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Assembly of complex structures from a small set of tiles is a
common theme in biology. For example, many copies of identical
proteins make up polyhedron-shaped, viral capsids and tubulin
can make long microtubules. This inspired the development of
tile-based DNA self-assembly for nanoconstruction, particularly
for structures with high symmetries. In the final structure, each
type of motif will adopt the same conformation, either rigid or
with defined flexibility. For structures that have no symmetry, their
assembly remains a challenge from a small set of tiles. To meet this
challenge, algorithmic self-assembly has been explored driven by
computational science, but it is not clear how to implement this
approach to one-dimensional (1D) structures. Here, we have
demonstrated that a constant shift of a conformational equilibrium
could allow 1D structures to evolve. As shown by atomic force
microscopy imaging, one type of DNA tile successfully assembled
into DNA spirals and concentric circles, which became less and
less curved from the structure’s center outward. This work points
to a new direction for tile-based DNA assembly.

DNA has been exploited to build nanostructures and nanoma-
chines by programmed self-assembly.' ® A key event of struc-
tural DNA nanotechnology is the development of a series of
rigid DNA nanomotifs,” ' which must satisfy various, precise
geometric requirements. In contrast, structural flexibility in
nanomotifs would lead to uncontrolled association among
motifs; and thus, is generally avoided. Consequently, all nano-
motifs will have the same, predefined conformation in the
final structure. This is a powerful strategy but fails in assem-
bling continuously changing structures. For example, spirals
are simple structures, topologically equivalent to 1D chains,
and could, in principle, be assembled from tiles in a 1D sense.
In the spiral, individual tiles will have similar, but different
conformations. Tiles become less and less curved from the
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structure’s center outward. Strategies and nanomotifs reported
previously could not be easily adapted to assemble such con-
tinuously changing structures.''™™ Thus, we ask a question:
can we design an assembly strategy/nanomotif in such a way
that the tiles accommodate the necessary flexibility to continu-
ously change their curvature? Would these assemble into
structures that require the tiles to adapt to continuously chan-
ging conformations? Herein, we have developed an approach
to address this problem. As a demonstration, a series of DNA
spirals have been assembled by homo-polymerization of single
component, 21-nucleotide (nt)-long DNA strands. The struc-
tures have been thoroughly characterized by polyacrylamide
gel electrophoresis (PAGE) and atomic force microscopy (AFM)
imaging.

Fig. 1 illustrates the DNA assembly route. Each DNA archi-
tecture is homo-polymerized from a two-stranded, double-
crossover (DX)-like (DXL) motif, which, in turn, is assembled
via homodimerization from a short, single DNA strand. The
basic sequence h is 20 nucleotides (nts) long and all other
strands, hXs, contain a chemical group X (a single base A, G,
T, C, or two bases AA, or a fluorescein, Fig. S17) at the 3’ end in
addition to the basic sequence h. These strands are named
according to the chemical group X as hX. Strand h includes
four palindromic segments: two 6-nt-long segments in the
middle and two 4-nt-long segments at the two ends. During
the polymerization, two h strands will first hybridize and
associate with each other by the two central 6-nt-long palin-
dromes to form a DXL motif. The four remaining palindromic
tails could further hybridize with each other, resulting in
one-dimensional (1D) arrays, exhibiting a well-defined straight
morphology (Fig. 1a). The 1D arrays could be viewed as two,
long, interconnected, parallel, pseudo-continuous DNA
duplexes. For strands hXs, the extra chemical groups (X) will
fundamentally change the array morphologies (Fig. 1b). X will
remain un-paired and can either be out of the duplex as a
spare group or stack in the helical domains. The two confor-
mations consist of a dynamic and reversible equilibrium. Its
balance is determined by the chemical structure of X and the

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0002-6824-2159
http://orcid.org/0000-0001-7516-8666
https://doi.org/10.1039/d2nr05404c
https://doi.org/10.1039/d2nr05404c
https://doi.org/10.1039/d2nr05404c
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr05404c&domain=pdf&date_stamp=2022-12-22
https://doi.org/10.1039/d2nr05404c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015002

Published on 06 December 2022. Downloaded by Y unnan University on 8/15/2025 9:35:47 PM.

