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Abstract

Elucidating the kinetics of DNA passage through a solid-state nanopore is a fertile field of 

research, and mechanisms for controlling capture, passage, and trapping of biopolymers are likely 

to find numerous technological applications. Here we present a nanofiltered nanopore device, 

which forms an entropic cage for DNA following first passage through the nanopore, trapping the 

translocated DNA and permitting recapture for subsequent reanalysis and investigation of kinetics 

of passage under confinement. We characterize the trapping properties of this nanodevice by 

driving individual DNA polymers into the nanoscale gap separating the nanofilter and the pore, 

forming an entropic cage similar to a “two pores in series” device, leaving polymers to diffuse in 

the cage for various time lengths, and attempting to recapture the same molecule. We show that the 

cage results in effectively permanent trapping when the radius of gyration of the target polymer is 

significantly larger than the radii of the pores in the nanofilter. We also compare translocation 

dynamics as a function of translocation direction in order to study the effects of confinement on 

DNA just prior to translocation, providing further insight into the nanopore translocation process. 

This nanofiltered nanopore device realizes simple fabrication of a femtoliter nanoreactor in which 

to study fundamental biophysics and biomolecular reactions on the single-molecule level. The 

device provides an electrically-permeable single-molecule trap with a higher entropic barrier to 

escape than previous attempts to fabricate similar structures.
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Introduction

Nanopores allow for highly sensitive electrical detection of single biomolecules,1 and many 

applications have gained attention in recent years. Among them are DNA sequencing;2,3 

investigating single biomolecular reactions;4 identifying particular sequences of DNA 

through the use of barcodes;5 elucidating fundamental physics of polymers and their 

transport through pores at the single-molecule level,6–9 which is intrinsic to many processes 

of life.10–13

The study of confinement effects on DNA prior to translocation through a nanoscale pore 

has been undertaken before, in order to examine the drift-diffusion model under various 

levels of confinement14,15 compared to free solution;8 the passage time dependence on DNA 

conformation;7 and the trapping of DNA in entropic cages.16 While a handful of studies 

have explored single-molecule entropic trapping with nanopores,16 the potential escape 

routes are generally quite large compared to relevant target polymers for biomedical 

applications, and, as we will demonstrate, entropy-based traps quickly lose their efficiency 

as polymer length decreases. The ability to trap relatively short polymers would be very 

useful. For example, M13 (~7000 bp, radius of gyration 150 nm, contour length 2500 nm) is 

of great interest as a scaffold for the assembly of DNA origami nanostructures17–19 or as a 

barcoding nanocarrier for biosensing applications.20–24 In order for the trap to apply a 

confining effect to the molecule of interest, the largest linear dimension of the escape routes 

in the trap (the major axis of the pores) must be small compared to the free solution radius of 

gyration of the polymer. This condition is not possible to realize for short polymers using 

previously reported trap configurations and fabrication approaches.

In addition to entropic traps, several other polymer trapping methods have been explored. 

The use of plasmonic nanostructures has been proposed and validated in simulation, in 
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which near-field excitation of a plasmonic structure is used to apply optical forces directly to 

DNA.25,26 Trapping of long polymers has been demonstrated experimentally using a two-

pore system, in which the DNA molecule is caught and stretched between two competing 

nanopores.27,28 Using nanopores smaller in diameter than DNA has also been shown to 

enable long passage times and temporary trapping of polymers.29,30 Finally, 

dielectrophoresis has been used to trap and concentrate DNA prior to interrogation with a 

nanopore.31

In this work, we propose the use of ultrathin nanoporous silicon nitride7,32 (NPN) 

membranes as a capping nanofilter layer for a confining well above a nanopore to 

entropically confine polymers for long times. This allows us to considerably improve on the 

trapping efficiency, since the reduced size of escape routes in the nanofilter layer provides a 

higher entropic barrier to escape than previously reported trap architectures.

Briggs et al. previously reported integration of NPN nanofilter membranes upstream of 

nanopore sensors in order to affect translocation kinetics.7 Here, we present the use of these 

nanofiltered nanopore devices in reverse configuration as an entropic nanocage.

