Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂw

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Nanoscale

COMMUNICATION

Nanoscale

RSCPublishing

A switchable DNA origami nanochannel for regulating

Cite this: DOI: 10.1039/x0xx00000x

molecular transport at nanometer scale

Dianming Wang, “ Yiyang Zhang, “ Miao Wang, “ Yuanchen Dong, “ Chao Zhou, “
Mark Antonin Isbell,* Zhongqiang Yang, ¢ Huajie Liu, " and Dongsheng Liu**

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

A nanochannel with a shutter at one end was built by the
DNA nanotechnology. Using DNA hybridization the shutter
could be opened or closed, influencing the transport of
materials through the channel. This process was visualized by
an enzyme cascade reaction occurring in the structure.

Transmembrane protein channels play an important role in
various biological processes, regulating the transport of
materials and signals through biomembranes.! Therefore
studying their operating mechanisms 1is vital for better
understanding of life processes. Various artificial biomimetic
nanochannels have been fabricated to mimic and simplify
protein channels including: solid-state nanochannels made by
drilling holes with focused ion beams, laser or chemically
etched polymers or silicon membranes.”> However, so far those
technologies are not as accurate as biological nanochannels due
to difficulties in controlling their dimensions.” In recent years,
structural DNA nanotechnology, in particular DNA origami
technology has proved to be a very efficient method to
construct two to three dimensional, mono-dispersed, precisely
addressable  nanostructures, and have furthered the
development of artificial nanochannels.” In 2011, Keyser et al.
constructed a conical DNA nanochannel that can be inserted
into solid-state nanopores.® The designed shape enabled the
structure to fit into different pore sizes and make the inner
effective pore size mono-dispersed. In the following year, Dietz
and Simmel et al. published a syringe-shaped DNA origami
nanochannel; by modifying cholesterol around the needle, the
structure could penetrate and span a lipid membrane.’® Recently,
several groups have used DNA tile structures, specifically DNA
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interactions with cancer cells.’® However, these

dispersed in diameter, they still lack another essential property
of protein channels: controllable r(:sponsiveness.6 Herein, we
report an intelligent DNA nanochannel with a shutter at one end,
which could be reversibly switched open and close, using the
DNA chain exchange reaction. The opening and closing of the
shutter influenced the transport of materials through this
nanochannel and the processes have been visualized by an
enzymatic cascade reaction’ within the channel. This research
not only provides a new strategy for preparing intelligent
nanochannels, but also opens up new possibilities for studying
in restricted

material transport at the nanometer scale

surroundings.

Our strategy is shown in Fig. 1. A DNA origami nanochannel
was prepared by rolling up a rectangle origami’® with DNA
sequences that can change their own conformations upon
stimuli located on one side of the rectangle. With the formation
of the nanochannel, the DNA strands turn into a responsive
shutter at the end of cylinder. The detailed designs of the
rectangle origami are shown in Fig. S1-S5. As the rectangle
origami is not strictly a 2D plane, ** 7 it preferred to roll up
along its concave surface and keep a cylindrical shape with the
help of sticky ends, placed as extensions, at the top and bottom
helices. The nanochannel was 100 nm long and had a diameter
of 22 nm following the size of the rectangle origami. Here, we
added a row of 11 staple strands containing same 15-nt
overhangs to one edge of the rectangle origami in an upright
position to the concave side (Fig. S2). When rolled up, the 15-
nt overhangs, called shutter strands, formed a shutter at the end
of the nanochannel. As synthesized, according to earlier work,
2: 24 they are flexible and loosely packed at the edge of the
DNA origami inner wall, and the nanochannel is considered
open. By adding the single strand DNA (ssDNA)
complementary to the 15-nt overhangs, called the lock strands,
they hybridized with the overhangs forming rigid DNA
duplexes. Due to the addition of possession length and the
crowding effect, the efficient pore size of the nanochannel
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decreased, effectively closing the shutter. By synthesizing the
lock strand with a mismatch at the 9th base from its 3’ end and
an 8-nt-toechold sequence at its 5° end, they could be displaced
from the overhangs with their full complementary strands;
named key strands, and as a result reopen the cylinder. We
therefore constructed a DNA origami nanochannel equipped
with a reversible shutter at one end.

