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We present the pH-triggered reversible assembly of DNA origami
clusters in a stepwise fashion. The structure formation and
dissociation are controlled by a series of consecutive pH-
stimulation processes that rely on the triplex-to-duplex transition
of DNA triplexes in different pH conditions. This multilevel dynamic
assembly strategy brings more structural complexity and provides
the possibility of developing intelligent materials for engineering
applications.

Living systems represent the most efficient and adaptable
example of the assembly  of
macromolecules in response to external and internal stimuli

stepwise functional
and, in some cases, these assemblies can also disassemble into
their individual components when triggered by other signals.*
For example, the stepwise assembly of multiple protein
subunits into DNA polymerase Il holoenzyme, under successive
physiological stimuli, is a key to ensure that DNA replicates in
high fidelity and high processivity.? In view of the sophisticated
self-assembly process and intriguing functional abilities of
biological systems, the mimicking of their stimuli-responsive
reversible assembly/disassembly behavior, through use of
synthetic biomolecules, has proven to be one of the most
promising, yet challenging aspects of nanoscience. Benefited by
its superior programmability (as per Watson-Crick base paring),
DNA has been widely utilized for the self-assembly of a diversity
of pre-designed 2D and 3D DNA nanostructures.3*2 This makes
DNA a well-suited candidate for creating dynamic
reconfigurable assembly systems.'316 The self-assembly of
stimuli-responsive DNA architectures, in a stepwise fashion,
could endow conventional static DNA structures with defined
geometry, and novel capabilities in sensing, monitoring, and
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dynamic controls in the areas of nanodevices, matematerials,
and nanomedicine.

Recently, extensive research efforts have been devoted to
exploring the reversible multimerization of DNA origami
nanostructures in response to various external stimuli.l”-2>
Examples include the reversible assembly of hexagon-shaped
DNA origami controlled by photoirradiation between UV and
visible light,’” and the K*-ion stimulated assembly of DNA
origami dimers by use of G-quadruplexes.?l 2> Recently, the
reconfiguration of DNA origami dimers and trimers have been
achieved based on pH-sensitive i-motif, and triplex DNA,*® in
which the DNA origami trimers assembled under neutral
conditions could transit into a mixture of dimers and monomers
when the assemblies were subjected to either acidic or basic
conditions. Those pioneering studies on the dynamic assembly
of DNA structures in response to a single-step stimulus between
a two-state transition have inspired us to design a consecutive
multi-step transition system, which was induced by multiple
steps of environmental stimulation that is able to reversibly and
selectively create complicated and larger DNA nanostructures
(>5 units). The realization of such a dynamic and elegant
fabrication process will extend our capabilities to synthesize
intelligent biomaterials with well-defined structures, which
represent one step forward towards the imitation of designs
and processes that are found in nature.

In this study, we present the pH-regulated, multistep cyclic
self-assembly of DNA origami nanoclusters by employing DNA
triplexes as dynamic linkers (Figure 1). The DNA triplex is formed
by the interaction between a pH-insensitive Watson-Crick
duplex and a single-stranded DNA (ssDNA) through pH-sensitive
parallel Hoogsteen base-pairing.2®?? The triplex-to-duplex
(closing-to-opening) transition is strongly pH dependent, and its
pH sensitivity can be regulated by manipulating the ratio of C-
G-Cvs T-A-T in the DNA sequence because C-G-C triplets prefer
acidic pH and T-A-T triplets favor a neutral pH.?” As such, it is
possible to allow the triplex-to-duplex transition to take place
in a desired pH range. In an opening state, the ssDNA domain of
the DNA triplexes is available for complementary DNA
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Fig. 1 Schematic drawing of the pH-stimulated stepwise assembly/disassembly of DNA origami trimer. The three-state transition of DNA origami (monomer-

dimer-trimer) is triggered by the pH-dependent DNA triplexes in response to three different pH environments.

hybridization, linking components together, while refolding the
DNA triplex will disrupt this complementary pairing, and lead to
dissociation of the components. Compared with the two-state
transition of i-motif occurring within a narrow pH range,® 28
DNA triplexes are more tunable for a wide range of pH
response, thereby providing opportunities for multiple-step
regulation. Here, we tested the selective assembly/disassembly
of DNA origami trimers and more complex nine-unit DNA
origami clusters, in a stepwise fashion, based on DNA triplexes
in response to three different pH environments. The reversible
control of the association/dissociation of the nanoclusters is
demonstrated by AFM images and gel analysis.

