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Abstract

This manuscript studies the impact of extruding hairpins on two-dimensional self-assembly of
DNA tiles on solid surface. Hairpins are commonly used as tomographic markers in DNA
nanostructures for atomic force microscopy (AFM) imaging. In this study, we have discovered
that hairpins play a more active role. They modulate the adsorption of the DNA tiles onto the
solid surface, thus, change the tile assembly kinetics on the solid surface. Based on this discovery,
we were able to promote or slow down the DNA self-assembly on surface by changing the
hairpin locations on the DNA tiles. This knowledge gained will be helpful for the future design
of DNA self-assembly on surface.

Statement of Significance

Extruding elements on DNA tiles are convenient tomographic markers to allow for the
visualization of the tile arrangement in large architectures. At the same time, such elements make
the DNA tiles bumpy. In this study, we have found that (1) the bumpiness will decrease the
adsorption of the DNA tiles onto the surface and (2) this will directly attenuate the sticky-end
cohesion between tiles if the extruding elements are too close to the sticky ends. This lesson
learned will help us to design DNA nanostructures with extruding parts more rationally to
achieve the desired structures.

Introduction

Hairpin structures are commonly used in DNA self-assembly as tomographic markers/reporters
under atomic force microscopy (AFM) imaging. (1,2) They extrude from flat DNA structures
and can be clearly visualized by AFM because they are taller than surrounding DNA planes.
Their distribution in AFM images allows people to confidently examine whether the designed
structures formed or not. (3-8) It is assumed, though not explicitly stated, that hairpins do not
influence the assembly of DNA nanostructures, particularly, two-dimensional (2D) crystals. The
assumption generally is true for DNA self-assembly in solution. However, in recent years,
surface-mediated DNA self-assembly has drawn more attention due to the advantages it offers
over solution assembly in aspects including assembling large-size and complex DNA
nanostructure and avoiding sample transfer from solution to surface. (9-13) Will hairpins
influence the DNA self-assembly on surface? It is an open, but urgent question to the field.



Taking the double-crossover (DX) structure as a model system, we systematically studies how
the hairpin positions on a DX tile could influence the assembly rate of DNA tiles on the mica
surface by a geometric effect. We conclude that, to achieve high self-assembly efficiency,
hairpins should be placed in the middle of the tiles and away from the sticky ends.
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Figure 1. Geometric impact of hairpin locations on the surface-mediated self-assembly of DAE-
O tiles. (a-c) The designs of three symmetric DX tiles N (no-hairpin), Hm (hairpin in the middle),
and Hs (hairpin on the sides). They have the same pair of 5-nt (nucleotide) long sticky ends. The
arrows indicate 3’ ends. Schemes of tiles (d) N, (e) Hm, or (f) Hs adsorbed onto the mica surface
with alternatingly facing up and down. The black arrows point on the sticky ends.

This study investigated surface-mediated self-assembly of 2D arrays of symmetric DX
motifs. The first type of molecules is a series of DAE-O tiles containing an in-plane, two-fold
rotational symmetry (Figure 1). In a DAE-O tile, the continuous strands on the two component
duplexes run in antiparallel orientation and the two crossover points are separated by an even
number of half turns (2 turns or 21 base pairs, bps, to be specific). (14) When two DAE-O tiles
associate with each other, the two adjacent crossover points from two tiles are separated from
each other by an odd number of half turns (2.5 turns or 27 bps here), thus any two associating
tiles will face in opposite directions. One tile has no-hairpin (N), the other two tiles have hairpins
either in the middle (Hm) or on the sides (Hs). Tile N, without hairpins, is flat, thus, can readily
adsorb onto the mica surface to associate with each other into 2D arrays (Figs. la and 1d).
However, tiles Hm and Hs each have a pair of hairpins extruding out from the tile plane. When
they are adsorbed onto the mica surface and associating into 2D arrays, the hairpins in one tile
will point away from the surface and the hairpins in the tiles next to it will be buried underneath
the tile plane (Fig. S1). Due to this non-planar feature, both tiles Hm and Hs cannot fully adsorb
onto the mica surface, thus, have difficulty to self-assemble on the surface. For tile Hs, the
hairpins are close to the side of the tile, 28 bps from one sticky end and 15 pbsbps from the other.
The buried hairpin will seriously prevent the near sticky end from attaching to the mica surface
and further prevent effective sticky-end cohesions; thus, the self-assembly will be quite slow
(Figs. 1c and 1f). Tile Hm will have the same problem, but to a lesser extent. In tile Hm, the
hairpins are almost in the middle of the tile, 19 bps away from one sticky end and 24 bps away



