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ABSTRACT We combine DNA origami structures with glass nanocapillaries to reversibly form
hybrid DNA origami nanopores. Trapping of the DNA origami onto the nanocapillary is proven by
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imaging fluorescently labeled DNA origami structures and simultaneous ionic current measure-

ments of the trapping events. We then show two applications highlighting the versatility of
these DNA origami nanopores. First, by tuning the pore size we can control the folding of dsDNA
molecules (“physical control”). Second, we show that the specific introduction of binding sites in
the DNA origami nanopore allows selective detection of ssDNA as a function of the DNA sequence

(“chemical control”).
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caffolded DNA origami' has emerged

as a unique and versatile method to

fabricate tailored nanostructures with a
wide range of exciting applications in sev-
eral scientific fields.>~* These include nano-
robots capable of stimulating cell signaling
for applications in biomedicine,>® bio-
mimetic systems to study motor protein trans-
port in cells,” chiral plasmonic nanostructures
with tunable optical response? structures
containing a cavity used for various biomole-
cular analyses such as enzymatic reactions,”'®
G-quadruplex formation investigation'' or
protein capture,'? and even functional single
molecule nanopore biosensors.”>'*  The
unique advantage of the DNA origami tech-
nique stems from the accurate control over
the shape of the structure at the nanometer
level that is easily achieved by harnessing
the programmability of DNA base-pairing
interactions.">® This salient property is extre-
mely valuable in the design and subsequent
self-assembly of artificial systems in which
nanometer control of shape and dimensions
is required.

One recent example of nanostructures
with a fundamental requirement of molecular
control of shape and composition is synthetic
nanopores made by silicon nanotechnology."”
Although these systems have been successfully
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utilized for label-free single-molecule sensing,
control of their internal architecture and surface
is necessary to increase their specificity and
sensitivity to various analytes.'®~ % Inspired by
the recent demonstration of proteins incorpo-
rated into solid-state nanopores for single-mo-
lecule sensing®’ the combination of DNA
origami structures with solid-state nanopores
promises an elegant and efficient alternative to
achieve total control over the nanopore geo-
metry and surface.'*'*??> The formation of
hybrid nanopores constituted by DNA origami
and silicon nitride nanopores capable of detect-
ing DNA™ and proteins' has been recently
reported. However, fabrication of silicon nitride
nanopores is challenging and time-consuming,
as it usually requires use of a transmission
electron microscope (TEM) or focused ion
beam to ablate the surface.”® Glass nanocapil-
laries made by laser-assisted pipet pulling offer
distinct advantages in terms of ease of manu-
facture without clean room facilities, orders
of magnitude reduced cost, and enhanced
throughput.>**® Our group has recently shown
the possibility to form hybrid DNA origami
nanopores with glass capillaries using multi-
channel devices.?

In this paper we go a step further, show-
ing the possibility to form these hybrid
DNA origami nanopores in a reversible
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and repeated fashion by combining different DNA
origami structures with glass nanocapillaries. We also
verify the hybrid DNA origami nanopore formation
using simultaneous ionic current and single-molecule
fluorescence detection. We then demonstrate two ap-
plications highlighting the versatility of DNA origami
nanopores: DNA translocation is controlled by varying
the pore size (“physical control”) or by using an oligo-
nucleotide overhang—prey system (“chemical control”).

RESULTS AND DISCUSSION

Glass nanocapillaries with an outer diameter of 46 +
9 nm (see Figure S1 in the Supporting Information)
were made by pulling glass capillaries with a laser-
assisted pipet puller. The glass nanocapillaries were
assembled into a polydimethylsiloxane device, schema-
tically shown in Figure S2 (see Supporting Information).?*
To show the feasibility of combining DNA origami nano-
pores with glass nanocapillaries, we designed a flat DNA
origami structure with outer dimensions of approxi-
mately 60 nm x 54 nm, two helices in height, and with
ananopore of 14 nm x 15 nm in the center (Figure 1a).In
this design double-helical DNA domains were packed ina
square lattice.'® Structures were folded by mixing scaf-
fold and staple strands in a 1:10 stoichiometric ratio and
annealing the mixture over 18 h. Agarose gel electro-
phoresis of the purified DNA origami structures and
atomic force microscopy (AFM) confirmed the formation
of the designed structures with high yield (Figure 1b and
Figure S3).