Figure 1 shows a schematic illustration of in situ stepwise
assembly/disassembly of DNA origami trimers. Two different
types of intramolecular DNA triplexes, which stimulate the
proposed multi-state transitions of the DNA origami trimers, are
involved. The right arm of tile Al is modified with four strands
of DNA triplex set (T1) containing 20% T-A-T, while the right arm
of tile A2 is attached with four strands of DNA triplex set (T2)
containing 73% T-A-T (triplex-to-duplex transition occurring at
pH= ~7.5 and pH= ~9.0 respectively).?® Both types of DNA
triplexes contain sticky ends (dashed line), which are
complementary to the ssDNA overhangs, T1’ and T2’, decorated
at the left arms of tiles A2 and A3, respectively. The prepared
three DNA origami monomers (A1, A2, and A3) were mixed at a
molar ratio of 1:1:1 in a 1xTAE buffer solution (pH = 5.0)
containing 10 mM of magnesium acetate. At pH = 5.0, both T1
and T2 preferentially form intramolecular triplexes (folded
state) and limit the cohesion ability of their sticky ends, thereby
keeping DNA origami Al, A2, and A3 unhybridized in solution.
As the pH value is increased from 5.0 to 7.5, DNA triplex sets T1
and T2 respond differently: T1 dissociates and, thus, releases
the sticky ends on tile Al, which then bind to their
complementary partners (T1’) on tile A2. This results in the
formation of A1/A2 dimers after thermal annealing from 35°C
to 25°C over 12h while, on the other hand, T2 still remains
folded due to high T-A-T content (73%), leaving the tile A3
monomer alone. When the pH value is further increased to 9.0,
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A1/A2/A3 trimers can be formed through sticky-end association
between dimer A1/A2 and tile A3, that results from the
unfolding of DNA triplex T2 and, thereby, causes release of the
sticky ends on tile A2. This assembly system can also be
reconfigured in reverse via a decrease of pH back to neutral, and
further to an acidic condition, allowing the origami trimers to
dissociate into dimers and further into monomers, once again.
As proof-of-principle, the reversible assembly of two DNA
origami dimers (A1/A2 and A2/A3), triggered by DNA triplex
sets, T1 and T2, respectively, was first tested. In the case of
A1/A2 dimer, as shown in Figure 2, at pH = 5.0, the hybridization
between tile A1 and tile A2 is inhibited due to the strong
stability of DNA triplex T1. In contrast, changing the pH to 7.5
causes the destabilization of Hoogsteen interactions in the DNA
triplexes, thereby, triggering two origami monomers to
associate into the dimer structures (A1/A2). Figures 2B and 2C
show the resulting origami monomers and dimers observed at

A

Fig. 2 DNA triplexes (20% T-A-T) - driven assembly/disassembly of DNA
origami dimer A1/A2. (A) Schematic drawing of the pH-stimulated cyclic
assembly of DNA origami dimers through DNA triplex set T1 between pH 5.0
and 7.5. (B) AFM images of DNA origami monomer at pH=5.0 and dimer at
pH=7.5 (C). Scale bars: 500 nm.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 3 of 6

i pH50 pH7.5 pH 9.0
— —— =
u’_ pH 5.0

(e s — |

Fig. 3 pH-stimulated stepwise assembly/disassembly of DNA origami trimer.
(A-C) AFM images of DNA origami assemblies at pH=5.0, 7.5, and 9.0,
respectively, to show the three-state transitions from monomer to dimer to
trimer. (D) Stepwise and reversible assembly of DNA origami trimer
demonstrated by agarose gel electrophoresis. Left lane of each image is a
DNA origami monomer used as reference control to show the band mobility
of targeted dimers and trimers. Scale bars: 500 nm.

