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ABSTRACT: This manuscript introduces geometry as a means to program the tile-based DNA ____Mixing
self-assembly in two and three dimensions. This strategy complements the sequence-focused
programmable assembly. DNA crystal assembly critically relies on intermotif, sticky-end cohesion,
which requires complementarity not only in sequence but also in geometry. For DNA motifs to
assemble into crystals, they must be associated with each other in the proper geometry and
orientation to ensure that geometric hindrance does not prevent sticky ends from associating. For
DNA motifs with exactly the same pair of sticky-end sequences, by adjusting the length (thus,
helical twisting phase) of the motif branches, it is possible to program the assembly of these distinct motifs to either mix with one
another, to self-sort and consequently separate from one another, or to be alternatingly arranged. We demonstrate the ability to
program homogeneous crystals, DNA “alloy” crystals, and definable grain boundaries through self-assembly. We believe that the
integration of this strategy and conventional sequence-focused assembly strategy could further expand the programming versatility of
DNA self-assembly.
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H INTRODUCTION Bl RESULTS AND DISCUSSION

The length (and, consequently, the twist) of helical domains We first tested geometry-based programing in the assembly of
represents a primary consideration in designing DNA nano- 2D DX crystals (Figure 1). Three DAE-O tiles containing a 2-
scale motifs in accordance with the helical nature of the DNA fold rotational symmetry were designed as follows: P (plain),

M (mixing), and S (separation). DAE-O stands for antiparallel
double-crossover molecules with an even number of half-turns
(4 half-turns, 21 bp) between the two crossover points within
each tile. When individual tiles assemble into homogeneous
2D arrays, the distance between two crossover points from two
adjacent tiles is an odd number of half-turns (27 bp,

duplex [10.5 base pairs (bp) per turn]."” For example, in the
double-crossover (DX) molecule, the distance between two
crossover points needs to be an integer number of half helical
turns to ensure that the two-component duplexes are aligned
on the same plane.” When DX molecules self-assemble into

two-dimensional (2D) crystals, the same requirement must be corresponding to S half-turns).” With such tiles, the tiles
met for the separation between the crossover points of any two along any continuous DNA helix will alternatingly face up and
associated DX molecules.” This requirement is equally down, thus canceling any potential curvature along the long
important for the self-assembly of three-dimensional (3D) axis of the tiles and driving the tiles to assemble into extended
DNA crystals's However’ to date, this geometry component crystals. Different from tile P, tiles M and S both have a pair of
has not been actively explored as a programming tool for self- hairpins extruding from the tile planes. Those hairpins serve as

tomographic markers in atomic force microscopy (AFM)
images to distinguish tiles M and S from tiles P. All three tiles
have the same pair of S nt long sticky ends represented as
either geometry-matched arrowheads or arrow tails. Two like
tiles associate with each other via sticky-end cohesion, and the
distance between two adjacent crossover points will be 27 bp,

assembly; instead, self-assembly via sequence complementarity
has been primarily used.”® We hypothesize here that
geometry could also be employed in addition to or as an
alternative driving force to sequence to program DNA self-
assembly. Using proper geometric alignment, DNA tiles can fit

together to allow all complementary sticky ends in the system near 2.5 turns (26.3 bp), corresponding to ~180° rotation
to hybridize. In the context of improper geometric around the DNA helix. This leads to the two tiles being on the
compatibility, DNA tiles cannot fully reach each other, thus

leaving some sticky ends unpaired, which would generate a Received: March 4, 2022

high-energy, unstable state. To minimize the free energy, the Published: May 4, 2022
tiles would avoid the wrong geometry and instead arrange
themselves into the correct, designed geometry. Herein, we

have demonstrated this concept in tile-based self-assembly of
both 2D and 3D DNA crystals.
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Figure 1. Geometry-controlled self-assembly of 2D DNA crystals
using DX molecules. (a—c) Designs of three symmetric DX tiles P, M,
and S, standing for plain, mixing, and separation, respectively. They
have the same pair of 5 nt long sticky ends (@ and «’). Left are simple
schemes. The solid rods and circles represent DNA duplexes and
hairpins, respectively; the geometric complementarity of the rod ends
represents the sequence complementarity of sticky ends. (d—f)
Homogeneous 2D DX crystals from individual tiles. (g) Alloy 2D
crystals expected from the mixture of tiles M and P. (h) Phase
separation expected from the mixture of tiles S and P.

same plane but facing opposite directions. Thus, separately,
each type of DX tile can self-assemble into homogeneous 2D
crystals (Figure 1d—f).

