the preformed DNA 

nanostructures, improving the sophistication and functionality of the 

nanoscale assemblies and nanorobots for various applications. 

Results and Discussion 

To demonstrate the strategy of constructing modular 

reconfigurable DNA nanostructures, we constructed a 2D 

reconfigurable DNA origami sheet firstly (Figure 1A). The 

reconfigurable DNA origami sheet composed of interconnected anti-

junction units. The mobile nicking points at the boundary of the 

interconnected anti-junction units made it unstable. After adding the 

trigger DNA strands, the anti-junction units could convert between two 

independent conformations - “blue” and “red”. Based on this principle, 

the reconfigurable DNA origami could transform from “blue” to “red” 

configuration or rectangle to square configuration by trigger DNA 

strands. In the previous work [11a], the transformation mainly focused 

on the continuous transformation of an entire nanostructure, and no 
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Figure 1. An overview of modular reconfigurable DNA nanostructures strategy. (A) Conformational transformation of the interconnected anti-junction units and 2D 

DNA origami. Note that the DNA origami is composed of multiple anti-junction units. (B). Modular transformation of 2D DNA origami. The original rectangle DNA 

origami (2DR) could be modularized into two-rectangle nanostructure (2DR2) and four-rectangle nanostructure (2DR4). (C) Resettable structural conversion of a 2D 

sheet to a 3D architecture. The three-rectangle nanostructure (2DR3) could be independently transformed with different kinds of trigger DNA strands. With the help 

of linkers, the modular transformation could realize resettable structural transformation between 2D and 3D nanostructures, due to the constraints induced by the 

connections between the 2D modules. 

stable intermediate states were intentionally designed in the 

structures, although intermediate states (e.g. the two intermediates in 

Figure 1A) of a structure could be occasionally observed in the 

imaging process. To realize modular transformation, we modified the 

2D sheet origami to generate a two-rectangle DNA origami (2DR2) and 

a four-rectangle DNA origami (2DR4, Figure 1B). By adding different 

trigger DNA strands, the modular transformation of individual 

rectangles could be realized (Figure 1B). We then explored whether 

the modular transformation could lead to more complex 

reconfiguration of DNA origami, by carefully designing the connecting 

scheme of the modular units. To this end, a three-rectangle DNA 

origami (2DR3) was designed (Figure 1C). The three-part origami can 

realize a resettable transformation between two 2D conformations of 

2DR3 and 2DS3. Red and blue trigger DNA strands were applied for the 

resettable structural transformation, and the functions of the two 

triggers were the same. The difference between the two triggers was 

that they acted on the different nicking points of the reconfigurable 

DNA origami sheet. Furthermore, with the addition of three linkers, the 

2DS3 was converted to tightened structure that can exhibit resettable, 

modular transformation between 2D conformation (2DS3) and 3D 
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Figure 2. Controlled formation of 2D modular reconfigurable DNA origami. (A) Controlled formation of (I) 2DR DNA origami to 2D square DNA origami (2DS), (II) 2DR2 

DNA origami to 2DS2 DNA origami, and (III) 2DR4 DNA origami to 2DS4 DNA origami. (B) Yield analysis of the controlled formation of 2D modular DNA origamis. Scale 

bars: 50 nm.

conformations (3DS2R, 3DSR2, 3DR3), due to the shape change of the 

individual modules and the constraints induced by the connections 

between modules. 

To demonstrate the feasibility and efficiency of the modular 

reconfigurable transformation strategy, we built a reconfigurable 2DR 

DNA origami for conceptual explanation firstly. The nanostructures 

were formed by a thermal annealing process, and 8 red triggers (100 

nM/per trigger) were applied for the formation of the square 

nanostructures. The reconfigurable DNA origami could realize the 

controllable formation from the rectangle to square nanostructure by 

triggers, and the DNA origami was confirmed by atomic force 

microscope (AFM). In Figure 2A-I, the reconfigurable DNA origami 

could be structural programming from rectangle (190 × 30 nm) to 

square nanostructure (70 × 80 nm). Furthermore, 2DR2 DNA origami 

and 2DR4 DNA origami were designed to realize the manageable 

formation. These two DNA origamis were generated by modulating 

the original reconfigurable DNA origami in Figure 2A-I. As illustrated 

in Figure 2A-II and Figure 2A-III, the manageable formation in 2DR2 

DNA origami and 2DR4 DNA origami was realized by adding different 

triggers. As shown in Figure 2A-II, the size of each modules was about 

90 × 30 nm (rectangle) and 50 × 60 nm (square), respectively. When 

the original nanostructure was divided into four units, the rectangle 

modules (50 × 25 nm) could be formed to square modules (30 × 40 

nm) driven by the triggers. Additionally, the maneuverable formation 

efficiency of different nanostructures was calculated (Figure 2B). We 

could obtain an efficient maneuverable formation between 2DR and 

2DS with a yield over 80%. For the modular designs, the maneuverable 

formation efficiencies of the units in both the 2DR2 DNA origami and 

2DR4 DNA origami were over 80% as well, suggesting that the 

controllable formation in 2D DNA origami could be successfully 

realized with high efficiency. 

