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ABSTRACT

Ultrathin nanopore sensors allow single molecule and polymer measurements at sub-
microsecond time resolution enabled by high current signals (~10-30 nA). We demonstrate for the
first time the experimental probing of the ultrafast translocation and folding dynamics of double
stranded DNA (dsDNA) through a nanopore at 10 MHz bandwidth with acquisition of data points
per 25 nanoseconds (150 MB/s). By introducing a rigorous algorithm, we are able to accurately
identify each current level present within translocation events and elucidate the dynamic folding
and unfolding behaviors. Remarkable sensitivity of this system reveals distortions of short-lived
folding states at a lower bandwidth. This work revisits probing of dsDNA as a model polymer and
develops broadly applicable methods. The combined improvements in sensor signals,
instrumentation and large data analysis methods uncover biomolecular dynamics at

unprecedentedly small timescales.

MAIN TEXT

Nanopores allow the exploration of ion and molecular flows in constrained volumes'-? and
have been used to study ion transport down to atomic scales.? Their applications include sensors
and sequencers,** filtering systems and ion-selective membranes.? 37 More than twenty years ago
solid-state nanopores were coined as new types of “microscopes” for investigating folding of
polymers and probing changes in their shapes and function.® * However, experimental resolution
limits still constrain fundamental insights. For example, translocations time and current
distributions in low bandwidth measurements are distorted towards longer times and smaller

currents.!0- 11

Increasing accuracy requires expanding spatial-temporal resolution. Ionic currents through
nanopores are typically measured at 20-500 kHz bandwidths, limiting the speed, time resolution
and molecule sizes detected. Efforts have been applied on slowing down molecules! > 12-14 while
small molecule detection was limited by insufficient temporal resolution.!”> Ultrafast
measurements are also impeded due to sub-nA signals.? Recently, 1 MHz setups!®-'® provided new
insights into protein folding,'> 2° biomarker assays?! and reducing DNA’s conformational

variance.?? In addition, molecular data storage and readout applications can benefit from ultrahigh
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speeds?*?. To further increase bandwidth!® 26 and signal-to-noise ratio (SNR) for ultrafast

analysis?6-2% low-noise nanopore chips are necessary?’.

In this Letter, we present a compact setup for the highest-bandwidth measurements, establish
the upper bounds on nanopore sizes for polymer readings at 10 MHz bandwidth, and analyze
double-stranded DNA (dsDNA) translocation dynamics and folding. By decreasing pore diameter
from = 15 nm to <4 nm, thickness from ~ 20 to < 5 nm, and maximizing SNR, dsDNA detection
becomes possible at 10 MHz. We achieve ultralow rms noise levels at 10 MHz and record dsDNA
with unprecedented accuracy at time scales < 0.1-1 ps with SNR >4 (SNR= Al/L, ). We perform
ultrafast probing of dsDNA translocation and folding dynamics, address large dataset analysis and
the important questions of signal distortions from unfolded and folded conformations due to

measurement bandwidths and experimental artifacts.

Figure 1 shows the setup schematics illustrating dsDNA translocation through a nanopore of
diameter d and thickness ¢ (Figure 1a), 10 MHz amplifier (Figure 1b), transmission electron
microscope (TEM) images of nanopores with thickness # = 20 nm and # = 5 nm (Figure 1c), the
measured ionic current noise at 10 MHz bandwidth with silicon and glass chips (Figure 1d), and
the corresponding noise power spectral density (Figure 1e). The portable 10 MHz setup developed
by Elements srl here includes a new amplifier, allowing for a+100 nA current range (gain 10 MQ),
voltage up to = 1.6 V and 40 MHz sampling frequency. To make the noise as low as possible, a
custom-designed flow cell with PMMA gaskets was used (Figure S3). A separate setup for fast
pulse detection was also built to demonstrate the capability of the amplifier to detect 90 ns pulses
(Figure S4). The measured background current and its corresponding rms noise /,,,,; vs. time using
Si and glass chips (Figure 1c¢) are displayed in Figure 1d (V. =0 V, 1 M KCI at 10 MHz
bandwidth). The calculated /,,,,; from Si and glass chips are 3.1 nA and 1.1 nA for these two specific
chips, respectively. Figure 1e shows the typical noise power spectral density vs. frequency from
both types of chips, shown in Figure le as blue and grey traces, as well as for the measured
amplifier’s open headstage noise (orange). At frequencies > 10* Hz the dominant noise is
capacitive and the glass chip produces less noise than the Si chip because of its lower capacitance
by at least one order of magnitude,'® '8 27 for the same membrane size. In the low frequency
regime, the 1/f noise behavior!'!> 18 2931 can randomly vary among pores of the same material