DNA origami nanopores were added to the reservoir
containing the nanocapillary tip to a final concentra-
tion of 0.5 nM in a 1 M KCI/5.5 mM MgCl, solution
buffered with 0.5 x TBE (pH = 8.2). A positive voltage
applied in the back reservoir produced DNA origami
trapping onto the nanocapillary, as expected.'>"*2
We observe within a few seconds of applying a poten-
tial of 300 mV a drop in the ionic current and an increase
in the current noise (current level “1” in Figure 1c and
Figure S4 in the Supporting Information). This indicates
the trapping of the DNA origami nanopore onto the glass
nanocapillary and thus the formation of a hybrid DNA
origami nanopore.'*'*?® The small size of the glass nano-
capillaries prevents translocations of the DNA origami
structures. Interestingly, ejection of the DNA origami
structure can be achieved by reversing the voltage to
—1000 mV (current level “2” in Figure 1c). After ejection
(current level “3” in Figure 1c), the initial current level is
recovered. Such trapping and ejection (Figure 1d) was
repeatedly performed over hundreds of times with the
same glass nanocapillary without fouling. We observe a
consistent percentage decrease in current upon trapping
of DNA origami nanopores. The distribution is caused by
different orientations of the DNA origami nanopores
(Figure 1e). Some larger drops appear due to the presence
of remaining DNA origami dimers or trimers even after
filtration. The demonstrated reversibility and reproducibility
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Figure 1. (a) Schematic representation of the DNA origami
structure with a central 14 nm x 15 nm pore. (b) Topo-
graphic AFM image of assembled DNA origami structures
deposited on mica and imaged in solution. (c) lonic current
trace showing reversible and repeated trapping and ejec-
tion of DNA origami on the glass nanocapillary (“14 nm”
design). 1: lonic current at 300 mV in the bare nanocapillary;
2: ionic current at 300 mV once the DNA origami has been
trapped; 3: ionic current upon applying a negative voltage
of —1000 mV (amplifier saturated). DNA origami was added
at a concentration of 0.5 nM in the measurement buffer. (d)
Schematic representation of the reversible DNA origami
trapping and ejection on the glass nanocapillary corre-
sponding to 1, 2, and 3 in (c), respectively. (e) Histogram
of the percentage drop in ionic current produced by 352
“14 nm” DNA origami nanopore trapping events on one
individual nanocapillary.

indicate the feasibility of combining DNA origami plat-
forms with solid-state nanopores for highly sensitive
and robust analyte detection.

To verify the successful trapping of the origami
structures on a nanocapillary, we combined single-
molecule fluorescence with ionic current detection
using a custom-built setup previously described.?’
Staple strands with a Cy3 molecule attached on the
5’ end were used at six sites on the origami structure.
The locations of the dye molecules are indicated in
Figure 2a. Imaging was performed at 200 frames
per second, and the fluorescently labeled origami
structure was trapped onto the nanocapillary by a
potential of 600 mV. A scheme of the setup is shown
in Figure 2a along with a bright field image of the
nanocapillary.

A DNA origami nanopore trapping is observed,
indicated by the bright spot at the tip of the nano-
capillary that appeared exactly when the ionic current
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Figure 2. (a) Schematic representation of simultaneous
fluorescence and ionic current detection using nanocapil-
laries. Cy3 dye molecules are attached at six sites on the
14 nm DNA origami design as indicated in green. Bright field
image of the glass nanocapillary, scale bar = 5 um. (b) lonic
current detection of origami nanopore trapping upon ap-
plying 600 mV. Images shown as insets in top-left and
bottom-right corners are an average of 200 frames taken
pretrapping (top) and post-trapping (bottom). (c) The DNA
origami is pulled onto the glass nanocapillary (image 2) and
then photobleaches in well-defined steps (images 3 and 4)
evident from decreases in the pixel intensity at the nano-
capillary tip. Each image shown is an average of 5 frames for
clarity. The time interval in the ionic current trace where the
photobleaching occurs is indicated by a green box (inset).
Labeled DNA origami was added at a concentration of 0.1
nM in the measurement buffer.

decreased, as shown in Figure 2b (see Video 1 for the
corresponding event in the Supporting Information).
To improve the signal-to-noise ratio, images averaged
over 200 frames before and after trapping of the DNA
origami are shown as insets in Figure 2b. The hybrid
origami nanopore can be discerned easily in the
bottom inset. As expected, the trapped origami struc-
ture remained stable for tens of seconds, as indicated

HERNANDEZ-AINSA ET AL.