Experimental

Device Geometry

The entropic trapping device employed in this work consists of a SiNx membrane separated 

from a nanoporous nitride membrane (a nanofilter) by a SiO2 spacer containing a hexagonal 

grid of microwells with a diameter of approximately 4.5 μm. The assembly and construction 

of the nanofiltered nanopore device is described in full elsewhere and is schematically 

illustrated in Figure 1,7 utilizing a water-vapour delamination approach to attach a nanofilter 

over a substrate patterned with a spacer layer. Devices are either ozone cleaned for 15 min or 

plasma cleaned at 20 W for 20 s before assembly. The same cleaning procedure is repeated 

again before painting with PDMS to reduce device capacitance. The cavity between the two 

membranes is wetted by evacuating the device before immersion in ethanol. After 

immersion, the vacuum is slowly broken, pulling ethanol into the cavity. The device is 

immersed in water to replace the ethanol by diffusion, and mounted in a custom 3D-printed 

flow cell.

The particular geometry used here consists of an 800 nm separation between a 50 nm-thick 

nanofilter membrane (i.e. the nanofilter) and a 20 nm-thick silicon nitride (SiNx) membrane 

(i.e. the membrane which will containing the sensing pore), as depicted in Figure 2a. The 

two membranes are separated by a SiO2 spacer containing a hexagonal grid of microwells 

with diameter of 4.5μm, resulting in a 13 fL cavity. A nanopore is randomly fabricated33 in 

one of the microwells using controlled breakdown (CBD).7,34 We refer to this single pore 

made by CBD as the sensing pore, since the electrical signal we measure experimentally is 

sensitive only to this pore. The average porosity of the nanofilter membranes is 19.1%, 

measured by dividing the total open pore area to the total membrane area, as measured by 

images such as that shown in Figure 2b. The average effective nanofilter pore diameter 

ranges from 24 to 31 nm, varying over the area of the nanofilter membrane, with a standard 

deviation of 9 nm, measured by fitting an ellipse with axis lengths a and b to each identified 
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pore and reporting the effective radius as r = ab. The approximate number density pores is 

312 pores/μm2, estimated by directly counting pores identified in TEM images. Of particular 

interest to the performance of these devices as entropic traps for linear polymers is the major 

axis distribution of pores in the nanofilter, which is plotted in Figure 2c.

Due to the manufacturing process, the nanofilter is prone to variability in the pore layouts, 

which are effectively randomly distributed on the membrane. One of the more striking 

features in Figure 2b is clustering of pores, which can sometimes result in merged pores. 

Merged pores are usually much longer in one of their dimensions, forming a quasi-elliptic, 

rather than circular, cross sections. Further work on the flow through these fringe geometries 

was performed by Madejski et al.35

It is clear from Figure 2c that the distribution of pore sizes when measured by major axis 

length is bimodal. The first peak in the distribution corresponds to standard nanopores 

present on the nanofilter. The second, much smaller peak represents pores that have partially 

merged together to make a single pore that is much longer in one of its dimensions, which 

we will demonstrate has important implications for the performance of the entropic trap.

Sensing Pore Fabrication

Nanopores are fabricated using CBD, described in detail in our previous work.30,33,36 

Nanopore fabrication is carried out in 2M KCl at pH 8 using a gradual voltage increase up to 

15V. Some membranes took several hours longer to fabricate than expected given the 

membrane properties, most likely due to partial wetting of the cavity between the 

membranes.7 After the pore is formed, KCl is replaced with 3.6M LiCl37 at pH 8 and the 

pore is grown to the desired pore size (6–15 nm) by applying 4 s square voltage pulses (4–5 

V). Both salt solutions are buffered to pH 8 with 10 mM HEPES. Some pores were left 

immersed in salt solution to stabilize before DNA experiments, if the IV and noise properties 

were not optimal immediately following the growing stage.30

Simulation Setup

Simulations of the diffusive mode of operation were conducted to better understand the 

behaviour of 1.2kbp dsDNA. We used an effective multiscale approach to model the system. 

For the bulk of the device cavity, the DNA molecules were modelled as particles 

representing the center of mass (COM). The diffusion of these effective particles was 

simulated using Brownian dynamics (BD). As the dynamics of the entire chain become 

important near the nanofilter we conducted separate simulations where we modelled the 

DNA as a wormlike chain, and used coarse-grained Langevin dynamics (CGLD)38 to 

simulate its motion. The CGLD simulations were used to estimate the probability that a 

polymer located close to a filter pore will successfully cross the membrane, rather than 

diffusing back into the bulk of the device. These success probabilities were used to couple 

the BD and the CGLD simulations via a special boundary condition for the nanofilter in the 

BD simulations. Further details for the simulations are presented in Supporting Information 

Section S1.
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Data Acquisition and Analysis

DNA samples (NoLimits individual DNA fragments from Thermo Fisher Scientific) were 

mixed in 3.6 M LiCl pH 8 to desired DNA concentration (2–5 nM) for translocation 

experiments. DNA molecules are manipulated using ±200 mV biases.