Nanoscale

(a) CTAG ACGCGT
h

200D DDLYDD

View Article Online

Communication

(b) CTAG ACGCGT
hX

00D DOLYDD

1

X/

CTAG ACGCGT CTAG ACGCGT
LOODOY|DOYLD LDODOY]OYLD
GGATCC|GGCC GGATCCJGGCC X

QDDD DL YD 009D DDLYDD

| S
' ' i i
it | | === straight === X o
J J & J ] X
X’/ X7
X stack inlIX flip out
X: A, G, T, AA, ~— o — .-
_ curved \
Fluorescein X I %
—~—Jx x

Fig. 1 DNA homopolymerization. (a) Assembly from tiles with one defined conformation. Two copies of the DNA strand h consisting of four palin-
dromes can dimerize and further homopolymerize to 1D arrays. (b) Assembly from tiles under conformational equilibrium. The DNA strand hX has an
extra chemical group X. When stacking into DNA duplexes, X will cause 1D arrays to bend because of the length difference between the duplexes at
the top and bottom. When X flips out of the helical domain, the 1D arrays will be straight. By different combinations of the two conformational
states, the 1D arrays could continuously change their curvatures in a wide range.

system’s environment. When X is out of the duplex domain,
the resulting 1D arrays have a straight morphology. When X
stacks in the duplex, the two parallel duplexes will have
different lengths and the mismatched lengths will force the 1D
arrays to bend into curved shapes.'®'” For purines (G or A)
and fluorescein, X has a large aromatic plane, and thus, can
stack strongly with DNA base pairs. For pyrimidine (T and C),
X has a small aromatic plane; thus it can only weakly stack
with DNA base pairs and is more likely to remain outside of
the DNA duplex.'® Overall, the existence of X will have two
effects: (1) 1D arrays can bend because of the length mis-
match; (2) the bending extent along the 1D array could widely
vary as the conformational equilibrium of the motifs could be
easily changed. In the DNA ladder, the equilibrium is also
influenced by the surrounding environment, for example, the
bending angle could decrease and the circular structure could
be more straight by more X base flipping out.

We first investigated DNA assembly in solution by native
PAGE. DNA was dissolved in TAE/Mg”* buffer and directly ana-
lyzed with native PAGE at room temperature after thermal
annealing. At 20 uM (Fig. S2t), strand h assembled into large
polymers, which appeared as a band near the well. In contrast,
DNA strands (hX) with extra chemical groups appeared as
smears with increased electrophoretic mobilities, indicating
that they are smaller polymers. This observation suggested
that the sticky-end cohesion was weakened by the extra chemi-
cal group intercalation. This caused the DNA polymer to dis-
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sociate into oligomers in solution. Judging by the native PAGE
data, the destabilizing capability of X followed this order: C <
G <A< T~ AA ~F. At 2 pM, no appreciable polymerization in
native PAGE was observed for all DNA strands except h
(Fig. S37).

Then we used AFM to directly visualize the morphology of
the assembled DNA 1D arrays. DNA solutions in TAE/Mg>*
buffer were deposited on the freshly cleaved mica surface and
incubated for 10 min. After removing the excess solution, a TA/
Mg>*/Ni** imaging buffer was added onto the mica surface
and the DNA samples were imaged in tapping mode."**°

