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Abstract  
Due to their programmability via specific base pairing, self-assembled DNA origami 

structures have proven to be useful for a wide variety of applications, including diagnostics, 

molecular computation, drug delivery, and therapeutics. Measuring and characterizing these 

structures is therefore of great interest and an important part of quality control. Here, we show 

the extent to which DNA nanostructures can be characterized by a solid-state nanopore; a non-

destructive, label-free, single-molecule sensor capable of electrically detecting and 

characterizing charged biomolecules. We demonstrate that in addition to geometrical 

dimensions, nanopore sensing can provide information on the mechanical properties, assembly 

yield, and stability of DNA nanostructures. For this work, we use a model structure consisting of 

a 3 helix-bundle (3HB), i.e. three interconnected DNA double helices using a M13 scaffold folded 

twice on itself by short DNA staple strands, and translocate it through solid-state nanopores 

fabricated by controlled breakdown. We present detailed analysis of the passage characteristics 

of 3HB structures through nanopores under different experimental conditions which suggest that 

segments of locally higher flexibility are present along the nanostructure contour that allow for 
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the otherwise rigid 3HB to fold inside nanopores. By characterizing partially melted 3HB 

structures, we find that locally flexible segments are likely due to short staple oligomers missing 

from the fully assembled structure. The 3HB used herein is a prototypical example to establish 

nanopores as a sensitive, non-destructive, and label-free alternative to conventional techniques 

such as gel electrophoresis with which to characterize DNA nanostructures.  

 

Introduction 
Significant advances have been made in the field of DNA nanotechnology since its 

introduction.1–6 The fabrication of nanoscale objects using DNA oligomers as building blocks is 

attracting a growing number of scientists from different disciplines looking to create a variety of 

2-dimensional (2D) and 3-dimensional (3D) DNA nanostructures for diagnostics, therapeutics, 

and single-molecule biophysics applications.7–14 While the programmable self-assembly process 

of DNA is highly efficient, it is also a highly complex thermodynamic process and the end product 

must usually be characterized to ascertain yield and structural consistency with the desired DNA 

nanostructure.15  

DNA origami structures are characterized using a variety of techniques such as gel 

electrophoresis, transmission electron microscopy (TEM), atomic force microscopy (AFM), or 

Förster resonance energy transfer (FRET) microscopy.15 Gel electrophoresis has been the gold 

standard for the characterization of DNA nanostructures given its simplicity and low cost. It 

provides rapid bulk estimation on the yield and purity of the assembly process but does not 

provide information about the correct assembly of the entire structure. Despite these 

shortcomings, gel electrophoresis remains a staple technique due to its non-destructive nature 

and is a popular tool for purification of assembled structures. Microscopy techniques, on the 

other hand, provide high resolution imaging of the sample at the single-molecule level and give 

information about the correctness of the assembly of 2D and 3D nanostructures. However, the 

sample preparation and experimental procedures of these techniques are invasive and can 

disrupt the structural integrity of the assembled products.2,16–22 
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Over the last few years, several studies have involved the characterization of DNA 

nanostructures using solid-state nanopores,23–25 primarily for the development of biosensing,26–

33 and next-generation molecular data storage applications.34–36 In a typical nanopore experiment, 

a membrane containing a nanometer-sized pore is placed between two electrolyte-filled 

compartments. When a voltage is applied across the membrane, ionic current flows through the 

nanopore. As individual nanostructures translocate through the pore, a modulation in ionic 

currents is observed. The extracted blockage depth, duration, frequency, and temporal structure 

of translocation events reveals structural information (size, conformation, shape) about the 

molecular structures of interest and their abundance. The nanopore approach has distinct 

advantages as a characterization tool for DNA nanostructures: It allows for the detection from 

bulk solution which preserves the structural features of the sample as opposed to immobilizing 

it on a surface and drying it; detection is performed label-free without the use of optical dyes, 

which can affect mechanical properties and functions;37,38  given their single-molecule sensitivity, 

nanopores consume low amount of materials, with most current fluidic cells requiring low 

volumes (~1-10 µL) and as little as 1 ng or on the order of femtomoles of sample to operate in 

the high pM to low nM range for a single nanopore to collect a 100-1000 events in minutes.  

  Here, we demonstrate how solid-state nanopore sensing can be used as an analytical 

platform to characterize DNA nanostructure properties beyond geometry and yield. As a 

prototypical example, we characterize the electrophoretic capture and translocation 

characteristics of a 3 helix-bundle (3HB) nanostructure in various experimental conditions (salt, 

voltage, and pore size), and show through identification and characterization of nanopore 

translocation events that we are able to extract information about geometry, local mechanical 

properties, and assembly yield. Notably, we demonstrate that statistics of folded translocations 

can yield information regarding the local rigidity of molecules folding inside nanopores. Our 

results and interpretation of the folding kinetics of 3HB nanostructures in pores suggest that 

structures folding through pores have a non-uniform rigidity. By degrading 3HB samples using 

heat, we further show that such heterogeneous rigidity can arise from defects such as missing 

staple oligomers. The data presented here therefore demonstrate the extent by which solid-state 

nanopores can be used to characterize DNA nanostructures, shed light on the kinetics of folded 
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nanopore transport, and show how local missing oligomers arising from thermodynamic effects 

can affect structural properties of DNA nanostructures that may otherwise pass other quality-

control metrics.    

Results and Discussion 
3HB assembly and Nanopore Characterization 

In this work, we used a three-helix DNA bundle (3HB) as our model DNA nanostructure, 

which consists of three parallel dsDNA double-helices bound together. More precisely, 190 short 

single-stranded DNA (ssDNA) oligomers hybridize to different locations of a 7249 nucleotide-long 

linearized single-stranded m13mp18 DNA, resulting in the scaffold folding twice on itself, as 

sketched in Figure 1a. The resulting structure is therefore expected to have a contour length of 

~820 nm, a cross-sectional area at any point along its contour corresponding to three times that 

of double-stranded DNA (dsDNA), and have side-to-side distance of ~6 nm, due to the hexagonal 

pattern used to build the structure (Figure 1b).39 The protocols employed, the design and the 

sequences of the structures are described in the Methods Section and in Supplementary Sections 

S1 and S2, respectively. Once assembled, the structures were characterized by gel 

electrophoresis, through which assembly quality was verified by confirming the presence of only 

one band, as shown in Figure 1c.  