Custom LabVIEW software, interfaced with a National Instruments DAQ card (USB-6353), 

is used to acquire data during DNA translocation experiments. This software was further 

used to automate the recapture experiments. The automation module was designed to change 

the applied voltage upon detecting a complete translocation event. A positive voltage (200 

mV) is applied to capture a DNA molecule, with the sensing pore side of the device 

grounded. Upon detection of a translocation event the software terminates the applied 

voltage for the required time delay, and then applies −200 mV to attempt to recapture the 

DNA molecule, waiting up to 5 minutes before declaring an event to be lost. The feedback 

loop for voltage changes was closed in software every millisecond, resulting in an effective 

response time of a few milliseconds. The Axopatch 200B is used to amplify the current 

signal using a sampling frequency of 500 kHz or 1 MHz and hardware low-pass filtered at 

100 kHz.

Analysis and fitting of DNA translocation events through the sensing pore is performed 

using a custom implementation of the CUSUM algorithm39,40, which is freely available 

online (https://github.com/shadowk29/CUSUM). Origin is used for nonlinear fitting and data 

presentation.

Results and Discussion

There are two modes of operation used with this device, diffusive trapping, in which no 

external force is applied to drive the escape of the polymer out of the cage, and driven 
trapping, in which the capture voltage is maintained for a given time while many molecules 

are loaded into the cavity before the field is reversed and recapture is attempted.

Diffusive Trapping

We first present results in the diffusive trapping mode. In order to compare kinetics of DNA 

passage into and out of the confining space between the membranes, we introduce double-

stranded DNA (dsDNA) to the sensing pore side of the device, ranging from 1.2 kbp to 10 

kbp in length. In this configuration, a single DNA molecule is captured into the entropic 

cage through the sensing pore (loading step, Figure 3a), and the voltage bias is immediately 

(within ~1 ms) turned off and maintained at zero for various delay times Δt0 (diffusion step, 

Figure 3b). The voltage is then reversed to drive the DNA molecule back out through the 

sensing pore (recapture step, Figure 3c). Once the voltage bias is reversed to attempt to 

recapture, it is maintained until an event is detected, or 5 minutes passes without a recapture 

event. For 10 kbp polymers, this wait time is increased to 10 minutes to account for the 

slower diffusive dynamics.

An example of a typical resulting current trace is given in Figure 3d. In order to fully 

understand the kinetics of DNA in the trap, we also performed simulations of diffusive 
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escape of DNA through the nanofilter, which are detailed in the Methods section. The 

resulting experimental and simulation data are presented and compared in Figure 3e.

In the diffusive trapping mode, sufficiently large polymers remained trapped for all delay 

times tested. Figure 3e shows data for the recapture probabilities of 7 kbp and 10 kbp 

dsDNA, with blob size of ~150 nm and ~180 nm respectively. It essentially remains at 1 (i.e. 

always recapturing the trapped polymer) for all Δt0 tested, up to 30 s. From our simulations 

we estimate the half-life for escape from the trap to be on the order of hours. This trapping 

efficiency is a remarkable feature of these nanofiltered nanopore devices, since a 

translocating polymer is otherwise lost to the bulk reservoir if the field is not inverted within 

milliseconds following its passage. Indeed, Gershow et al.8 showed that the majority of 4 

kbp and 6 kbp molecules diffuse out of recapture range within just a few tens of 

milliseconds when no trapping force is present to keep them in the vicinity of the sensing 

pore, consistent with our own control experiments. The trapping efficiency achieved here is 

also improved compared to a previous attempt by Liu et al.16 to fabricate entropic cages for 

DNA, for which the pore opening of the cavity provided a large escape route, such that it 

would always be possible for short polymers to escape via diffusion. This limited efficient 

trapping to long DNA strands (λ DNA, 48.3 kbp, Lc ≈ 16.4 μm, Rg ≈ 400 nm).

