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ABSTRACT DNA nanotechnology has paved the way for new generations of programmable nanomaterials. Utilizing the DNA
origami technique, various DNA constructs can be designed, ranging from single tiles to the self-assembly of large-scale, com-
plex, multi-tile arrays. This technique relies on the binding of hundreds of short DNA staple strands to a long single-stranded
DNA scaffold that drives the folding of well-defined nanostructures. Such DNA nanostructures have enabled new applications
in biosensing, drug delivery, and other multifunctional materials. In this study, we take advantage of the enhanced sensitivity of a
solid-state nanopore that employs a poly-ethylene glycol enriched electrolyte to deliver real-time, non-destructive, and label-free
fingerprinting of higher-order assemblies of DNA origami nanostructures with single-entity resolution. This approach enables the
quantification of the assembly yields for complex DNA origami nanostructures using the nanostructure-induced equivalent
charge surplus as a discriminant. We compare the assembly yield of four supramolecular DNA nanostructures obtained with
the nanopore with agarose gel electrophoresis and atomic force microscopy imaging. We demonstrate that the nanopore system
can provide analytical quantification of the complex supramolecular nanostructures within minutes, without any need for labeling
and with single-molecule resolution. We envision that the nanopore detection platform can be applied to a range of nanomaterial
designs and enable the analysis and manipulation of large DNA assemblies in real time.
SIGNIFICANCE Solid-state nanopores have enabled the single-molecule detection of a range of analytes but often lack
the ability to provide quantitative information of heterogeneous samples. Here, we demonstrate a single-molecule and
high-throughput approach for the analysis of higher-order DNA origami assemblies with a nanopore. The technique
enables the characterization of DNA origami nanostructures at statistically relevant numbers in real time and at single-
molecule resolution while being non-destructive and label-free and without the requirement of lengthy sample preparations
or the use of expensive reagents. Furthermore, we quantify the assembly yield of DNA origami nanostructures based on
their equivalent charge surplus computed from the ion current signals recorded.
INTRODUCTION

The use of DNA as a building block for the engineering of
nanoscale materials is one of the corner stones of DNA
nanotechnology (1). In particular, the invention of the
DNA origami approach, which exploits Watson-Crick base
pairing between a single-stranded DNA scaffold and multi-
ple short staple strands to fold the scaffold into a specific
predefined geometry (2), allowed the folding of nanostruc-
tures with large surface area while simultaneously enabling
spatially controlled assemblies and site-specific chemical
functionalization (3). These unique characteristics have
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enabled the assembly of nanostructures and patterns with
controlled geometry and function, either by directly
folding the scaffold (4,5) or via higher-order assembly of
pre-formed DNA tiles (6–8), which found applications in
biosensing (9–13), drug delivery (14,15), and as tools for
studying biological processes (16,17), inter alia.

Fueled by these rapid developments in engineering and
fabricating complex DNA nanostructures, there is an
increasing demand for their characterization, including the
assessment of assembly yields. Traditionally, the character-
ization and assessment of yield of DNA constructs has relied
on methods such atomic force microscopy (AFM), which re-
lies on multiple scans of the folded structures and counting
molecules from each scan, and agarose gel electrophoresis,
which relies on measuring the intensity of the separated
bands associated with each DNA nanostructure (18). A
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Fingerprinting of DNA nanostructures
rapid, label-free, and single-molecule approach would com-
plement these techniques and would provide a valuable
addition to the existing tools.

In recent years, nanopores have been established as a
powerful tool for the characterization of DNA nanostruc-
tures with single-molecule resolution. Nanopore sensing is
based on the measurement of transient perturbations of the
ion current through a nanopore caused by the translocation
of an analyte (19,20). The characteristics of these perturba-
tions, such as the amplitude and duration, provide informa-
tion about the physico-chemical properties of the
translocating molecule, including size, charge, and shape
(21,22). Nanopore sensing has also been successfully
applied for the detection of colloidal nanoparticles (23,24)
and biological nanoparticles including virus particles (25),
ribonucleic particles (12), protein aggregates (26), and
DNA nanostructures (27–30). Our group has previously
demonstrated the analysis of two-dimensional DNA origami
(31) and single-molecule biosensing (13) using nanopores
and has recently shown the marked enhancement of
single-molecule detection within a crowded nanopore
(32). Other groups used DNA-based nanoswitches for
sensing applications using nanopores (33), and a similar
approach has been used for miniaturized molecular data
storage (34).

Here, we report the single-molecule detection of supra-
molecular DNA assemblies by solid-state nanopore anal-
ysis. We demonstrate that the perturbations in the ion
current caused by the translocation of a DNA origami nano-
structure can fingerprint different states of higher-order as-
semblies, ranging from an individual monomer building
block to multimer assemblies. We quantify the assembly
yields of a range of higher-order assemblies of DNA nano-
structures with single-entity resolution and benchmark the
nanopore analysis against agarose gel electrophoresis and
AFM imaging.
MATERIALS AND METHODS