For all experiments shown here, 3HB structures were electrophoretically driven through  

nanopores (Figure 1d) fabricated by the controlled breakdown method.40,41 Experiments were 

performed with pores (n = 11) of different sizes (9 – 15 nm), in different salt concentrations (0.45 

– 3.6 M LiCl), and under a wide range of voltages (100 - 900 mV).  As an example, Figure 1e shows 

concatenated current traces of current blockages induced by 3HB structures in a 13.2 nm pore, 

under a 200 mV bias in 1.2 M LiCl salt. The current trace from each detected blockade event is 

then fitted (See Methods) to extract metrics useful for characterization, such as maximum 

conductance blockage depth reached during a blockade event Δ𝐺𝑚𝑎𝑥 , and the total translocation 

time 𝜏, as shown in Figure 1e. A typical example of nanopore data visualization is displayed in 

Figure 1f, which shows a scatterplot of Δ𝐺𝑚𝑎𝑥  versus 𝜏, for 486 single molecule events.  As will 

be discussed in the following sections, the information contained in such data is diverse and can 
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be related to the nanostructure geometry, structure, or to the different ways a molecule can 

enter a pore. 

 

 
Figure 1. DNA nanostructure assembly and characterization with nanopore. a) Schematic of DNA helix bundle 
hybridization: thermal annealing of 7249 nt M13mp13 with 190 short “staple” strands. b) Expected dimensions, and 
structure of 3-Helix bundle assembly. c) 1% agarose gel electrophoresis showing a ladder of various DNA lengths in 
one lane and fully assembled 3HB structures in the other. d) Setup for nanopore sensing of 3HB structures. Yellow 
hue depicts the electric field strength. e) Concatenated current traces of transient ionic blockades induced by the 
presence of 3HB in 1.2M LiCl under 200 mV in a 13.2nm pore (top). Individual blockade events fit to extract variables 
such as maximum conductance blockage, and translocation time (bottom). f) Scatterplot of maximum conductance 
blockage versus translocation time in the same experimental conditions as in (e), N = 846. 

 

3HB Dimensions 

To better interpret Figure 1f, Figure 2a replots the same data, i.e. 3HB in 1.2 M LiCl in a 

13.2 nm pore under a 200 mV bias, with blockages normalized by Δ𝐺𝐷𝑁𝐴 , the blockage level of 

single-file dsDNA. Here, Δ𝐺𝐷𝑁𝐴 = 1.54 𝑛𝑆 , and is obtained from the average maximum 

conductance blockage value measured from the translocations of 2 kbp dsDNA fragments inside 

the same pore. Figure 2a also plots a histogram of Δ𝐺𝑚𝑎𝑥/Δ𝐺𝐷𝑁𝐴, from which three peaks can 

easily be identifiable. Fitting those three peaks to normal distributions we find each peak to have 

mean and standard deviation values of:  
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Δ𝐺1 ± 𝜎1 = (3.1 ± 0.2) × Δ𝐺𝐷𝑁𝐴 

Δ𝐺2 ± 𝜎2 = (6.2 ± 0.4) × Δ𝐺𝐷𝑁𝐴  

Δ𝐺3 ± 𝜎3 = (9.9 ± 0.6) × Δ𝐺𝐷𝑁𝐴  

The shallowest population has a mean blockage Δ𝐺1  equal to 3.1 × Δ𝐺𝐷𝑁𝐴 , which 

corresponds precisely to the blockage expected from single-file translocation of properly 

assembled 3HB structures, whose cross-sectional area should be three times that of dsDNA, and 

therefore block current three times as much when inside the pore. Interestingly, the two other 

populations appear to be quantized and show Δ𝐺2 ≈ 2 × Δ𝐺1 , and Δ𝐺3 ≈ 3 × Δ𝐺1 . Such 

quantized blockages are commonly observed for dsDNA translocations42 and correspond to 

folded passages, i.e. translocations for which multiple segments of an individual molecule are 

inside the pore at once. These folded translocations can occur for example if a polymer enters a 

pore not by one of its ends, but by bending somewhere along its contour. For 3HB experiments, 

quantized blockages were observed in all pores and under most voltages tested, as observed in 

Figure 2b, which shows Δ𝐺𝑚𝑎𝑥/Δ𝐺𝐷𝑁𝐴 histograms for a 9.3 nm pore in 0.9 M LiCl as a function of 

voltage.  

 

Figure 2. a) Scatter plot of maximum conductance blockage versus translocation time for 3HB in 1.2 M LiCl at 200 
mV in a 13.2 nm pore (left). The maximum conductance blockage of 3HB blockades is normalized by 𝛥𝐺𝐷𝑁𝐴, i.e. the 
maximum conductance blockage for 2 kbp dsDNA measured in the same nanopore. Distribution of normalized 
blockages (right). b) Distributions of maximum 3HB blockages measured under different voltages on a 9.3 nm pore 
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in 0.9 M LiCl. c) Translocation time distributions measured under different voltages for the same pore as in b). Only 
the durations of single-file translocations, 2 < 𝛥𝐺𝑚𝑎𝑥/𝛥𝐺𝐷𝑁𝐴 < 4, are considered for statistics. d) Definition and 
visual representation of Equivalent Charge Deficit (ECD), i.e. the area in pink. e) ECD comparison of 3HB and 2 kbp 
dsDNA (similar length) in a 13.3 nm pore in 0.9 M LiCl under a 200 mV bias. f) ECD comparison of 3HB and 7 kbp 
dsDNA (similar # of bp) in an 11.2 nm pore in 0.9 M LiCl under a 200 mV bias. 