In contrast, in the nanofiltered nanopore device the radius of gyration of the polymer 

significantly exceeds the size of the nanopores in the nanoporous membrane, and thus the 

entropic cost of passage through the filter is non-negligible. DNA is therefore unlikely to 

escape by diffusion alone. Thus, sufficiently large polymers can remain trapped for quite a 

long time.

Our simulations show that the probability of a DNA strand crossing a filter pore becomes 

very small as the pore radius decreases. Figure 4c shows the success probability for a 

polymer corresponding to 1.2kbp DNA as a function of filter pore diameter. For pores 

smaller than 120 nm the success probability follows a strong power law behaviour (with an 

exponent of approximately 4.45). For pore diameters below 60 nm, successful translocations 

were rare. Whereas most simulations in Figure 4c were repeated until 200 successful 

crossings were observed, simulations for the two smallest pore sizes were repeated until a 

prescribed number of failed events had occurred. After 10,000 failed events, only 4 

translocations were observed for a filter pore diameter of 50 nm and only 2 at 40 nm. 

Conversely, for large pore diameters exceeding 120 nm, the success probability begins to 

saturate as the polymer no longer experiences appreciable deformation in crossing the filter. 

Note that the saturation value, at approximately 23%, is a consequence of our simulation 

methodology. The success probability is defined as the probability for a polymer located 

close to a filter pore to translocate before diffusing a significant distance away; this differs 

from the translocation probability as defined in other work.41

The simulation results suggest that only a small fraction of the filter pores contribute 

appreciably to the leakage of 1.2 kbp DNA observed in Figure 3e. The distribution of pore 

major axis lengths can be seen in Figure 2c. The largest peak in the distribution corresponds 

to single filter pores, and it is clear from the distribution that single filter pores rarely exceed 
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a major axis length of 50 nm. As shown Figure 4c, simulations suggest that minimal escape 

is expected through these filter pores.

However, the pore size distribution in Figure 2c is bimodal, and there is a separate 

population of pores with much larger sizes. These are merged pores and although they are 

relatively rare, they have a significant impact on the trapping efficiency. From Figure 2c the 

average pore size of the secondary population is around 80 nm and as per Figure 4c, we 

expect leaking through these pores to be non-negligible for 1.2 kbp DNA. For the devices 

used in this work, approximately 10±1% of nanofilter pores have a major axis length in the 

secondary population and it is through these merged pores that we can explain the escape of 

the smaller polymer. This explanation also gives insight into the origin of the differences in 

trapping efficiency for the two different 1.2 kbp polymer experiments, which most likely 

arises from differences in the details of the nanofilter pore size distributions – especially the 

merged pores. This implies that the trapping efficiency of any particular device is dominated 

by the number and size of merged pores in the nanofilter pore size distribution for that 

device, a property that can be tuned at the manufacturing level by changing the porosity and 

average pore size.

To gain quantitative insight into the relationship between the leaking rate and the number of 

filter pores and their size, simulations were performed in which the number and size of the 

nanofilter nanopores were varied. The results are included as dashed lines in Figure 3e. The 

simulation data clearly shows that a small number of large merged pores (e.g. 40 pores of 

diameter 90 nm) can give rise to the same escape probability as a larger number of smaller 

pores (e.g. 160 pores of diameter 70 nm). Further, good agreement with experimental results 

was found for these different combinations, validating this physical picture. There are some 

discrepancies in the shape of the curves, but these most likely arise from the assumptions of 

constant nanofilter pore size and uniform shape.

Whereas over 80% of the 1.2 kbp DNA strands escaped from the device in 20–30 seconds, 

the larger molecules exhibited virtually no leakage over the same timescale. Simulations 

(included in Supporting Information Section S1) indicate that, for fixed filter pore sizes, the 

overall escape time from the device grows very rapidly with chain length. From these 

simulations we estimate that the half-life for 7 kbp DNA to escape from the device exceeds 

half an hour, and that for 10 kbp DNA is on the order of hours.

