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Abstract 

We present an automated design pipeline for creating DNA wireframe nanostructures using the 

scaffold-free molecular LEGO approach. Unlike in the commonly used DNA origami method, 

LEGO designs are not built around a global scaffold-strand backbone but are constituted solely of 

short, locally interleaved oligonucleotides. This overcomes many limitations inherent in scaffolded 

nanostructure design, most notably the size constraints imposed by the length of available scaffold 

strands, and the topological and algorithmic challenges of finding feasible scaffold-strand routings. 

In practice, this leads to simpler design flows and opens up new design possibilities. To 

demonstrate the flexibility and capability of our approach, we generate a variety of complex DNA 

wireframe designs automatically from 2D and 3D mesh models and successfully realise the 

respective molecular nanostructures experimentally.  

 

Introduction 

Through a steady progress of about four decades in DNA nanotechnology, the simple rules of 

Watson-Crick base pairing have come to enable the design of synthetic constructs of extraordinary 

diversity, complexity and controllability.1 In the early stages of this development,2–6 

nanostructures of limited complexity were designed by joining single-stranded DNA (ssDNA) 

segments together in specific complementary arrangements, with manual or semi-manual sequence 

generation. However, for the design of complex DNA nanostructures in the mega- to giga-dalton 

range, hundreds or thousands of ssDNA segments are involved, and automated design tools 

become necessary.  



 

Most current DNA nanostructure design tools adopt the scaffolded origami approach,7–10 in which 

a long ssDNA scaffold strand (typically the ca. 7200 nt long genome of the M13 bacteriophage) is 

guided to fold into a desired target shape by domain pairings induced by a complementary set of 

short staple strands. Notably, the popular design program caDNAno,11 which supports a compact 

arrangement of helices to match a desired target pattern, has provided a DNA nanostructure design 

pipeline accessible to researchers from different backgrounds. More recently, techniques for 

designing DNA nanostructures based on sparse wireframe helix layouts have been introduced to 

the methods portfolio, providing a rich extension to the design space. Similar to what caDNAno 

brought to the field, automated design tools for wireframe architectures such as vHelix12 and the 

DAEDALUS/Athena toolkit13,14 have promoted the general adoption of these schemes. 

As an alternative, the scaffold-free molecular LEGO method15,16 overcomes limitations intrinsic 

to scaffold-based approaches and presents new opportunities in DNA self-assembly. Scalability of 

this method has already been demonstrated in single-stranded tile/brick designs,17 where some of 

the resulting structures were much larger than typical origami structures created using the M13 

genome as scaffold. The LEGO approach also avoids several complexities and constraints inherent 

in global scaffold-strand routings, which both simplifies the design method and broadens the 

design space. 

In this study, we present an automated design pipeline to build wireframe 2D and 3D structures 

following the LEGO approach. Our production scheme enables streamlined design and fabrication 

of large and complex scaffold-free wireframe structures with fine structural features, as we shall 

demonstrate with a number of 2D and 3D examples. The wireframe structures presented in this 

study are already much larger than most scaffolded counterparts. Our mesh models contain almost 

exclusively triangular faces, because structural flexibility is a typical challenge for wireframe DNA 

nanostructures, and face triangulation is a common strategy to counteract this. Most of the resulting 

structures in this study demonstrate substantial structural rigidity without excessive deformation 

from the targeted designs. 

 

Results 

Design pipeline 

Polygonal meshes are routinely used in 3D graphics as discrete representations of the surfaces of 

3D objects. Briefly, a polygonal mesh is a collection of polygonal faces that have been glued 

together along their edges to span the surface of a target shape. Our scaffold-free LEGO approach 

is formulated to broadly and generally cover polygonal meshes of arbitrary shapes whose surface 

is an orientable 2-manifold with (possibly empty) boundary (cf. Supplementary Note 1). This mesh 

family covers, in particular, the surfaces of all 3D polyhedra that enclose a single continuous 

volume, and 2D meshes with disjoint holes. The wireframe of a mesh is a graph that comprises the 

vertices and edges of the mesh, embedded in 2D or 3D space as delineated by the mesh model. 

