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Single-stranded tiles (DNA brick) assembly has provided a simple
and modular tool for constructing nanostructures with the poten-
tial for numerous applications. However, in this strategy, the short-
strand building blocks are susceptible to environmental fluctu-
ations and bring about rapid dissociation during assembly, result-
ing in instability and prolonged annealing. Thus, developing new
strategies which can enhance the stability and accelerate the
assembly process of DNA bricks is important. In this study, we
applied the kinetically interlocking multiple-unit (KIMU) strategy
to tune the process of DNA brick assembly by adopting long DNA
strands as building blocks, ranging from tens of to 1000 nucleo-
tides. We constructed a series of DNA structures with improved
stability over DNA bricks. Furthermore, the annealing process
could be accelerated by increasing the number of units. Our study
demonstrated that DNA assembly based on the KIMU strategy
using multiple-unit DNA strands could be a promising method for
constructing relatively stable DNA nanostructures.

1. Introduction

During recent decades, DNA technology has been developed to
prepare arbitrary 2D and 3D complex structures at the nano-
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scale. These structures have been successfully employed for
various applications, including drug delivery, data storage and
lithography.'™ Since Seeman et al. proposed the concept of
DNA nanotechnology and built the first artificial immobile
Holliday junction through tile-by-tile assembly, many strat-
egies for DNA assembly have been developed, including DNA
origami and single-stranded tiles (DNA Brick) assembly.** In
tile-by-tile assembly, DNA strands usually with tens-to-one
hundred bases are rationally designed to construct 1D/2D pat-
terns and 3D crystals with extensible dimensions.”'*™"®* DNA
origami, which is based on the interaction between a long
single-strand DNA (long ssDNA) and many short single-
stranded DNAs (short ssDNAs), effectively produces a wide
range of DNA nanostructures.””’**?° In 2012, Yin et al. devised
a single-stranded tiles (DNA brick) strategy, which utilized
short ssDNAs as individual bricks with four binding domains
to interlock with adjacent strands, to prepare infinite or finite
entities."""'*>'">* Therefore, either longer strands (more than
thousands of bases) or short strands (tens of bases) have been
typically utilized as building blocks for DNA self-assembly,
with relatively little research focusing on medium-length DNA
strands.”*>°

For a short-strand assembly, the DNA Brick method has
provided a simple, modular and robust framework for con-
structing nanostructures with prescribed shapes from short
synthetic DNA strands. Strict stoichiometry of DNA com-
ponents is not required during the assembly and the desired
nanostructures can be easily designed. In the brick assembly,
each brick is usually composed of tens of nucleotides, which
may dissociate quickly under environment fluctuation during
the assembly.*® Moreover, potential random interactions may
reduce the collision probability between the correct
sequences. Therefore, the assembly of DNA bricks requires a
prolonged annealing process to form the intended structures,
and the resulting assemblies are relatively unstable. The
development of new strategies which can facilitate rapid con-
struction and enhance structural stability is important for
DNA bricks for improving reliability in future biomedical
applications.

This journal is © The Royal Society of Chemistry 2024
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Recently, a kinetically interlocking multiple-units (KIMU)
theory has been demonstrated to be effective for understand-
ing and tuning the DNA self-assembly.>’* This theory
suggests that increasing the number of noncovalent units
could improve the stability of DNA assembly. According to
KIMU theory, each brick of length ~50 nucleotides can also be
considered as a single unit. Therefore, it can be anticipated
that further conjugation of such units, resulting in a building
block of hundreds of nucleotides, could enhance their local
concentrations, thus increasing the effective collision between
DNA bricks. One study also indicated that introducing a longer
seed DNA strand could accelerate the assembly process and
extend the temperature region for isothermal annealing,®
which is consistent with the KIMU theory. Furthermore, once
the structure has been well assembled with multiple-units
strands, the improved stability of the DNA assembly can also
be predicted and explained by the kinetically interlocking
effect of the increased units. This approach not only enhances
the structural integrity of the assembled constructs, but also
potentially accelerates the assembly process, paving the way
for more efficient and robust applications of DNA nanotechno-
logy. However, while the KIMU theory has already been suc-
cessfully employed in DNA supramolecular polymerization and
DNA hydrogels,>'*3° systematic investigation of the multiple-
units effect on the complex DNA-assembly process and stabi-
lity is limited.