After realizing the maneuverable formation in 2DR2 DNA origami 

and 2DR4 DNA origami, we then explored whether the maneuverable 

formation of a 2D connected DNA origami could be realized. A new 
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Figure 3. Controllable formation of 2D connected reconfigurable DNA origami. (A) Controllable formation between 2DR3 and 2DS3 nanostructures, and (B) between 

3DR3 connected nanostructures and 2DS3 connected nanostructures. (C) Yield analysis of (I) 3DR3 connected nanostructures to 2DS3 connected nanostructures, and 

(II) 2DS3 connected nanostructures to 3DR3 connected nanostructures. (D) Height analysis of 3DR3. (E) Characterization of the 2DR3 and 3DR3 nanostructures. TEM 

characterization of (I) 2DR3 and 3DR3 connected nanostructures, (II) 2DR3-AuNPs and 3DR3-AuNPs nanostructures (AuNPs: 5 nm). Note that 2DR3-AuNPs meant that 

gold nanoparticles were bonded with the nanostructures. (III) Cryo-EM characterization of 2DR3 and 3DR3 nanostructures. Left: 2DR3 connected nanostructures, right: 

3DR3 connected nanostructures. All the nanostructures were formed by a thermal annealing process. Scale bars: 50 nm.

2DR3 DNA origami was designed in Figure 3. Firstly, controllable 

formation of the 2DR3 DNA origami was realized. The same as Figure 

2, the formation between 2DR3 and 2DS3 DNA origami occurred with 

nanostructures binding different triggers (Figure 3A). At the same time, 

the formation efficiency was over 80% (Figure S21 and S27). 

According to our design, the linkers could be applied to connect and 

tighten up the adjacent square nanostructures. The tightened 2DS3 

nanostructure was employed to explore whether the connected DNA 

nanostructure could realize a modular transformation and 

dimensional transformation from 2D to 3D. As seen in Figure 3B, the 

controllable formation between 2D and 3D was successfully realized 

with the help of different triggers. Meanwhile, the controllable 

formation efficiency between 2D and 3D was also calculated with the 

yield over 80% (Figure 3C, Figure S35-S38 and Figure S40-S43). As 

shown in Figure 3D, the junction part of the 3DR3 DNA origami 

presented the height over 3 nm, which further demonstrated the 3D 

architecture. To further clarify and prove the 3D nanostructure, 

transmission electron microscope (TEM) and cryogenic electron 

microscope (cryo-EM) were applied to characterize the 2DR3 and 3DR3 

nanostructures (Figure 3E). Figure 3E-I showed the TEM of 2DR3 and 

3DR3 connected nanostructures. To get a better understanding of the 

3D nanostructures, gold nanoparticles (AuNPs) were bonded with 

2DR3 and 3DR3 nanostructures. The assemblies of 2DR3-AuNPs and 

3DR3-AuNPs were characterized by TEM after agarose gel purification. 

According to the mechanism of 2D to 3D transformation, AuNPs was 

linked as the top of the 3DR3 nanostructures, and the representative 

TEM images showed the effective assemblies between the AuNPs 

and 3DR3 nanostructures (Figure 3E-II). In contrast with 2DR3-AuNPs 

nanostructures, the linking of the AuNPs and 3DR3 nanostructures 

could further demonstrated the formation of the 3D nanostructures. 

To further confirm and show the 3D nanostructures more actually, the 

folded 2DR3 and 3DR3 nanostructures were analyzed by cryo-EM. 

Figure 3E-III showed representative cryo-EM images. Interestingly, 

the size of the whole 3DR3 nanostructures narrowed in the vertical view 

(Figure S46), which more clearly demonstrated that the 3DR3 

nanostructures were 3D nanostructures. The above results stated 

clearly that the 3DR3 nanostructure was obtained and the controllable 

formation between 2D and 3D could be successfully realized. 
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Figure 4. Controlled temperature transformation between the connected 2DS3 and 3DR3 DNA origami. (A) Controlled temperature transformation from the connected 

3DR3 to 2DS3 DNA origami by red triggers and temperature, and transformation yield analysis. Controlled temperature transformation from the connected 2DS3 to 3DR3 

through (B) toehold-mediated strand displacement reaction (SDR), (C) blue triggers, and (D) SDR and blue triggers-mediated reaction and its yield analysis. (E-H) 

Yield analysis of the modular transformation in (A-D) influenced by temperature. Others here meant the incomplete transformations of the structures.