Driven Trapping

In the driven trapping mode of operation, the order of events is the same, but we maintain 

the 200 mV capture voltage even as molecules are captured, driving new molecules through 

the sensing pore and into the gap between membranes while previously translocated ones are 

still in the cage. The experimental sequence is depicted schematically in Figure 5a–c. In this 

mode, previously trapped molecules have the ability to escape through the nanofilter under 

the weak driving force present there (~10 μV, estimated by considering the relative 

resistances of NPN material over a single microwell as compared to the sensing pore 

resistance). While this force is not enough to significantly change the escape probability 

during any one attempt, the additional driving force does increase the rate at which escape 

attempts are made. Figure 5d shows a time series of the nanopore current just before and just 
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after the voltage change for a particular driven trapping experiment, showing multiple 

recapture events as soon as the voltage polarity is flipped. After a loading time Δt1, the 

voltage is reversed and any molecules still in the gap are recaptured and counted. Typically, 

a few tens to a few hundred events were recaptured before the cavity was depleted, 

depending on the loading duration. The recapturing voltage is maintained until no event is 

detected for 5 minutes, or 10 minutes in the case of polymers 10 kbp or longer.

During driven trapping experiments, we usually observed nonzero recapture probabilities for 

various loading durations Δt1, as shown in Figure 5e. Note that the recapture probability 

defined in the driven trapping case is conceptually different from the diffusive case. While it 

is still calculated as the ratio of molecules entering the cavity to molecules leaving it, 

because DNA molecules that enter early in the capture step have more time to attempt 

escape, this quantity no longer represents the probability that any given molecule remains 

trapped. We find that the recapture probability decreases as the loading duration increases, 

eventually levelling off at long delays as an equilibrium is established between the rate of 

capture by the sensing pore and the rate of escape through the nanofilter. The exact value at 

which this equilibrium is reached varies significantly between devices, being dependent on 

both the sensing pore size and the details of the nanofilter pore distribution, both in terms of 

physical size and spatial distribution in relation to the sensing pore. In comparison, the 

control experiments (black inverted triangles), consisting of devices with a standard pore 

without a nanofilter, yielded virtually zero recapture probability, since the electric field 

quickly pushes DNA out of the capture region and into free solution in the absence of the 

nanofilter.8 While it is clear that DNA is readily able to traverse the nanofilter as long as a 

bias is applied, the fact that there is a significant number of DNA recaptured suggests that 

the presence of the nanofilter presents a barrier which slows DNA in transit before escape, 

similar in principle to reptation through a gel medium.

For the three nanofiltered nanopore devices used in Figure5, we also compared capture rates 

in the three possible translocation configurations: loading through the sensing pore (Figure 

5a–b), recapture from the entropic cage by the sensing pore (Figure 5c), and capture through 

the nanofilter (as shown in previous work7).

Because of the confining geometry of the entropic cage, molecules in the gap take relatively 

little time to find the sensing pore once the recapture voltage is established. If a large 

number of molecules are trapped in the cage, one would expect this to manifest itself as a 

high capture rate at the very beginning of the recapture process. We observed significant 

variation between the behaviors of different devices in the driven trapping mode. Figure 6 

illustrates the two extremes of this behavior range. In Figure 6a, we see that in device D, the 

initial capture rate in the recapture step is very high compared to both other translocation 

modes (also illustrated in Figure 5d), indicating that this device is a strong entropic trap 

which locally increases the concentration of trapped dsDNA in the gap as compared to the 

bulk. We also observe a very low capture rate through the nanofilter for this device, 

consistent with the idea that the nanofilter presents a strong entropic barrier to translocation 

in this case. At the other extreme, device F (Figure 6b) has essentially the same capture rate 

through the nanofilter as it does through the sensing pore during the loading step, and shows 
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hardly any recapture, consistent with the idea that the nanofilter is not a strong entropic 

barrier in this device. Device E falls in between these two extremes.

A low amplification of the recapture rate as compared to the loading rate indicates a device 

with inefficient trapping properties, with a nanofilter that presents only a weak barrier to 

escape the cage. Device which are poor traps (low recapture rate) have a rate of capture 

through the nanofilter comparable to the loading rate through the sensing pore, while devices 

with initially higher recapture rate as compared to the loading rate are indicative of a 

strongly trapping device, and are associated with low rates of capture through the nanofilter. 