from the other. Thus, the buried hairpins are away from the sticky ends and causes less
disturbance to the sticky-end cohesions on the mica surface (Figs. 1b and le).

Materials and Methods

Oligonucleotides

All DNA strands were purchased from IDT, Inc. and purified by denaturing PAGE, and their
concentrations were quantified by UV-Vis spectroscopy at 260 nm.

DNA sequences:

1A: 5°-GCAAGTAGGAGTCACCATTCCGCAAGTAGGAGTCACCATTCC-3’

1B: 5’-GGAGTCACCATAGGTAGGAGCGGAGTCACCATAGGTAGGAGC-3’

2A: 5’-AGCTGGCTAAGACCTGACTCCTACTTGCGGAATGGACATGACACGACG-3’

2B: 5’-AGCTGGCTAAGACCTGACTCCGCTCCTACGTGGCTTTTGCCACTTCTATGG
ACATGACACGACG-3’

2C: 5’-AGCTGGCTAAGACCTGACTCGGACGTTTTCGTCCTTCTACTTGCGGAATGG
ACATGACACGACG-3’

3A: 5’-CAGCTCGTCGTGTCATGTGGTCTTAGC-3’
MO: 5°’-CCTCAACGCTAGTGGTACTACACAGATGGACTCACCTATCCG-3’

T0: 5°-CGAAGAGGACTAGCCTGGCTTTTGCCAGTTGTTGAGGCGGATAGGACGAC
AGCGGACA-3’

B0: 5’-CCGAGACCTGAGTCGGAGCTTTTGCTCCTTCATCTGTGTAGTACCTGAGAA
CGTGTCC-3°

LO: 5’-CGTTCTCACCTCTTCGGCACT-3’
RO: 5°’-GCTGTCGTGGTCTCGGAGTGC-3’
Tiles:

N: 1A +2A +3A (1:2:2)

Hm: 1B + 2B + 3A (1:2:2)

Hs: 1A +2C + 3A (1:2:2)
E:M0+TO0+B0+L0+RO0(1:1:1:1:1)
Buffers:

TAE/Mg?** buffer: 40 mM tris base, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM
magnesium acetate; pH is adjusted to 8.0.

TA/Mg?*/Ni2* buffer: 40 mM tris base, 20 mM acetic acid, 10 mM magnesium acetate and 2
mM nickel chloride; pH is adjusted to 8.0.

Native polyacrylamide gel electrophoresis (PAGE)



10% polyacrylamide (acrylamide/bisacrylamide at 19:1, 5% crosslinking), was electrophoresed
in TAE/Mg*" buffer on a FB-VE10-1 electrophoresis unit (FisherBiotech) at room temperature
(150V, constant voltage). After electrophoresis, the gels were stained with Stains-all dye (Sigma)
and scanned.

Assembly of DNA 2D arrays through surface slow anneal

Selected DNA strands at designated concentrations were mixed in 400 uL. TAE/Mg*" buffer with
a freshly cleaved mica disc and annealed slowly from 95 °C to 22 °C over 60 hours.

AFM imaging

All the samples were scanned on the Bruker Multimode 8 AFM at SCANASYST-FLUID mode
with ScanAsyst-fluid+ probe (Bruker). After assembly of DNA 2D arrays through surface slow
anneal, the mica disc was taken out of the assembly solution and washed 3 times with 30 pL
TAE/Mg*" buffer. 30 uL TAE/Mg?" buffer was then added onto the mica surface before imaging
in fluid mode. FFT (fast Fourier transform) and-inverse EFEF-were was performed by Spectrum
2D function, and the tile height was analyzed by Section function by using the software
Nanoscope Analysis 1.5 (Bruker).