[
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Fig. 1. Schematic illustration of reversible regulation of
material entering the nanochannel by controlling the shutter
open and closed. This DNA origami nanochannel is a scaffold

for a model glucose oxidase-horseradish peroxidase (GOx-HRP)

cascade reaction.

We first verified whether the nanochannel could be formed as
designed. Fig. 2a and 2¢ show that structures containing shutter
strands were obtained. Then we hybridized the nanochannel
with lock strands modified with biotin at their 5’ end. The bond
between biotin and streptavidin was verified via atomic force
microscopy (AFM). A group of six close placed dumb-bell
loops that provide a height contrast under AFM imaging were
positioned in the further corner from the enzymes of the
nanochannel as a topographic index reference (Fig. S2 and S3)
to unambiguously determine the relative positions of the shutter
(Fig. 2).® A height increment of, ca. 2 nm, at the end of the
cylinder and on the opposite side of the index, was visible in
Fig. 2b. We concluded that the lock strands hybridized at the
end of the nanochannel proving the shutter could be closed. It is
worth mentioning that the streptavidin did not bind two biotins
from different nanochannels together (Fig. S6). This suggests
the shutter strands preferred pointing inwards to the channel
instead of outwards in line with our design, the latter of which
would have resulted in the bond of two cylinders side by side.
Next we attempted to re-open the nanochannel by employing
23-nt-lock strands, containing mismatches at the 9th base and
an 8-nt-toehold sequence, and hybridizing them with the shutter
strands. The key strands hybridized with the lock strands,
displacing them from the channel. As a result the shutter
strands became single stranded, opening the shutter. This was
verified by binding the streptavidin to biotinylated lock strands
containing toeholds as previously described. The additional
height at the end of the cylinder confirmed that the lock strands
hybridized with the shutter strands (Fig. 2d). In contrast when
the key strands displaced the biotinylated lock strands, the bond
between streptavidin and biotin did not occur at the end of
nanochannel, thus the height did not increase (Fig. 2¢). These
results show that we efficiently controlled the opening and
closing of the DNA nanochannel as we designed.

We verified that the designed DNA nanochannel could
modulate substance transport by immobilizing two cascade
enzymes, glucose oxidase (GOx) and horseradish peroxidase
(HRP), inside the channel. We theorized that the activity of the
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cascade reaction would be regulated by the opening and closing
of the shutter. We therefore studied the efficiency of the
enzymes in both cases. The enzymes used were immobilized
within the structure following established methods.”> AFM here
was used to character the enzyme-modulated nanochannels (Fig.
S8). GOx was about 13 nm from the shutter, and HRP was an
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Fig. 2. AFM images and height profiles for DNA nanochannel.
a) Open nanochannel; b) closed nanochannel, the height
increment at the end of nanochannel in height profile was due
to the bond between biotin (modified at the 5° end of lock
strands) and streptavidin; c-e) the reversible open-closed-open
state of nanochannel, respectively. The blue arrows highlight
the height increment of the nanochannel at the closed end; the
white arrows highlight the index on the nanochannel.

additional 15 nm from the former approximately. GOx
catalyzes the oxidization of glucose generating gluconic acid
and hydrogen peroxide. The latter is then catalytically reduced
into water by HRP. The whole process can be visualized as
2°2’-azino-bis [3-ethylbenzthiazoline-6-sulphonic-acid]
(ABTS?) turning into ABTS™. The reaction was monitored in
situ via UV-Vis spectroscopy. In order to close the nanochannel,
a 10-fold excess of 15nt lock strands were added to hybridize
with the shutter strands, forming rigid duplex DNA structures.
Fig. 3a shows that the enzymes positioned within non-shuttered
or open shuttered nanochannels exhibited much higher
efficiencies than when freely dispersed in solution. It was likely
due to both the distance and caging effect of the confined
nanospace.’® There were no apparent differences in efficiencies
between the non-shuttered and open shuttered nanochannels. It
was attributed to the shutter strands being flexible single
stranded DNA, allowing substances to flow freely into the
nanochannel. In contrast when closed, the reaction efficiency
decreased by about 28% after approximately 2000 s. This was
due to the rigid DNA duplex partially blocking the entrance to
the structure preventing the flow of substances into it.
Furthermore, if the lock strands only contained 8 bases,
meaning they only hybridized with 8nt at the bottom of the
shutter strands leaving the shutter ajar, the efficiency of the
reaction occurring in the nanochannel decreased by only about
8%. It further proved that the area blocked by the double