DNA nanostructures

The design of the four DNA nanostructures used here follows the design

published by Tikhomirov et al. (6,35) and was carried out using the

CaDNAno 2.3 software (36). All nanostructures were folded from the sin-

gle-stranded DNA M13mp18 (7249 bp) following the standard procedure

for DNA origami fabrication (4). For the higher-order assemblies, the indi-

vidual tiles were first folded individually using three main kinds of staples:

bridge staples, interior staples, which constitute the main body of the tile,

and a specific set of edge staples, which allow for a specific interaction be-

tween the structures (the complete list of the staples is provided in the sup-

porting material). While the same set of bridge staples and interior staples is

shared by all DNA nanostructures, each one of them has a different set of

edge staples (Fig. S15). The edge staples can be ‘‘giving’’ (featuring a

two-nucleotide extension), ‘‘receiving’’ (with a two-nucleotide truncation),

or inert (characterized by two hairpins, forming a loop conformation, and

preventing the further higher-order assembly of DNA origami along that

side). Each structure can have eight giving/receiving staples or five inert

staples. For the assembly, we followed published protocols (6,35) where
the edges of each tile can be labeled as north, south, east, and west. Each

set of interactive edge staples is complementary to just one other specific

set of edge staples (north giving edges are complementary to west receiving

edges, west giving edges to south receiving edges, east giving edges to north

receiving edges, and south giving edges to east receiving ones), allowing for

a targeted assembly and avoiding spurious interactions. Furthermore, the

addition of the negation strands, which are complementary to the edge sta-

ples, inactivate the excess edge staples so that the monomers can be used in

higher-order assemblies (6,35). To fold the structures, the individual mono-

mer structures having complementary edge sequences were mixed together

in equal concentrations and volumes, in order to increase the yield of the

assembly. Specifications on the sequences and the interactions between

the pre-assembled monomers for all the higher-order structures used in

this work are provided in the supporting material.
DNA nanostructure folding

The single-stranded M13mp18 DNA scaffold 7249 bp was purchased from

New England Biolabs (NEB; Hitchin, UK) at an initial concentration of

250 mg/mL. The staple strands were purchased from Integrated DNATech-

nologies (IDT, London, UK) and resuspended in 1� TE buffer pH 8 (Sigma

Aldrich, Gillingham, UK) to a final concentration of 100 mM. The negation

strands were purchased from IDT and resuspended in 1� TE buffer (pH 8)

to a final concentration of 200 mM. For the folding, the single-stranded

DNA scaffold (final concentration of 10 nM) was mixed with the staple

strands (final concentration of 75 nM) in 1� TE buffer (pH 8) with

12.5 mM of Mg(Ac)2 in 80 mL total volume. To fold the individual tiles,

the solution of scaffold and staples was heated to 90�C for 2 min and an-

nealed using a temperature ramp from 90�C to 20�C at 6 s per 0.1�C in a

Mastercycler Nexus PCR Thermal Cycler (Eppendorf, Hamburg, Ger-

many). Following the annealing step, the negation strands were added to

the solution to achieve a final concentration of 375 nM in 80 mL final total

volume. Another temperature ramp was then applied, going from 50�C to

20�C at 2 s per 0.1�C. The folded nanostructures were purified using Se-

phacryl S400 (GE Healthcare, Chalfont Saint Giles, UK) size-exclusion

columns in order to remove the excess staple strands, and the product

was eluted in 1� TE (pH 8) with 12.5 mM Mg(Ac)2. The concentration

of the individual tiles was measured using a NanoDrop 2000c Spectropho-

tometer (Thermo Fisher Scientific Inchinnan, UK) to prepare solutions with

equal concentration. To fold the higher-order assemblies, equal volumes of

the required individual monomers were mixed in PCR tubes and annealed

using a temperature ramp from 55�C to 45�C (at 2 min per 0.1�C) followed
by a ramp from 45�C to 20�C (at 6 s per 0.1�C). The folded nanostructures
were imaged by AFM to confirm the successful assembly.
AFM imaging

For AFM imaging, 10 mL of purified DNA sample diluted to a final concen-

tration of 0.5 nM in 1� TE (pH 8) with 12.5 mMMg(Ac)2 was deposited on

a freshly cleaved mica substrate (Agar Scientific, Stansted, UK) and incu-

bated at room temperature for 15 min. An additional 150–180 mL of 1� TE

(pH 8) with 12.5 mM Mg(Ac)2 buffer was added to the sample to facilitate

the imaging. The samples were imaged using a Dimension Fastscan Bio

(Bruker, Coventry, UK) in tapping mode in liquid with Fastscan D Si3N4

cantilevers with a Si tip (Bruker). We used the following imaging parame-

ters: scan rate ¼ 2–8 Hz, 256 samples/line, amplitude setpoint ¼ 150–

300 mV, drive amplitude ¼ 3000 mV, integral gain ¼ 1, proportional

gain ¼ 5. The data were processed using Nanoscope analysis 1.9.
Agarose gel electrophoresis

The quality of the DNA origami nanostructures was further inspected with

agarose gel electrophoresis (Fig. S2). For this, 50 mL 0.7% agarose gel was
Biophysical Journal 121, 4882–4891, December 20, 2022 4883
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prepared using 1� TAE buffer containing 12.5 mM Mg(Ac)2. The DNA

