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DNA polygonal cavities with tunable shapes and sizes†††† 

Sha Sun, Mingyang Wang, Feifei Zhang and Jin Zhu* 

We developed a new and simple angle control strategy to 

construct shape- and size-tunable DNA polygonal cavities. A 

monomer with a controlled slope on one end was used for 

hierarchical assembly into diverse polygons in a single step. 

Additionally, by simply moving the position of sticky ends on the 

monomer, the cavity size can be precisely programmed. 

Cavities with diverse shapes and sizes in inorganic and organic 

structures (e.g., molecular sieves and enzymes) have shown 

exquisite control over the reaction selectivity and specificity in 

catalytic chemistry and biology,
1
 as well as the processes of 

cellular uptake and biodistribution as drug carriers.
2
 As a 

promising approach, DNA nanotechnology offers an 

opportunity to construct complex geometries with high 

precision and tunability. To date, diverse cavities have been 

constructed by DNA origami.
3
 However, this strategy not only 

suffers from limitations on the dimension of target structure 

(dictated by the length of scaffold DNA), but also requires a 

new design and a new set of staple DNA sequences for each 

structure. A promising route to overcoming these two 

problems is the hierarchical assembly,
4 

in which a basic 

building block (monomer) constructed first with unique DNA 

strands is used to assmeble into larger structures and minor 

changes of the monomer results in the alteration of the target 

structure. When aiming for the large hollow nanostructures, n-

arm-junction (arm is used as a unit to form a junction) motif
4
 is 

typically used as the monomer. This strategy is well suited for 

the structure fabrication by small molecular weight monomers 

(<170 kD),
4a-d

 with the target morphology controlled by the 

flexibility and concentration of the monomer. However, it is 

much more challenging for the large, magadaltons monomer, 

in which the fixation of the inter-arm angle is required for the 

construction of target structures.
4e 

Herein we report a general 

strategy to assemble large monomers (~1.5 MD) into target 

structures, with polygonal cavities as the proof-of-concept 

system. 

 

Fig. 1 (A) Three hierarchical assembly strategies with different angle control principles. 

(B) Schematic illustration of self-assembled polygons. The helical length difference ΔL 

of the monomer controls the angle θ. The middle column shows zoomed-in images of 

the first layer of the monomers (with sticky ends shown in green) in the left column. 

Polygons (right column) are assembled by the hybridization of the sticky ends between 

the monomers: i) triangle, ii) square, iii) pentagon, iv) hexagon. 

In geometry, the shape of a physical object is defined by 

the relative positions of vertices,
5
 which are dictated by 

internal angles. Therefore, the key to the construction of 

shape-tunable cavities is the control over angles. To achieve 

the hierarchical assembly of target geometric cavities, three 

strategies with different angle control principles can be 
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imagined (Fig. 1A). In each monomer, the angle θ between two 

monomer connection sites equals the value of the interior 

angle and hence controls the shape of the target structure. 

Among the three strategies, the monomer in strategy i, 

consisted of two arms with a controlled angle, requires a much 

more complex structure than that in strategy ii or iii with one 

arm for each monomer. For strategies i and ii, θ can be tuned 

by adjusting the inter-arm angle, as typically used previously
4e

 

but with a complex design required (strategy i), or by adjusting 

the slopes of both ends in the monomer (strategy ii). 

Compared to the complicated angle control methods in the 

first two strategies, strategy iii features a simpler approach in 

which θ can be tuned by adjusting the slope of only one end of 

the monomer. In addition, because one of the connection sites 

lies on the inner edge instead of the end, strategy iii offers a 

straightforward route to tuning the cavity size by simply 

moving the connection site in the longitudinal direction, 

instead of the tedious way of altering the dimension of the 

monomer as required by the first two strategies.  

Herein, we use strategy iii to hierarchically construct 

shape- and size-tunable polygonal cavities. As Fig. 1B shows, 

monomers constructed by single-stranded DNA (ssDNA) could 

assemble into polygons without intermediate purification by 

the hybridization between sticky ends on the tail (Sticky End 1, 

comprised of three green strands and three blue strands) and 

the sticky ends on the inner surface (Sticky End 2, comprised of 

three yellow strands and three purple strands). Diverse 

polygons can be constructed by monomers with different 

angle θ. Helices of the monomer are divided into three 

categories: six outer helices (with the length of Louter, 6H 

(helices) = 2H/layer × 3 layers,), six middle helices (with the 

length of Lmiddle), and six inner helices (with the length of Linner). 

The helical length difference (ΔL = Louter - Lmilldle = Lmiddle - Linner) 

between adjacent categories of helices controls angle θ. In 

addition, the cavity size, with the side length corresponding to 

the distance between Sticky End 2 and the tail of the monomer, 

can be readily controlled by changing the location of Sticky End 

2 along the helical axis. Furthermore, the strategy for 

constructing two-dimensional (2D) polygons can in principle be 

extended to three-dimensional (3D) wire-frame structures 

(mirroring the development from relatively open 2D cavity
6a

 to 

relatively closed 3D cavity structures
6b

 in supramolecular 

chemistry) by the hierarchical assembly of L-shaped monomers, 

in which one arm resembling the monomer of the polygonal 

cavity described above serves as the polygonal base edge and 

the other arm with a cuboid shape serves as half of the lateral 

edge (schematic illustration in Fig. S7, ESI†). 