This journal is © The Royal Society of Chemistry 2012
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strands influenced the shuttering efficiency. These results
indicated that the DNA shutters as designed could regulate the
transport of molecular substances through the nanochannel.

We further tested the reversibility of the shutter mechanism
through the sequential addition of 23-nt-lock and key strands,
performing a cycle change: open-close-open, and monitored it
via UV-Vis spectroscopy. We used a 2000 s increment to
analyze the efficiency of the enzyme cascade reaction. We
knew that when the lock strands were added the shutter closed
by a dramatic decrease in absorbance as shown in Fig. 3b. This
is in agreement with the data from Fig. 3a, which showed the
closed nanochannel hindering the flow of substances and
lowering the efficiency of the reaction. When key strands were
added, the structure reopened and the efficiency of the reaction
recovered. In addition, if the lock strands did not contain
mismatches, the key strands only partially replaced the lock
strands in our experiment condition, in which case the shutter
was not fully opened and the efficiency of enzyme reaction was
only partially recovered (Fig. S9 and S10). We concluded that
adding lock and key strands could manipulate the nanochannel
by opening and closing the shutter, and as such control
substance transport in a reversible manner.
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Fig. 3. a) Plots of product concentration vs time for different
state nanochannels and free enzymes. GOx: HRP: DNA
nanochannel = 1 nM: 1 nM: 0.5 nM. b) Absorbance increment
of reaction in 2000 s controlled by the states of shutter in one
cycle. The chart showed results obtained from three
independent experiments.

Additionally, we placed the shutter on the opposite end of the
channel further from the enzymes to study this influence on the
cascade reaction efficiency. Both the number and sequence of
the shutter strands were identical to the previous experiment.
AFM characterization of the cylinder in Fig. 4a showed that the
addition of biotinylated 15nt lock strands and streptavidin lead
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to a height increase at the end of nanochannel indicating the
successfully placement of the shutter. Due to the distance
between the shutter and the index was very close (Fig. S3), it
was difficult to distinguish these two height increases in the
height image of AFM. However, we could notice that there
were two adjacent distinguishable peaks in the section analysis
image. The higher one represented the closed shutter and the
lower one was the index. It indicated the successfully
placement of shutter on the same side of the index, or the
opposite end of the enzymes. Just as before, real-time UV-Vis
spectroscopy was used to monitor the enzyme cascade reaction
efficiency (Fig. 4b). The forming of the rigid duplex DNA
structures decreased the reaction efficiency as it hindered
substrates from getting into the channel to be catalyzed by the
enzymes. However, we found the reaction efficiency decreased
by only about 16% after approximately 2000 s, much lower
than in the previous experiment. Furthermore, we also placed
the shutter on both ends of the nanochannel (Fig. S11a). It was
consistent with speculation that the reaction efficiency showed
the most significant decline, about 35%, in this condition by the
real-time UV-Vis experiment (Fig. S11b). We concluded that it
was facilitated for substrate molecular getting into the
nanochannel to be catalyzed by enzymes through the entrance
near from them. Most importantly, all these results showed the
successful construction of a shuttered nanochannel based on
DNA origami, which could regulate molecular transport at the
nanometer scale.
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Fig. 4. The nanochannel with a shutter on the opposite end of
the enzymes. a) AFM image and height profile for the closed
DNA nanochannel. The blue arrows highlight the height
increase of the nanochannel at the closed end; the white arrows
highlight the index on the nanochannel. b) Plots of product
concentration vs time for different state nanochannels and free
enzymes. GOx: HRP: DNA nanochannel = 1 nM: 1 nM: 0.5
nM.