DNA samples from every individual DNA strand (h or hX)
assembled into large nanostructures, which exhibited a rich
variety of morphologies depending on the identity of the
chemical group (X) and the DNA concentration (Fig. 2 and
S47). Poly(h), the polymer assembled from strand h without
any extra chemical group at the 3’ end, appeared as straight
fibers. Poly(hC) behaved similarly, indicating that the extra
base (C) at the 3’ end flipped outside of the helical domain.
When X is the chemical group (A, G, T, AA, and fluorescein)
other than C, the assembled polymers showed obvious, but
different degrees of curvature. At a low DNA concentration
(0.5 uM), well-separated, discrete circles or arcs were observed.
The circles of poly(hAA) and poly(hF) were substantially
smaller than the circles of poly(hA) and poly(hG), and they all
were smaller than poly(hT) circles. At a high DNA concen-
tration (2 pM), closely packed spirals or multi-layered, con-

Nanoscale, 2023,15, 470-475 | 471


https://doi.org/10.1039/d2nr05404c

Published on 06 December 2022. Downloaded by Y unnan University on 8/15/2025 9:35:47 PM.

Communication

100 nm

View Article Online

Nanoscale

[DNA] = 0.5 pM

[DNA] =2 uM

Fig. 2 AFM study of the morphologies of DNA homopolymers assembled from different DNA strands at two different DNA concentrations. (a) & (b)
h; (c) & (d) hC; (e) & (f) hA; (g) & (h) hG; (i) & (j) hT; (k) & (1) hAA; and (m) & (n) hF.

centric circles completely covered the mica surfaces. The Mg**
concentration had a similar effect on the DNA assembly as the
DNA concentration did (Fig. S51). Divalent cations Mg>" could
promote the homopolymerization and DNA adsorption onto
the mica surface, thus increasing the effective DNA concen-
tration on the mica surface for DNA assembly. Please note that
the two exact DNA concentrations (0.5 and 2 pM) were chosen
from our experience based on the strength of the inter-motif
interaction (sticky-end interaction). For different sticky-ends
(in terms of length and base composition), the interaction
strength would vary and the DNA concentration would be
adjusted accordingly. But the overall phenomenon should be
similar.

To understand the driving force of the flexible bending in
the homopolymer, we measured the average bending angle
between two adjacent DXL motifs for all curved homopolymers
(Fig. 3). In a closed DNA homopolymer circle, the sum of all
the bending angles (#) was 360°. The number of DXL motifs in
the circle could be calculated by the circle contour length (L)
divided by the motif length (d), which is 10 base pairs, or
3.3 nm assuming the rise of a DNA duplex is 0.33 nm/base
pair. Thus, the bending angle (6) could be calculated as:

6 = 360°/(L/d) = 360°/(L/3.3 nm)
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By tuning the incubation conditions, we prepared poly(hX)
as single circles for all curved designs and imaged them by
AFM (Fig. S6-S107). Note that no conformational constraints
were imposed on inter-motif interactions during the cycliza-
tion of the single circles. We used TopoStats,* an imaging pro-
cessing software, to filter AFM images and measure contour
lengths of the circles (Fig. 3b, ESIf). For hT, the average
bending angle between motifs was 2.42 + 0.37°, while the
angles for hA and hG were 3.35 + 0.60° and 3.56 + 3.81°,
respectively. This phenomenon occurs because purines have a
larger aromatic plane than pyrimidines, and thus can more
effectively stack into a DNA duplex and cause the array to
bend. For hAA, the bending angle further increased to 5.14 +
1.22° due to the insertion of two bases (compared with one
base) into a duplex which would introduce a larger length mis-
match (Fig. 1b). Interestingly, the bending effect was not
limited to natural DNA bases. Other chemical moieties with a
flat, aromatic plane could stack into the DNA duplex and
induce arrays to bend as well.”>>* When a fluorescein unit was
incorporated at the 3’ end (strand hF), an average bending
angle of 4.28 + 1.01° was observed.