Tiles P and M have the same structure, except for the
presence of hairpins in tile M. Thus, it is expected that these
two types of tiles can coassemble into 2D crystals, in which
they are randomly mixed like in alloys (Figure lg). Their
distribution can be readily examined due to the extra hairpins
(appearing tall spots in AFM images) of tile M. By contrast, tile
S is geometrically different from tiles P and M: the lengths of
the four helical domains outside of the crossover points in tile
§ are different from those in tiles P and M. When an § tile and
a P tile associate via sticky-end cohesion, the distance between
two adjacent crossover points from the two tiles will be either
23 or 31 bp, quite far from 2.5 turns (26.3 bp), resulting in a
state where the two tiles are not in the same plane. Such
nonplanar association prevents the assembly of tiles P and S
into continuous, heterogeneous 2D crystals. Instead, the two
types of tiles will self-assemble into separate domains with each
domain containing only one type of tile (Figure 1h). Such a
phase separation phenomenon would easily be observable in
AFM images, as the domains of tile P are plain, and the
domains of tile S have hairpins.

An experimental study has confirmed that we can control the
assembly of DNA tiles based on their geometry, even though
the tiles have the same sticky ends (Figure 2). Each individual
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Figure 2. AFM images of 2D DNA arrays assembled on mica
surfaces: (a) from tile P (25 nM); (b) from tile M (35 nM); and (c)
from tile S (35 nM). Insets show corresponding FFT patterns. From
the mixture of tile M (35 nM) with tile P at (d) S nM, (e) 10 nM, and
(f) 15 nM. From the mixture of tile S (35 nM) with tile P at (g) S nM
and (h) 10 nM. (i) Occupancy of hairpin tiles (M or S) in the 2D
arrays observed in AFM images. Red lines represent the standard
deviations (n = 9).

tile could readily form (Figures S1—S3) and self-assemble into
homogeneous, periodic 2D arrays (Figures 2a—c and S4). The
brighter regions in the AFM images in Figure 2b,c show the
hairpins of tiles M and S extruding from the planes. The
regularity of the arrays was evidenced by the ensuing fast
Fourier transform (FFT) patterns. The repeating, interhairpin
distances were consistent between the measured values (14.9
nm in Figure 2a for tile P array, 16.1 nm in Figure 2b for tile M
array, and 16.7 nm in Figure 2c for tile S array) and the
calculated value (15.5 nm) from the design, assuming 0.34
nm/bp.

Either tile mixing or tile separation was observed when two
different tiles were mixed in a single pot as discussed above. (i)
When tiles M and P were mixed (Figures 2d—f and SS), 2D
DNA arrays readily formed. In the arrays, brighter spots
(corresponding hairpins of tile M) were randomly distributed,
indicating that the two tiles were randomly mixed and the 2D
arrays were DNA alloys. The hairpin density decreased as the
relative fraction of the hairpin-containing tile M in the
assembly solution decreased. (ii) When tiles S and P were
mixed (Figures 2gh and S6), 2D DNA arrays readily formed as
well. However, the brighter spots (hairpins, corresponding to
tile S) were no longer randomly distributed; instead, the
brighter spots were aggregated. In the arrays, some domains
were hairpin-rich, while other domains were hairpin-deficient.
This observation indicated the phenomenon of self-sorting:
like tiles tended to associate and unlike tiles did not; thus,
phase separation was achieved. The ratio between the two
types of domains depended on the relative concentrations of
the tiles in the initial assembly solution. The separations
containing larger regions of self-sorted assemblies with tiles P

https://doi.org/10.1021/jacs.2c02456
J. Am. Chem. Soc. 2022, 144, 8741—-8745


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02456/suppl_file/ja2c02456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02456/suppl_file/ja2c02456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02456/suppl_file/ja2c02456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02456/suppl_file/ja2c02456_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02456?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

(nonhairpin labeled) were observed in Figure 2h, where an
increased concentration of these tiles was present.

