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Molecular self-assembly with DNA enables the construction
of soluble objects with nanometer to micrometer scale
absolute dimensions and custom chemical features, includ-
ing crystals/? patterns,® bricks boxes! and curved
shapes,® that can open novel paths to scientific discovery.”
Herein, we report on DNA nanoplates for nanopore-based
sensing approaches. Nanopores in biological or solid-state
membranes offer great potential for label-free single-mole-
cule sensing applications.’! Biological nanopores, such as
alpha-hemolysin, can be customized within the limits of
protein engineering.”! Artificial nanopores in solid-state
membranes can be made with user-defined dimensions, but
chemical modifications require substantial effort.'” A chal-
lenge in the field is to gain control over both the geometrical
and chemical specifications of nanopores. We hypothesized
that using DNA-based nanoplates as covers for solid-state
nanopores could provide a route for meeting this challenge.

Our setup (Figure 1a) consists of two electrolyte reser-
voirs separated by a silicon-supported free-standing insulating
silicon nitride (SiN) membrane of thickness L =50 nm. The
membrane contains a single conical nanopore of diameter
D =18-25 nm (Figure 1b), which is fabricated by electron
beam lithography and reactive ion etching.'! When a voltage
is applied through the two electrodes, an ionic current flows
through the nanopore and is recorded with a current ampli-
fier. The dimensions and shape of the nanopore dominate the
resistance of the setup. The cis side of the nanopore is covered
with a rectangular nanoplate of width a, length b, and
thickness I. The plate includes a central aperture of width
x and length y (Figure 1a). The nanoplates are produced by
molecular self-assembly with scaffolded DNA origami (see
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the Supporting Information, note S1) and consist of a double
layer of 46 tightly interlinked double-helical DNA domains in
a honeycomb-type packing lattice. We made nanoplate
versions (Supporting Information, Figures S1-S5) with
a width and length of 50 nm, and a thickness of 6 nm. Correct
formation of the nanoplates was confirmed using negative-
stain transmission electron microscopy (Figure 1b; see also
the Supporting Information, notes S6-S9).

The nanoplates were electrically assembled onto the
nanopores by injection into the cis electrolyte compartment.
A sudden current drop and intensification in the current noise
was typically observed within a few seconds (Figure 1c) after
the bias voltage was applied (Supporting Information,
notes S2 and S3). The current blockades lasted for hours,
unless reverse voltages were applied or the membrane was
intensely rinsed. In both cases, the initial conductance level of
the nanopore was restored. In experiments using nanopores
with diameters exceeding the dimensions of the nanoplates,
we observed transient blockades (Supporting Information,
note S4), indicating that in those cases the nanoplates slipped
through the larger nanopores. In experiments with mem-
branes containing arrays of nanopores, we observed staircase-
like decreases in conductivity (Supporting Information, Fig-
ure S12), indicating the progressive capture of nanoplates by
individual nanopores in the array.

We find that, for nanoplates with apertures the conduc-
tance of nanoplate-on-nanopore hybrids decreases with
decreasing aperture size (Figure 1d). This finding can be
explained by a model in which the nanoplates cover the
nanopore in a flat orientation. Orthogonal or random
orientations should yield relative conductances that do not
depend on the size of the apertures. The nanopore conduc-
tance drops by approximately 17 % when using nanoplates
lacking a central aperture. The DNA nanoplates are expected
to be permeable to ions, owing to a mesh of vertical and
horizontal channels. The vertical channels are formed by
cavities between neighboring double-helical DNA domains
between crosslinks along the helical axis,*>'? while the
horizontal channels are intrinsic to the honeycomb-type
architecture of the DNA nanoplate. The corrugated lower
surface of a nanoplate may provide additional channels for
ion flow when it covers a nanopore.

The equivalent circuit model depicted in Figure le,f
accounts for the conductances of the bare nanopore (G,),
the nanoplate (G,,), and the central aperture (G perure)-
Gaperre €an be estimated for a given aperture size by
a geometrical conductance model (Supporting Information,
note S5). The value of G, can therefore be computed from
the measured hybrid conductance. We evaluated Gy, versus
Gore for nanopores with diameters in the range of D =18~
25 nm and found that the conductance G, of the nanoplates
increases linearly with the conductance G, of the nanopore
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gates for nanopores. To
4  demonstrate this option,
we added streptavidin
(52kDa, hydrodynamic
diameter ca. 6 nm)!¥ to
the cis compartment of the
nanopore setup along with
nanoplates containing
a central aperture of
width 9nm and length
14 nm. Before insertion
of a nanoplate onto the
nanopore, we observed
sparse sub-millisecond
current blockades caused
by streptavidin molecules
translocating through the
bare  nanopore  (Fig-
Goors [NS] 100 25 560 250 ure 2b). After nanoplate
insertion, the current
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Figure 1. DNA nanoplates on SiN nanopores. a) Schematic of the experimental setup. The free-standing SiN blockades caused by strep-