origami samples were prepared by mixing a 20 mL aliquot at a concentra-

tion of 10 ng/mL with 4 mL of 6� Tri Track Loading Dye (Thermo Fisher

Scientific). M13mp18 scaffold was added as a reference. A GeneRuler 1 kb

DNA double-stranded ladder (Thermo Fisher Scientific) was used as molec-

ular marker and positive control (Fig. S2). The running buffer consisted of

1� TAE and 12.5 mM Mg(Ac)2. The gel was run at a constant voltage of

70 V for 120 min. The gel was then stained for 30 min with Diamond Nu-

cleic Acid Dye (Promega, Southampton, UK) diluted in 1� TAE buffer. For

this, 5 uL 10,000� concentrated Diamond Nucleic Acid Dye was diluted in

1� TAE buffer, and the gel incubated at room temperature for 30 min on a

rocking platform. The agarose gel imaging was carried out using the

GeneSnap software. Quantification of the gel bands for each DNA origami

sample was done using ImageJ.
Nanopore fabrication and characterization

The nanopores were fabricated starting from 1.2� 0.9mm quartz capillaries

(QF120-90-10; World Precision Instruments, Hitchin, UK) with the SU-

P2000 laser puller (Sutter Instrument, Novato, CA, USA), using a two-line

program: (1) heat, 800; filament, 4; velocity, 30; delay, 1450; pull, 95 and

(2) heat, 730; filament, 3; velocity, 40; delay, 135; pull, 150. The pulling pa-

rameters are instrument specific and lead to nanopipettes with a nanopore

diameter of approximately 160 nm. The nanopipettes were characterized

by measuring their resistance in 0.1 MKCl (�40MU), and the nanopore di-

mensions were confirmed by scanning electron microscopy using a Nova

NanoSEM at an accelerating voltage of 3–5 kV (Fig. S1).
Nanopore translocation measurements

The translocation experiments were carried out by filling the nanopipette

with the translocation buffer (100 mM KCl, 0.01% Triton-X, 10 mM

Tris, 1 mM EDTA [pH 8.0]) containing the DNA origami sample at a con-

centration of 500 pM. The nanopipette was then immersed in a 100 mM

KCl bath with the addition of 50% (w/v) polyethylene glycol (PEG)

35 kDa (ultrapure grade, Sigma Aldrich). An Ag/AgCl wire (0.25 mm

diameter, GoodFellow, Huntingdon, UK) was inserted in the nanopipette

barrel and acted as the working electrode, while a second Ag/AgCl wire

was immersed in the bath and acted as the reference electrode. The DNA

origami nanostructures were driven from inside the nanopipette into the
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external bath by applying a negative potential to the working electrode

placed inside the nanopipette with respect to the reference electrode in

the bath. The ion current was recorded with a MultiClamp 700B patch-

clamp amplifier (Molecular Devices, San Jose, CA, USA) in voltage-clamp

mode. Data were acquired at a 100 kHz sampling rate with a 20 kHz low-

pass filter using the pClamp10 software (Molecular Devices). The ion cur-

rent traces were further analyzed with the MATLAB script Transanlyser,

developed by Plesa et al. (37). The obtained translocation events were

analyzed by applying a 7-sigma threshold level from the baseline, and

only the events above the threshold were considered translocation events

(Fig. S6). The obtained events were further analyzed and plotted using

Origin 2019b.
RESULTS AND DISCUSSION

DNA nanostructures assembly

In this study, we demonstrate the discrimination of supramo-
lecular DNA nanostructures with solid-state nanopores by
exploiting the unique signature in the translocation signal
resulting from the ion current perturbation when the nano-
structures pass through the nanopore (Fig. 1).

We assembled four different DNA nanostructures, start-
ing from a pre-assembled DNA origami (85 � 85 nm)
used as a building block (referred to hereafter as monomer),
followed by a two-monomer assembly (dimer), a three-
monomer assembly in an L-shape (trimer), and lastly, a
2 � 2 array of monomers (referred to hereafter as 2 � 2)
(Fig. 2 A). AFM measurements confirmed the correct
folding of the DNA nanostructures (Fig. 2 B).
Nanopore analysis of DNA origami monomer

We chose a nanopore diameter of 160 nm to be large enough
to accommodate the largest DNA nanostructure (2 � 2)
while retaining a sufficient signal-to-noise ratio for the
detection of the monomer. The detection of our smallest
FIGURE 1 (A) Schematic representation of the

nanopore setup. The DNA origami nanostructures

are translocated from inside a nanopipette into the

outer bath upon application of a negative potential

bias while the ion current is measured. (B) Represen-

tative ion current trace showing translocation events.

A representative event is shown in the inset with the

translocation peak characteristics. Representative

dwell time and peak current maxima values for

different extracted translocation peaks are shown in

Fig. S11. To see this figure in color, go online.



FIGURE 2 (A) Schematic representation of the DNA nanostructures, starting with a single monomer building block (1), dimer (2), trimer (3), and 2� 2 (4).

(B) AFM micrographs of the DNA nanostructure depicted in (A) (50 nm scale bar). To see this figure in color, go online.

Fingerprinting of DNA nanostructures
(monomer) and largest (2 � 2) DNA nanostructures with a
fixed pore size was facilitated by adapting the bath
conditions where the nanopipette is immersed. We have pre-
viously demonstrated the marked enhancement in single-
molecule-detection sensitivity when the commonly used
macromolecular crowder PEG is added to the bath solution
to a final concentration of 50% w/v (32,38). The presence of
PEG resulted in translocation peaks that were well-resolved
from the ion current baseline (Fig. 3 A).

