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DNA origami translocation
through a solid-state nanopore†

Jing Yang,*ab Nan Zhao,‡a Yuan Liang,‡a Zuhong Lu*c and Cheng Zhang *b

Nanopore detection is a label-free detection method designed to analyze single molecules by comparing

specific translocation events with high signal-to-noise ratios. However, it is still challenging to understand

the influences of structural flexibility of 100 nm DNA origami on nanopore translocations. Here, we used

solid-state nanopores to characterize the translocation of “nunchaku” origami structures, the flexibility of

which can be regulated by introducing specific DNA strands and streptavidin protein. The structural

changes can result in significant variations in the translocation signals and distributions. It is anticipated

that such a method of the flexible DNA origami translocation through a solid-state nanopore will find

further applications in molecular detection as well as biosensing.
Introduction

DNA origami is a versatile assembly method to construct
various programmable and addressable nanostructures. It has
attracted signicant research interest with applications in
molecular engineering, diagnostics, biosensing, molecular
sensors,1,2 drug delivery,3–8 and enzyme cascade reactions.9–13 In
particular, origami enables an accurate control of nano-
structure conformations via DNA base-pairing.14–20

Nanopore-based devices are ultra-sensitive with regard to
conformational changes and label-free modications at the
single-molecule level.21–24 Nanopore detection extracts charac-
teristics of target molecules by monitoring changes in current
signals as the target moves through the pore. Compared with
biological nanopores, solid-state (SS) nanopores have control-
lable shapes and sizes, enabling the detection of various
molecules,25–35 such as nucleotides,25–29 proteins,30–32 and reac-
tion products.33–35 DNA origami translocation through a SS-
nanopore has been well-developed by using simple, linear,
double DNA duplexes and nanostructures with xed geome-
tries.36–38 Although DNA origamis are detected adequately with
SS-nanopores, the focus has been on monitoring the trans-
location of xed geometries. It is still a challenge to analyze the
exibility of origami structures via translocation through a SS-
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nanopore. Ideally, it would be advantageous to monitor small
nanostructural changes via nanopore detections.

In this study, we designed a 100 nm three-dimensional DNA
origami with a “nunchaku” structure resembling two sticks
connected at one end by a short chain, and examined trans-
location through 20 nm-diameter silicon-nitride nanopores.
Moreover, the exibility of the origami structures can be regu-
lated by DNA hybridization and streptavidin (SA) protein
binding. Here, various kinds of origami structures are detected
using the SS-nanopores to produce different nanopore signals
and distributions. The experimental results demonstrated that
SS-nanopores can monitor the origami exibility induced by the
binding of DNA and protein. This method has potential appli-
cations in biomolecular detection and biosensing.
Result and discussion

A DNA origami structure (origami-1) was designed as
a nunchaku with a total length of 90 nm (Fig. 1a), assembled
with a m13mp18 scaffold and 145 short staples (Table S1†).39

The origami-1 structures can be exibly and dynamically
controlled, and are divided into three parts. The two ends are
nano-cylinders with 30 nm lengths and 14 nm diameters. A
group of connectors consisting of six single-stranded (ss) DNAs
form a 30 nm link between the two nano-cylinders. Control of
the origami conformation was established by introducing
specic DNA helper strands to pull the cylinders ends closer to
each other (Fig. S1†).

The nunchaku origamis were assembled via one-step
annealing and characterized with agarose gel electrophoresis
and transmission electron microscopy (TEM). As shown in
Fig. 1b, a sharp gel band was observed in the gel lanes indi-
cating the target products. In the TEM images in Fig. 1c, various
origami-1 structures were observed as straight and bent shapes,
RSC Adv., 2021, 11, 23471–23476 | 23471
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Fig. 1 (a) Origami-1 structure and dimensions. (b) 1% agarose Gel
results for origami-1. (c) TEM images of origami-1. Scale bar: 200 nm.
(d) Schematic of nanopore detection of origami translocation. The
structures to be detected and the corresponding specific signals are
shown.
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possibly due to the soness in the middle section. In the TEM
results, most of the origami-1 structures were formed as
designed. In the nanopore experiments, origami-1 was detected
with 20 nm-diameter SS-nanopores fabricated in 30 nm thick
SiNx membranes (Fig. 1d). To avoid misfolded products, the
assembled DNA origami structures were rst puried by elec-
trophoresis, and then detected with the SS-nanopore in buffer
of 1 M KCl. Accordingly, the specic nanopore signals
Fig. 2 Dynamic control of origami structures. (a) Schematic of structural
(more signals are shown in Fig. S4–S6†) when only one pair of the compl
three pairs of the complementary strands (H1/H6) were introduced, orig
for the three origamis. The red arrow is the origami structures that was

23472 | RSC Adv., 2021, 11, 23471–23476
representing the target origami translocation can be obtained
as shown in Fig. 1d.

