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S1 Methods and materials
Sample preparation. DNA strands were synthesized by Integrated DNA Technology, Inc. (www.idtdna.com) or Bioneer Corpo-
ration (us.bioneer.com). To assemble the structures, unpurified DNA strands were mixed to a final concentration of 100 nM or 200
nM per strand (for a structure that contained more than 500 strands, an evaporation step was performed to achieve the desired 200
nM concentration) in 0.5 × TE buffer (5 mM Tris, pH 7.9, 1 mM EDTA) supplemented with 10 to 80 mM MgCl2.

Annealing ramps. The strand mixture was then annealed in a PCR thermo cycler by a fast linear cooling step from 80◦C to 60◦C
over 1 hour, then a 24-hour or 72-hour linear cooling ramp from 60◦C to 24◦C. The annealing ramps were named according to the
length of the second cooling step, as 24-hour annealing or 72-hour annealing.

Agarose gel electrophoresis and sample purification. Annealed samples were then subjected to 2% native agarose gel elec-
trophoresis at 70 volts for 2 hours (gel prepared in 0.5 × TBE buffer supplemented with 11 mM MgCl2 and 0.005% (v/v) EtBr)
in an ice water bath. Then, the target gel bands were excised and placed into a Freeze ’N Squeeze column (Bio-Rad Laboratories,
Inc.). The gel pieces were crushed into fine pieces by a microtube pestle in the column, and the column was then centrifuged at
7000 g for 5 minutes. Samples that were extracted through the column were collected for TEM or AFM imaging.

Robot automation for sample preparation. A Python (http://www.python.org/) program was created to aid complex shape design
and automate strand mixing by using a liquid handling robot (Bravo, Agilent). For each shape, 4 µL of each strand (10 µM in
water) was pipetted and mixed into a final volume of less than 2 mL (the exact volume was determined by the number of constituent
strands for the target shape). The mixture was then vacufuge-dried (Savant Speedvac sc110) and resuspended in 200 µL 0.5 × TE
buffer with 40 mM MgCl2. Each round of robot pipetting accommodated 48 shapes and took three to four days to complete.

TEM imaging. For imaging, 3.5 µL of agarose-gel-purified or unpurified sample was adsorbed for 4 minutes onto glow-discharged,
carbon-coated TEM grids. The grids were then stained for 1 minute using a 2% aqueous uranyl formate solution containing 25 mM
NaOH. Imaging was performed using a JEOL JEM-1400 operated at 80 kV.

AFM imaging. AFM images were obtained using an SPM Multimode with Digital Instruments Nanoscope V controller (Veeco).
Five µL of purified sample was applied onto the surface of a freshly cleaved mica chip and left for approximately 2 minutes to allow
for adsorption. Forty µL of 0.5 × TE (10 mM MgCl2) was then added onto the mica surface. The AFM tips used were the short
and thin cantilevers in the SNL-10 silicon nitride cantilever chip (Veeco Probes).
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S2 Summary figure

Fig. S1. Complex three-dimensional shapes self-assembled from DNA bricks.
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S3 Design of 3D DNA-brick structures

S3.1 Design strategy
S3.1.1 A more detailed Lego-like model
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Fig. S2. A Lego-like model that differentiates each domain within a DNA brick. (A) DNA bricks are designated as north-bricks, west-bricks,
south-bricks, or east-bricks, based on their orientation. This model uses different shapes to distinguish the four domains. Arrows indicate the
3′ ends. (B) Two bricks interact via hybridization of two complementary 8nt-domains “a” and “a?”. The shapes of domains are designed to
graphically depict the connecting rules: (1) domain “a” of the south-brick can only fit into the cavity of domain “a?” but not the other cavity of the
east-brick; (2) the plug-cavity match forces the formation of a 90◦ dihedral angle. (C) A Lego-like model of a 4H × 4H × 64B cuboid in fig. S3.
Each brick has a unique sequence, indicated by distinct colors. In the Z+ direction, DNA bricks have the same orientation within each layer; DNA
bricks rotate 90◦ counter-clockwise with each successive layer along the Z+ direction.

Here we present a more detailed Lego-like model that depicts the polarity and connection rule for the DNA bricks by using
different protruding shapes (for tail-domains 1 and 4) and respectively matching cavities (for head-domains 3 and 2).