In this study, we investigated the KIMU effect during DNA
self-assembly. We adopted DNA strands of different lengths as
building blocks, spanning from tens of nucleotides to about
1000 nucleotides. By regulating the annealing process, we

(a)

The length of DNA strands

~ 50 bases
~ 100 bases —_—
~ 150 bases
~ 1200 bases
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—_—
Multiple-unit
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Scheme 1
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(a) Definition of multiple units. (b) Multiple-unit DNA assembly.
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explored the enhanced effect of multiple-unit DNA on fabricat-
ing nanostructures, and demonstrated that an increased
number of units could enhance the stability of DNA assembly.
It should be noted that this is the first systematic study to
investigate the effects of a medium-chain length on the stabi-
lity and folding kinetics of DNA nanostructures. Our study
could: (i) provide an alternative tool to tune the assembly
process of DNA self-assembly; (ii) give rise to a strategy to con-
struct stable DNA nanostructures in a programmable fashion.

2. Results and discussion

2.1. Construction of a DNA structure based on the KIMU
theory

We have chosen a square-shaped structure as a typical example.
To reveal the multiple-unit effect, we designed multiple-unit
DNA strands (MUD; Scheme 1a and b) to assemble the square
structure. It should be noted that in the current study, a DNA
segment with length of ~50 nucleotides (nt) has been defined
as a “single unit” according to the traditional brick strategy
(Fig. S1af). The illustration and the sequences of the DNA
nanostructures are depicted in Fig. S2 and detailed in Tables
S1-S3.1 Basically, the square is designed with 12 helices (H) by
107 bases (B), which is constructed by folding three multiple-
unit DNA strands (360 nt, 410 nt, 614 nt, representing 7, 8,
and 12 units, respectively) in conjunction with 42 short DNA
strands. A similar square structure based on the brick assem-
bly was also designed with dimensions of 12 H x 105 B, com-
posed of 71 short DNA strands. We also designed CDO-square

The definition of multiple units
1 unit (1U)
2 units (2U)

3 units (3U)

P 24 units (24U)

Nucleus

K

Complete growth

Short DNA strand
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structures (Fig. S1bf) with an identical seam and sequence
arrangement through an M13mp18 scaffold as an extreme
example of MUD.

To elucidate the assembly behavior of the MUD, after an
annealing process, we characterized the assemblies with
agarose-gel electrophoresis and atomic force microscopy
(AFM). As depicted in Fig. 1a, under TAE-Mg”", aside from the
band corresponding to the starting DNA strands, a new band
was observed (lane 4), indicative of successful assembly. The
high proportion of intact assemblies confirmed the efficient
assembly elicited using the MUD strategy, which is comparable
with strategies using DNA bricks and DNA origami.
Subsequently, the morphology of the MUD samples was also
carefully examined by AFM. As shown in Fig. 1c, the primary
nanostructures exhibited the designed square shape, approxi-
mately 35 nm x 36 nm, suggesting that the MUD sequences
had become effectively folded into the intended nano-
structures. For comparison, the DNA bricks-square and CDO-
square presented a similar morphology. Notably, a convention-
al DNA-origami strategy utilized the M13mp18 with a length of
7249 bases as the scaffold. The AFM image (Fig. 1e) showed
many tangled threads, which was the excess part of the
scaffold, and resulted in a relatively slower migration rate in
the gel image (Fig. 1a). Therefore, the MUD strategy clearly led
to the formation of DNA nanostructures, showing comparable
quality to those constructed via the methods of DNA bricks
and DNA origami.

Then, we demonstrated the improved stability of the DNA
structures constructed by MUD. Herein, we employed agarose-
gel electrophoresis with a magnesium-free buffer to estimate
the structural stability of the DNA square. As shown in Fig. 1b,
the products band of the MUD-square was smeared slightly
downwards, but the main expected band remained predomi-
nant. In contrast, the product of the DNA bricks-square was