  

To clarify the nature of the various blockades, we analyzed each Δ𝐺𝑚𝑎𝑥  sub-population, 

starting with the events from the Δ𝐺1 subpopulation. Figure 2c plots the normalized distributions 

of blockade durations 𝜏1  observed under different voltages for events from Figure 2b with 

blockages corresponding to 2 < Δ𝐺𝑚𝑎𝑥/Δ𝐺𝐷𝑁𝐴 < 4. Figure 2c shows a monotonic reduction of 

𝜏1 with voltage. This is expected from full translocations from one side of the pore to the other 

as opposed to collisions, where molecules interact with the pore but remain on the same side of 

the membrane. Indeed, the blockage duration of molecules entering and fully traversing 

nanopores reduces under higher voltages due to increasing drift velocities, whereas the blockage 

duration arising from collisions with a pore increases with voltage due to the increased pulling 

force making it harder for molecules to diffuse away.23,43 A voltage sweep obtained under a 

different salt concentration and pore size is shown in Supplementary Figure S3, and shows a 

similar monotonic voltage trend. Additionally, we characterized Δ𝐺1 events by measuring the 

dependence of translocation time on salt concentration and determined that similarly to dsDNA 

translocations,44 3HB structures translocate faster in lower salt concentrations (see Figure S4 of 

Supplementary Information).45  

We further analyzed 3HB translocations by calculating their equivalent charge deficit 

(ECD), calculated as the time-integral of the difference between the current during the blockade 

event and the open-pore current (Figure 2d), which corresponds to the amount of charge that 

would have traversed the nanopore had the translocating molecule not blocked it.30 For large 

nanopores with minimal molecular interactions with the pore wall, ECD values of folded and 

single-file translocations are nearly identical. ECD is therefore primarily related the volume of the 

translocating molecular structure, in addition to its mobility. Figures 2e-f show scatter plots of 

the maximum blockage Δ𝐺𝑚𝑎𝑥/Δ𝐺𝐷𝑁𝐴 versus ECD for a mixture of 3HB and 2 kbp dsDNA, two 

molecules of similar contour lengths (𝐿3𝐻𝐵 = 820 𝑛𝑚, 𝐿2𝑘𝑏𝑝 = 680 𝑛𝑚), and a mixture of 3HB 
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and 7 kbp dsDNA, two molecules of similar number of base pairs and thus volumes. These two 

experiments were done in nanopores of 13.3 nm (Figure 2e) and 11.2 nm (Figure 2f), in 0.9 M 

LiCl under a bias of 200 mV. The normalized ECD distribution of each mixture is shown above the 

corresponding scatterplot in Figures 2e-f. The ECD distribution of 2 kbp dsDNA is significantly 

smaller than 3HB, whereas the ECD distributions of 7 kbp dsDNA and 3HB overlap. This is 

expected since 3HB structures are assembled by hybridizing staple strands to a 7249 nt ssDNA 

scaffold, resulting in a volume similar to that of a 7 kbp dsDNA. Figure S5 in the Supplementary 

Information further demonstrates the sensitivity of such comparisons by showing that the ECD 

distributions of 3HB and 10 kbp dsDNA are separable.  

From the combined observations obtained from Figure 2, we conclude that blockade 

events from Δ𝐺1 , i.e. the sub-population centered around Δ𝐺𝑚𝑎𝑥/Δ𝐺𝐷𝑁𝐴 ≈ 3 , result from 

translocations of molecules with cross-sectional areas three times that of dsDNA, and volumes 

similar to 7 kbp dsDNA. These dimensions correspond exactly to those expected from properly 

assembled 3HB structures passing through nanopores in a single-file manner. Note that ECD 

values from Δ𝐺2 and Δ𝐺3 3HB populations in Figures 2e-f are slightly larger than those of Δ𝐺1 or 

7 kbp dsDNA. This either points to increased pore-polymer interactions, or at more complex 

dynamics.  
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3HB Folding – Metastable State 

Figure 3. Folding statistics of 3HB translocations in a 13.3 nm pore in 0.9 M LiCl. a) Scatter plots of maximum blockage 
level versus translocation time measured at 200 mV, 300 mV, and 400 mV. Red dots and roman numerals identify 
which events are shown in b). b) Current traces of four events with 𝛥𝐺𝑚𝑎𝑥 = 2𝛥𝐺3𝐻𝐵 ≈ 6𝛥𝐺𝐷𝑁𝐴  of various 
durations. Events are from the 400 mV data set shown in a). c) Representative current trace of a folded 3HB 
translocation event preceded by a meta-stable state. Orange portion represents the meta-stable state, which is 
followed by a folded state and single-file state shown in red. d) Duration of meta-stable (orange dots) and folded 
translocation states (red squares) as a function of applied voltage. e) Histograms of meta-stable state blockage level, 
normalized by single-file 3HB translocation blockage 𝛥𝐺3𝐻𝐵  for 200, 250, 300, 350, 400, and 450 mV. The histograms 
were obtained by averaging the area-normalized conductance histograms of each individual event. f) Histograms of 
the coefficient of variation (𝐶𝑉) of the nanopore conductance during the metastable states, 𝐶𝑉𝑀𝐸𝑇𝐴. Values are 
normalized by the 𝐶𝑉 measured during single-file 3HB translocations, 𝐶𝑉3𝐻𝐵. Measurements under 200, 250, 300, 
350, 400, and 450 mV are shown. g) Illustrations of the proposed translocation process of folded 3HB.  