membrane is shown in grey, the DNA nanoplate is shown in red. Inspired by previous work,"* we included
a ca. 1300 base long single-stranded or double-stranded DNA loop that protrudes near the central aperture (see
Figures S1-S5 for design details) to facilitate insertion into the nanopore. b) Top left: Transmission electron

tavidin translocation
through the nanoplate-

micrograph (TEM) of a bare nanopore. Top right and bottom row: average of aligned negative-stain TEM on-nanopore persisted
micrographs of nanoplates with varying aperture sizes (inset numbers indicate aperture widthx length in nm) (Figure 2b,c; see also the
imaged separately on thin carbon support layers (Figures S6-S9). Scale bars: 20 nm. c) Nanoplates were Supporting Information,
injected at dilute effective concentrations of ca. 30 pmol L™' with bias voltages of up to +200 mV applied to the  pote S6). When we

trans electrode and captured electrically on nanopores. Horizontal scale bars: 2 s; Vertical scale bars: 10 nS.
Asterisk marks nanoplate capture event. d) Relative conductance of nanplate-on-nanopore hybrids compared to
conductance of bare nanopore before nanoplate insertion. Inset numbers indicate widthx length in nm of

a central aperture in the nanoplates; 5x 7' indicates a nanoplate version with one single-stranded DNA

repeated these experi-
ments with a significantly
larger protein, immuno-

heptanucleotide overhang in the aperture (Figure S2). e,f) Schematic current paths and equivalent circuit model globulin G (IgG, 150 kDa,
for the conductance of the nanoplate-on-nanopore hybrid. g) Nanoplate conductance G, correlates linearly effective  hydrodynamic
with the conductance of the underlying nanopore G, (note S5); 0 no aperture, © 5 nmx7 nm aperture, and A diameter ca. 14 nm), we

9 nmx14 nm aperture.

(Figure 1g). Therefore, the
area of the nanopore con-
trols the area of the nano-
plate that is exposed to ion
flow. This finding agrees well
with a geometric model
(Supporting  Information,
note S5) that further sup-
ports the notion that the
nanoplates cover the nano-
pore in the desired orienta-
tion. Neglecting potential
ion fluxes that bypass the
nanoplates, we estimate the
transversal specific conduc-
tivity (Opjue,) Of the nano-
plates to be (7.8+0.4) Sm™!
in an aqueous solution of
KCl (Im) and MgCl,
(10 mm).

DNA nanoplates with
custom apertures can serve
as size-selective molecular
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found that with a nano-
plate in place, IgG trans-
location was inhibited
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Figure 2. DNA nanoplates with custom apertures for size-selective macromolecular sensing with SiN
nanopores. a) Current-time traces observed for streptavidin (cis concentration =20 nm) translocation through
bare nanopores, b) Current-time traces after insertion of a nanoplate with a central aperture of width 9 nm
and length 14 nm (see Figure S5 for design details). c) Histogram of observed current levels. d—f) As in (a)—
(c), but with Immunoglobulin G (IgG; cis concentration =20 nm). g—i) As in (a)—(c), but with 6 kbp linear
double-helical DNA molecules (cis concentration =300 pm) and a nanoplate with aperture width 5 nm and
length 7 nm (Figure S2, version 0).
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(Figure 2d-f). The DNA nanoplates can also be applied for
translocation experiments with double-stranded DNA mole-
cules, as seen in experiments with linear DNA fragments 6000
base pairs long and nanoplates that include a central 5 nm x
7 nm aperture (Figure 2 g—i; see also the Supporting Informa-
tion, note S7). In experiments with a closed nanoplate, we did
not detect DNA translocation (Supporting Information,
note S8).

DNA nanoplates can also provide chemical selectivity for
solid-state nanopores. To demonstrate this capability, we
included chemical bait modifications within the nanoplate
apertures to detect prey molecules that can selectively adhere
to the bait (Figure 3a). The nanoplates thus become gate-
keepers that can delay the passage of a target molecule
through the aperture. In our experiments, we used single-
stranded DNA motifs protruding from the double-helical
DNA domains that form the boundary of the nanoplate
aperture as bait (for design details, see Figures S2 and S3 in
the Supporting Information). It is important to note that
many different chemical bait moieties beyond single-stranded
DNA can be conjugated in a site-directed fashion to a DNA
nanoplate.