strands
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strands
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nearly undetectable, indicating the disassembly of the struc-
ture under this condition. Furthermore, the MUD-square
appeared comparable to the CDO-square, which served as a
positive control. On the other hand, the expected product of
the strategy using all-short ssDNA bricks was unstable and
almost disappeared under agarose-gel electrophoresis.
Moreover, we further examined the ion stability of DNA assem-
blies by using AFM after incubating the DNA assemblies in
0.5x TBE buffer for 3.5 h (Fig. S31). Intact square-shaped struc-
tures of predetermined size were clearly observed in both the
CDO-square and MUD-square, whereas the DNA bricks-square
showed evidence of broken holes and smaller fragments.
Therefore, the MUD-square exhibited significantly improved
stability than the DNA bricks-square, and was comparable with
the CDO-square. Herein, according to the KIMU theory, the
multiple-unit DNA strands increases the local concentration of
units, enabling well-assembled DNA structures to recover more
readily through kinetic interlocking after local dissolution
under conditions of cation dilution. This interlocking, facili-
tated by the interactions among multiple units, enhances the
stability of the previous assembly composed entirely of short
DNA strands.

2.2. Generalizability of the MUD strategy

Next, we demonstrated the generalizability of the multiple-
unit DNA-assembly strategy in the structural design. We
designed three nanostructures: triangle-shaped MUD, rec-
tangle-shaped MUD and cross-shaped MUD. The same as the
MUD-square, they were constructed by several 300-400 bases-
long multiple-unit DNA strands with short DNA strands (as
designed in Fig. S4-S61). Through agarose-gel electrophor-
esis, it was verified that all these assemblies had been
successfully formed into intact nanostructures with consider-
able proportions (Fig. S6af). Subsequently, through AFM

-M13mp18

- Short DNA
strands

Fig. 1 Characterizations of the DNA structures. (a) Agarose-gel electrophoresis (2% w/v) of DNA structures with TAE-Mg®* (Mg?* = 12.5 mM) buffer
and (b) 0.5 x TBE electrophoresis buffer. Lanes 1, 2, 3, 4 and 5: double-stranded DNA ladder (GeneRuler Express DNA Ladder, Thermo Fisher
Scientific), conventional DNA origami (CDO), DNA bricks, MUD, and single-stranded DNA control, respectively. Atomic force microscopy (AFM)
images of (c) the MUD, (d) DNA bricks, and (e) CDO structures, respectively, were captured at a view size of 500 nm x 500 nm on a mica surface.
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Fig. 2 Characterization of DNA-assembly structures with different shapes. AFM images of (a) triangle-shaped MUD, (b) rectangle-shaped MUD, and
(c) cross-shaped MUD. (d)—(f) Intensity profiles of lines marked in red and cyan corresponding to (a)-(c), which demonstrate the sizes of DNA

structures.

(Fig. 2), it was confirmed that the three structures were well
assembled and matched the predesigned dimensions.
Furthermore, these assemblies also maintained a high pro-
portion of an intact assembly structure under a magnesium-
free condition (Fig. S7bf). This result confirmed that
the nanostructures constructed by the multiple-unit
DNA-assembly strategy possessed universally satisfactory
ion stability and broad applicability in various structural
designs.

2.3. Effect of the number of units

After a significant yield, good stability and structural integrity
had been demonstrated in the MUD strategy, next we explored
the effect of the length of MUD strands. We systematically
designed a series of DNA nanostructures that were assembled
with different MUD strands termed “MUD-xU”, where x
denotes the number of units (Fig. S81). A single-stranded DNA
segment of length ~50 nt can be defined as a single unit.
Accordingly, DNA strands with about 100 nt, 150 nt and longer
length were designed to represent 2-unit, 3-unit DNA strands
and so on, respectively (as illustrated in Scheme 1a). It should
be noted that the single-stranded DNA in the DNA bricks strat-
egy and the staples in the DNA origami strategy can be also
regarded as a single-unit DNA. The nanostructures of MUD-xU
were designed to be of size 36 nm x 32 nm according to dis-
tinct strategies. In our study, MUD-1U utilized ssDNA bricks,
while the others incorporated multiple-unit strands, specifi-
cally 12 MUD-2U, eight MUD-3U, six MUD-4U, four MUD-6U,
two MUD-12U, and one MUD-24U, respectively. It is worth
noting that the MUD-24U sample was constructed by assem-
bling one long 24-fold-unit DNA strand with several short DNA
strands, and exemplified the traditional approach to DNA
origami.