The kinetics study of the growth rate of different tiles

Selected DNA strands at designated concentrations were mixed in 400 pL TAE/Mg>" buffer.
Sequentially regularly annealed the solution: 95 °C for 5 min, 65 °C for 30 min, 50 °C for 30 min,
37 °C for 30 min, and 22 °C for 30 min. After that, added 30 pL forementioned solution onto a
freshly cleaved mica surface and incubated for designated time, then gently-removed-theselution
and-washed-once—with 30l TAE/Me> buffer gently pipetted off the solution on the surface;
after that, added 30 pL TAE/Mg?*" buffer and gently pipetted the buffer off again. 30 uL
TA/Mg”/Ni2+ buffer was added onto the mica surface before imaging in fluid mode. The
detailed method to measure the DNA coverage in an AFM image is in the end of the
Supplemental Information.
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Figure 2. AFM imaging study of the impact of hairpins on surface-mediated self-assembly.
Complete DNA arrays assembled from tiles (a) N, (b) Hm, and (c) Hs. Insets show
corresponding FFT patterns. Incomplete DNA assembly from regular anneal tiles (d) N, (¢) Hm,
and (f) Hs. The surface DNA coverage is indicated in the top middle of each image. (g)
Variation of DNA coverage over the AFM image fields (d-f). The black lines represent the
standard deviations (n = 9). The surface DNA coverage as a function (n=4) of (h) incubation
time at 20 nM DNA concentration and (i) DNA tile concentration with 1 hr incubation. The short
vertical lines represent the standard deviations.
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Results and Discussion

Experimental studies have confirmed the self-assembly behaviors and kinetics of 2D DNA arrays
could be controlled based on the position of the hairpins, even though they have exactly the same
pair of 5-nt long sticky ends (Figure 2). Individual tiles readily formed (Figs. S2-S4) and self-
assembled into homogenous, periodic 2D arrays on the mica surface via slow anneal from 95 °C
to 22 °C over 60 hours (Figs. 2a-2c). The regularity of the arrays was evidenced by the fast
Fourier transform (FFT) patterns. The periodicity was consistent between the measured values
[16.7, 16.8, and 16.2 nm for arrays assembled from tiles N (Fig. 2a), Hm (Fig. 2b), and Hs (Fig.
2c¢), respectively] and the value (15.5 nm) calculated from the design, assuming 0.34 nm/bp (15).

When changing the self-assembly condition far away from the thermal dynamic equilibrium state,
such as using lower DNA concentration and shorter assembly time, the difference in the self-
assembly kinetics became obvious. When incubating 20 nM of tiles on a freshly cleaved mica
surface for one hour, tile N had the highest surface coverage (20 %) and almost all of the N tiles
formed 2D arrays (Fig. 2d). For tile Hm, the surface coverage decreased to 13 % and only some
of the Hm tiles formed 2D arrays while others formed 1D fibers (Fig. 2¢). But for the tile Hs,
only 1D fibers were formed with the least surface coverage, 10 % (Fig. 2f). 1D fibers might
come from mismatches between the sticky ends to avoid the flipping nature of intact 2D arrays at



the cost of the association energy between complementary sticky ends and the stacking energy of
continuous B-type DNA duplexes (Fig. S5). (16)

To quantitatively distinguish among intact 2D arrays, partial 2D arrays / partial 1D fibers, and
1D fibers, the variation of the surface coverage across different regions of the AFM images were
compared (Fig. 2g). Three forementioned AFM images at unequilibrated kinetical state were
divided into nine, equal-sized sections (Figs. S6, S9, and S12). In some sections of Figure S6, the
N tiles formed 2D arrays with nearly 100 % surface coverage, meanwhile, other sections might
be empty with nearly 0 % surface coverage. Thus, the tile N array had the highest standard
deviation, 9.2 %, under these conditions. But for the 1D fibers of tile Hs, the surface coverage
was uniform in all nine sections (Fig. S12) with the lowest standard deviation, 1.0 %. In contrast,
tile Hm had a modest surface coverage variance, 3.7 % (Fig. S9), which reflected the added
influence of the 2D arrays and the 1D fibers.