To quantitatively distinguish between tile mixing and
separation, we compared the variation in hairpin content
across different regions of the AFM images. For the DNA
alloys (in the case of tile mixing), hairpins were uniformly and
randomly distributed, and their content had little variation over
different areas of the arrays. In contrast, for phase separation,
the hairpin content fluctuated greatly. The local distribution
was nearly 0 and 100% in the domains of tiles P and §,
respectively. Large-area AFM images of the 2D DNA arrays
coassembled from tiles M and P (Figure S7) and tiles S and P
(Figure S8) were divided into nine sections of equal size. The
hairpin content in each section was measured. For the nine
sections of each large AFM image, we then calculated the
average hairpin content and its standard deviation (which
indicated the content variation). As summarized in Figure 2i,
arrays from tiles S and P always had a much higher standard
deviation of hairpin content than arrays from tiles M and P.
When the concentration of tile P was too low (5 nM), after
mixing with either tile M or S, almost the entire area contained
hairpins. In these arrays, it was difficult to employ this
statistical method to determine the difference between
uniformly distributed structures and self-sorting structures,
although these structures could also be observed in some small
areas (Figure 2d,g). When the concentration of the P tile was
increased to 10 nM, the results showed a significant statistical
difference. For the mixture of tiles M and P, the hairpin
distribution was uniform, and the hairpin content had a
standard deviation of 2.0% (Figures 2e and S7). In contrast, for
the mixture of tiles S and P, the standard deviation of the
hairpin content increased dramatically to 6.2% (Figures 2h and
S8). When the concentration of tile P was further increased to
15 nM, the statistical difference became more obvious. For the
mixture of tiles M and P, the average coverage of hairpins in
nine sections was 12.6% and the distribution remained uniform
(Figure 2f). By contrast, when the mixture of tiles S and P was
completely separated into phases, only tile P could be observed
at this ratio (Figure S6c¢).

Programming of DNA assembly by geometry is generally
applicable. To demonstrate the generalizability of this
technique, we tested it on two other systems. The first system
is a coassembly of two symmetric DAE tiles (LB and LH) into
2D arrays, wherein each tile will assemble into one-dimen-
sional (1D) fibers on its own (Figure 3). They share the same
pair of complementary sticky ends. Tile LB is plain, but tile LH
contains hairpins (which serve as the tomographic markers to
distinguish these two different tiles in AFM images). When
two tiles of the same type associate, their center-to-center
distance will, respectively, be 21 + 9 + 5 + 9 = 44 bp for tile LB
and 21 + 12 + 5 + 12 = 50 bp for tile LH. The corresponding
rotational angles along DNA duplexes are, respectively, 69° for
tile LB and 86° for tile LH when assuming 360°/10.5 bp. Such
angles place the associated tiles on different planes; thus, none
of the tiles in isolation can self-assemble into continuous 2D
arrays. Instead, each tile alone will associate with 1D fibers. In
the fibers, tiles pair with neighboring tiles by twisting 69 and
86° compared with the B-type DNA (indicating a high-energy,
or only metastable, state). By contrast, if tiles LB and LH
assemble alternatingly, the center-to-center distance between
tiles will be 21 + 12 + 5 + 9 = 47 bp, corresponding to a
rotational angle of 171° (~180°). Thus, the tiles will be
roughly on the same plane, thereby generating continuous 2D
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Figure 3. Self-assembly of 2D DNA arrays with an alternating tile
arrangement. Tiles (a—c) LB and (d—f) LH separately assembled into
1D fibers but (g—i) together coassembled into alternating 2D arrays.
(a, d) Designs of the individual tiles. (b, e) Association of the two like
tiles leads to nonplanar complexes. (g) Alternating arrangement of
tiles LB and LH into 2D arrays. The AFM images of the assembly of
tiles (c) LB (25 nM) and (f) LH (65 nM) separately. (h) AFM image
and (i) its FFT reconstructed image of the 2D arrays coassembled
from tiles LB (25 nM) and LH (65 nM) together. The inset in (h) is
the corresponding FFT pattern.

crystals. As all sticky ends are base paired, the resulting 2D
crystals become more stable due to a lower energy state. This
reasoning was verified experimentally (Figures 3 and S9—S11).
In the AFM images, only 1D fibers were observed from either
tile alone (Figures 3c and S11a for tile LB; Figures 3f and S11b
for tile LH), and well-ordered, continuous 2D arrays were
assembled from the mixture of tiles LB and LH (Figures 3h,i
and S1lc). The measured distance (33.6 nm) between the
hairpin strips in the 2D arrays was in agreement with the
calculated distance (32.0 nm) between the hairpins from the
adjacent tiles along connecting DNA duplexes in the 2D arrays,
where tiles LB and LH were arranged alternatingly.