 

After establishing that events from the Δ𝐺1  population result from single-file 

translocations of properly assembled 3HB nanostructures, we next investigated the blockade 

events from the Δ𝐺2 sub-population: events with maximum blockages corresponding to six times 

that of dsDNA, i.e. Δ𝐺𝑚𝑎𝑥 ≈ 6 × Δ𝐺𝐷𝑁𝐴 , or equivalently to twice that of single-file 3HB 

translocations. Figure 3a plots the normalized maximum blockage level Δ𝐺𝑚𝑎𝑥/Δ𝐺𝐷𝑁𝐴  of 

individual 3HB translocations versus the corresponding translocation times for a 13.3 nm pore in 
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0.9 M LiCl under 200, 300 and 400 mV. Consistent with Figure 2a, different populations can be 

identified based on maximum level blockage alone. The Δ𝐺2  sub-population ( 5 < Δ𝐺𝑚𝑎𝑥/

Δ𝐺𝐷𝑁𝐴 < 7.5) is highlighted in Figure 3a to better visualize its response to different voltages.  

The three different voltages displayed in Figure 3a show that events in the Δ𝐺2 

population behave differently than single-file translocations: Whereas the blockage duration of 

some translocations gets shorter with increasing voltage, as expected from full translocations 

(Figure 2c), the blockage duration of other events increases with voltage, as expected from 

collision-like events. Under a bias of 400 mV, some events have translocation times up to 2-3 

orders of magnitude longer than 200 mV events. These two confounding behaviors result in a 

spread of 𝜏  that significantly increases with voltage, as seen in Figure 3a. This behavior was 

observed in other high-voltage nanopore experiments and is not unique to this single-data set. 

 Insight into the nature of this sub-population of 3HB with Δ𝐺2 ≈ 6 × Δ𝐺𝐷𝑁𝐴  blockage 

level is gained by examining the current signature of individual blockade events. Figure 3b 

displays the traces of four events which span the entire range of translocation times (selected 

events are highlighted in red in Figure 3a). Interestingly, these events begin with a shallow 

blockage state, followed by a deeper one. In fact, more than 90 % of events from the Δ𝐺2 sub-

population can be divided into three consecutive blockage states, as depicted in Figure 3c: an 

initial metastable state with a blockage depth (Δ𝐺𝑀𝐸𝑇𝐴) which can be noisy and very long (up to 

105 𝜇𝑠), followed by an intermediate blockage of depth Δ𝐺2 and a final blockage state of depth 

Δ𝐺1. These latter two states are expected of a folded translocation in which a 3HB molecule 

entered a pore not by an end, but by bending a segment along its contour inside the pore.42,46 

We therefore attribute these events in the Δ𝐺2  sub-population as folded 3HB translocations 

preceded by a metastable state. Indeed, Figure 3d plots the voltage dependence of metastable 

state durations 𝜏𝑀𝐸𝑇𝐴  and of the final two states 𝜏21 = 𝜏 − 𝜏𝑀𝐸𝑇𝐴  (as also defined in Figure 3c), 

showing that 𝜏21 monotonically reduces with voltages, and is well described by a power scaling 

law of the form 𝜏21~Δ𝑉(−1.8±0.1), whereas 𝜏𝑀𝐸𝑇𝐴 monotonically increases with voltage, and is 

well described by an exponential function 𝜏𝑀𝐸𝑇𝐴~𝑒Δ𝑉/(85±10)𝑚𝑉 . Just as for single-file 

translocations, the fact that 𝜏21 reduces with voltage supports the interpretation that the two 

final blockage states correspond to a 3HB traversing the nanopore in a folded conformation. 
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Conversely, because of its increasing duration with increasing voltage, the metastable state is 

collision-like, and is hypothesized to result from the 3HB nanostructure lying across the pore 

opening. At high voltages, the metastable state dominates the event duration and is therefore 

responsible for the wide spread of translocation times observed in Figure 3a (see Figure S5 of 

Supplementary Information).   

 To better understand the nature and origin of the metastable state, we further 

investigated the properties of the current blockage observed during the metastable state. Figure 

3e displays histograms of the metastable state conductance blockage  Δ𝐺𝑀𝐸𝑇𝐴  measured under 

different voltages, normalized by Δ𝐺1 to reduce inter-measurement variability. Figure 3e shows 

that Δ𝐺𝑀𝐸𝑇𝐴  gets deeper for larger voltages, as shown by its most probable value increasing 

monotonically with voltage: At 200 mV, the most probable metastable state blockage value is 

Δ𝐺𝑀𝐸𝑇𝐴/Δ𝐺1 ≈ 0.77 , whereas it is ≈ 1.21  at 450 mV.  At lower voltages therefore, a 3HB 

nanostructure presumably lying above the pore blocks less current than if it were fully inserted 

into the nanopore (as for single-file translocations), whereas the opposite is true for higher 

voltages.  

Figure 3f shows the histogram of the metastable state blockage noise measured at 

different voltages. Here the noise is quantified using the coefficient of variation 𝐶𝑉𝑀𝐸𝑇𝐴 =

𝜎𝑀𝐸𝑇𝐴/𝜇𝑀𝐸𝑇𝐴 , i.e. the ratio of the metastable state standard deviation 𝜎𝑀𝐸𝑇𝐴
2 = ⟨(Δ𝐺𝑀𝐸𝑇𝐴 −

𝜇𝑀𝐸𝑇𝐴)2⟩ and mean 𝜇𝑀𝐸𝑇𝐴 = ⟨Δ𝐺𝑀𝐸𝑇𝐴⟩ values. 𝐶𝑉𝑀𝐸𝑇𝐴  values are normalized by the average 

noise of single-file translocations 𝐶𝑉1, calculated in the same way. The relative metastable state 

noise is observed to reduce with increasing voltage. Interestingly, for higher voltages the noise 

reduces to the same values as for single-file 3HB translocations. In Supplementary Figure S8, it is 

further shown that the current blockage during the metastable state displays voltage-

independent 1/f noise.  