b) Bait=TTTCCGG Prey = [T]24CC[T]os
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We performed translocation experiments using single-
stranded DNA prey molecules with sequences [T],,CC[T]
and [T],;CCGGJT],; (Figures 3b-¢) that can form at most two
or four DNA base pairs, respectively, with a bait motif of
sequence TTTCCGG located in the nanoplate aperture.
Immediately after a nanoplate was assembled on the nano-
pore, we observed a continuous switching between two
discrete current levels (Figure 3b,d). In the case of the
[T],4CCJ[T),4 prey molecule, which can form at most two base
pairs with the bait motif, we found that the current switching
occurs much more quickly than in experiments with the
[T],sCCGGIT],; prey molecule, which can form four base
pairs with the bait. We analyzed the distribution of the current
blockade dwell times (Figures3c,e) and found that the
distributions can each be fit to a single exponential distribu-
tion. In the case of the [T],CC[T],; prey molecule, the
average blockade dwell time was (41+3)ms, while for
[T],sCCGGIT],; we found a value of (487 +28) ms. Differ-
ences in the binding energies, which in this case are controlled
by the number of base pairs formed between prey and bait
motifs, will be reflected in the bond lifetimes. We expected the
characteristic dissociation time for the two prey motifs to
differ by approximately a factor of e’ = 7.4, which is close to
what we observed. There-
fore, the short bait motif in
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Figure 3. Sequence-specific prey DNA detection with functionalized DNA nanopores on SiN nanopores. eI.lergleS (as computed
with  Mfold)™ to our

a) Molecular bait is displayed in the nanoplate aperture (see Figures S2 and S3 for detailed implementation).
b) Current-time trace observed in translocation experiments with an aperture-bound bait sequence TTTCCGG
and a single-stranded prey molecule of sequence [T],,CC[T],4 (cis concentration=300 pm). c) Bars: logarithmi-
cally binned histogram (N =233) of current blockade dwell times. Solid line: single-exponential distribution
(note S11). d, e) Results as in (b), (c), but obtained with prey sequence [T],;CCGG[T],;. Histogram includes

N =193 dwells. f) Current-time traces observed in translocation experiments with M13mp18 genomic DNA
(cis concentration=100 pm) and a nanoplate with bait motif TTTAATT (Figure S2, version 1). Inset shows

a secondary structure map computed with Mfold."! g) Bars: histogram of logarithmically binned current
blockade dwell times (N =6100). Solid line: fit to a sum of five single exponentials (note S11). Dashed lines:
individual single exponentials in the sum. h) o average dwell time 7, from (g) sorted according to magnitude.
© average dwell time observed in translocation experiments with M13mp18 without bait motif (note S9,
Figure S17). A,V average dwell times 7 found in (c; &) and (e; V).
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experimental conditions is
depicted in Figure 3 f.
When the M13mpl8
genome and nanoplates
with a 5nmx7 nm central
aperture lacking a bait
motif were added to our
nanopore setup, we
observed transient current
blockades with a short
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characteristic time constant around 500 ps (Supporting Infor-
mation, note S9). When a bait motif with sequence
TTTAATT was included in the nanoplate aperture (Support-
ing Information, Figure S2), we observed current switching
(Figure 3 f) between two defined levels. When this experi-
ment was repeated with six bait motifs protruding into the
nanoplate aperture, we observed multi-level current block-
ades (Supporting Information, Figure S3 and note S10).
These observations suggest that the blockades are caused by
excursions of segments of M13mp18 molecules, which may
temporarily adhere to the bait motif, into the aperture. In the
case of multiple bait motifs, several M13mp18 segments can
dwell in the aperture simultaneously, thus explaining the
multilevel blockades. In the absence of bait, the segments
rapidly either retrocede or translocate.

We recorded several minute-long current-time traces and
analyzed the statistical distribution of blockade dwells for the
case of the M13mp18 genome as prey and a single bait with
sequence TTTAATT in the nanoplate aperture. We found
a dwell time distribution that is an additive superposition of
five single exponential distributions (Figure 3 g; see also the
Supporting Information, note S11). One of the five distribu-
tions has a time constant that matches the one found for the
translocation of M13mp18 through a nanoplate lacking a bait
sequence. Two of the five single exponential distributions
have time constants that match those seen in Figure 3c,e
within a factor of two. Taken together, these findings suggest
that the five characteristic dwell time constants reflect the
dissociation of different types of duplexes formed between
the bait and prey molecules (Figure 3h). The time constants
increase exponentially, suggesting that the duplexes formed
differ by their length in base pairs. This theory is based on the
assumption that duplex lifetimes grow exponentially with the
number of base pairs formed.

In conclusion, we have presented DNA nanoplates that
function with solid-state nanopores, which can be fabricated
through standard electron beam lithography. The nanoplates
are permeable to small ions, but the passage of macro-
molecules can be controlled by including custom apertures.
The chemical addressability of the DNA nanoplates enables
bait—prey single-molecule sensing experiments, as highlighted
here by the sequence-specific detection of DNA snippets and
genomic phage DNA. Applications in biomolecular interac-
tion screens and for detecting DNA sequences by hybrid-
ization are readily conceivable. High-resolution sensing
applications, such as electrical DNA sequencing will require
reducing both the leakage current and current fluctuations.
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Nanopore-Based Sensors DNA has it covered: DNA origami gate-

keeper nanoplates convert nanopores in
solid-state membranes into versatile
devices for label-free macromolecular
sensing applications. The custom aper-
tures in the nanoplates can be chemically
addressed for sequence-specific detec-
tion of DNA.
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DNA Origami Gatekeepers for Solid-State
Nanopores
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