In contrast, the translocation of monomer DNA nano-
structures in the absence of PEG resulted in a low
signal-noise-ratio, constraining the detection of the
monomer nanostructures (Fig. S4). Furthermore, the pres-
ence of PEG allowed us to detect all DNA nanostructures
with a high signal-noise-ratio and to record stable ion
current traces with high capture rate (�5 events/s at
�300 mV) for several minutes without any evidence of
nanopore clogging (Fig. S5). We first investigated the
translocation of the monomers (Fig. 3 B) from inside
the nanopipette into the outside bath under a constant
voltage bias of �300 mV (Fig. 3 A). The translocation
of the monomer DNA nanostructures resulted in conduc-
tive (current-enhancing) translocation signal peaks, where
each peak is associated with the passage of one molecule.
No peaks are detected under the same conditions if no
analyte was added to the nanopipette (Fig. S7 A and
B). The translocation events of the monomer sample
can be characterized using the peak current maxima
(maximum amplitude of the peak from the baseline)
and dwell time (duration time of an event). The results
(N ¼ 2307 peaks) are displayed in the density scatter
plot of Fig. 3 C, which shows that the translocation peaks
fall within a well-defined area. Density scatter plots are
commonly used in nanopore experiments to display the
characteristic signature of the analyte (39). The histo-
grams showing the peak current maxima and the dwell
time distributions, respectively, are also shown in the
figure. Both distributions have been fitted with a
Gaussian distribution function yielding an average peak
amplitude of 123 5 27 pA and an average dwell time
of 2.1 5 0.6 ms. Upon increasing the applied voltage,
we observed an increase in the peak current maxima of
the conductive peaks, as well as a decrease of the dwell
time (Fig. S8 A–D), suggesting that the DNA nanostruc-
tures are electrophoretically driven through the pore. This
observation was also confirmed by translocation controls
where no potential was applied (Fig. S7 D) or the applied
bias was reversed (Fig. S7 C). Furthermore, we also
probed the effect of DNA nanostructure concentrations
and the effect of applied voltage on the translocation
event frequency. With an increasing concentration of
DNA nanostructures, more molecules are expected in
the capture region of the nanopore, which results in a
larger number of translocation events. We confirmed
this observation by running translocation measurements
at different concentrations (50–500 pM), as shown in
Fig. S8 F. Moreover, increasing the applied voltage in-
duces a larger capture region, leading to a greater number
of translocation events (Fig. S8 E). These observations
are consistent with established physical models
describing the translocations of nucleic acids through
solid-state nanopores (40–42).
Biophysical Journal 121, 4882–4891, December 20, 2022 4885



FIGURE 3 (A) Ion current trace before and after

the addition of the DNA origami monomer. (B)

AFM micrograph of a monomer DNA origami sam-

ple (400 nm scale bar). (C) Density scatter plot of the

monomer DNA origami sample with the peak cur-

rent maxima versus dwell time and their correspond-

ing marginal histograms. The solid lines in the

marginal histograms represent a Gaussian distribu-

tion fitted to the data. A total of N ¼ 2307 transloca-

tion events were analyzed, and their corresponding

peak current maxima and dwell time values ex-

tracted. To see this figure in color, go online.
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Nanopore signal comparison of supramolecular
DNA origami assemblies

We then analyzed the higher-order-assembly DNA origami
samples using the same translocation conditions as for the
monomer analysis. Fig. 4 A depicts the current versus
time traces obtained for the monomer (top panel) and
FIGURE 4 (A) Nanopore translocation current traces of the monomer (top) an

are identical. The orange shading indicates the current range <150 pA, and the

sentative translocation event for each sample. The scale bars are the same for both

(top) and the 2� 2 sample (bottom). The solid lines represent Gaussian fits to the

time for the monomer sample (top left), dimer sample (top right), trimer samp

analyzed, N, for each sample is given in each panel. To see this figure in color,
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2 � 2 (bottom panel) samples, where a new population of
translocation events can be observed for the 2 � 2 sample.

While the monomer sample led to translocation events
with peak current maxima of less than �150 pA, events
with significantly larger current amplitudes can be seen
for the 2 � 2 sample—the current range within which these
d the 2 � 2 (bottom) samples. The current and time scales for the two traces