The LEGO design scheme starts by routing cyclic strands along the boundaries of the mesh faces 

and holes in their prescribed clockwise orientations (Figures 1A, 1B). Since each edge is now 

traversed twice in opposite directions by the orientation of the adjacent faces and/or holes, the 



 

cyclic strands are oriented in antiparallel manner on each edge, as desired for the formation of 

DNA double helices. In general, the intertwining of strands in helices would lead to topological 

linking of cyclic strands, but in the LEGO approach this concern is precluded by the cyclic strands 

being nicked in a staggered manner on each edge so that each pair of neighbouring edges is bridged 

by an untangled linear strand (Figure 1C). The strand crossovers at each vertex create a connected 

junction, because the crossovers link pairwise neighbouring edges in a cyclic order around the 

vertex. 

 

Figure 1. The general pipeline for the design and assembly of a scaffold-free wireframe DNA 

nanostructure using the LEGO method. A) Triangulated cube mesh provided as an input. (In 

general, the input can be any orientable polygonal mesh with or without boundary.) B) Clockwise 

orientation of the faces of the mesh leads to a routing of cyclic strands that covers each edge twice. 

C) Routing of a set of linear strands obtained by a staggered nicking of the cyclic routings. D) 

Nucleotide-level model of the DNA cube obtained by placing and nicking the helices according to 

the given routing scheme. E) Sample cryo-electron micrograph of the eventual structure (scale bar: 

10 nm). 

 

To evaluate the scalability and generality of the design procedure, we designed and synthesised a 

number of 2D and 3D wireframe nanostructures. The details of the design process and the 

experimental protocols are presented in the Methods section. Briefly, a desired 2D or 3D mesh 

was first generated and rendered into short DNA splints according to our strand routing and nicking 

scheme. With the strand arrangement determined, segmentation and pairing information were used 

to generate the respective sequences. Structure formation was optimised for annealing protocols, 

strand concentration and buffer condition, as confirmed by native agarose gel electrophoresis, 

atomic force microscopy (AFM) and cryogenic electron microscopy (cryo-EM).  

2D wireframes 

As indicated in an earlier study,18 the geometric constraint of full triangulation serves as an 

effective approach to maintain a defined geometry. We first designed a collection of 2D wireframe 

nanostructures based on fully triangulated meshes and six-arm junction motifs. Although the 

length of the edges in the mesh model can be arbitrary, the rendered DNA duplex lengths were 

rounded to be multiples of full turns (10.5 base pairs) so that the 5´ and 3´ ends of the same strand 

in a duplex are on the same side, as desired in the routing. The duplexes were segmented into 

complementary domains according to a standardised scheme (Supplementary Figure 1). After a 

systematic investigation of different spacer lengths on a 16 × 3 (columns × rows) rectangular array 



 

of triangular faces (Supplementary Figure 2), three consecutive unpaired T bases (3T spacer) were 

added at each junction to relax tension at the junction crossovers. 

The first important feature of our design architecture is scalability. We first designed and 

constructed three rectangular arrays of triangular faces, constituted of 11 × 6, 17 × 9, and 23 × 12 

triangles, and comprising respectively 220, 494, and 874 strands, with a total of 7480, 16796, and 

29716 nucleotides (Figures 2A-2C). Successful structure formation was confirmed by both native 

agarose gel electrophoresis (Supplementary Figure 3) and AFM imaging (Figures 2A–2C and 

Supplementary Figures 4–6), witnessing the scalability of our design framework. 

To further demonstrate the generality of our approach, we next designed and constructed two 

complex irregular structures of the Chinese Luck (Figure 2D) and Double Happiness (Figure 2E) 

characters, with 782 and 1212 strands (26588 and 41208 nt) respectively. Structure formation was 

evaluated by agarose gel electrophoresis (Supplementary Figure 3). Subsequent AFM imaging 

(Supplementary Figures 7 and 8) shows homogeneous ensembles of the targeted structures with 

fine features, such as the small windows in the Chinese characters, attesting to the robustness of 

our design approach. 