depending on pore conditions. In fact, we can find pairwise comparisons where pores on either the
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Si or the glass chip are less noisy at low bandwidth, but the high frequency range behavior is
unambiguously in favor of glass chips. Noise spectra for other independent glass chips were
provided in Figure S5. The highly reduced capacitance provided by glass reduces the noise power

by a factor of 2.8 in this work at the full 10 MHz bandwidth.?¢
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Figure 1. Experimental setup and noise performance of specific Si and glass chips. (a, b)
Schematic of DNA translocation through a SiN nanopore with a new portable 10 MHz bandwidth
amplifier. (c) TEM images of nanopores made in different SIN membranes on fused-silica (glass)
chips. Left: = 6 nm in diameter and ~ 20 nm in thickness; right: = 2.5 nm in diameter and = 5 nm
in thickness. (d) Baseline current traces recording at 0 mV in 1 M KCl for specific Si (left) and
glass (right) chips. Corresponding baseline noise I,,,s values are 3.14 nA and 1.13 nA for these Si
and glass chips, respectively. (e) Power spectral density (PSD) analysis for the open-headstage
configuration of the amplifier (orange), glass chip (blue), and Si chip (grey).

Figures 2 and 3 show experimental results that validate the pore size estimates. We show
examples of 1) negative detection results for SiN pores with typical thickness and 1 M KCl, and
2) positive detection results with ultrathin pores and optimized conditions to increase the signal (3
M KCI and ~ 1V). Nanopores were drilled in JEOL F200 or JEOL 2010F TEMs with an
acceleration voltage of 200 kV, and chips were inserted into a fluidic cell filled with Tris-buffered

KCl solution at pH 8.

Figure 2a shows ionic current measurements at 10 MHz from a d = 15 nm nanopore in 20-

nm-thick SiN. The nanopore diameter was estimated from the open pore conductance.’? Figure

4
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2a shows a ~2-s-long current trace at 300 mV when dsDNA was added in 1 M KCI. Despite adding
DNA, the current vs. time trace is flat, similar to that without DNA, and translocation events are
not observable. When this trace is filtered down to 100 kHz, translocation events distinctly emerge
above the smaller noise floor and single dsSDNA molecules are detected. Current blockades are Al
~0.5-2nA> 1~ 52 pA at 100 kHz (Figure 2b). Furthermore, the presence of two-step events
indicates DNA folding.
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Figure 2. Emergence of dsDNA translocation events above the noise level at a lower cutoff
frequency 100 kHz and corresponding simulations. (a) The 10 MHz bandwidth current vs. time
trace from a 2-second-long recording obtained from 5 kbp dsDNA through a nanopore having ~
15 nm in diameter and ~ 20 nm in thickness at IM KCl and 0.3 V. Right section corresponds to
the same trace filtered down to a cutoff frequency of 100 kHz, which is also magnified below. (b)
Examples of translocation events from data filtered at 100 kHz. (c, d) Calculated current change,
Al, as a function of pore diameter, d, for various membrane thicknesses, ¢, at different conditions.
(c) l MKCland 0.3 V; (d) 3 M KCl and 0.8 V. (e) Simulated blockage percentage from a 50-nm-
long DNA in nanopores having various pore diameters at 3 M KCl and 0.8 V. Membrane thickness
is fixed (¢ = 5 nm). Zpna denotes the z-coordinate of the DNA front.