pH 5.0 and pH 7.5, respectively. The statistical analysis of the
atomic force microscopy (AFM) images reveals that ~ 87% DNA
origami tiles are present in a dimeric form at pH 7.5 (see Figure
S1 and Table S1). Similarly, the DNA triplex T2 guided reversible
monomer — dimer transition of another origami pair, A2/A3,
was also examined. The AFM image analysis, as shown in Figure
(S2), presents a reversible transition from the monomer tiles (at
pH 7.5) to the dimers (A2/A3, at pH 9.0), with a ~86% of dimer
formation yield (Table S2). In order to increase the targeted
dimer yield, the thermal annealing process was employed after
the pH triggered unfolding of DNA triplexes. According to our
agarose gel analysis, the annealing process enhances the dimer
(A1/A2) yield from ~ 75% to ~ 89%, when the mixture of Al and
A2 is annealed from 38°C to 25°C, instead of incubating at room
temperature for 6h (Figure S3). However, for the dissociation
process, the annealing procedure is not required because of the
formation of stabilized DNA triplexes after changing the pH.2°-3!
Together, these results confirm that the DNA triplex-assisted
assembly of each DNA origami dimer works effectively in
response to their corresponding pH environment.

Next, the reversible three-state transition (monomer —
dimer - trimer) of a three-tile origami system (A1, A2, and A3),
regulated by the conformation change of DNA triplex sets T1

This journal is © The Royal Society of Chemistry 20xx
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and T2 together, was investigated (Figure 1). Figures 3A-3C
show the representative AFM images of the resulting
productions generated at pH=5.0, 7.5, and 9.0, respectively. It
can be seen that a majority of DNA origami tiles, at pH 5.0,
remain as monomers. When the pH increases to 7.5, as
expected, a mixture of dimers (A1/A2) and monomers (A3)
yields. Upon further increase of pH to 9.0, linear origami trimer
structures (A1/A2/A3) start to appear (Figure 3C and Figure S4).
The cross-section analysis of DNA origami monomer, dimer, and
trimer are shown in Figure S5, their corresponding sizes are
consistent with our design. The stepwise reversible assembly
process of DNA origami trimers is also demonstrated by gel
electrophoresis. As can be seen in Figure 3D, along with an
increase in pH, from 5.0 to 7.5, and further to 9.0, the targeted
bands exhibit a slower and slower electrophoretic mobility
corresponding to the formation of dimers and trimers at pH 7.5
and 9.0, respectively. When reducing the pH back, from 9.0 to
7.5, and further to 5.0, the samples result in faster and faster
electrophoretic mobility, indicating that the trimers undergo
structural dissociation, thereby transitioning to dimers +
monomers (A1/A2 + A3), and then further to monomers (A1, A2,
and A3). Quantitative analysis of the gel band intensity shows
that a majority of DNA tiles stay as monomers at pH 5.0; 55%
origami tiles form dimers at pH 7.5; and 72 % origami
successfully assemble into trimers at pH 9.0. By switching the
pH between 5, 7.5, and 9, the system can be further
reconfigured multiple times in a fully reversible manner (Figure
S6). These results suggest that the pH-regulated consecutive
multistep assembly/disassembly of DNA nanostructures can be
achieved by engineering the sequences of DNA triplexes.

To further demonstrate the reversibility of pH-stimulated
multiple steps of assembly of DNA origami nanostructures, the
dynamic light scattering (DLS) method was used to monitor the
assembly processes via detection of the size variations of DNA
structures from monomers, dimers, to trimers in response to pH
stimulation (Figure S7 and S8). Two working cycles composed of
9 steps of transition induced by pH changes between pH5 and
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Fig. 4 Working cycles of DNA triplex-driven DNA origami nanostructures
stepwise assembly/disassembly in response to pH stimulation. The size
decreases after pH changing from 9 to 7.5, and keeps decreasing at pH=5,
then increases with pH increasing.
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Fig. 5 pH-trigged stepwise assembly/disassembly of 9-tile DNA origami nanoclusters. (A) Schematic drawings of the reversible association of 9-tile DNA origami
clusters. (B-D) AFM images of DNA origami at pH=5 (monomer), pH=7.5 (5-tile), and pH=9 (9-title), respectively. Scale bars: 500 nm.