This journal is © The Royal Society of Chemistry 2024

Then, we performed AFM characterization on these assem-
blies. As shown in Fig. 3(a-g), the fully assembled rectangle-
shaped nanostructures constituted the majority of all the
assemblies across all MUD samples. Furthermore, the magni-
fied AFM images of MUD samples (Fig. 3h-n) revealed identi-
cal morphologies. AFM images demonstrated the same size in
both dimensions in accordance with the predicted designs,
and thus confirmed the structural integrity of the entire series
of MUD-xU samples. These results demonstrated the success
of the multiple-unit DNA-assembly strategy across a wide range
of nucleotide lengths, from tens to 1000.

To investigate the assembly further quantitatively, agarose-
gel electrophoresis was used to characterize the efficiency of
the assembly (upper-left panel in Fig. 4a). The MUD-1U was
based on the DNA-bricks strategy, which uses equimolar-ratio
short oligonucleotides, while the other structures use the
excess 5-fold short ssDNA, compared with medium-long
sSDNA. Therefore, the band of short ssDNA in MUD-1U assem-
bly was lighter than those of others. We analyzed band density
and calculated the assembly proportion by determining the
percentage ratio between the intensity of the target band, indi-
cated by the green area and that of the selected lane area
within the black-boxed region shown in the right panel of
Fig. 4a. All the MUD samples displayed similar behavior in the
proportions of complete assemblies (box symbols in Fig. 4b).
Meanwhile, to investigate the ion stability of MUD-xU samples,
we utilized agarose-gel electrophoresis with 0.5 x TBE (Mg>" =
0 mM) buffer (lower-left panel in Fig. 4a). The results
(diamond symbols in Fig. 4b) demonstrated that MUD-1U and
MUD-2U were nearly zero with respect to the proportion of
intact assemblies. Specifically, MUD-1U, assembled using the
DNA-bricks strategy, showed a pattern of downward-blurred
bands that extended to a relatively lower position, signifying a

Nanoscale, 2024, 16,19642-19648 | 19645
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Fig. 3 AFM characterization of the MUD-xU (x = 1-4, 6, 12, 24) assemblies. The AFM images with a view of 500 nm X 500 nm and corresponding
magnified images for (a) MUD-1U, (b) MUD-2U, (c) MUD-3U, (d) MUD-4U, (e) MUD-6U, (f) MUD-12U, and (g) MUD-24U. Scale bar of the lower
inserts in (a)-(g): 30 nm. (h) Model of MUD-xU generated from caDNAno. Each stick refers to two double helices. (i) Lengths and (j) widths of a
series of MUD samples. Data bar: standard deviation calculated by averaging each of the corresponding particles from more than three AFM images

in a view of 500 nm x 500 nm.

more random and severe degradation process. In contrast,
MUD-2U, when subjected to magnesium-free conditions in
agarose-gel electrophoresis, dissolved into fragments indica-
tive of DNA assemblies with specific numbers of double-units,
as evidenced by discontinuous bands. For DNA strands with
length of more than triple units, the assemblies can maintain
a relatively high proportion of complete assemblies. Moreover,
as the unit numbers in the DNA strands continued to increase,
the proportions of intact assemblies of MUD-xU samples
remained unchanged. These results suggested when the
number of units exceed three, the nanostructures constructed
by our multiple-unit strategy become increasingly ion-stable.
To further understand the effect of magnesium ions during
electrophoresis, we also examined agarose gel with inter-
mediate concentrations of Mg>* (2 mM and 7 mM, Fig. S93),
which showed that the MUD structures suffered gradual
destruction under electrophoresis with a decreasing concen-
tration of Mg”".

We also investigated the annealing speed for these MUD-xU
(x = 1-4) structures and conducted the assembly process with
different cooling rates (Fig. S10-S141). As Fig. 4(c—f) shows, for
all MUD-xU samples, the slower the cooling rate, the higher
was the proportion of full nanostructures. Meanwhile, as the
number of units in the MUD-xU assemblies increased, the rate
also increased. In general, when the cooling process slows
down, the inner parts of the DNA strands get more opportunity
to fully interact with one another, resulting in an obvious
increase in the assembly yield. With further extension of the
length of DNA strands, the number of covalent crosslinking
units increases, which has a dramatically enhancing effect on
the collision probability in terms of the KIMU theory. Hence,