The ssDNA bricks strategy
7a

 developed previously has 

proved to be a powerful method to fabricate 3D structures. 

The greatest advantage of this method is that arbitrary 

structures can be sculpted from the predesigned 3D molecular 

canvas, making the design process easier and more 

straightforward. Therefore, helical lengths can be adjusted by 

adding or deleting a part of short ssDNA sequences from a 

DNA pool and most of the sequences are reusable for different 

monomers. We name the monomers (Fig. 1B, left column) 

without sticky ends Monomer A (Fig. 1B, i), Monomer B (Fig. 

1B, ii), Monomer C (Fig. 1B, iii) and Monomer D (Fig. 1B, iv), 

respectively. Accordingly, polygons (Fig. 1B, right column) 

constructed by the monomers are named A0 (Fig. 1B, i), B0 (Fig. 

1B, ii), C0 (Fig. 1B, iii) and D0 (Fig. 1B, iv). For Monomer A, Louter, 

Lmiddler and Linner are 160BP (base pairs), 144BP and 128BP, 

respectively, with ΔL of 16BP and θ of 43
o
 (assuming 0.34 nm 

for per base pair and 2.5 nm for the diameter of a DNA helix). 

For Monomer B, all the 18 helices share the equal length of 

128BP, leading to ΔL of 0BP and θ of 90
o
. For Monomer C, 

Louter, Lmiddler and Linner are 128BP, 136BP and 144BP, 

respectively, with ΔL of -8BP and θ of 118
o
. For Monomer D, 

Louter, Lmiddler and Linner are 128BP, 144BP and 160BP, 

respectively, with ΔL of -16BP and θ of 137
o
. It is noted that 

Monomer A can be obtained by rotating Monomer D 180
o
 

along the helical axis, indicating that only Monomer D is 

needed for the construction of both the triangle and the 

hexagon. 

Fig. 2 DNA self-assembly for the fabrication of monomers. (A) Agarose gel 

electrophoresis of Monomer B (lane 1), Monomer C (lane 2) and Monomer D (lane 3). 

Lane M represents molecular weight marker DL 2000. The product bands are marked 

with red arrowheads. TEM images of Monomer B (B), Monomer C (C) and Monomer D 

(D). The insets are zoomed-in views. 

First, we constructed and characterized three types of 

monomers: Monomer B, Monomer C and Monomer D. 

Monomers were assembled by slow annealing of hundreds of 

ssDNA sequences from 90 
o
C to 61 

o
C at a cooling rate of 5 

min/
 o

C and 60
 o

C to 24 
o
C at a rate of 40 min/

o
C. Agarose gel 

electrophoresis revealed a dominant band for each monomer 

(Fig. 2A). By using fluorescence intensity as the quantification 

tool,
7 

we obtained the assembly yields of 67.1%, 75.0% and 

74.1% for Monomer B, Monomer C and Monomer D, 

respectively. To confirm their correct formation, unpurified 

samples stained by uranyl formate were imaged with 

transmission electron microscopy (TEM).
8
 TEM images (Fig. 2B, 

C, D) showed that the tail slope of the monomer increased 

with the increase of the designed θ from Monomer B to 

Monomer D. Statistically, θ were measured as 87 ± 5°, 110 ± 

3°and 136 ± 5° for Monomer B, Monomer C and Monomer D, 

respectively, consistent with the designed values. 

We next verified the working principle of hierarchical self-

assembly by constructing polygons with the monomers. By 

replacing corresponding strands in the DNA pool for the 

monomer, two sets of sticky ends (Sticky End 1 and Sticky End 

2) are added to the monomer, enabling the association of 
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monomers to construct a polygon. Sticky End 1 is anchored on 

the tail of the monomer with three green strands on the first 

layer and three blue strands on the third layer (Fig. 1B, left 

column). It has been demonstrated that protruded continuous 

thymidines on both ends of all the helices are essential for the 

assembly of DNA nanostructures to prevent unwanted 

aggregation from blunt-end stacking.
3a,7

 In our design, T16 

(sixteen thymidines) loops are added to the head of the 

monomer and T8 (eight thymidines) single strands are added 

to the tail. Sticky End 1 anchored on the tail of the monomer is 

covalently linked to T8 of six corresponding helices. In addition, 

T8 linked to Sticky End 1 could serve as a linker to allow two 

sets of sticky ends to encounter each other and hybridize more 

effectively for the construction of a closed structure by 

increasing the flexibility of Sticky End 1. 