pH 9 were observed (Figure 4). In this way, the working system
can be switched back and forth between the stepwise
association and dissociation states controlled by pH stimulation.
In addition, the DLS assay was also employed to monitor the
dynamic dissociation of DNA origami nanostructures in real-
time. After the pH was changed from 9 to 7.5, the size of DNA
origami assemblies gradually decreased from ~75 nm to ~60 nm
over the time course of 150 mins (Figure S9A), indicating the
DNA origami trimers were dissociated to dimers due to the
release of tile A3 by refolding of DNA triplexes (73% T-A-T).
Figure S9B shows the decreasing size of DNA origami assemblies
from ~60 nm to ~50 nm once the pH further changed from 7.5
to 5, corresponding to the transition from dimers to monomers.

Encouraged by the successful assembly of the DNA origami
trimers in a stepwise reversible manner, we further
demonstrate the scalability of the controlled formation of more
complex 9-tile DNA nanoclusters, based on the same
aforementioned approach, as schematically shown in Figure 5A.
In this design, three cross-shaped DNA origami tiles, A4 (blue),
A5 (green), and A6 (brown), were employed. Each arm of tile A4
was modified with the four ssDNA (red), providing coupling to
the complementary sticky-ends in the DNA triplex set T1*
containing 20% T-A-T (red) decorated on one arm of tile A5. Two
neighboring arms of tile A6 contain the two strands of DNA
triplex set T2* with 73% T-A-T (black), whose sticky-end
domains are complementary to the ssDNA (black) attached on
the two arms of tile A5. In order to prevent the uncontrolled
orientation of origami tiles, distinct sequences of hybridized
sticky-ends are designed in a prescribed order (see supporting
information for DNA sequences). As demonstrated in previous
studies, at pH 5, both DNA triplex sets T1* and T2* are in close
states, thereby keeping all of the DNA origami in monomers.

4| J. Name., 2012, 00, 1-3

Increasing the pH to 7.5 leads to the dissociation of triplex set
T1* and, thus, resulting in the appearance of 5-tile origami
clusters. As the pH is further increased to pH 9.0, the triplex set
T2* ontile A6 is also activated, leading to the formation of 9-tile
nanoclusters. Figures 5B-5D, respectively, show the AFM
images of resultant assemblies generated at pH 5.0, pH 7.5, and
pH 9.0 after gel purification, which are in excellent agreement
with our design (Figure S10). The gel mobility shift assay also
confirms that this pH-induced stepwise assembly process is fully
reversible (Figure S11). Due to the flexibility of a cross-shaped
DNA origami unit and the incomplete transition of DNA triplexes
from triplex-to-duplex states, the partial formation and
aggregates of 5-tile and 9-tile clusters can be observed in the
absence of previous gel purification, as evidenced by AFM
images in Figure S12. Therefore, optimizing the structural
rigidity of DNA units, and improving the pH sensitivity of DNA
triplexes, or introducing other robust, and novel dynamic linkers
into the system are the key to the scale-up of stepwise self-
assembled DNA nanostructures.

Conclusions

We successfully demonstrate a pH-driven stepwise
assembly/disassembly of DNA origami nanoclusters with well-
defined geometries for each step. Specifically, two types of DNA
triplexes, containing 20% and 73% T-A-T, are utilized as the
dynamic bridges in controlling the reversible assembly of DNA
clusters in response to successive pH-stimulation processes.
We show the formation of DNA origami trimers and more
complex 9-tile clusters in a stepwise, selective and reversible
manner. Our study provides a new and straightforward
approach for fabricating well-defined DNA nanostructures

This journal is © The Royal Society of Chemistry 20xx
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regulated by changes in pH value. These multi-level and
dynamic assemblies, in particular, may attract biomedical
applications due to their specific responses towards wide
ranges of pH environments,3% 33 mimicking the different parts
of organelles, for developing pH-responsive drug delivery,3*
gene therapy,3® and the enzyme cascade reactions.3® Due to the
competition of DNA triplexes at wide range of pH environments,
it’s also possible to use such structures for DNA computation.3?
Additionally, it is expected that other triggers, such as light, gas,
ions, and ligands can be involved to mimic living organisms that
can extend our capabilities to create more sophisticated and
smart functional nanostructures.
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