 

 
Figure 2. Design and assembly of 2D wireframe structures. A) Rectangle shape comprising 11 × 

6 triangular faces. B) Rectangle shape of 17 × 9 triangular faces. C) Rectangle shape of 23 × 12 

triangular faces. D) Chinese character Luck. E) Chinese character Double Happiness. Top: 

nucleotide-level models; bottom: representative AFM images (scale bars: 100 nm). Zoom-in insert 

in A): rendering detail of an edge comprising a simple duplex. 

 



 

3D wireframes 

Also 3D wireframe structures based on meshes with polygonal faces can be created following the 

same principles. We demonstrate the versatility of our approach by designing and assembling two 

classes of 3D constructs: wireframes based on spherical meshes (Figure 3) and on non-spherical 

meshes (Figure 4). By a spherical mesh we mean a surface mesh that is topologically equivalent 

to a sphere, i.e. can be continuously deformed into one. Non-spherical surface meshes on the other 

hand have one or more topological handles, or “3D holes”. 

Similarly as for the 2D designs with triangular faces, we subdivided the polygonal faces of 3D 

meshes into multiple triangles in order to rigidify the overall constructs.  (In the mathematical 

sense, it is actually known that a convex polyhedral wireframe is structurally rigid if and only if 

its model mesh is fully triangulated.19) Unlike the 2D structures, which had a uniform edge length, 

in the 3D constructs the edge lengths vary according to the geometric requirements. The constructs 

are scaled to make the shortest edges at least 21 bp long to improve binding stability. The 

maximum vertex degrees (number of junction arms) are set to be eight and the sharpest acute 

angles are set to be 30 degrees. 

Figure 3. Design and assembly of 3D spherical wireframe structures. A) Flask. B) Submarine 

vessel Proteus. For each model, three representative views are presented. From top to bottom: 

triangulated mesh models; nucleotide-level models; representative cryo-EM images with selected 

views; large scale cryo-EM images. Scale bars: 100 nm. 



 

Our first design was a Flask model with 722 strands (23862 nt, Figure 3). The formation of the 

Flask structures was confirmed by native agarose gel electrophoresis (Supplementary Figure 9) 

and the morphologies were characterised by cryo-EM (Figure 3A and Supplementary Figure 10), 

which shows desired structures in good agreement with the designs. We then continued with a 

more intricate model of the iconic submarine vessel Proteus from the 1966 film “Fantastic 

Voyage”, with 876 strands (30486 nt). Fine structural features, such as the sharp protrusions on 

the bow and stern of the submarine, can be observed in cryo-EM imaging (Figure 3B and 

Supplementary Figure 11), suggesting our pipeline is a feasible method for the design and 

assembly of complex wireframe nanostructures. 

Although face triangulation was used to enhance the structural rigidity of these (nonconvex) 

designs, deformations were still present in the resulting constructs, notably in case of the Proteus 

particles. Compared to constructs with regular edge lengths, the irregular constructs with variable 

length edges had lower assembly yield, which in turn resulted in a limited number of particles in 

cryo-EM imaging. Moreover, the morphology of the particles was highly variable because of the 

structural deformations, so 3D reconstruction was extremely challenging. 

We were then prompted to explore regular wireframe designs based on non-spherical meshes, 

which make possible the creation of e.g. some cubic lattices. In our earlier motif-based designs of 

multilayer nanocrystals,20 six-arm junction motifs branched out in a non-regular orientation, 

resulting in a lattice that is rhombohedral rather than cubic. With the present design approach, it is 

however possible to use triangulation to enforce square-shaped faces and thus create multilayer 

lattices of cubic arrangement. To demonstrate the feasibility of this design scheme, we first 

mapped out on a “perforated cube” surface a 3 × 3 × 3 cubic lattice with 480 strands (14688 nt), 

in which the external faces were triangulated to maintain the overall cubic shape (Figure 4A). 