To optimize the resettable structural transformation between the 

2D and 3D connected DNA origami, the controllable temperature 

transformation strategy was employed (Figure 4). At first, the 

controllable temperature transformation from the 3DR3 to 2DS3 DNA 

origami was explored (Figure 4A). The 3DR3 DNA origami was 

synthesized by annealing process, and then the controllable 

transformation from 3DR3 to 2DS3 DNA origami was performed by 

changing the incubation temperature. In Figure 4A, the optimum 

transformation temperature was 60 °C. Meanwhile, the yield of 

different nanostructures from 3DR3 to 2DS3 DNA origami was also 

calculated, and the yield of 2DS3 DNA origami was nearly 60% (Figure 

4E and Figure S50-S52). In addition, the controllable temperature 

transformation from the connected 2DS3 to 3DR3 DNA origami should 

be explored to realize the resettable structural transformation. Based 

on the design of the 2DS3, the controlled transformation from 2DS3 to 

3DR3 DNA origami could be realized via the toehold-mediated strand 

displacement reaction (SDR) and blue triggers-mediated reaction. At 

first, we applied SDR to realize the controlled transformation from 2DS3 

to 3DR3 DNA origami. The red triggers here had a 10 nt toehold. When 

adding the complementary DNA strands (anti-triggers), the SDR could 

occur to release the red triggers (Figure S56), and the controlled 

transformation from 2DS3 to 3DR3 DNA origami could be realized. 

During the experiment, we found that the transformation efficiency 

was less than 10% (Figure 4B). Meanwhile, the yield of the different 

nanostructures during the transformation from 2DS3 to 3DR3 DNA 

origami demonstrated a similar result (Figure 4F and Figure S57-S60). 

The relatively low yield might be owing to the steric effect of tightened 

2DS3 DNA origami. To explore whether steric effect that influenced the 

transformation efficiency of tightened 2DS3, we employed the 2DS3 DNA 

origami without linkers to verify the transformation efficiency. The 

transformation efficiency from 2DS3 to 2DR3 was nearly 40% at 60 °C, 

indicating that the steric effect really influenced the transformation by 

SDR (Figure S68). Moreover, the controlled transformation efficiency 

was enhanced from 2DS3 to 3DR3 DNA origami by blue triggers-

mediated reaction (yield nearly 60% at 50 °C in Figure 4C). Meanwhile, 

the yield of different nanostructures during the transformation from 

2DS3 to 3DR3 DNA origami showed a similar result (Figure 4G and 

Figure S72-S75). Based on the design of the tightened 2DS3, we could 

apply both SDR and blue triggers-mediated reaction simultaneously 

to realize the controlled transformation, which may improve the 

transformation efficiency. As seen in Figure 4D, the optimal 

transformation temperature was 40°C, which was lower than the SDR 

or blue triggers-mediated reaction. Meanwhile, the yield of different 

nanostructures during the transformation from 2DS3 to 3DR3 DNA 

origami was also calculated, and the yield of the 3DR3 DNA origami 

was improved to over 60% at 40 °C (Figure 4H and Figure S80-S83). 

The above results indicated that the optimum controlled 

transformation between the 3DR3 DNA origami and 2DS3 DNA origami 

could be successfully realized. 

Conclusion 

In conclusion, we have shown a new strategy for constructing 

modular reconfigurable DNA nanostructures from 2D to 3D. To 
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demonstrate this, a 2D reconfigurable DNA origami sheet was 

constructed via the assembly of the anti-junction units. In addition, the 

2D DNA origami sheet could be modularized into two, three and four 

parts, which could successfully realize the independent 

transformation between two conformations (e.g. rectangle to square 

conformation) driven by “trigger” DNA strands. What’s more, the 

modular transformation of the connected 2D DNA origami sheet could 

be successfully achieved. Interestingly, the 2D connected modular 

reconfigurable DNA nanostructures could realize resettable 

transformation into 3D architectures owing to the shape change of the 

individual modules and the constraints induced by the connections 

between modules. This approach can provide an efficient mean 

efficiently for constructing programmable, higher-order, and complex 

DNA objects, and will offer fascinating possibilities for various 

applications.  
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We demonstrated a new strategy for constructing modular reconfigurable DNA nanostructures from 2D to 3D. This strategy showed an efficient 

mean for constructing programmable, higher-order, and complex DNA objects, and potential applications, as well as sophisticated dynamic 

substrates for various applications. 
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