First, the model shows the polarity of the DNA bricks. Considering the polarity and orientation of a DNA brick within an
assembled structure, four different types of bricks are used for the construction: north-bricks, west-bricks, south-bricks, and east-
bricks, as depicted in fig. S2A.

Second, the model uses the geometric match of domains to depict connecting rules. In terms of domain-domain hybridization,
two neighboring DNA bricks in our design have one of two possible connections: domain 1↔domain 3 or domain 4↔domain 2
connections. For example, fig. S2B depicts domain 4 of a south brick interacting with domain 2 of an east brick. In addition, the
shapes and cavities are designed to force a pair of interacting bricks to form a 90◦ dihedral angle. It is also obvious that bricks rotate
90◦ counter-clockwise with each successive layer along the Z+ direction. Fig. S2C depicts DNA bricks along successive 8bp layers
with orientations of north, west, south, and east.
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S3.1.2 Strand diagrams of a DNA-brick cuboid
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Fig. S3. Strand diagrams of a DNA-brick cuboid. (A) A cylinder model of a 4 helix(H) × 4 helix(H) × 64 bp(B) cuboid DNA structure that
consists of 4 × 4 × 8 voxels. Each voxel represents an 8bp duplex that is formed by base-pairing between an X-brick and a Y-brick. (B-D) 3D
strand diagrams. Colors distinguish domains within a strand (B), strands with different sequences (C), X-bricks (blue) vs. Y bricks (gray) (D).
(E) and (F) show helix and strand diagrams in caDNAno format. (E) Detailed strand diagram of all strands. The numbers on the left and the right
indicate the helices. The numbers on the top and the bottom indicate the position of the base-pairs along the Z-axis. X-bricks are represented
with blue lines, and Y-bricks are represented with gray lines. Arrows indicate the 3′ ends of strands. Color use is consistent with D. (F) The X–Y
cross-section looking down the Z+ direction, in caDNAno format.

A 4H × 4H × 64B cuboid is used as an example to illustrate the molecular details for the construction of DNA brick structures
(fig. S3). Fig. S3A shows a cylinder model for a 4H × 4H × 64B cuboid. Figs. S3B-D depict three different 3D strand diagrams,
with colors distinguishing domains, strands, and X-bricks vs. Y bricks, respectively. X-bricks (blue, fig. S3D) refer to the east and
west bricks; and Y-bricks (gray) are the north and south bricks. X- and Y-bricks are oriented horizontally and vertically, respectively.
Periodicity of the 3D design can be clearly seen from Figs. S3B-D: Along the Z-axis, a crossover appears every 32bp between each
pair of neighboring helices; along the X-axis or Y-axis, a crossover occurs every two helices within each layer. Additionally, the
structure can also be depicted in caDNAno format (Figs. S3E, F).
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S3.1.3 Connections between X-bricks and Y-bricks
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Fig. S4. Connections between X-bricks and Y-bricks. (A) A 32nt DNA brick. (B) Another drawing depicting the same 32nt strand. Each 8nt
segment is labeled A, B, C, or D. (C) Interactions between an X-brick and its four neighboring Y-bricks. Complementarity is indicated by matching
colors and symbols. For instance, segment A is complementary to segment A?; the two segments are shown in the same color. (D) An X-brick
hybridizes with its four neighboring Y-bricks. (E) A ball-and-stick model showing the connection between an X-brick and its four neighboring
Y-bricks. The ball represents the mass center of the strand. A stick represents the connection between two hybridizing strands. Together, the
balls and sticks form a tetrahedron structure (dotted lines) with the X-brick at the center and each of four Y-bricks occupying a vertex. (F) The
connection pattern of a large group of DNA strands resembles a diamond-lattice.

In this section, we discuss the interaction between a 32nt DNA brick and its four neighboring DNA bricks (fig. S4). These five
strands resemble a tetrahedron in a ball-and-stick model, in which a 32nt strand occupies the center and each of its four neighbors
occupies a vertex. In a 3D DNA-brick structure, a large number of strands will fit on a diamond-lattice (fig. S4F). Note that here
we use a perfect tetrahedron shape and a perfect diamond-lattice for visual simplicity. To be more accurate, the tetrahedron and the
diamond-lattice should be elongated along the axis of DNA duplexes to account for the dimensions of a voxel (2.5 nm × 2.5 nm ×
2.7 nm) in a DNA-brick structure.