19646 | Nanoscale, 2024, 16, 19642-19648

quick annealing is enough for a DNA-assembly system with
long DNA strands. For the MUD-4U structure, the MUD strand
contains enough units to increase the local concentration of
the building block to collide in a short time, and reaches the
optimal yield after a rapid annealing process. We also
observed that the extended annealing time may increase the
possibility of non-specific interactions between different
strands, which results in a slight decrease in the proportion
of the target assembly (Fig. 4f). Moreover, as shown in Fig. 4
(g-j), the proportion of intact MUD-xU under agarose-gel
electrophoresis without magnesium indicated that the resis-
tance to degradation gradually increased with an increase in
the number of units, aligning with the overall results pre-
sented in Fig. 4b. These data indicated that the MUD strategy
had a significant acceleration effect on the assembly process
of MUD-xU by increasing the number of covalent crosslinking
units.

In addition, we tested the folding of MUC-xU structures in
different magnesium concentrations. As illustrated in
Fig. S11-S15,; the MUD-xU nanostructures were successfully
assembled under magnesium-ion concentrations exceeding
10 mM. Their yields nearly peaked when the magnesium-ion
concentration in the assembly buffer reached 20 mM.
Consequently, we selected 20 mM as the magnesium-ion con-
centration for the aforementioned study. It is notable that mul-
tiple-unit DNA strands were investigated by denatured poly-
acrylamide-gel electrophoresis (Fig. S16}). A single band
corresponding to the expected length, as verified by marker
positions, was presented in each lane, and we considered this
to indicate that the quality of MUD strands was sufficient for
assembly.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Images of a series of MUD-xU samples under agarose-gel
electrophoresis with 1x TAE-Mg?* (Mg?* = 12.5 mM) buffer (upper-left
panel) and 0.5x TBE buffer (Mg?* = 0 mM) (lower-left panel). All MUD-
xU samples were assembled with 20 mM Mg?* in the buffer. Lanes 1, 2,
3, 4,5, 6, 7, and 8: double-stranded DNA ladder (GeneRuler Express
DNA Ladder, Thermo Fisher Scientific) MUD-1U, MUD-2U, MUD-3U,
MUD-4U, MUD-6U, MUD-12U, and MUD-24U, respectively. Right panel:
areas of intact assembly and total assembly products used for calculat-
ing the proportion of intact assemblies were marked by the green
mask and black box, respectively. (b) Analyses of intact proportions of s
series of MUD-xU samples under agarose-gel electrophoresis with 1x
TAE-Mg?* buffer (Mg?* = 12.5 mM, marked by blue boxes) and 0.5x TBE
buffer (Mg?* = 0 mM, marked by red diamonds). The intact assembly
proportions of (c and g) MUD-1U, (d and h) MUD-2U, (e and i) MUD-3U,
and (f and j) MUD-4U with different cooling rates under agarose-gel
electrophoresis containing 12.5 mM Mg?* (marked in blue boxes) and
0 mM Mg?** (marked in red diamonds). The one-phase decay-fitting
curves corresponding to the sample data in the same color are pre-
sented in (b)-(j).

3. Conclusions

Using ssDNA of different lengths, we constructed a series of
DNA assemblies based on a MUD strategy and investigated the

This journal is © The Royal Society of Chemistry 2024
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process of DNA assembly. A typical square-shaped DNA nano-
structure based on the MUD strategy was prepared with intact
morphology and high efficiency of assembly, comparable with
that obtained using DNA bricks or conventional DNA origami.
In addition, multiple nanostructures based on the MUD
strategy were designed and constructed, which verified the
generalizability of the multiple-unit DNA-assembly strategy.
Furthermore, MUD with a varying number of units was also
fabricated to systematically examine the impact on the stability
and assembly process of DNA nanostructures. We also demon-
strated that multiple-unit DNA can accelerate the assembly
process by increasing the unit number. Our study reveals the
enhancement effect of multiple units for the stability of the
DNA assemblies composed of DNA strands with lengths
ranging from tens of bases to 1000 bases, and offers an
alternative strategy to effectively fabricate a stable DNA struc-
ture. The current cost may be slightly higher than the brick
assembly, but a reduction can be anticipated in the near
future with developments in DNA synthesis.
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