In the design, the origami structures can be regulated by
adding DNA helper strands (H1/H6) that specically comple-
ment the six ssDNA connectors. Origami-1 is constructed
without adding DNA helper strands, thus with exible struc-
tures of straight and bent shapes as indicated in Fig. 2 and S8.†
By selectively adding specic DNA helper strands, two other
structures of origami-2 and -3 can be constructed. When only
one pair of helper strands (H1 and H2) are introduced, the
origami-2 is designed to form with a bent structure (Fig. 2a and
S1b†). In this state, only one point of the cylindrical cross
section was tightly connected, while two other points freely
swayed. TEM images indicated that most of the origami-2
structures were bent with a statistical range of angles over
100–180 degrees (Fig. S9†). Interestingly, when all three pairs of
helper strands (H1/H6) were introduced to produce origami-3,
the cross-sections of the two origami cylinders were tightly
connected, the structures were designed to become straight
with a relative compact state. The TEM images indicated most
of the origami-3 structures were straight with angles of 180
degrees (Fig. 2a and S10†). Meanwhile, the gel electrophoresis
results veried that three distinct origami structures were
assembled before the purications (Fig. 2b). However, there
were no signicant differences can be found in the gel migra-
tion speeds of the three origami product bands.

To demonstrate the nanopore signals are indeed induced by
the translocations of DNA origami, the varied voltages of
changes in origami-1, TEM images and characteristic nanopore signals
ementary strands (H1, H2) was introduced to produce origami-2. When
ami-1 became origami-3. Scale bar: 200 nm. (b) 1% agarose gel results
formed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Translocation event characteristics of origami-3 through a 20 nm-diameter nanopore in 1 M KCl at pH 8.0, for positive applied biases of
400mV, 500mV, and 600mV. (a) Scatter plots of origami-3 events at three applied biases. (b) Current traces at the same time scale for the three
applied biases. (c) Mean maximum current blockage vs. applied bias. (d) Mean dwell time as a function of applied bias.
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400 mV, 500 mV and 600 mV were applied. The specic trans-
location events of origami-3 can be observed under the different
voltages in Fig. 3a. The nanopore results indicated that the
frequency of translocation events increased when higher bias
Fig. 4 Translocation event characteristics of three different DNA origa
a +500 mV bias. (a) Schematic of flexibility of three origami. (b) Scatter p
mean variances in blockage current. (d) Comparison of mean variances

© 2021 The Author(s). Published by the Royal Society of Chemistry
voltages were applied in Fig. 3b and S2.† For origami-3, the
mean blockage currents were about 896 pA, 1126 pA, 1568 pA
for applied biases of 400 mV, 500 mV, and 600 mV, respectively
(Fig. 3c). The statistical results demonstrated that the
mis through a 20 nm-diameter nanopore in 1 M KCl at pH 8.0 and
lot of maximum current blockage versus dwell time. (c) Comparison of
in dwell time. (e) Comparison of dispersions.

RSC Adv., 2021, 11, 23471–23476 | 23473
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maximum blockage current increased with applied bias. In
addition, the mean dwell time (0.53 ms, 0.38 ms, and 0.35 ms)
decreased with increasing biases (400 mV, 500 mV, and 600 mV,
respectively). These results were consistent with previous
reports on assembled DNA complex (e.g., tetrahedra DNA)
translocation through SS-nanopores.40

The results for translocations of origami-1 structure (Fig. 2)
at applied positive biases of 300 mV, 400 mV, and 500 mV were
similar to those for origami-3 (Fig. S3†). The number of trans-
location events of origami-1 was signicantly reduced at
+300 mV, possibly due to an insufficient force to pull the
structures through the channel (Fig. S3†).

Because the exible origami cylinder structures collided with
nanopore edges during the translocation, the exibility of
origami structures would have an inuence on the nanopore
signals. Here, three origami structures have different confor-
mational exibilities as indicated in Fig. 4a. Clearly, the struc-
ture of origami-1 has a maximum exibility for its soness in
the middle section (Fig. S7†). While the exibility of origami-2
become less, it is because one point of the cylindrical cross
section was tightly connected Fig. 4a. Nevertheless, the struc-
ture of origami-3 almost lost the exibility due to the tight
connection between the cross-sections of the two origami
cylinders Fig. 4a.

The feasibility of using nanopores to characterize DNA
origami with different structural exibilities was examined by
individually translocating the origami-1, origami-2, and
origami-3 structures through the 20 nm-diameter SS-nanopore.
All the experiments were performed in 1 M KCl at a +500 mV
bias, and the origami samples were added to the cis reservoir at
a nal concentration of 1 nM. To compare differences in the
translocation signals of the three samples, statistical analyses of
Fig. 5 Nanopore characterization of an origami/protein complex. (a)
streptavidin (SA). (b) TEM images of the complex. Scale bar: 200 nm. (c) T
nanopore; the dark blue current trace was produced by origami-2 tran
complex. (d) Scatter plots of the complex translocations in 1 M KCl at pH
distribution.