5



S3.2 Sequence design
S3.2.1 Random sequences vs. specifically designed sequences

Random sequence Optimized sequence

M     1     2      3    4     5    6
[Mg      ]/mM2+

M    1     2    3     4     5    6
[Mg      ]/mM2+

A B C

Fig. S5. Random sequences vs. specifically designed sequences. (A) A 6H × 6H × 64B cuboid was used for this experiment. All samples were
self-assembled using a 72-hour annealing protocol. (B) and (C) Agarose gel assaying self-assembly of a 6H × 6H × 64B cuboid designed with
random sequences (B) or specifically designed sequences (C). Lane M shows 1kb ladder. Lanes 1 to 6 show the 6H× 6H× 64B cuboid assembled
at 200 nM concentration with 10, 20, 30, 40, 50, 60 mM MgCl2, respectively. 20 µL of sample was loaded into each of lanes 1 to 6.

We tested the assembly of a 6H × 6H × 64B cuboid with random sequences or specifically designed sequences. The random
sequences were generated by arbitrarily assigning G-C, A-T base-pairs to the structure. The designed sequences were generated
using a combination of a custom program and UNAfold (http://mfold.rna.albany.edu/). Sequences of all X-bricks were generated
first, by optimizing the following three criteria:

(1) Smoothing binding energy of strands (each strand has similar GC content).
(2) Minimizing secondary structure of each strand.
(3) Reducing sequence symmetry.
The Y-bricks were then generated according to their complementarity to the X-bricks. Our experiments showed similar assembly

yield for random sequences and specifically designed sequences. Thus, we decided to use random sequences for all our 3D structures
for simplicity.
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S3.2.2 A 4H × 12H × 120B cuboid with three sets of random sequences

20 nm100 nm

M 1                2               3A B

C

Fig. S6. Comparison of the self-assembly of 3D structures using three sets of random sequences. (A) A 4H × 12H × 120B cuboid was used for
this experiment. (B) Agarose gel assaying self-assembly of the 4H× 12H× 120B cuboid. Lane M shows 1kb ladder. Lanes 1 to 3 show the 4H×
12H × 120B cuboid designed with three different sets of random sequences. All samples were self-assembled using a 72-hour annealing protocol
with 40 mM MgCl2. (C) TEM images of the 4H × 12H × 120B cuboid extracted from the band marked in (B).

We further tested the random sequence design with a 4H × 12H × 120B cuboid (fig. S6A). We generated three sets of strands
with different random sequences and tested the self-assembly. Our results show the three sets of strands produced comparable yields
(fig. S6B). The product for one of the designs was extracted and TEM images revealed expected molecular morphology (fig. S6C).
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S3.2.3 Strand diagram of the 4H × 12H × 120B cuboid
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Fig. S7. Strand diagram of the 4H × 12H × 120B cuboid. Zoom in to see details.
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S3.2.4 Analysis of random sequences: similarity of randomly-generated 8-base domains
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Fig. S8. (A) Number of pairs of 8-base domains that contain 8, 7, or 6 identical bases. The red, orange, and yellow bars represent the statistics
for structures with 1440, 720, and 360 random domains, respectively. The inset provides a zoomed-in view of the graphs for domain pairs that
contain 8 identical bases. (B) Number of pairs of 8-base domains that contain 8, 7, or 6 identical bases for a structure with a given number of
8-base domains. The red, blue, and green dots denote the number of pairs that contain 8, 7, and 6 identical bases, respectively. The inset provides
a zoomed-in view for the number of pairs that contain 8 identical bases. The black line marks the approximate boundary to the left of which the
experimentally tested structures in this paper reside.