VOL.7 = NO.7 = 6024-6030 = 2013 ACSN\A

by the ionic current measurement (Figure 2b). How-
ever, the Cy3 fluorophores bleached within a few
seconds in a stepwise fashion. This proves that the
presence of a single DNA origami structure leads to the
decrease in ionic current (Figure 2c). In order to
elucidate this, Figure 2c shows the pixel intensity at
the nanopore immediately before and after the origami
trapping. Also shown are images (averaged over 5
frames) corresponding to labels 1—4 in the pixel
intensity plot above the intensity time trace. The
intensity increases from the baseline level pretrapping
(image 1), and it is highest just at trapping (image 2). It
then reduces (image 3) and returns back to the pre-
trapping intensity level (image 4). The discrete levels
seen in the intensity are indicative of bleaching of
individual Cy3 fluorophores.?®

One of the most interesting characteristics of these
DNA origami nanopores is the possibility to control the
pore diameter by tuning the size of the pore in the DNA
origami structure. This overcomes the limitations im-
posed by the small but inevitable variability in the
diameter of the nanocapillaries and in any other
semiconductor nanotechnology based nanopore.
Furthermore, the incorporation of these DNA origami
structures with nanocapillaries enables us to produce
sub-10 nm diameter nanopores without the need for
TEM drilling. Tuning the pore dimensions in the DNA
origami structures is an ideal tool to control transloca-
tion of biomolecules. To this end, we investigated
double-stranded 1-DNA folding occurring in DNA or-
igami nanopores having different pore sizes. In parti-
cular we utilized the previously described structure
with the 14 nm x 15 nm nanopore (“14 nm” design in
the following) and another one with roughly the same
overall dimensions but containing a significantly smal-
ler nanopore of 5 nm x 7 nm (“5 nm” design) (Figure
S5, Supporting Information). Hybrid nanopores with
both DNA origami structures were formed as described
before. Linear double-stranded A-DNA (48.5 kbp) was
then added to the same reservoir containing the DNA
origami nanopores to a final concentration of 1 nM.
Upon applying 500 mV, ionic current blockade events
are observed due to the DNA translocation through the
nanocapillary (Figure 3a, left). This happens due to the
electrophoretic force that is exerted on the negatively
charged DNA when applying a positive voltage. Events
were observed as a decrease in the ionic current because
the translocating DNA excludes ions from the nano-
pore.2* The trapping of the DNA origami structures results
in a drop in ionic current and the formation of the hybrid
nanopore. A-DNA translocation events are also observed
in these hybrid nanopores (Figure 3a, right). Some
characteristic 1-DNA ionic current blockades detected
in both bigger and smaller hybrid DNA origami nano-
pores are shown in Figure 3b and ¢, respectively. The
histograms of the whole ionic current trace during A-DNA
translocations in the bare (black) and in the hybrid
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Figure 3. (a) lonic current as a function of time upon applying 500 mV for an experiment with 1-DNA added to the reservoir to
a final concentration of 1 nM in the measurement buffer. Initially A-DNA translocations through the bare nanocapillary are
detected. After the drop in ionic current the hybrid nanopore (14 nm design) is formed and 1-DNA translocations through the
hybrid nanopore are also observed. (b and c) Typical 1-DNA translocation events for the 14 nm hybrid nanopore (red) and
5 nm hybrid nanopore (blue), respectively. The two experiments are also shown schematically (1-DNA is represented as a
green line). (d) lonic current histograms of the DNA translocations for the bare nanocapillary (black) (326 events, peaks around
—75, —160, and —250 pA) and the 14 nm hybrid nanopore formed after trapping of the DNA origami on the same
nanocapillary (red) (190 events, peaks around —95, —180, —275, and —350 pA). () Same as in (d) but for a 5 nm hybrid
nanopore: bare nanocapillary (black) (305 events, peaks around —125, —250, and —390 pA) and 5 nm hybrid nanopore (blue)
(151 events, peaks around —145 and —300 pA). For each event the mean baseline current is subtracted before generating the
histogram shown in (e) and (d). Peak around 0 pA corresponds to the open pore current. A different glass nanocapillary was

used in (d) and (e).