 The voltage trends identified in Figure 3 help form a complete picture of the mechanism 

by which 3HB nanostructures fold inside nanopores: The bending and folding of 3HB inside 

nanopores is identified by the last two blockage states (Figure 3c), and is preceded by a collision-

like metastable state which lasts longer (Figure 3d), blocks more current (Figure 3e), and gets less 
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noisy (Figure 3f) with increasing voltage. Based on these observations, we unravel the folding 

steps of 3HB as follows:  1) When a 3HB does not approach the nanopore by an end, it gets pulled 

down across the pore opening by the electric field at some intermediate position along its 

contour; 2) Due to its high local rigidity (persistence length ℓ3𝐻𝐵 > ℓ𝐷𝑁𝐴 > 𝑑𝑝𝑜𝑟𝑒), it does not 

bend inside the pore; It instead diffuses laterally, the action of which is hindered by the electric 

field in the vicinity of the pore, which acts to pin nanostructures against the pore mouth and 

membrane; 3) Through lateral diffusion, a segment of weaker local rigidity along the 3HB 

eventually finds the nanopore, which facilitates bending and entry inside the nanopore. A folded 

translocation subsequently occurs, wherein two 3HB segments are in the pore at once (folded 

state Δ𝐺2), followed by a single segment (unfolded state Δ𝐺1). See Figure 3g for a depiction of 

the proposed folding mechanism.  

 Similar docking phenomena have been previously described for dsDNA47, observed for 

DNA nanostructures and for stiff filamentous viruses.32,43,48–50 In this work, docking and diffusion 

prior to translocation helps explain the observations of Figures 3e and 3f: increasing voltage 

enhances the electrophoretic pull in the pore vicinity, and pins 3HB nanostructures more strongly 

to the pore mouth, which increases blockage, and reduces the amplitude of the thermal motion 

that contributes to the additional noise in the metastable state. Supplementary Information 

Section 8 provides addition discussion and experimental results under different experimental 

conditions to support this interpretation. 

 Proposing 3HB molecules with a spatially varying rigidity helps explaining the observation 

from Figure 3d in which 𝜏𝑀𝐸𝑇𝐴 increases with voltage. Consider a heterogeneous linear polymer 

with segments too rigid to instantly bend inside nanopores, separated by a random distribution 

of more flexible segments which, when in contact with the nanopore, rapidly bend and enter. 

Unlike a uniformly rigid structure, the time required for the molecule of non-uniform rigidity to 

bend inside a nanopore is not determined by the characteristic time it takes for the molecule to 

overcome the bending energy barrier, but is instead determined by how long it takes for a flexible 

segment to find the pore through lateral diffusion. At higher voltages, 3HB molecules should be 

pinned closer to the pore (Figure 3e), and the increased membrane-polymer interactions (friction) 
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should hinder lateral diffusion, therefore resulting in longer times required for flexible segments 

to find the pore.   

Lateral diffusion prior to translocation is further supported by a number of events 

displaying the metastable state followed only by a single-file blockage state instead of a folded-

translocation sequence. Such events were presumably docked onto the pore near their ends, 

diffused laterally until their ends entered the pore, resulting therefore in a single-file 

translocation, as characterized, and displayed in section S8 of the Supplementary Information. 

Furthermore, although the metastable state was observed in almost all experimental conditions 

tested, it was notably more prominent under high voltages and in low salt concentrations (See 

Figures S11 and S12 of the Supplementary Information), two conditions that increase the 

electrophoretic pull on the 3HB molecules and therefore pin it more against the pore. 

 

Complex Folding of Degraded Nanostructures 

   

Figure 4. Nanopore characterization of heat-shocked 3HB. a) Sketch of 3HB structures heated at 65°𝐶, gradually 
loosing staples. b) Gel electrophoresis of 3HB nanostructures thermally degraded for 0, 30, 60, 120, 180, 300, and 
600 seconds and snap cooled to 4°𝐶.  1 % Agarose gel in 1xTAE buffer (40 mM Tris, 20 mM acetic acid, and 2 mM 
EDTA) with an applied voltage of 70 V. Right lane: Generuler 1 kb plus DNA Ladder (ThermoFisher Scientific, SM1331). 
c) Scatter plots of Maximum conductance blockage level versus translocation time of 3HB structures heated at 65°𝐶 
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for 0, 30, and 300 seconds for a 11.4 nm nanopore in 0.9 M LiCl with an applied bias of 400 mV. Single-file 3HB events 
produce a blockage level of ~ 6 𝑛𝑆. Dash line are integers of the single-file level. d) Distributions of maximum 
conductance blockages from c). 

  

The previous section proposed that the 3HB molecules have a heterogeneous rigidity, i.e. 

flexible segments scattered along the more rigid contour 3HB, to explain the mechanism by which 

3HB folds inside nanopores. The experimental data of Figures 2 and 3 however offer no insight 

into the origin nor into the characteristics of such flexible segments. One possibility is that added 

flexibility arises from missing oligomer staples at different location along the length of the 

nanostructure. Unfortunately, individual missing oligomers cannot be mapped from the   

nanopore ionic current signal at this time due to the relatively fast translocations.   

Here, to study the effect of missing oligomer staples on 3HB translocations, and the 

resulting of a non-homogeneously rigidity along 3HB contour, we purposefully induced partial 

melting of the staples by briefly heating the 3HB structures. Using a thermal cycler, samples of 

the same 3HB assembly batch were heated to a temperature of 65°𝐶 for durations of Δ𝑡 = 0, 30, 

60, 120, 180, and 300 seconds. A temperature of 65°𝐶 was chosen since it is slightly above the 

melting temperature of individual staple strands. By heating the 3HB samples for different 

durations, an increasing fraction of staples are removed, and the structures gradually degrade 

(Figure 4a). Following the heat shock, the samples were snap-cooled to 4o𝐶  to preserve the 

degraded state, and immediately characterized by gel electrophoresis and nanopore 

translocation. Figure 4b shows a 1% agarose gel electrophoresis experiment where each lane 

contains 3HB nanostructures heated for different amounts of time. Structures heated for longer 

times have higher gel mobility, and contain fast migrating bands, which can be attributed to 

staples released from the 3HB structure. This confirmed that heat shocks controllably and 

gradually remove a random subset of staples from 3HB. 