In order to show the scalability of the design, we also studied
DNA nanochannel with a 12 nm diameter. Compared with the
one with 22 nm diameters, the former had a greater hindrance
due to its smaller pore size even though it only contained 5
shutter strands. AFM characterization of the 12 nm diameter
cylinders in Fig. 5a showed that the addition of biotinylated
15nt lock strands and streptavidin lead to a height increase at
the end of the nanochannel indicating it opened and closed. The
real-time UV-Vis spectroscopy results in Fig. 5b; of the enzyme
cascade reaction in the 12 nm diameter nanochannel showed a
reaction efficiency decrease of about 46% when closed. These
results suggest that by tuning the size of the pore, substance
transportation can be further custom controlled.

It is worth noting that the shuttering efficiency was not 100%
even with closed shutters at both ends of the nanochannel. Two
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Fig. 5. 12 nm diameter nanochannel. a) AFM image and height

profile for closed 12 nm diameter DNA nanochannel. b) Plots
of product concentration vs time for different state
nanochannels and free enzymes. GOx: HRP: DNA nanochannel
= 0.5 nM: 0.5 nM: 0.5 nM. The scale bar is 100 nm.

possible non-mutually exclusive reasons are proposed: firstly,
according to our design, the pore cannot be completely closed
by the shutter (Fig. 1). To balance both the molecular crowding
in the middle and loose packing near the edge, we chose eleven
15bp duplexes to form the closed shutter in a 22 nm
nanochannel, leaving gaps between duplexes near the edges and
a hole in the middle. This design enables reliable shutter
operations by sacrificing some efficiency. However, the
efficiency could be improved by different designs, for example:
Xia and coworkers recently reported that cross-linked DNA
superstructures could be more efficient gatekeepers for solid-
state nanopores, ° and we believe this strategy could also be
easily applied to nanotubes fabricated by DNA origami
technologies. Secondly, it is known that DNA origami is
somewhat permeable to uncharged small molecules and even
DNA single strands attached onto the origami.'” This has been
attributed to the low packing density of highly negatively
charged DNA chains and the thermal fluctuations of DNA
assemblies. Thus the substrates might leak into the DNA
nanochannel via the hole on DNA origami wall. Nevertheless,
this problem could be solved by wrapping the nanochannel with
a lipid bilayer following a novel ‘frame guided assembly’
strategy, '' or simply inserting the nanochannel into a solid-
state nanopore similar to what Keyser has done.>

Conclusions

In summary, we have successfully prepared an artificial, size
mono-dispersed, responsive nanochannel with structural DNA
nanotechnology, which retained two main characteristics of
protein channels. This rational design can be summarized as a
DNA nanochannel, formed by rolling up a 2D DNA origami
sheet, with a built in molecular shutter, which works due to
collective effects of several DNA hybridization. AFM was used
to characterize and verify the successful construction of these
structures. Upon DNA hybridization, the shutter could be
opened and closed reversibly influencing the molecular
transport through the channel. This process was visualized by a
cascade enzymatic reaction, which was conveyed by two
sequentially immobilized enzymes inside the channel. When
the shutter was closed, the efficiency of cascade reaction in the
nanochannel dropped, indicating the flow of substrate was
obstructed. With established strategies, this smart DNA
nanochannel also has the potential to be combined with solid-
state nanopores>® ' or inserted into lipid membrane™ to further
mimic functions of natural protein channels, and be more

4 | Nanoscale, 2012, 00, 1-3

responsive than its similar counterparts due to the design ability
of DNA sequences. We believe that, this work provides not
only an effective and simple strategy for constructing size
mono-dispersed smart nanochannels, but also a platform for
studying material transport at the nanometer scale in restricted
surroundings.
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