We further conducted kinetic studies to understand the
effects of inter-motif flexibility and assembly conditions on the
final morphologies of the DNA homopolymers (Fig. 4 and S11-
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Fig. 3 The bending angle of the curved DNA structure with different modifications. (a) Schematic drawing of bending angle calculation from single
closed circles. (b) The calculated bending angles of motifs from different DNA strands.
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Fig. 4 The assembly kinetics of curved structures at different DNA concentrations exemplified by hA. AFM images of curved structure formation at
DNA concentrations of (a) 0.5 uM and (b) 2 uM and (c) proposed schemes of assembly under thermodynamic or kinetic control.

S161). To capture intermediate states at specific time-points
during assembly, DNA samples were rapidly dried and
immediately AFM imaged in air. Such a protocol prevented the
DNA samples from any further change that could be associated
with aqueous AFM imaging. At a high DNA concentration
(2.0 uM), hX molecules quickly adsorbed onto the mica surface
and grew fast, continuous 1D arrays adjacent to existing 1D
arrays (Fig. 4a), which initially formed single rings and long
arcs at 10 s and then transformed spirals or concentric ring

This journal is © The Royal Society of Chemistry 2023

structures after 30 s. At a low DNA concentration (0.5 pM),
DNA molecules slowly adsorbed onto the mica surface and
more distinct circles formed (Fig. 4b). At this concentration,
the DNA ladder formed single rings at 30 s and further grew
into ~50% single rings and ~50% two-layer concentric rings,
indicating the continuous DNA deposition. Generally, the DNA
molecules adsorbed onto the mica surface and oligomerized
on the substrate with surface templating, and simultaneously
self-aligned or joined with other oligomers. The final mor-
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phology was determined by the kinetic competition between
adsorption (thus the effective surface DNA concentration) and
refiguration (circle-closing alignment) (Fig. 4c). For the slow
adsorption at a low DNA concentration, the homopolymer had
sufficient time to align itself in an intra-polymer fashion into a
closed circle. The random stacking in/flipping out of X ren-
dered a range of circle size distribution. In contrast, the fast
adsorption at a high DNA concentration saturated the surface.
Thus, a large number of polymers would simultaneously form
and align in an inter-polymer fashion to form concentric rings
or continuous spirals to maximize coverage of the mica
surface. The flexibility of X stacking in/flipping out allowed the
motifs gain flexibility to adopt the necessary curvature to form
the final morphologies. According to native PAGE (Fig. S27),
the sticky ends were weaker for hT, hAA and hF. This explained
the slow growth rate of the corresponding DNA homopolymers
(Fig. S14-S16%). Furthermore, inter-motif assembly is a func-
tion of DNA concentration. Thus, the formation of circular
structures took a longer time at a 0.5 pM DNA concentration
than at a 2 pM DNA concentration. However, if the incubation
was through the thermodynamically slow annealing process
with a high DNA concentration, the final morphology turned
into only concentric circles. This demonstrated that the circle-
closing alignment would minimize the system’s free energy
(Fig. S17%). With the inflexible chemical groups, only the semi-
straight fibers’ density change was observed during the
changes in time and DNA concentration.

In summary, this study provides a novel and straight-
forward strategy to introduce dynamic flexibility to DNA homo-
polymers and bend the DNA nanostructures by a chemical
modification (natural bases or other aromatic moieties) at the
ends of DNA strands. This dynamic bending allows for the
assembly of DNA nanostructures with constantly changing cur-
vatures from single component strands. Such capability was
not accessible previously and could be achieved by a large
number of DNA components.'®>*?> This study has expanded
the toolbox for structural DNA nanotechnology in two aspects.
In large and complicated nanostructures, such as DNA
origami, the extra base could be applied to weaken the connec-
tion strength or to fine tune the partial curvature. Additionally,
this strategy could enable the flexible and multiple curvature
in DNA tile-based design with limited DNA components.
Conceivably, the dynamic flexibility of DNA homopolymers
enables their use as soft or elastic building units for nanoma-
chines and nanorobots.”**?
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