Figure 4c shows the corresponding nanopore data, with Δ𝐺𝑚𝑎𝑥  versus 𝜏 scatter plots for 

the 3HB nanostructures heat-shocked for Δ𝑡 = 0, 30 and 300 seconds, and passing through a 

11.4 nm nanopore, in 0.9 M LiCl, under a 400 mV applied voltage. See Supplementary Information 

Section S11 for the scatter plots of samples degraded for all times tested. The blockades of 3HB 
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structures before heat shocks (Δ𝑡 = 0 𝑠) show blockages and translocation times consistent with 

that of Figure 3a: a well-defined single-file population, and a folded population approximately 

twice as deep displaying a wide 𝜏 distribution covering 4 orders of magnitude, indicative of the 

metastable state. In addition, a few events have maximum blockages centered around  ~3 × Δ𝐺1, 

corresponding to more complex folded passages, i.e. translocation events which at some point 

during translocation had three segments inside the nanopore at once.  

Figure 4c and the corresponding Δ𝐺𝑚𝑎𝑥  histograms shown in Figure 4d reveal that distinct 

features in the translocation profiles can be observed as the nanostructures are heated. First, the 

peaks within the Δ𝐺𝑚𝑎𝑥  distributions broaden (making distinct population less easily 

distinguishable) yet remain consistently centered around the same values. Second, 3HB 

nanostructures heated for longer periods of time result in more events populating the folded 

states and consequently less the single-file state. Eventually barely any single-file 3HB events are 

detected, and mostly complex folding (> 2 × Δ𝐺1) is observed, as shown in Figures 4c-d for Δ𝑡 =

300 seconds. Lastly, as samples are heat shocked for longer times, translocation events display 

shorter metastable states: When only heated for 30 seconds, the metastable state is present at 

the start of many events, yet is significantly shorter than the intact structures, as revealed by the 

much narrower 𝜏 distribution of folded events. For longer heating durations, metastable states 

become shorter and eventually become undetectable.  

This gradual degradation of nanostructures shows that 3HB structures with missing 

staples have an increased propensity for complex folded translocations. Under controlled 

experimental conditions, the fraction of translocation events showing complex folding states 

should give a qualitative insight into the fraction of nanostructures with missing short staple 

oligomers. Moreover, the reduction and eventual disappearance of metastable states for more 

degraded samples supports the hypothesis of a heterogeneous rigidity used to explain 3HB 

folding. By intentionally removing a subset of staple strands, more segments of increased local 

flexibility should be introduced along the structure. As a result, the average contour distance 

between the initial docking site and the closest flexible segment should be reduced, in turn 

reducing the time required for a flexible segment to find the pore through lateral diffusion, and 

therefore the metastable state duration 𝜏𝑀𝐸𝑇𝐴 . Note that although intentionally removing 
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staples supports the idea that heterogeneous rigidity is responsible for 3HB folding, it does not 

necessarily imply that missing staples are the cause of weaker spots for fully assembled 

structures. For example, smaller defects such as nicks (i.e. the space between where two 

neighboring staples end), could be at the root the proposed heterogeneity.51,52 The nanoscopic 

distinction between such minute features remain inaccessible to the analysis shown here.  

 

Folded Fraction 

Figures 3 and 4 and the corresponding discussions have addressed the potential 

mechanism and origin of folded 3HB translocations. We now attempt to give insight into the 

complementary subject of the fraction of folded events (i.e. folded fraction) to understand how 

often 3HB translocates in a single-file or folded fashion. Figure 5a plots the normalized Δ𝐺𝑚𝑎𝑥  

histograms for 2 kbp dsDNA and 3HB passing through a 13.3 nm nanopore, in 0.9 M LiCl, under 

an applied voltage of 200 mV. Recall that these two molecules have similar contour lengths 

(𝐿3𝐻𝐵 = 820 𝑛𝑚, 𝐿2𝑘𝑏𝑝 = 680 𝑛𝑚). For better visualization, Δ𝐺𝑚𝑎𝑥  values were normalized by 

the single-file blockage of DNA translocations Δ𝐺𝐷𝑁𝐴 . Fitting both histograms to bimodal 

distributions and comparing the amplitudes of single-file and folded populations, we found that 

60% of 3HB translocations, and 36% of 2 kbp translocations were folded. Under the same 

experimental conditions, 3HB structures therefore translocated in a folded conformation roughly 

66% more than 2 kbp. Note that this folded fraction increase was observed for all experiments 

obtained for this work in which both 3HB and 2 kbp dsDNA were run on the same pore, 

consistently resulting in 3HB folding 60-80% more than 2 kbp.  

As previously stated, folded translocations occur when a molecule enters the nanopore 

not by its end, but instead by bending a segment along its contour. Understanding the folded 

fraction of a molecule is therefore equivalent to understanding what factors impact whether a 

molecule gets captured by an end or not. Here, in order to explain the increased folding fraction 

observed with 3HB nanostructures, we briefly give insight into the role that polymer rigidity and 

that non-uniform electric field play in determining a polymer’s capture location, i.e. where along 

its contour a polymer first comes into contact with a nanopore. 
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Figure 5. Insights into the fraction of folded 3HB translocations. a) Normalized maximum conductance blockage 
histograms for 3HB (top) and 2 kbp dsDNA (bottom) in a 13.3 nm pore in 0.9 M LiCl under a 200 mV voltage. The 
distributions are fit to a bimodal distribution to estimate the fraction of folded events. b) Extrapolation of 3HB and 
2 kbp dsDNA free-solution mobility using 0.2 – 1 % Agarose gels. c) Sketch demonstrating the effects of rigidity and 
on the conformations expected when a slightly misaligned molecule comes into proximity to a pore.  