Formation of these multilayer cubes was evaluated by native agarose gel electrophoresis 

(Supplementary Figure 12), while morphologies were confirmed by cryo-EM (Figure 4A and 

Supplementary Figure 13). The structural features were clearly demonstrated in the raw cryo-EM 

images, with uniformly distributed square 2D projection shapes, each of which is composed of 

nine small squares. When compared to earlier wireframe designs with non-cubic arrangement,20 

the improvement of precise geometric control is substantial. To further illustrate the extent and 

scalability of this approach, we next designed a larger multilayer L-shaped 3 × 5 × 7 nanocrystal 

with 1200 strands (37008 nt) in a similar fashion (Figure 4B). Successful structural formation was 

verified by native agarose gel electrophoresis (Supplementary Figure 12), and cryo-EM imaging 

revealed designated 2D projections of different views (Figure 4B and Supplementary Figure 14).  

Unlike in the single-layer 3D constructs, the edge lengths and the strand segmentation were now 

more standardised (e.g., 31 bp for the square side edges and 42 bp for the diagonal edges). We 

believe this standard arrangement contributed to the improved assembly yield. Geometric 

constraints provided by triangulation and multilayer collective enforcement led to a much 

enhanced structural rigidity. With a combined enhancement of structural order and formation 

yield, cryo-EM imaging quality was substantially improved. With a greater design freedom and a 

higher material efficiency compared to a compact arrangement,16,17 this type of multilayer 



 

wireframe architecture provides greater scaffolding to host guest molecules of a wide size range, 

which can be beneficial in future application directions. 

 

 
Figure 4. Design and assembly of 3D perforated multilayer wireframe structures. A) Cube. B) L-

shape. For each model, two representative views are presented. From top to bottom: triangulated 

mesh models; nucleotide-level models; representative cryo-EM images with selected views; large 

scale cryo-EM images. Scale bars: 100 nm. 

 

Discussion 

In conclusion, we have developed a comprehensive, computer-supported design and production 

pipeline for wireframe DNA nanostructures using the scaffold-free LEGO approach. The approach 

is free of the size, sequence and topological constraints imposed by a globally routed scaffold 

strand, and the scalable freestyle design capacity also provides for finer structural details and more 

sophisticated meshes than previously accessible. The localised strand arrangement scheme 

supports the rendering of any oriented polygonal mesh, without concern for e.g. knotted strand 

routings which are a challenge to the scaffolded origami approaches to wireframe DNA 

nanostructure design.21–23 Examples of complex meshes taking advantage of this characteristic are 

the cubical lattices presented in Figure 4.  Taking advantage of the new possibilities, we have 

demonstrated many 2D and 3D constructs with fine structural features. Among the nanostructures 

realised, we successfully constructed sophisticated Chinese characters with small holes, intricate 

3D models with fine features and 3D cubic lattices. 

Because the LEGO design approach bypasses the need for a global scaffold strand routing, it is 

also computationally both simpler and more general than the existing scaffold-routing based 

design techniques for wireframe structures. In contrast to the Eulerian A-trail based method that 

underlies the vHelix tool,12 the LEGO method is guaranteed to converge in linear time in the size 



 

of the mesh (i.e., the number of the mesh edges), whereas the A-trail method is worst-case 

exponential. Even more importantly, the LEGO method subsumes all orientable polygonal meshes, 

of any genus and with or without boundary, while the A-trail method in its basic version requires 

the mesh to be sphere-equivalent. (However, the A-trail method has been extended to design and 

synthesise 2D meshes with boundary,24 and algorithms have been developed for finding unknotted 

approximately Eulerian routings in higher-genus triangulated orientable meshes.22) 

The spanning-tree based method used in the DAEDALUS/Athena family of tools,14,25 on the other 

hand, also has linear runtime and encompasses all orientable polygonal meshes without boundary. 