23474 | RSC Adv., 2021, 11, 23471–23476
the translocation events were focused on current blockage and
dwell time. Fig. 4b plots the distributions of the translocation
event signals from the three origami samples.

Themean values in blockage current of origami-1, origami-2,
and origami-3 were 1 nA, 0.59 nA, and 0.86 nA, respectively
(Fig. 4c). Origami-3 translocations induced much higher mean
current blockages than those of origami-2, possibly because of
the protruding loop structures in the middle section created by
the extensive hybridization of the three helper strands.
However, origami-3 had the fastest mean translocation time at
0.37 ms (Fig. 4d). But the mean translocation time for origami-1
and origami-2 is 0.47 ms and 0.46 ms, respectively. This can be
understood in terms of the rigid and compact origami-3 struc-
ture relative to those of origami-2 and origami-1. Therefore, the
results indicate the exibilities of origami structures do affect
translocation through the nanopore.

It was observed in Fig. 4e that the signal distributions for
origami-1 had the largest dispersion in translocation events,
with much larger current blockages and longer translocation
(dwell) time (details of the calculations for the signal distribu-
tions are in the Fig. S12b†). In contrast, the origami-2 and
origami-3 signal distributions exhibited much less scattering
(Fig. 4e and S11†). A possible reason is that the free state of
origami-1 has more exible structures, which may greatly
increase collisions with the nanopore channel during trans-
locations, thus inducing larger blockages and longer trans-
locations. The relatively rigid structures of origami-2 and
origami-3 reduced the chances for collisions with the nano-
pore, and thus had fewer interactions during translocation. To
verify whether the signal distributions were affected by struc-
tural exibility, origami-4 was designed with 15 nm-long link
connectors in themiddle of the origami structure, instead of the
Binding schematic and gel results for a complex of origami-2 and
he green current trace was produced by SA translocation through the
slocation; and the yellow trace was produced by translocation of the
8.0 and a +500 mV bias. Histogram of blockage current and dwell time

© 2021 The Author(s). Published by the Royal Society of Chemistry
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30 nm-long link connectors used for origami-1 (Fig. S13a†).
Accordingly, there was less scattering in the signal distribution
for origami-4 relative to that of origami-1, as the shorter link
connector in origami-4 allows less structural exibility
(Fig. S13b–d†).

Taking advantages of molecular interactions inuencing the
origami conformational exibility, the streptavidin (SA) binding
method was used to regulate the origami nanopore trans-
locations. As shown in Fig. 5a, two biotin molecules were
designed to attach on the opposite cross sections of the two
cylinders in origami-2. Because one SA protein has four biotin
connection sites, origami-2 can form an origami/SA complex.
Aer the SA/biotin binding, the structure of origami-2/SA became
more rigid because the binding limited the swaying exibility of
the two cylinders. In agarose gel results, a slower migrating band
in the gel was observed upon introducing SA to the biotin-
labelled origami-2 (Fig. 5a). The best origami-2/SA yield was ob-
tained at an origami-2 to SA concentration ratio of 1 : 2. The SA
binding-induced origami-2 conformational change was
conrmed by TEM images, where most of the origami structures
were bent (Fig. 5b). By statistical analysis, the origami-2 angle
distribution becomes narrow aer SA binding, indicating an
effective regulation on the origami structures (Fig. S14†).

In the SA-origami binding inuenced nanopore experiments,
three kinds of samples were used to produce nanopore trans-
location signals: SA protein, origami-2, and the origami-2/SA
complex (Fig. 5c). The origami-2/SA complex was puried by
agarose electrophoresis. No translocation signal was generated
when only the SA protein was present. While signicant trans-
location signals were generated by origami-2 and the complex,
using the same SS-nanopore (Fig. 5c). Interestingly, the signal
distribution range of the SA/origami complex was much wider,
with relative larger current blockages and longer times, than
that of origami-2 only. Thus, the results indicate the SA binding
induced origami-2 conformational changes affected trans-
location. The mean value of the current blockages for the
complex was about 2000 pA, almost twice that of origami-2
(Fig. 5d), whereas the mean dwell time were almost the same
for origami-2 and the complex. The nanopore results demon-
strates that protein-binding-induced conformational changes
have more impacts on the current blockage than the dwell time.

Conclusions

In this work, we reported a method that used translocation
through nanopores to characterize the exible DNA origami
structures with 100 nm dimensions. The exibility of the
origami structures was designed to be controlled via DNA
strand hybridizations and protein interactions. The experi-
mental results revealed that small conformational changes in
the structures, as veried by TEM, resulted in signicant vari-
ations of the translocation signals and their distributions.
Hence, a SS-nanopore is able to monitor conformational
changes in DNA origami structures and could be used for
broader applications. Overall, this approach provides a label-
free and rapid tool for conformational characterization of
DNA origami, as well as nanopore diagnostics and biosensing.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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