 

We first consider the role played by the electric field emanating from the nanopore on 

the conformation of approaching charged polymers. When a voltage is applied across an 

insulating membrane containing a nanopore, a strong electric field forms within the nanopore 

and its vicinity. The electric field is strongest inside the pore, and decays as it extends outward 

radially. The electric field gradient outside of the nanopore can cause both dsDNA and 3HB to 

approach the pore by an end: For dsDNA, the field gradient stretches out and “unwraps” the 

polymer as it approaches since the field pulls on the parts of dsDNA that are closer to the pore 

significantly more than those that are distant.53–57 For the rigid 3HB molecules, the gradient 

results in a torque that aligns the 3HB with the field lines.50,58,59 Similar effects have been seen 
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for rigid molecules in other nanofluidic devices.60 For sufficiently strong fields, both molecules 

are therefore expected to approach the pore by an end in the majority of cases. Generally 

however, molecules with higher electrophoretic mobility should respond more strongly to the 

non-uniform electric-field and align with the pore better than molecules of lower mobility, 

resulting in less folding.  

To test whether different electrophoretic mobilities are at the root of 3HB structures 

consistently folding more than 2 kbp dsDNA, we estimated the free solution mobilities of 3HB 

and 2 kbp dsDNA molecules by calculating their electrophoretic mobilities 𝜇 in agarose gels of 

different concentrations. For each agarose gel percentages, the distance travelled by the 3HB 𝛿𝑥 

under an applied voltage Δ𝑉  was used to estimate the gel-percentage-dependent mobility 𝜇 

calculated as 

𝜇 =
𝛿𝑥

𝛿𝑡

𝐿

Δ𝑉
 

Here, 𝐿 is the distance between the electrodes applying voltage for a duration of 𝛿𝑡. The 

different mobility measurements were used to extrapolate the 0% gel mobility, i.e. the free 

solution mobility, as shown in Figure 5b. The extrapolation was achieved by fitting the data to an 

exponential decay function, since electrophoresis for lower gel concentrations is well described 

by Ogston sieving.61 The free solution mobility of 3HB structures was extracted to be 2.6 × 10−4 

cm2V-1s-1, whereas 2 kbp dsDNA yielded a higher free-solution mobility of 3.1 × 10−4 cm2V-1s-1. 

These values are in a reasonable agreement with accepted dsDNA mobility values of 3.7 × 10−4 

cm2V-1s-1.62 We therefore estimate the mobility of 3HB structures to be roughly 15% smaller than 

that of 2 kbp dsDNA.  

Since the mobilities of 3HB and 2 kbp dsDNA are of similar values, we instead suggest that, 

somewhat counter intuitively, the overall increased rigidity of 3HB is responsible for the 

increased folded translocation fraction. Although both molecules are more likely to approach a 

nanopore end-first, as discussed, approaching by an end does not guarantee threading by an end. 

Thermal noise can kick the proximal end of the polymer/nanostructure off track such that it 

misses the pore. Due to its relative flexibility, dsDNA can still fold and thread through by – or at 
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least very near – an end even if the initial attempt failed. This is however not possible for the 

more rigid 3HB molecules. Instead, if the end misses, the molecule’s center of mass will continue 

to approach the pore, eventually resulting in it being pinned against the pore, thereby initiating 

the metastable state described above. This behavior has been observed in studies of the 

translocation of rigid filaments through nanopores where even events in which the polymer 

approached the pore by an end could yield a docked state with the molecules lying against the 

surface of the membrane on the cis side.50 In accord with this tip deflection scenario, this result 

was measured to be more likely if the polymer approached the pore at an angle that was oblique 

relative to the axis of the pore. Through this mechanism, the overall rigidity of 3HB means that 

even events in which the molecule approaches the pore by an end can result in folded events 

and thus the more rigid 3HB yields more folded events than 2 kbp dsDNA of similar length. 

Conclusion  
By thoroughly classifying and analyzing the different types of current signatures for 3-

helix bundle (3HB) structures translocating under various conditions, we showed the extent to 

which DNA nanostructures can be characterized by solid-state nanopores. From the blockage 

depth and the equivalent charge deficit of single-file translocations, we calculated the volume 

and the cross-sectional area of 3HB. This substantiated the proper assembly and anticipated 

dimensions of the nanostructures. Through analysis and the understanding of the 3HB structure 

folding mechanism, we further revealed that nanopores can give information on the structural 

rigidity of a DNA nanostructure, which in turn reflects the quality of the assembly.  We proposed 

that 3HB have a heterogeneous rigidity along their contour due to missing a subset of staple 

strands, allowing for 3HB to fold for nanopore entry. We verified our hypothesis by purposefully 

removing oligomers from 3HB structures, which resulted in more complex folded translocations 

(defined as having maximum blockage levels > 2 × Δ𝐺1), and facilitated entrance of 3HB into 

nanopores. Both the metastable state durations and fraction of events showing complex folding 

sequences are therefore related to the density of missing oligomers along the 3HB structure, or 

equivalently to the yield of fully assembled structures.  
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In addition to giving insights on physical characteristics of the 3HB nanostructure, the 

results shown in this work outline the role of rigidity in the nanopore capture and translocation 

process. Our results suggest that docked polymers , when incapable of bending and entering a 

nanopore, can diffuse laterally along their contour while remaining atop the pore due to the 

strong electrophoretic pull. Under these circumstances, the contour of the rigid polymer is 

scanned by the nanopore until a segment and conformation are found that favors translocation, 

either by an end or by folding. Therefore, in addition to conformational entropy,46 rigidity should 

accentuate the energetic contributions required for initiating the translocation process, and as a 

result should alter the statistics of where along its contour a polymer folds when entering a 

nanopore.  

We note that similar docking behavior has been observed recently by Shi et al,48 who 

showed that 6-helix bundle structures could dock on top of solid-state nanopores, and undergo 

rotary motion due to the competing effects of electrophoresis and electroosmosis under the 

presence of a potential gradient, or of diffusiophoresis and diffusioosmosis in the presence of a 

salt concentration gradient. In addition to lateral diffusion, rotational motion could indeed occur 

during the outlined metastable state, however evidence of such behavior could not be detected 

when looking only at ionic current signatures due to the cylindrical symmetry of the nanopore.   