A characteristic of this method, however, is that it requires at least two parallel DNA duplexes for 

rendering each wireframe edge, thus consuming in many cases twice the amount of scaffold strand 

used by the A-trail method for a comparable wireframe model. This makes the size- and 

complexity-scaling challenges for this method even greater than those for the A-trail method. 

(Clearly multiple-duplex edges can also be advantageous for increasing the rigidity of the 

synthesised nanostructures, and using the Athena toolkit14 even wireframes with six-duplex edges 

can be created.) 

Compared to our earlier motif-based design method,20 the top-down LEGO design approach 

presented here provides improved generality, flexibility and simplicity of use. In addition to the 

general increase in power and convenience delivered by an automated design pipeline, two detailed 

improvements are that helix angles at the mesh junctions are now derived implicitly from the high-

level design, and the triangulation of the model mesh faces noticeably enhances the control of the 

eventual nanostructure shape as compared to a bottom-up junction-motif design.  

Theoretically, there is no apparent size limit for DNA nanostructures designed using the LEGO 

approach, and in this work we have created a number of structures that are much larger than typical 

DNA origami constructs using the M13 genome as scaffold. However, assembly becomes more 

challenging for designs of increasing complexity. For example, for large or irregular structures we 

had to use much slower annealing protocols in the self-assembly process than for small and regular 

ones (Supplementary Figure 15). Similarly as has been observed in earlier self-assembly schemes 

for large structures with single-stranded DNA tiles or bricks,15–17 strands and segments with 

standardised settings resulted in the best outcomes for large constructs. 

This design principle is however not applicable in the case of complex designs with irregular 

polygonal faces, such as our Proteus structures, as these inevitably involve non-uniform edge 

lengths. In such cases, it is possible for instance that the rendering of the mesh model edges as 

different non-integral multiples of DNA full turns results in unfavourable phase differences 

between contiguous helices, and these are not fully resolved by the spacer segments. Another 

possibility is that the stochastic bending of some longer edges in the structure propagates to create 

global deformations. When the thermodynamics and kinetics of such complex DNA self-assembly 

systems are better understood and modelled, one can envisage an optimised annealing protocol 

guided by theoretical principles rather than empirical engineering that will fully realise the 

scalability potential of the LEGO approach. 



 

Also internal characteristics of the DNA nanostructures may play an important role. Global 

structural design (e.g., standard duplex length and segmentation), local structure features (e.g., 

crossover and nicking patterns), as well as details of the strand sequences all affect assembly 

efficiency and quality. Machine learning techniques could also be used for structure and sequence 

optimisation, taking advantage of the considerable datasets accumulated in the field.26 It is, 

therefore, desirable to understand the major factors that affect assembly yield when aiming for 

even higher levels of assembly complexity. With a better and more comprehensive understanding 

of the segment-segment complementation process in a complex system, optimisations of many 

kinds can then be applied in conjunction to push the complexity and controllability of DNA self-

assembly to a new level.  

 

Methods 

Design, simulation and visualisation 

The mesh models were designed using the AutoDesk Maya 2018 and Blender 3.2 computer 

graphics software suites.27,28 The scaffold-free LEGO routing scheme was implemented as a 

custom Python script in Maya (see Supplementary Software). Blender-designed meshes were 

exported as OBJ files and imported to Maya for running the script. The script uses the vHelix 

extension to Maya12 to create and align helices along the edges of the mesh faces and connect their 

ends, thus generating a set of cyclic strands that wind around the boundaries of the faces and any 

possible holes. Steric zones that limit the helices’ proximity at vertices were estimated from the 

average angle between edges at each vertex. For each edge, the maximum integral number of 

helical turns that does not extend the edge into a steric zone was then selected as the helix length 

for that edge.  The script nicks each helix at one or more loci of its constituent strands according 

to the standardised edge segmentation scheme presented in Supplementary Figure 1. 

The same Maya Python script was used to export XML files containing the strand nucleotide 

pairing information. Applying the script parameter options, fixed-length poly-T spacers were 

inserted between connected helical segments at each mesh vertex to relax tension at the crossovers 

(2T in the case of the multilayer structures presented in Figure 4, 3T for all the other structures). 