blue shading indicates the current range >150 pA. The insets show a repre-

insets. (B) Histograms of the current peak maxima for the monomer sample

data. (C) Density scatter plots of peak current maxima as a function of dwell

le (bottom left), and 2 � 2 sample (bottom right). The number of events

go online.
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new peaks fall is indicated by the blue shading. This obser-
vation suggested that our nanopore platform is able to
discern the two ‘‘extreme’’ designs of the higher-order
DNA origami assemblies introduced in Fig. 2 A using a
fixed nanopore diameter. Similarly, the density scatter plots
in Fig. 4 C show a clear difference in the clustering of the
translocation events between the monomer (top left) and
the 2 � 2 sample (bottom right). One of the clusters for
the 2 � 2 sample is very similar to the single population
observed in the monomer sample. However, the 2 � 2 sam-
ple shows an additional broader and less well-defined clus-
ter centered at around 4 ms and 250 pA, which is also
evidenced by the distributions plots in Fig. 4 B. The distri-
butions were fitted with a single and a two-peak Gaussian
distribution (shown as solid lines in the plot). While the
monomer sample yielded an average peak current maximum
of �123 pA (see also Fig. 3 C), the distribution correspond-
ing to the more well-defined cluster in the 2 � 2 assembly
sample density scatter plot, which is reminiscent of the
one found for the monomer yielded an average peak current
maximum of�100 pA and the broader less well-defined dis-
tribution an average peak current maximum of �260 pA.
Despite the slight difference in average peak currents, we
hypothesized that the more well-defined cluster of the
2 � 2 sample corresponds to monomers in the sample that
were not successfully assembled into higher-order assem-
blies. We confirmed this hypothesis by spiking the 2 � 2
sample with increasing concentrations of the monomer. As
can be seen in the Fig. S10, we observed a shift toward
the monomer cluster when increasing the number of mono-
mers spiked into the 2 � 2 sample. However, it is unlikely,
given the relatively broad width of the distribution, that the
less well-defined cluster represents only a single assembly
state. This is further supported by both AFM imaging
(Fig. S3) and gel electrophoresis , which suggest that the
2 � 2 sample did not only contain the 2 � 2 and monomer
nanostructures but also other assembly intermediates. The
range of characteristic translocation peaks of the 2� 2 sam-
ple ion current are shown in Fig. S11. In order to deconvo-
lute further the broad, less-well defined cluster of
translocation events in the 2 � 2 sample, we analyzed all
four DNA origami assembly samples, and the respective
density scatter plots are shown in Fig. 4 C. All four DNA
origami assembly samples (monomer, dimer, trimer,
2 � 2) were analyzed individually with the nanopore plat-
form using the same translocation conditions. The density
scatter plots allowed us to identify different clusters for
each sample, and for all higher-order assembly samples
(Fig. 4 C), we noticed a consistent presence of the monomer
cluster. This is not unexpected—the higher-order assembly
processes have finite yields, and a certain percentage of un-
assembled monomers are expected to remain. Furthermore,
the higher-order assembly is reversible, and while the
assembled construct is expected to be energetically favor-
able, dissociation of higher-order assemblies occurs over
time. The translocation peak characteristics of each DNA
origami sample showed differences in terms of their peak
current maxima and dwell time distributions (Fig. S9).
The dimer sample yielded one additional well-defined clus-
ter of peaks, with slightly higher peak current maxima and
dwell time averages, consistent with what is expected for
the translocation of assembled dimers. However, the situa-
tion is much less clear for the trimer sample—similar to
the 2 � 2 sample—where in addition to the well-defined
cluster originating from the monomer peak, an additional
number of much less-well defined clusters are observed.
While the clustering is qualitatively different between the
four samples, the density scatter plots cannot provide quan-
titative details about the assembly intermediates.
DNA origami assembly yield analysis

Finally, in addition to distinguishing different assembly in-
termediates within a mixed sample, we also aimed to go
beyond the standard analysis of DNA origami nanostructure
assembly (AFM and gel electrophoresis) and quantify the
percentage of each DNA nanostructure present in the
higher-order assembly samples. While the peak current
maxima versus dwell time density scatter plots highlighted
significant differences between samples, to extract more
detail from the translocation information, we investigated
an additional nanopore translocation discriminant. The
observed translocation peaks are conductive and therefore
imply that an increased amount of charge is passing through
the nanopore during the translocation event compared
with the baseline while no DNA nanostructures pass
through. We define the equivalent charge surplus (ECS) of
each translocation event as the area of the conductive trans-
location peak (Fig. 5 A) (37).

The ion current signature discriminants used above (peak
current maximum and translocation dwell time) are likely
dependent on the shape and orientation of the nanostructure
during translocation through the nanopore. In contrast, the
overall charge is expected to remain conserved for the
same higher-order assembly state of DNA origami and
can be expected to scale linearly with the size of the
higher-order assemblies made from identical DNA origami
(monomers). This is confirmed in Fig. 5 B, where the
average ECS values of the DNA origami designs are plotted
versus their surface area. The red line represents a linear fit
to the data. Fig. 5 C depicts the ECS distributions for each
higher-order DNA origami sample analyzed with the nano-
pore platform. In contrast to the distributions of the peak
current maxima (Fig. 4 B), even for the most complex sam-
ple (2 � 2 sample), four clearly discernible peaks can be
seen in the distribution, which suggests that each peak cor-
responds to either the monomer building block, the fully
assembled nanostructure, or a particular higher-order as-
sembly intermediate. To allocate the different distribution
peaks to a particular nanostructure, we used the information
Biophysical Journal 121, 4882–4891, December 20, 2022 4887



FIGURE 5 (A) Schematic representation of the

concept of equivalent charge surplus (ECS), which

is obtained from calculating the area of the translo-

cation peaks. (B) ECS as a function of the DNA

origami surface area for the four DNA nanostruc-

ture assembled (the red line represents a linear fit

to the data). The error bars represent the width of

the Gaussian fits displayed in (C). (C) ECS histo-

grams of the DNA origami samples; from left to

right: monomer sample, dimer sample, trimer sam-

ple, and 2 � 2 sample. The distributions were fitted

with single or multi-peak Gaussian distributions.

The notation I-IV marks the peaks corresponding

to each of the DNA nanostructures in the respective

sample (e.g., the dimer sample shows two peaks

in the ECS distribution, attributed to the presence

of the monomer (I) and dimer DNA origami (II)

in the sample). (D) Agarose electrophoresis gel of

the DNA origami samples; from left to right: mono-

mer samples, dimer sample, trimer sample, and

2 � 2 sample. The I-IV notation of the gel bands

marks the presence of the nanostructure component

in the respective sample, similar to the notation

used for the ECS distribution in (C) of the figure.