Accordingly, Sticky End 2 is anchored on the inner surface 

of the monomer. Three yellow strands on the first layer are 

located close to the head with the interval of 16BP, the 

positions of which are identical to those of three purple 

strands on the third layer (Fig. 1B, left column). It is noted that 

for a polygon with larger size than a square, such as a 

pentagon or a hexagon, the inner surface of the monomer 

refers to the surface with longer helical length. However, it is 

opposite for a polygon with smaller size than a square: the 

triangle—the smallest polygon, of which the surface with 

shorter helical length is the inner surface. Therefore, for the 

construction of the pentagon and the hexagon, Sticky End 2 

should be anchored to the surface with longer helical length of 

Monomer C and Monomer D, respectively. On the contrary, 

the triangle is designed to be constructed by Monomer D with 

Sticky End 2 added to the surface with shorter helical length. 

Monomer B, in which all the helices share the equal length, is 

expected to assemble into the square by adding Sticky End 2 to 

either of the surfaces. 

By annealing the mixed ssDNA sequences slowly, 

monomers were first assembled and then associated with each 

other by sticky ends to form a polygon. Annealed samples 

were subjected to the agarose gel electrophoresis and a sharp 

band was observed for each structure (Fig. 3A). The band 

moving slower than the product in lane 1 corresponds to the 

dimer of A0 with the yield of 15.1%, comparable with the yield 

of 20.1% for A0. Assembly yields estimated from the gel for B0, 

C0 and D0 were 34.8%, 24.7% and 14.2%, respectively. TEM 

imaging showed uniform-sized and closed polygonal structures 

as expected (A0, Fig. 3B; B0, Fig. 3C; C0, Fig. 3D; D0, Fig. 3E), 

suggesting the successful implementation of our strategy (TEM 

yields for all the structures are shown in Table 1, ESI†). 

We note that the assembly yield decreases as the size of 

the polygonal structure increases. This phenomenon might be 

explained by the fact that more monomers are required for 

the construction of larger structures which thus are more 

difficult to assemble.
4d

 When constructing the desired 

structure by the monomer with controlled angle, another 

factor should be taken into consideration: kinetics. It has been 

experimentally demonstrated that smaller-size object is 

kinetically favored.
4e

 Therefore, with the T8 linkers increasing 

the flexibility, Monomer C (with the designed θ of 118
o
) favors 

the assembly into pentagon instead of hexagon and Monomer 

D (with the designed θ of 137
o
) favors hexagon instead of 

octagon. 

Fig. 3 Polygons formed from DNA monomer self-assembly. (A) Agarose gel 

electrophoresis of A0 (lane 1), B0 (lane 2), C0 (lane 3) and D0 (lane 4). The product 

bands are marked with red arrowheads. TEM images of A0 (B), B0 (C), C0 (D) and D0 (E). 

The left images are zoomed-in views. 

Based on the successful assembly of diverse polygonal 

cavities, we further tuned the cavity size by adjusting the 

location of Sticky End 2 attached on the monomer, with 

decreased distance between Sticky End 2 and the tail 

decreasing the cavity size. Herein, with Sticky End 1 fixed on 

the tail of the monomer, we move Sticky End 2 from the head 

to the tail along the helical axis with the interval of 16BP 

(corresponding to 5.4 nm), which results in polygonal cavities 

with a variety of sizes (location details are provided in Fig. S3 

to S6, ESI†). Four types of polygonal structures described 

above were tested, with four different cavity sizes for each 

structure (Fig. 4). As the side length of the cavity decreased, 

the length of the branch extended out from the cavity 

increased accordingly. The triangular cavities (Fig. 4, A1 to A4) 

and square cavities (Fig. 4, B1 to B4), as verified by TEM 

imaging, showed desired morphologies. In the construction of 

pentagonal cavities (Fig. 4, C1 to C4), expected structures were 

observed for C1, C2 and C4. Interestingly, stacked structure 

(instead of individual structure), which is formed by two 

desired structures with mirror symmetry, was observed for C3 

(for stacking mechanism, see Fig. S15, ESI † ). A similar 

phenomenon occurs for the hexagonal cavities (Fig. 4, D1 to 
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D4; for stacking mechanism of D3, see Fig. S18, ESI†). We 

measured the side lengths of A0 to D0 and all the cavities in Fig. 

4 (Data are provided in Fig. S10, S12, S14, and S17, ESI†). As Fig. 

4E showed, the side length decreases in a linear fashion for 

each group, consistent with the designed interval of 5.4 nm. 

Fig. 4 Tuning of polygonal cavity sizes. (A1 to A4) Triangular cavities. (B1 to B4) Square 

cavities. (C1 to C4) Pentagonal cavities. (D1 to D4) Hexagonal cavities. (E) Side lengths 

measured for cavities with different shapes and sizes. C3 and D3 marked with * show 

stacked structures of desired products. 

In conclusion, we have developed a simple and general 

angle control strategy to hierarchically assemble shape- and 

size-tunable polygonal cavities. With a monomer bearing a 

controlled slope on one end, polygons can be constructed, 

with the cavity size precisely programmable by the adjustment 

of the sticky end position. In addition to the expected 

utilization in the construction of 3D polyhedral structures, our 

strategy shows great potential in the construction of complex 

nanocontainers for the application in drug delivery,
9
 material 

organization
10

 and molecular reactors.
11 
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