nanopores (red and blue for the 14 nm and 5 nm DNA
origami structures, respectively) are shown in Figure 3d
and e. The existence of more than two peaks reveals
J-DNA folding, as expected.>** Thus, DNA folding is clearly
detected with the bare nanocapillaries.>* However, the
histograms for the hybrid nanopores differ depending on
the size of the pore in the DNA origami design. Several
peaks corresponding to different 1-DNA folding states are
observed in the 14 nm design. By contrast, A-DNA folding
states are diminished in the 5 nm hybrid DNA origami
nanopore. This result demonstrates convincingly not only
that tailored origami nanopores can be used for robust
sensing but also that the origami nanostructures sit in the
correct orientation on the nanocapillary.

HERNANDEZ-AINSA ET AL.

Apart from pore size control, DNA origami nano-
pores also enable the design of specific energy land-
scapes to chemically control the translocation of
analytes. By specifically introducing binding sites in
the DNA origami nanopore, we have created an artifi-
cial system capable of mimicking the selective passage
of cargo molecules occurring in biological nanopores.3°
To demonstrate this, we extended two of the staple
strands on either side of the nanopore, forming single-
stranded DNA (ssDNA) overhangs with a specific “bind-
ing sequence” at the entrance of the 14 nm nanopore.'*
Thanks to the versatility of the DNA origami technique,
we introduced two overhangs simultaneously in the
same DNA origami structure in order to use the same
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structure to detect a wider range of different preys. This
is schematically shown in Figure 4a (top). As before,
hybrid DNA origami nanopores were formed on nano-
capillaries. Instead of -DNA, ssDNA “preys” (50 bases in
length) with segments complementary to the binding
sequence of the overhangs of the DNA origami nano-
pore were added to a final concentration of 500 nM.
Translocations of the ssDNA preys through the hybrid
DNA origami nanopore were recorded at 400 mV. At this
potential, the trapping of the DNA origami nanopore
worked reliably. A large increase in the translocation
time of the ssDNA preys was observed due to the base
pair interaction with the complementary DNA origami
overhang, as schematically shown in Figure 4a (bottom).
As shown in Figure 4b, we are able to detect binding
interactions as switching of the ionic current between
two distinct levels, indicating an unoccupied (level 1 in
Figure 4a and b) or occupied binding site (level 2 in
Figure 4a and b).

To prove the specificity of the binding sites, we vary
both the length and sequence of the binding se-
quences introduced in the DNA origami nanopore.
We observe a strong dependence of the event duration
7 on the sequence of the ssDNA prey (Figure 4b). As
shown in the current trace in Figure 4b as well as the
events scatter plot in Figure 4c, the event duration for the
[T1,3CGCG[Tl,3 prey (complementary to the [G]z3CGCG
overhang) is about 1 order of magnitude longer than the
one for the [T],4AT[Tlo4 prey (complementary to the
[TIsAT overhang), indicating stronger interaction for the
former sequence, as expected.

To gain insight in the transport characteristics of the
interacting ssDNA through our DNA origami nanopore,
we model our system as the ssDNA preys trapped in a
potential well with an energy barrier of height W
before translocation (inset Figure 4d). The dependence
of event duration 7 on W was tested for preys with four
different sequences. For each overhang—prey combi-
nation, the mean event duration  was experimentally
determined and the binding potential W calculated.®’
As shown in Figure 4d, higher W results in longer event
duration. Our experimental data can be accurately
described using the Kramers' escape problem equation
(eq 1).3% For a potential well of depth W and curvature
,, the mean lifetime of the bound state (7) is given by

2

1 w
log — = 4 log 22 (1)

kT 21
Hence, the expected duration of the bound state can
be related to W and the curvature of the potential (w,)
(inset Figure 4d).