(E) Bar chart comparison of the assembly yield of

each DNA nanostructure (blue bar: nanopore

data, red bar: gel electrophoresis data). To see

this figure in color, go online.
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obtained from less complex assemblies in the analysis of the
more complex assemblies. Clearly, the monomer sample is
expected to contain predominantly monomers and at most
a negligible amount of non-specifically assembled higher-
order structures. This is reflected in the very prominent
peak centered around an ECS of�150 pC (Fig. 5 C, leftmost
panel). The solid line represents a Gaussian fit to the distri-
bution, which yielded an average ECS of 143 pC. The barely
noticeable contribution to the distribution at around 300 pC
may indicate a negligible presence of non-specific assem-
blies, but the contribution is difficult to quantify and is
significantly smaller. Therefore, we allocate the ECS peak
centered at 143 pC (labeled I) to the monomer. The ECS dis-
tribution of the dimer sample shows two peaks (Fig. 5 C,
second panel). In this assembly sample, we expect the
monomer and, of course, the dimer to be present. Therefore,
we fitted the distribution with a two-peak Gaussian while
keeping the first peak fixed at 143 pC, the position obtained
from the monomer sample (Fig. 5 C, leftmost panel). The
fits are represented by solid lines in the figure; the red line
represents the fixed monomer peak (I) and the purple line
4888 Biophysical Journal 121, 4882–4891, December 20, 2022
the additional peak (II), which yielded an average ECS of
332 pC, and which we attribute to the presence of the dimer.
To confirm that peak II indeed represents the dimer, we
sliced the dimer sample events according to which Gaussian
peak of the ECS distribution they belong and generated the
associated peak current maxima versus dwell time density
scatter plots (Fig. S12). As shown in the second row of
Fig. S12, the monomer component in Fig. 4 C (top left) is
not present in the density scatter plot (Fig. S12 C), support-
ing the viability of this ECS clustering to mark the different
DNA nanostructure components present in the assembly
samples. We then applied the same approach for the trimer
and the 2 � 2 sample, resulting in an ECS distribution peak
at 481 pC (III), which represents the trimer, and an ECS dis-
tribution peak at 636 pC (IV), which represents the 2 � 2
component. We note a slight discrepancy between the fixed
monomer and dimer peaks in the ECS distributions
compared with the observed distribution for both the trimer
and 2 � 2. This may have resulted from small variations in
pore size of the nanopipettes used, as each dataset was ob-
tained with different nanopipettes. However, the deviations
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are small and do not impact on our ability to distinguish
different populations. The equivalent data slicing as for
the dimer sample was carried out, and, like the dimer
samples, the fully assembled DNA nanostructures yielded
well-defined isolated clusters in the respective density scat-
ter plots (Fig. S12 C). While all current traces were record-
ings of 3 min, we carried out the same analysis on a shorter
trace (1 min) with correspondingly fewer translocation
events, and we show in Fig. S13 that the results remain
consistent for shorter current traces (1 versus 3 min recorded
trace).

The areas of the Gaussian fits to the ECS distribution
peaks allow us to associate individual translocation event
to a distinct assembly state (monomer building block, fully
assembled DNA nanostructure, or assembly intermediate)
and thus to estimate the percentage of each higher-order
DNA nanostructure present in the samples and compute
an assembly yield for each DNA construct. Fig. 5 E (blue
bars) shows the yield for forming the desired end product
for each higher-order assembly sample, i.e., the percentage
of monomer (I), dimer (II), trimer (III), and 2� 2 (IV) in the
monomer, dimer, trimer, and 2� 2 samples, respectively. As
expected from the histogram in Fig. 5 C, the yield for the
monomer is 100%, while yields for the higher-order assem-
blies decrease with the increase in assembly size (all numer-
ical yield values are supplied in Table S1). To further
investigate the impact of the intrinsic variability of the nano-
pipettes’ size for the quantification of the assembly yield, we
carried out a number of translocation measurements of the
same DNA origami sample using different but nominally
identical nanopipettes. In Fig. S14, we show the ECS distri-
bution based on the recordings of five nanopipettes and
quantify the yield corresponding to the dimer DNA nano-
structure for each repeat, showing a standard deviation in
the calculated yield of 2% for 5 independent measurements
(Table S2).
Assembly yield comparison with gel
electrophoresis

Traditionally, agarose gel electrophoresis is employed to es-
timate assembly yields. An electrophoresis gel containing
lanes for each higher-order assembly is shown in Fig. 5 D,
and the assembly yields were determined from the agarose
gel by densitometry and taking into account the size of
the structure. The results are shown as red bars in Fig. 5
E, and the numerical values are shown in Table S1. Overall,
the yields obtained with gel electrophoresis show the same
trend as the ones obtained from nanopore measurements.
However, there are some notable differences. The agarose
gel indicated a larger percentage of monomers in the
higher-order assemblies for the trimer and 2 � 2 sample
compared with the nanopore measurements (Table S1).
Our approach is comparable to gel electrophoresis in terms
of costs and ease of use but with the added advantage of
single-molecule sensitivity and the ability to obtain quanti-
tative results within minutes (Fig. S13). Another often em-
ployed means of assessing the yield of DNA origami
structures is AFM. Our AFM micrographs (Fig. S3)
confirmed the heterogeneous character of the higher-order
DNA origami samples. AFM is extremely well suited to
study small numbers of DNA origami at very high detail
so a good understanding of their structures and fine detail
of the folding can be obtained. Previous studies demon-
strated the use of AFM imaging to obtain quantification
yields of folded DNA nanostructures based on the molecule
count from AFM scans in solution (35,43,44). However,
their use for quantification of the assembly yield is question-
able in this case. AFM scans depend heavily on the mica
surface preparation that is required for imaging, and this
is likely to lead to an under-representation of smaller
DNA constructs owing to the higher sedimentation rate of
the larger DNA origami structures onto the mica substrate.
This was confirmed here, where we observed an under-rep-
resentation of monomers in the higher-order assembly sam-
ples (trimer and 2� 2 samples) compared with the nanopore
measurements.