These observations further highlight and support our previous observations that the variation 

between devices must come from the inherent variability in the local properties of the 

nanofilter pore distribution for any particular device.7

Translocation Kinetics

We finally compare the translocation kinetics of these three modes using 1.2, 7, and 10 kbp 

dsDNA. Figure 7 shows passage time histograms for all three modes of capture with these 

lengths of dsDNA. Consistent with our previous work,7 the passage time distributions are 

well characterized by a log-normal distribution for the unfolded DNA events. As can be seen 

in Figure 7a–b, using 1.2 kbp and 7 kbp dsDNA, the passage time histograms are 

indistinguishable for all three possible translocation modes, having a mean and standard 

deviation of 93±17 μs and 547±62 μs, respectively. For the 10 kbp molecules presented in 

Figure 7c, however, passage through the nanofilter first results in much longer passage times 

than the other modes, yielding translocation times of 4770±640 μs for nanofilter capture as 

compared to 2370±360 μs for passage through the sensing pore alone in either direction.

While one might expect that confinement of dsDNA in the cage should lead to different 

passage kinetics depending on the direction of passage,5 the degree of confinement achieved 

here was most likely not sufficient to observe this effect. Since the radii of gyration of all 

polymers used (55 nm, 151 nm, and 181 nm) were smaller than the gap height (800 nm), this 

is probably not surprising. The only significant difference in translocation kinetics was 

observed for capture through the nanofilter for the longest polymers, 10kbp dsDNA, which 

is likely due to increased interaction between the polymer and the nanofilter than a result of 

confinement effects.7

Of particular note is that the large gap heights between the membranes used in this work, 

which permits passage of much longer polymers than previously reported,7 extending the 

range of polymers lengths that can be reliably captured through the nanofilter without 

clogging. However, due to the additional relaxation of the polymer as it traverses the 

increased gap height compared to our previous work, the improvement to passage time 

distribution width is small.

Conclusions

We have presented the application of NPN as a nanofilter within molecular distances from a 

sensing nanopore, forming a nanofiltered nanopore device as a means to confine and 

entropically trap single linear dsDNA molecules in a femtoliter cage for extended periods of 
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time. With this structure, we are able to study the kinetics of DNA translocation in the 

presence of an entropic barrier to escape from a confining cavity. Through both experiment 

and simulation we have shown that while the efficiency of NPN as a trapping layer for short 

polymers is dependent on the details of the local nanofilter pore size distribution, it can be 

used to trap linear polymers for experimentally relevant timescales. We have also 

demonstrated that devices with a larger gap height can reliably be used to study longer 

polymers than previously reported without clogging the sensing pore.

The understanding that the trapping efficiency of the nanodevice is dictated by the outliers in 

the nanofilter pore size distribution will be of vital importance in guiding the design of 

similar devices in the future. As shown in our previous work, atomic layer deposition can be 

used to shrink pores in the nanofilter and separate merged pores, allowing confinement of 

even smaller polymers than those presented here. Using the NPN membrane as a capping 

layer for the cage allows for free flow of ions, small biomolecules, and biochemical reagents 

into the cage32 while providing an entropic force to indefinitely confine DNA. The device 

presented here improves dramatically on previous attempts to trap16 and recapture8 

polymers, decreasing the pore diameter of escape route by a factor of 10 while also 

decreasing the electrical resistance of the capping layer, improving the trapping efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
A schematic illustrating of the assembly of the entropic trap. a) two chips containing an 

intact 20 nm thick SiNx sensing membrane decorated with an 800 nm SiO2 spacer 

containing a hexagonal grid of 4.5 μm microwells is brought into close proximity with a 

NPN membrane. b) water vapour floods the cavity and provides a weak adhesion force 

between the two membranes. c) the NPN support chip is lifted off, leaving behind the NPN 

layer capping the trapping cavities. d) Polydimethylsiloxane (PDMS) is painted around dual 

membrane stack, and over some of the interface to reduce device capacitance and 

permanently bond the two membranes. e) A nanopore is formed in one of the cavities at 

random using controlled breakdown.
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Figure 2: 
a) Schematic of a cross-section of a single microwell in the device geometry, not to scale. 