Finally, we hope that our results show how the plurality of signals obtained by nanopore 

translocations contain rich information about the dimensions of an analyte and its rigidity and 

will further motivate their use for characterizing more complex DNA origami nanostructures.  

Methods 
Scaffold Preparation 

The linearized M13 single-stranded DNA scaffolds were prepared from M13mp18 circular 

single-stranded DNA (New England Biolabs, N4040S). To attach the primer, primer strand was 

added in a mixture with 10 𝜇𝑔 M13mp18 circular single-stranded DNA at a ratio of 10:1 in 1x NEB 

3.1 buffer, the mixture was heated to 95 o𝐶, and slowly cooled down to room temperature in a 

MiniAmp Plus Thermal Cycler (ThermoFisher Scientific, #A37835). A mixture of prepared circular 

scaffold (with primer attached), and 10 units of HincII restriction enzyme (New England Biolabs, 
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R0103S) in a total reaction volume of 50 𝜇𝐿 in 1x NEB 3.1 buffer were incubated at 37 o𝐶 for 3 

hours, then heat-inactivated at 65 o𝐶 for 20 minutes in the thermal cycler.  

The linearized products were characterized by denaturing agarose gel electrophoresis at 

1% in 1x TAE buffer (40 mM Tris, 20 mM acetic acid, and 2 mM EDTA, pH 10.5). Upon completion, 

the agarose gel was submerged in 1xTAE buffer (40 mM Tris, 20 mM acetic acid, and 2 mM EDTA) 

at pH 8 and incubated on incubator at 60 RPM for an hour to bring gel pH back to 8. The gel was 

then submerged in 2x gel volume de-ionized water with 1x GelRed (Biotium, #41003) for 45 

minutes on incubator then store at 4 o𝐶 overnight to post stain. As shown in Supplementary 

Figure S1, linear single-stranded M13 migrate faster than circular single-stranded M13 molecules, 

the disappearance of circular band is an indication of complete cut. The sequence of the 

linearized M13 scaffold is provided in Supplementary Information section S1. 

Nanostructure Assembly 

For the assembly of the 3HB molecules, the scaffold (linearized M13mp18 from New 

England Biolabs, N4040S) was mixed with 191 staple strands at a molar ratio of 1:10 in assembly 

buffer (at final 40 mM Tris, 20 mM acetic acid, 2 mM EDTA, and 16 mM MgCl2, pH 8). The product 

is heated to 95 o𝐶 for 5 minutes, cooled to 90 o𝐶, ramped from 90 o𝐶 to 60 o𝐶 at a rate of 0.4 o𝐶 

per minute, then from 60 o𝐶 to 26 o𝐶 at a rate of 0.03 o𝐶, and snap cooled to 4 o𝐶 using minicamp 

Plus Thermal Cycler (ThermoFisher Scientific, #A37835). After the assembly, the nanostructures 

were spun down using 100 kDa Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore Sigma, 

UFC500396), three washes with the assembly buffer were performed to completely remove 

excess staple strands present in the solution. The assembled products were visualized on 1% 

agarose gel in 1x TAE buffer (40 mM Tris, 20 mM acetic acid, and 2 mM EDTA, pH 8), as shown in 

Supplementary Section 1. Generuler 1 kb plus DNA Ladder (ThermoFisher Scientific, SM1331) was 

used as a reference guide for nanostructure migration. GelRed (Biotium, #41003) was used for 

visualization of the DNA bands. 

Nanopore Fabrication 

Nanopores were fabricated in 12 nm thick free-standing SiNx membranes (Norcada, 

NBPX5004Z) using the controlled breakdown (CBD) method.27,28,31,32 CBD was performed in 1 M 
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KCl buffered with 10 mM HEPES at pH 8 and pores were grown to 9–15 nm in 3.6 M LiCl buffered 

with 10 mM HEPES at pH 8 using moderate voltage conditioning, using Spark-E2 instruments and 

flow cells similar to products from Northern Nanopore Instruments (NNi) as described in Waugh 

et al.41 The uncertainties of pore diameters are calculated to be 0.5 nm, or smaller, for every pore 

used in this work, using NNi online calculator (https://www.solidstatenanopore.com/nanopore-

calculator). Prior to fabrication, the chips were cleaned using air plasma for 70 s and painted with 

a layer of PDMS to reduce high-frequency noise. 

 

 

 

 

Nanopore Sensing 

The DNA nanostructures in 1x assembly buffer were added to a LiCl solution of 0.45 M to 

3.6 M for nanopore sensing, typically 5 µ𝐿 of the nanostructure solution was added to 35 µ𝐿 LiCl 

buffered with 10 mM HEPES at pH 8. Linear 2 kbp (ThermoFisher Scientific, SM1701) and 7 kbp 

(ThermoFisher Scientific, SM1741) NoLimits DNA fragments were always run prior to 

nanostructures or in a mixture to normalize pore geometry variations during post-processing. 

Samples were introduced to the cis side of the chip and a negative voltage was applied to the cis 

side with the trans side grounded. The ionic current recordings were performed in MATLAB 

2013a (32-bit) using the VC100 current amplifier (Chimera Instruments) with sampling frequency 

of 4.17 MHz and a bandwidth of 1 MHz and were subsequently software low-pass Bessel filtered 

as needed. 

Data Analysis 

Translocation events in the recorded current traces were located and fitted using a 

custom implementation of the CUSUM+ algorithm.33 A digital low-pass filter of 200 kHz was 

applied for the analysis unless otherwise specified. The fitted translocation events were plotted 

and further analyzed using Nanolyzer (v0.1.41) from Northern Nanopore Instruments and Origin 

2016 from OriginLab. 

https://www.solidstatenanopore.com/nanopore-calculator
https://www.solidstatenanopore.com/nanopore-calculator
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