The kinetics research of different incubation time and tile concentration was also tested. When
incubating 20 nM of tiles for longer time, tile N always had the highest surface coverage
compared with tiles Hm and Hs (Fig. 2h) and reached a plateau after four hours (Fig. S7). In
contrast, the surface coverage for both tiles Hm and Hs continuously increased in the first eight
hours and tile Hs always had the lowest surface coverage with a lot of 1D fibers (Fig. S13).
When increasing the tile concentration but keeping the incubation time to one hour, all of them
formed 2D lattice domains rather than 1D fibers (Figs. S8, S11, and S14) because the 2D arrays
were the energy-favorable products. As well, the overall surface coverage tendency (tiles N >
Hm > Hs) was still maintained (Fig. 2i), which further confirmed the influence of the hairpin
position on the self-assembly behaviors and kinetics.
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Figure 3. Kinetics-controlled self-assembly of 2D DNA array from a DAE-E molecule (tile E).
(a) The design of tile E. (b) Adsorption and association of tile E on the mica surface without
alternatingly flipping. The black arrows point on the sticky ends. AFM images of (c¢) complete
and (d) incomplete surface-mediated DNA assembly. (e) Variation of DNA coverage over the



AFM image fields (n = 9). The surface DNA coverage as a function (n=4) of (h) incubation time
at 20 nM DNA concentration and (i) DNA tile concentration with 1 hr incubation.

To confirm the hairpin impact, we designed a DAE-E molecule without an in-plane two-fold
rotational symmetry (Figures 3 and S15). With this design, when any two tiles associate with
each other, the distance between two crossover points from the two interacting tiles is an even
number of half-turns (4 half-turns or 21 bps here). Thus, all E tiles in an assembled 2D array will
face to the same side instead of facing up and down alternatingly (Figs. 3a and 3b). In this
arrangement, the DNA tile could effectively adsorb onto the mica surface with its flat surface
facing down to contact the mica surface and leave the hairpins facing in solution. The tiles can
readily self-assemble into homogenous, periodic 2D arrays with a 14.5 nm repeating distance
(13.6 nm from the design) by slow anneal from 95 °C to 22 °C over 60 hours (Fig. 3c).
Incubating 20 nM of tile E on a freshly cleaved mica surface for one hour resulted in a surface
coverage of 18 % (Fig. 3d), which was comparable to that of tile N. At the same time, the
standard deviation of the DNA coverage on the surface, under AFM imaging, was high, 8.6 %
(Figs. 3e and S16). The self-assembly of tile E reached a plateau after four hours of incubation
(Figs. 3f and S17), although the surface coverage at all tested conditions was smaller than that of
tile N (Figs. 3g and S18). This might come from the self-correction of the hairpin orientation. All
these behaviors cross-validated that the abnormal self-assembly behaviors and kinetics of tiles
Hm and Hs came from the flipping nature of DAE-O molecules and the position of hairpins in
the tiles.

Conclusion

In summary, we have discovered that the extruding elements (e.g., hairpins) and their locations
relative to the sticky ends have a fundamental influence on surface-mediated DNA self-assembly.
This property could be used to control the DNA self-assembly behaviors and kinetics of forming

2D DNA arrays. This study reminds us that extruding—elementstnelading hairpins;—single-
strands-(17-20)-erpost-medifications-of polymers{21:22 ) nanopartieles(23;24);-ete-} hairpins,

and potentially other extruding elements [including single-strands (17-20), or post-modifications
of polymers (21,22), nanoparticles (23,24), etc.] as well, should be considered more carefully in
designing DNA nanostructures to achieve both thermodynamically and kinetically favorable
products.
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