The third system that examined employing geometric
strategy in 3D self-assembly (Figure 4) used three different,
four-turn, symmetric, triangle motifs (T) (Figures S12-S16).°
Each triangle consists of seven strands: one central black
strand, three copies of identical cyan strands, and three copies
of identical red strands. All three motifs share the same pair of
2 nt sticky ends. However, the lengths of the attachment arms
(beyond the junction points) of the triangles are different
though the length of each side duplex remains the same (42
bp). Each individual motif alone could readily assemble into
3D crystals because the repeating distance along any DNA
duplex is an integer number of helical turns, 4 in our case
(Figures 4a, S15, and S16). When mixed together, the motifs
exhibited clear self-sorting behavior in assembly, even though
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Figure 4. Geometry-controlled self-sorting in 3D crystallization of
symmetric triangle motifs (T). (a) Structure scheme of three motifs
(T1, T2, and T3). All motifs contain the same pair of 2 nt sticky ends
(B and f'). The crystal drops of the mixtures of (b) 1.2 uM T1 + 0.3
uM T2 and (c) 1.2 uM T3 + 0.3 uM T2. The central black strand of
T2 is modified with 6-FAM. Panels (b1l) and (cl) optical images;
(b2) and (c2) corresponding fluorescence images. Red asterisks
indicate fluorescence-labeled crystals. (d1) Transmitted light image,
(d2) a reconstructed confocal microscopy image, and (d3) a
schematic showing of a crystal drop of the mixture of 0.5 yM T1 +
0.5 uM T2 + 0.5 uM T3. The central strands of T1 and T3 are
modified with 6-FAM and CyS, respectively.

they had the same sticky ends (Figures 4b—d, S17, and S18).
Association between any two unlike motifs will result in a
wrong geometry: the two motifs have a relative rotation
around the connecting duplex in addition to translation; in this
way, they cannot further assemble into periodic 3D crystals.
When unlabeled motif T1 (1.2 uM) and green fluorescence (6-
FAM)-labeled motif T2 (0.3 uM) were mixed, crystals
appeared (Figure 4b) having either a strong green fluorescence
or a complete lack thereof. No mixture of fluorescent and
nonfluorescent parts in the same crystal was observed. The
identical phenomenon occurred when unlabeled motif T3 (1.2
uM) and 6-FAM-labeled motif T2 (0.3 M) were mixed
(Figure 4c). In some cases, multiple crystals adhered together
at the surface (3D grain boundary). After enzymatically ligating
the crystals’ and subsequently crushing the crystal agglomer-
ates, each individual crystal piece showed homogeneity in
having either fluorescence or complete lack thereof (Figure
S18). Furthermore, triple-phase separation occurred when
assembling crystals from the mixture of all three motifs
[unlabeled T2, 6-FAM-labeled T1, and purple fluorescence
(CyS)-labeled T3] at an equal concentration (0.5 #M). This
multiphase separation was easily visualized by confocal
microscopy (Figure 4d). It was clear that the three motifs
did not mix with each other into alloy crystals despite the fact
that they shared common sticky ends. Instead, they self-sorted
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to assemble into homogeneous single-motif crystals as a result
of geometric driving forces.

B CONCLUSIONS

In summary, we have developed a strategy to program DNA
self-assembly based on tile geometry in addition to the
commonly used, sticky-end approach. The geometry provides
an orthogonal tool for the programmability of DNA self-
assembly using diverse, tile-based components. It is reasonable
to envision that a simultaneous control of both tile geometry
and sticky-end sequence would expand our programming
capabilities and increase the assembly fidelity, both of which
are critically important for robust DNA nanoconstruction, 10-13
algorithmic DNA assembly,”®'*"> and DNA-based informa-
tion processing and storage.'°”'? This strategy will also
contribute to the construction of DNA-based sensors™ >
with high sensitivity and accuracy.
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