In our system, the well depth corresponds to the
binding potential of double-stranded DNA and was
calculated for each overhang—prey pair.?' The mean
lifetime is determined experimentally from the ionic
current trace. As shown in Figure 4d, the model is a very
good fit to the data.
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Figure 4. (a) Schematic cross section of the DNA origami
design. The ssDNA overhangs (in red) are attached to the
entrance of the nanopore of the 14 nm design and represent
binding sites for complementary ssDNA preys (in green).
Note that each overhang possesses a different sequence. (b)
lonic current traces for the translocation of [T],4AT[Tl.4
(upper panel) and [T],3CGCG[T],; (bottom panel) preys.
Preys were added to a final concentration of 500 nM in
the measurement buffer. Translocations through the hybrid
DNA origami nanopores were recorded at 400 mV. (c)
Scatter plot of the mean event current amplitude and event
duration (7) for the [T],4AT[Tl,4 (blue) and [T],5CGCG[T],3
(red) preys. (d) Inverse log of the event duration 7 as a
function of binding potential. Four different preys
([T124AT[Tl24, [Tl2sATAT[Tl,3, [T124GCGITl,s, [T123CGCGIT],3)
were measured. The data were fitted using Kramers' escape
problem for a particle exploring a potential landscape as
shown in the inset graph. Error bars correspond to the
standard deviation of the event duration within a 30 s
interval for different origami trappings in the same nano-
capillary. (e) Event frequency as a function of binding
potential between overhangs and preys at 400 mV in 1 M
KCI. A linear fit of all data points has been plotted to clarify
this trend. Error bars correspond to the standard deviation
of the number of events within a 30 s interval for different
origami trappings in the same nanocapillary.

The transport characteristics of our DNA origami
nanopore indicate that the transport through the pore
strongly depends on the binding potential, as shown in
Figure 4e. A strong binding site corresponds to long ©
and thus smaller transport at high W. Our results on
molecular transport agree qualitatively with experi-
ments performed on microfluidic channels.>®

CONCLUSION

In conclusion we have successfully created func-
tional DNA origami nanopores by voltage trapping
DNA origami on nanocapillaries. Using single-molecule
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fluorescence imaging with simultaneous ionic current
measurements, we present the first direct visualization
of the trapping of DNA origami structures at the tip of
the glass nanocapillaries. We have demonstrated the
ability to influence folding of 1-DNA by tuning the
pore diameter of the DNA origami structure. We have
also proved the selectivity of this system to perform

MATERIALS AND METHODS

Glass Nanocapillary Device Fabrication. Quartz capillaries of outer
diameter 0.5 mm, inner diameter of 0.2 mm, and a filament
along the inside walls were purchased from Sutter. Capillaries
were thoroughly cleaned by sonicating in acetone for 15 min
and subsequently dried with gaseous nitrogen to remove any
solvent. Then the capillaries were pulled using a laser-assisted
pipet puller (Sutter P-2000). Once pulled, the nanocapillary was
glued into a polydimethylsiloxane (PDMS) mold connecting two
fluid reservoirs. The PDMS (Sylgard 184, Dow Corning) was
made by mixing base and curing agent in a weight ratio of
10:1 and curing in a plastic mold for 24 h at 60 °C. The assembled
device was plasma cleaned for 10 min (air plasma treatment at
100 W plasma power in a Femto-Diener Electronic plasma
cleaner) to enhance the hydrophilicity of the nanocapillary
walls. Immediately after, the reservoirs were filled with the
required electrolyte, previously heated to 60 °C. All experiments
were done utilizing 1 M KCl/5.5 mM MgCl, solution buffered
with 0.5 TBE. The assembled cells were placed under vacuum
to remove air bubbles. Silver wires (200 um diameter, Advent)
were chlorinated (Ag/AgCl) and inserted in both reservoirs.