The exported XML files were then imported to the Uniquimer sequence design tool29 to generate 

the DNA sequences. Sequences were generated using the following exclusion rules: (i) repeating 

base segments longer than a certain threshold (seven or eight bases) are not allowed, and (ii) four 

consecutive appearances of the same base are not allowed. 

The nucleotide-level model visualisations in Figures 2–4 were produced using the oxView design 

and visualisation tool,30 and the molecular dynamics simulations presented in Supplementary 

Videos 1–6 using the oxDNA simulation engine,31 with visualisations by oxView.  

 

Materials 

DNA oligonucleotides (standard desalted) were purchased from GCATbio Co. Ltd (LS-PS-00005, 

for 1 × 1 × 1 cube, 11 × 6, 17 × 9, and 23 × 12 rectangle shapes, and Proteus) and from Integrated 

DNA Technologies (for Luck, Double Happiness, Flask, Cube and L-shape). 



 

 

Structure formation, purification and yield quantification 

To assemble the desired structures, component strands were mixed to an approximately equal 

molar final concentration of 100 nM and annealed in 0.5×TE buffer (5 mM Tris, pH 7.9, 1 mM 

EDTA) supplemented with varying concentrations of MgCl2. Two annealing protocols, ‘ramp’ and 

‘isothermal’, were employed to form the structures. For ramp annealing, the first ramp (from 90°C 

to 61°C) was conducted at a constant rate of 5 minutes per °C, followed by a second ramp (from 

60°C to 25°C) at a constant rate of 120 minutes per °C. For isothermal annealing, the stands 

mixture was first denatured at 90ºC for 5 minutes, then annealed at a specific temperature between 

40ºC to 50ºC for 72 hours. Optimisation of annealing protocols, strand concentrations, and buffer 

conditions was performed on selected DNA structures and evaluated using native agarose gel 

electrophoresis (Supplementary Figure 15).  

To purify the desired structures, annealed samples were subjected to 1% or 2% native agarose gel 

electrophoresis in an ice-water bath. The gels were prepared in 0.5× TBE buffer (44.5 mM Tris, 

44.5 mM boric acid, and 1 mM EDTA) supplemented with 10 mM MgCl2 and pre-stained with 

SYBR Safe (Thermo Fisher Scientific). Target bands were excised and finely crushed in a 

Freeze’N Squeeze column (Bio-Rad), followed by centrifugation at 438 g for 3 minutes at 4 °C. 

The samples obtained from the column were collected for further analysis by AFM or cryo-EM. 

To quantify the assembly yield, the intensity of the target band was compared to that of a standard 

band, such as the 5,000-base-pair band from a 1-kb DNA ladder mixture. The mass of the target 

band was determined using the intensity–mass correlation established with the standard band. The 

assembly yield was then calculated by dividing the mass of the target band by the total mass of all 

the input strands. 

 

AFM imaging 

The morphology of the 2D wireframe structures was characterized by AFM (Multimode 8, Bruker) 

in liquid ScanAsyst mode, using the C-type triangular tip from the SNL-10 silicon nitride 

cantilever chip (Bruker). A 40 μL drop of 0.5×TE buffer containing 10 mM MgCl2 was applied to 

a freshly cleaved mica surface, followed by the addition of a 5 μL droplet of purified sample (2-

10 nM) and an incubation of approximately 2 minutes. To enhance DNA–mica binding, an 

additional 10 μL of 10 mM NiCl2 was added. 

 

Cryo-EM imaging 

Freshly purified samples were applied onto lacey carbon grids (Ted Pella) pre-treated with 0.1 M 

MgCl2. The grids were blotted for approximately 4-7 seconds and then rapidly frozen in liquid 

ethane using a Cryo Plunger 3 (Gatan). Micrographs of the samples were collected using an FEI 

Talos Arctica microscope operating at 200 kV, equipped with a K2 camera (Gatan) in movie mode. 
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