The 50 nm thick NPN nanofilter, containing pores with an average diameter of 31 ± 9 nm, is 

separated from a 20 nm thick SiNx membrane by an 800 nm SiO2 spacer containing an array 

of 4500 nm diameter wells, one of which contains the sensing pore. b) SEM image of the 

nanofilter membrane, showing a random distribution of pores. The scale bar is 200 nm. Note 

that in several places, indicated with red circles, neighbouring pores overlap, resulting in a 

single large oblong merged pore. c) Distribution of pore sizes as measured by their major 

axis (not average diameter, which ins plotted in Supporting Information Section S2). The 

data is well fit by two log-normal distributions. The corresponding representative pores in 

the insets are taken from (b).
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Figure 3: 
The diffusive trapping mode. a) DNA is captured by the sensing pore and pulled upwards 

into the cavity in between the two membranes. b) In the diffusive trapping mode, 

immediately following capture, the field is turned off, and the captured DNA is allowed to 

freely diffuse around the cavity under no applied voltage. c) The voltage is reversed and the 

DNA, if still trapped in the cavity, is recaptured by the sensing pore. Renders are for 

conceptual illustration only; geometry and DNA are not to scale. d) A representative current 

trace showing a single capture-recapture event in the diffusive trapping mode, with a 1s 

delay. Additional events are shown in Supporting Information Section S3. e) Experimental 

recapture probability trends for varying delay times in the diffusive trapping mode (solid 

lines). Three different devices (indicated by marker colour) were used for these diffusive 

experiments. Squares correspond to 1.2 kbp, diamonds to 7 kbp, and circles to 10 kbp. The 

sensing pores had diameters of 9.5 nm (Device A: 577 loading events for 1.2 kbp, 727 

loading events for 7 kbp), 7.5 nm (Device B: 430 loading events for 1.2 kbp, 426 loading 

events for 7 kbp), and 11.5 nm (Device C: 305 loading events for 10 kbp). Dashed lines 

show simulation results for 1.2 kbp DNA in devices whose filters contained 40, 75, and 160 
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nanofilter pores with diameters of 90 nm (green), 80 nm (red), and 70 nm (black), 

respectively. Error bars are estimated using simple Poisson statistics.
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Figure 4: 
a) A snapshot of a 1.2 kbp (with Rg ~ 55 nm) equivalent DNA polymer during a simulated 

escape attempt by diffusion through the nanofilter. b) The same polymer at a later moment 

in time as it crosses the membrane. c) The simulated probability that the polymer will 

successfully cross the membrane before diffusing away from the filter.
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Figure 5: 
a) DNA is captured by the sensing pore and pulled into the cavity in between the two 

membranes. b) In the “driven trapping” mode, other DNA molecules can continue to be 

captured into the cavity though the sensing pore and can also escape through the nanofilter 

under the influence an applied voltage. c) The voltage is reversed and any DNA trapped in 

the cavity is recaptured by the sensing pore. Renders are for conceptual illustration only; 

geometry and DNA are not to scale. d) A representative current trace showing the 

transitional region of a driven trapping experiment for an applied voltage of ±200 mV for 

device D. e) Recapture probability for increasing loading durations in the driven trapping 

configuration. 7 kbp dsDNA was used for all driven trapping experiments. Three 

nanofiltered nanopores (circles) and two standard control nanopores (inverted triangles) 

were used. In alphabetical order, sensing pores had diameters of 10.0 nm (736 loading 

events), 7.8 nm (90 loading events), 8.1 nm (410 loading events), 7.9 nm (790 loading 

events), and 8.6 nm (577 loading events). Error bars are estimated using simple Poisson 

statistics.
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Figure 6: 
Cumulative event counts in the three translocation modes (load/back: capture by the sensing 

pore into the cavity; recapture/red: capture by the sensing pore from the cavity; nanofilter/

blue: capture by the sensing pore through the nanofilter) for two devices during 5 minutes 

loading experiments in the driven trapping mode at 200 mV, showing the extremes of the 

possible trapping behaviors with 7 kbp dsDNA. a) Cumulative event counts for device D, 

which is a very efficient trap. b) Cumulative event counts for device F, which is not an 

efficient trap.
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Figure 7: 
Passage times for loading (black squares), recapture (red circles), and nanofilter capture 

(green triangles) experiments. a) Histograms of passage times of the three capture modes for 

1.2 kbp dsDNA capture by a 6.9 nm diameter sensing pore (240 loading events, 89 recapture 

events, and 4549 nanofilter events). b) Corresponding histograms of passage times for 7 kbp 

dsDNA using the same pore as (a) (139 loading events, 139 recapture events, and 1276 

nanofilter events). c) Corresponding histograms of passage times for 10kbp dsDNA using a 

7.2 nm diameter sensing pore (90 loading events, 88 recapture events, and 78 nanofilter 

events). Only passage times for unfolded, single-level translocation events are included. All 

experiments are performed in 3.6 M LiCl pH 8 at 200 mV.
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