DNA Origami Design, Assembly, and Purification. Structures were
designed using the open source DNA origami software
caDNANno.>* Our designs consist of a double layer with 44
(5 nm pore design) or 48 (14 nm pore and fluorescently labeled
designs) tightly interlinked double-helical DNA domains in a
square packing lattice. The 7249 bases long viral M13mp18
ssDNA was utilized as scaffold (New England Biolabs), and all
short ssDNA staples were purchased from Integrated DNA
Technologies. A precise sequence of staples and the scaffold-
staple layout for each design are gathered in the Supporting
Information. DNA origami assembly was done by mixing scaf-
fold and staples to a final concentration of 10 nM and 100 nM,
respectively, in a 14 mM MgCl; solution buffered with 0.5 x TBE
(pH = 8.2) and subjecting the mixture to thermal-annealing
cycles for 18 h. The heating program utilized was as follows: 80 °C
for 5 min, 79 °C for 4 min, from 79 to 60 °C in 19 steps (1 °C per
step, 4 min each step), keep at 60 °C for 30 min, from 60 to 25 °C
in 35 steps (1 °C per step, 30 min each step), and finally set at
4 °C. The assembled structures were purified from the excess
staple strands by centrifugation with 100 kDa MWCO filters
(Amicon Ultra, Millipore) in three cycles at a speed of 13000g for
5 min at 4 °C with an 11 mM MgCl; solution buffered with 0.5x
TBE added to the filter column at the beginning of each cycle.
The filter was then turned upside down, and the DNA origami
collected by spinning for 2 min at 1000g. In the case of the
fluorescently labeled DNA origami structures, the assembly and
purification processes were done avoiding light exposure to
reduce fluorophore bleaching.

DNA Origami Characterization. The folding quality of the already
purified DNA origami structures was analyzed by agarose gel
electrophoresis. Agarose gels (1.5%) in a 11 mM MgCl, solution
buffered with 0.5 x TBE (pH = 8.2) were run at 80 V for 3 hinagel
box externally cooled with an ice water bath. Ethidium bromide
(0.5 ug/mL) was utilized to stain DNA origami structures in the
gel. Atomic force microscopy measurements were performed in
tapping mode with Olympus TR400-PSA tips (spring constant
0.08 N/m). The scan rate was 1 Hz (512 points). Samples were
deposited on freshly cleaved mica and imaged in solution
(10 mM MgCl,, 2 mM NiCl,, 40 mM NaCl) buffered with
10 mM Tris-HCI (pH = 8.0).

HERNANDEZ-AINSA ET AL.

chemical detection of ssDNA as a function of the
sequence.

Our nanocapillary—DNA origami system represents
aremarkably simple method for the creation of tailored
nanopores combining the high throughput and ease
of manufacture of glass nanocapillaries and the vast
possibilities of DNA nanotechnology.

lonic Current Data Acquisition. lonic current measurements
were performed using an Axopatch 200B (Axon Instruments,
USA) amplifier in voltage-clamp mode. lonic current was re-
corded at 100 kHz bandwidth with the internal Bessel filter of
the amplifier at 10 kHz. All signals were digitized with a NI-PCle-
6251card (National Instruments, USA). Custom written LabVIEW
(LabVIEW 8.6, National Instruments) programs were used to
record and process all data.

DNA Origami Fluorescent Imaging. The fluorescently labeled
DNA origami structures were excited by emissions from a
532 nm laser (Laser Quantum) operating at <5 mW. A long pass
dichroic mirror at 532 nm (Semrock Filters) directed the excita-
tion light to the rear of a 60x objective (UPLSAPO NA.1.2,
Olympus). The fluorescence emission from the fluorophores
was collected via the same objective, passed through the
dichroic mirror, and focused via a mirror and a tube lens to
the sensor of a fast electron multiplying CCD camera (Andor
iXON3 860). Data acquisition for both ionic current and fluores-
cence images is done through custom software written in
LABVIEW and a DAQ card (PCle-6351, National Instruments).

A-DNA  Translocation Experiments. Linear double-stranded
A-DNA (48.5 kbp) stock solution (Fermentas, 300 ug/mL) was
diluted to 1 nM in the measurement solution (1 M KCl, 5.5 mM
MgCl; buffered with 0.5 x TBE). A-DNA translocations through
both the bare and the hybrid DNA origami nanopores were
driven by applying 500 mV.

ssDNA Translocation Experiments. Single-stranded DNA preys
(Integrated DNA Technologies, 50nt, 100 uM in 1x TE buffer, pH
8) were diluted to 500 nM in the measurement solution (1 M KCl,
5.5 mM MgCl, buffered with 0.5 x TBE). Translocations through the
hybrid DNA origami nanopores were recorded at 400 mV.
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