Compared with the standard analysis methods of AFM
and agarose gel electrophoresis, the nanopore measurements
offer several advantages. Our nanopore method enables a la-
bel-free analysis of the DNA origami samples within a few
minutes with single-molecule resolution at statistically rele-
vant numbers and no lengthy sample preparations or use of
expensive reagents. Another advantage of the nanopore
approach is its single-molecule analysis, which can poten-
tially detect minute concentrations and reveal the presence
of DNA constructs that have formed with very low yields.
In Fig. S8 F, we demonstrate nanopore detection of DNA
origami nanostructures down to the 50 pM concentrations.

In addition to utilizing nanopore measurements for the
determination of assembly yields of DNA origami, the
approach enables a range of other applications. For example,
the ability to differentiate between assembly states enables
the probing of the association/dissociation of higher-order
DNA constructs and shed light on their stability in different
assembly configurations. Furthermore, the analysis is in
real time and non-destructive, i.e., the DNA origami nano-
structures could be collected in the bath after translocation
and reused. This opens up the possibility for using the nano-
pore approach in label-free separation or purification, where,
depending on the translocation peak characteristics, theDNA
nanostructure can be steered (e.g., electrophoretically) into a
collection or waste tube. Future developments of the nano-
pore measurement approach will include the parallelization
of measurement using arrays of nanopores to increase
throughput. Previous studies demonstrated the fabrication
of solid-state nanopore arrays on silicon nitride or graphene
membranes (45,46), which are manufactured using inher-
ently scalable approaches. Similarly, Alawami et al. have
shown the use of multiple glass nanopipettes embedded in
Biophysical Journal 121, 4882–4891, December 20, 2022 4889
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a PDMS devices (47). Furthermore, machine-learning ap-
proaches integrated with nanopore measurements can lead
to a real-time classification of the DNA nanostructures. Ex-
amples of combining nanopore sensing with machine
learning has been demonstrated for different analytes
(48–50). As the field of DNA origami is expanding at a fast
pace, more intricate structures in terms of design and func-
tionality emerge, requiring the integration of additional
nanopore features, like machine-learning algorithms, to pro-
vide accurate and robust identification and quantification of
complex supramolecular structures.
CONCLUSIONS

In conclusion, we explored nanopore translocation as a sin-
gle-molecule approach to probe the heterogeneous character
of DNA origami assemblies. The large number of events
that can be recorded (>1000 events) for each sample within
minutes enables statistically relevant studies in a non-
destructive and label-freeway.We demonstrated the discrim-
ination of various assembly states for higher-order DNA
origami assemblies based on their equivalent charge surplus
computed from the recorded ion current signals, which al-
lowed the quantification of the assembly yields without any
lengthy sample preparations and, importantly, enables a
range of other applications where rapid single-molecule
detection is required. Our work complements related ap-
proaches of using nanopore translocations characteristics to
differentiate between DNA nanostructures with different ge-
ometries (51–53), further enabling the analysis of higher-or-
der assemblies.
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S1: Nanopore characterization  

 
Figure S1: (A) SEM micrograph of a nanopipette used for translocation experiments, with a top view inset of the 
pore (200 nm scale bars). The diameter of the pore used in this study was approximately 160 nm. (B) Current-
voltage curves (IV) of three nanopipettes recorded in 0.1 M KCl. 
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S2: Agarose gel electrophoresis analysis of DNA nanostructures  
 
Quantification of the relative amounts of monomers, various assembly intermediates, and 
final products for each DNA origami sample was carried out by measuring the corresponding 
bands’ intensity with ImageJ and normalize by the size of the higher-order assemblies to 
account for the amount of double stranded DNA stained per macromolecule. As shown in 
Figure S2, the gel electrophoresis analysis confirmed the presence of multiple DNA 
nanostructures in the higher-order assembly samples, i.e. the dimer sample contains the 
monomer nanostructures as well. The trimer sample contains monomer and dimer 
nanostructures. The 2x2 samples contains monomer, dimer, and trimer nanostructures.  

 
 
Figure S2: Agarose gel electrophoresis of DNA origami samples used in this study. Lane M: GeneRuler 1kb dsDNA 
ladder; Lane 1: M13mp18 circular ssDNA; Lane 2: monomer DNA origami sample; Lane 3: dimer DNA origami 
sample; Lane 4: trimer DNA origami sample; Lane 5: 2x2 DNA origami sample. Note, Figure 6D is a subset of this 
figure. 

 

S3: AFM analysis of DNA origami samples 

 
Figure S3: AFM micrographs of the higher-order assembly DNA origami samples: dimer (A), trimer (B), and 2x2 
(C) using a 2 µm x 2 µm scan size (400 nm scale bars).  
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S4: Nanopore detection enhancement in PEG electrolyte bath 

 
Figure S4: Ion current traces for the monomer DNA origami sample recorded in 0.1 M KCl electrolyte bath (A) 
and 50% (w/v) PEG 35k 0.1 M KCl bath (B). Current traces were recorded at -300mV using the same nanopipette 
filled with monomer DNA nanostructures. The current and time scales are identical for both plots.  

 

S5: Nanopore measurement stability 

 
Figure S5: Ion Current trace of the 2x2 DNA origami sample recorded for 6 minutes under an applied voltage of 
-300mV. 
 