To better understand the sequence space for DNA brick self-assembly, we analyzed the domain level sequence similarity for
the structures constructed in this paper that use random sequences. Fig. S8A shows the number of domain pairs with 8, 7, or 6
identical sequences among all possible pairs of 8-base domains for: (1) the 4H × 24H × 128B cuboid (1,440 domains, red bars),
(2) a structure one-half this size (720 domains, orange bars), and (3) a structure one-fourth of this size (360 domains, yellow bars).
Additionally, fig. S8B shows the number of pairs of 8-base domains that contain 8, 7, or 6 identical bases for all possible pairs
for a given number of 8-base domains. The experimentally constructed structures in this paper reside to the left of the black line.
The domain similarity can also be studied analytically: for a pair of randomly-generated 8nt domains, the probability (p) of their
sequences to contain n (n = 0,1,...,8) identical bases is 3(8−n)×C(8−n)

8 /48 (e.g. if n = 8, p = 1/48; if n = 7, p = 24/48).
The above analysis reveals certain sequence similarity (including completely identical 8nt sequences) between the random do-

mains used in our work. However, it appears that our DNA brick assembly method can tolerate such domain level similarity, as the
structures self-assembled successfully, suggesting both the method’s robustness as well as its potential scalability. The tolerance of
domain level similarity likely reflects the “cooperativity” between domain interactions – a DNA brick binds to its neighbors with
four domains (two domains for boundary species) in the assembled structures; during the assembly process, it is expected to bind
to at least two neighbors when it first gets “stably” incorporated into the growing assembly. By intentionally avoiding the more
complex and sophisticated sequence design criteria (e.g. the ones used in Sect. S3.2.1 for designed sequences) that may signifi-
cantly restrict the sequence design space, it is possible that our seemingly “naive” random sequence design algorithm, by implicitly
taking advantage of the intrinsic cooperativity of brick incorporation and the robustness of brick assembly, may have (somewhat
counter-intuitively) achieved both robustness and scalability through simplicity.
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S3.3 Boundary bricks
S3.3.1 Design of 48nt boundary bricks
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Fig. S9. Design of 48nt boundary bricks. (A) A cylinder model of a 5H × 5H × 48B cuboid. (B) The Y1-layer contains five helices - X1, X2,
X3, X4, X5. Only X-bricks in the Y1-layer are shown. i, ii, iii, iv are 16nt boundary bricks. (C) Most of these short 16nt boundary bricks can be
connected with the 32nt bricks on their left (Z- direction) to form 48nt boundary bricks, except for the ones at the very left end of the structure.
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S3.3.2 A 6H × 6H × 64B cuboid with 48nt boundary bricks or 16nt boundary bricks
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Fig. S10. A 6H × 6H × 64B cuboid with 48nt or 16nt boundary bricks. (A) A 6H × 6H × 64B cuboid is used to test the 16nt short boundary
strands and 48nt long boundary strands. The design using 16nt boundary strands is named as a 6H × 6H × 64B-S cuboid. The design using 48nt
boundary strands is named as a 6H× 6H× 64B cuboid. All samples were annealed using a 72-hour annealing protocol. (B) Agarose gel assaying
the self-assembly of a 6H× 6H× 64B-S cuboid. Lane M shows 1kb ladder. Lanes 1 to 8 show a 6H× 6H× 64B-S cuboid assembled at 100 nM
concentration with 10, 20, 30, 40, 50, 60, 70, 80 mM MgCl2. Lanes 9 to 16 show a 6H× 6H× 64B-S cuboid assembled at 200 nM concentration
with 10, 20, 30, 40, 50, 60, 70, 80 mM MgCl2. 20 µL sample was loaded into each lane from 1 to 16. (C) Agarose gel assaying self-assembly of
a 6H × 6H × 64B cuboid. Lane M shows 1kb ladder. Lanes 1 to 8 show a 6H × 6H × 64B cuboid assembled at 100 nM concentration with 10,
20, 30, 40, 50, 60, 70, 80 mM MgCl2. Lanes 9 to 16 show 6H × 6H ×64B cuboid assembled at 200 nM concentration with 10, 20, 30, 40, 50,
60, 70, 80 mM MgCl2. 20 µL sample was loaded into each lane from 1 to 16. Fluorescence intensities of the two bands in red boxes are used to
compare yields of two designs.

Our experiments suggest these 48nt boundary strands greatly favor the formation of 3D structures. A 6H × 6H × 64B cuboid
(with 48nt boundary strands) shows 142% higher yield in comparison with the 6H × 6H × 64B-S cuboid (with 16nt boundary
strands). Both designs use strands with random sequences. A detailed strand diagram of a 6H × 6H × 64B-S cuboid is shown in
fig. S11.
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S3.3.3 Strand diagram of the 6H × 6H × 64B-S cuboid
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Fig. S11. Strand diagram of the 6H × 6H × 64B-S cuboid. Zoom in to see details.
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