 
 
 

S6: Translocation events detection from nanopore current traces 
 

 
Figure S6: (A) Representative ion current trace with the 7σ threshold indicated by the red line. (B) Same trace 
as in A with the perturbations in the ion current identified as DNA origami translocation events by the 
Transanalyser Matlab script (1) according to the 7σ threshold highlighted in red. 
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S7: Translocation controls DNA nanostructures 

 
Figure S7: Control ion currents traces. (A) translocation at -300 mV when no analyte is added inside the 
nanopipette; (B) translocation at -300 mV when monomer DNA origami sample is added inside the nanopipette; 
(C) translocation at +300 mV when monomer DNA origami sample is added inside the nanopipette; (D) 
translocation at 0 mV when monomer DNA origami sample is added inside the nanopipette. The current and 
timescales are the same for all graphs. 
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S8: Translocation event characteristics DNA nanostructures 

 
Figure S8: Histograms of the current peak maxima (A) and the dwell time (B) distributions for increasing absolute 
values of applied voltages V = -200 mV, -300 mV, -400 mV, -500 mV, and -600 mV. The solid lines represent 
Gaussian fits to the distributions. Average peak current maxima (C) and dwell time (D) at V = -200 mV, -300 mV, 
-400 mV, -500 mV, and -600 mV. Error bars show the standard deviation from three independent recordings.  
Event rate of the DNA nanostructures translocation as a function of V (E) and sample concentration (50 pM, 100 
pM, 250 pM, and 500 pM) (F). Error bars show the standard deviation from three independent recordings. 
Monomer DNA origami sample (250 pM for panel A-E) was used for these translocation experiments, and each 
translocation condition was repeated independently three times.  
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S9: Translocation events comparison for different DNA origami samples 

 
Figure S9: Histograms for peak current maxima (A) and dwell time (B) distributions for each DNA origami sample 
investigated. From top to bottom: monomer, dimer, trimer, and 2x2 samples. Translocation events were 
recorded at -300 mV. 
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S10: Monomer spiking 

 
Figure S10: (A) Density scatter plots of the peak current maxima as a function of dwell time for 2x2 sample 
spiked with monomer sample. (B) Histograms of the current peak maxima distributions for the 2x2 sample 
spiked with monomer sample with multi-peak Gaussian fits represented by the solid lines. The notation 1:1, 2:1, 
and 10:1 for the left-to-right graphs in each panel indicates the molar ratio of monomer sample spiked into the 
2x2 sample.  
 
 
 

S11: Representative translocation peaks  
 

 

 
Figure S11: Representative translocation peaks characteristic of the heterogeneous 2x2 sample with their 
corresponding dwell time and peak current maxima values.  
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S12: DNA nanostructures cluster isolation based on ECS  

 
Figure S12: (A) Density scatter plots of the current peak maxima as a function of dwell time for (top to bottom): 
monomer sample, dimer sample, trimer sample, and 2x2 sample. (B) ECS histograms for the DNA origami 
samples presented in panel A. Marked Gaussian fitted peaks correspond to the DNA nanostructures of interest 
in each sample. (C) The corresponding sliced cluster depicted in a density scatter plot using only the translocation 
events sliced according to the marked Gaussian fitted peaks shown in Panel B. We note that the intensity scales 
are normalised to the number of translocation events shown, and therefore are different compared to panel A.  

 

 

S13: Ratio of DNA nanostructures at different number of translocation events 

 
Figure S13: ECS histograms for dimer sample based on a 3-minute translocation recording (A) and 1-minute 
translocation recording (B). Solid lines are Gaussian fits to the distributions. 

 
 



10 
 

S14: Ratio of DNA nanostructures nanopore vs gel electrophoresis 
 
 
Table S1: Percentage of DNA nanostructures determined for each DNA origami sample analyzed. The notation 
I-IV refers to the DNA origami nanostructures present in the sample analyzed: I - monomer nanostructure, II - 
dimer nanostructure, III - trimer nanostructure, and IV - 2x2 nanostructures. The dash indicates that the 
component was not detected and no percentage was computed.  
 

DNA origami 
sample 

Ratio DNA nanostructure 
nanopore analysis (%) 

Ratio DNA nanostructure 
agarose gel analysis (%) 

 I II III IV I II III IV 

Monomer 
Sample 

100 - - - 100 - - - 

Dimer Sample 23 77 - - 12 88 - - 

Trimer Sample 17 21 62 - 48 19 33 - 

2x2 Sample 44 14 10 33 66 13 3 18 

 
 
 

S15: DNA nanostructure yield based on nanopipette repeats  

 
Figure S14: ECS histograms for dimer sample based on recordings obtained from five different nanopipettes 
measurements.   
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Table S2: Percentage of dimer DNA nanostructure yield determined from the ECS distributions based on five 
different nanopipette measurements of the same sample together with the standard deviation.    
 

Nanopipette 
repeat 

Dimer assembly yield quantification 

 Area ECS peak I Area ECS peak II 
Dimer 

nanostructure 
yield 

Dimer 
nanostructure 

yield ± SD 

Nanopipette 1 4.2 14.2 77 

79 ± 2 

Nanopipette 2 3.2 14.7 82 

Nanopipette 3 3.6 14.0 80 

Nanopipette 4 3.5 14.1 80 

Nanopipette 5 4.3 14.1 77 

 
 

S16: DNA nanostructures design 

 
 
Figure S15: Designs of the higher-order assembly DNA nanostructures indicating the sets of monomer building-
blocks used for their assembly: (A) - dimer, (B) - trimer, (C) - 2x2 nanostructure. The sequences for each set of 
staples are given in the excel file in SI. The notation T1-T4 refers to edge modifications on the monomer 
nanostructure in order to assemble the higher order DNA nanostructures.  
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