Therefore, a larger SNR 1is essential in order to directly observe events at 10 MHz. This can

be achieved by decreasing d and ¢, and increasing ion concentration and/or voltage. To quantify
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this, a series of numerical simulations were conducted to examine the DNA current blockade with
varying d, t, voltage and salt concentrations. The modified-Poisson-Nernst-Planck and Navier-
Stokes equations were coupled to explicitly take the finite ion size and electroosmotic flow into
consideration.?*3* Similar to conditions in Figure 2a (1 M KCl and 0.3 V), the maximum dsDNA
current blockade Al vs. d is shown for £ = 1, 6.6, and 20 nm (Figure 2¢); t = 6.6 nm represents the
effective pore thickness, about one-third of the membrane thickness for TEM-drilled pores 33; ¢ =
I nm is representative of single to few-atom-thin membranes such as graphene, MoS,, boron
nitride as well as ultrathin pores in amorphous Si and SiN.!7-26.35-38 The dashed lines at 3.1 nA and
1.1 nA indicate experimentally extracted /,,,; from the open pore currents at 0 V with silicon and
glass chips, respectively. Another measurement is shown in Figure 3 (/,,,, = 1.2 nA, V=0.8 V).
The noise is reduced ~ 2 times compared to previously published,?® increasing SNR and sensitivity.
dsDNA translocation events at 10 MHz will be undetectable using Si chips for # = 6.6 nm and 20
nm. Events are theoretically detectible with ultrathin pores (/=1 nm)andd <3 nm (V=0.3V, 1
M KCI). Using the same membrane suspended on glass, detection is possible with =1 nm and d
<5 nm (Al > 1.1 nA). The above discussion considers SNR (@10 MHz) = Al / [,,s=1ataV =
0.3 Vin 1 M KCI. If a higher SNR is required (e.g., SNR >4 and Al > 4.4 nA), events are not

detectable evenif =1 nm and d = 2.5 nm.

Larger SNRs require not only smaller and thinner pores but higher ionic concentrations and
voltages. Simulations were conducted with 3 M KCl and 0.8 V accordingly. Figure 2d outlines
possible outcomes by identifying blockade signals higher than the experimentally measured noise.
For example, to achieve SNR > 5 (i.e., Al > 5.5 nA), a pore on a glass chip would need d < 8 nm,
assuming ¢ = 1.67 and 5 nm. Event depth can theoretically reach 23 nA with ultrasmall pores (¢ =
1.67 nm and d =3 nm). In addition, we simulated the relative blockade percentage, Al/I, by varying
the position of the DNA front (Figures 2e and S7). Al/l increases with decreasing d and exceeds
20% when d = 4 nm (Figures 2e and S7).

Figure 3 demonstrates positive 10 MHz detection, featuring dsSDNA measurements with = 4
times thinner (¢ = Snm) pore with a = 3 times smaller diameter, d = 2.5 nm, measured by TEM.
This pore was drilled in the locally-thinned SiN membrane on a glass chip (Figure S1, S2). Pore
fabrication!”- 3339 includes electron beam lithography to pattern a 100-nm-large area, followed by

reactive ion etching (RIE) for ~ 15 seconds to thin the membrane. In Figure 3, the pore diameter
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expanded to 4.5 nm after piranha treatment (open pore conductance G = 97 nS in 3 M KCl). We
detected a large number of events at 300, 500 and 800 mV. The current was stable during several
~ 10-min-long measurements and V = 800 mV was the highest voltage applied before the open
pore current exceeded the current range of the amplifier (100 nA). These ultrathin pores have been
tested up to 1 V over several minutes,?® which they can withstand. Data analysis was carried out

with Clampfit 10.7 and customized MATLAB code (Supporting Information).
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Figure 3. Event signal variation at a 10 MHz bandwidth and filtering effect. (a) Schematic
illustration of dsDNA translocation through a nanopore in a locally-thinned SiN membrane on a
glass chip. (b) Concatenated current trace from a 6.4-second-long recording at 800 mV and 3 M
KCI. The trace exhibits visible events at a 10 MHz bandwidth (unfiltered) and is filtered using an
8-pole Bessel filter to cutoff frequencies of 5 MHz, 1 MHz, and 100 kHz. All data were recorded
at 40 Msps (millions of samples per second). (c, d) Example events from 3 kbp dsDNA
translocation through a = 4.5-nm-diameter pore at 800 mV in 3 M KCI displaying short duration,
(c), and multiple states, (d). (¢) Event shape transformation and evolution during filtering:
comparison of the unfiltered signal and the same signal filtered down to lower cutoff frequencies
(1 MHz, green; 100 kHz, yellow). Low cutoff frequencies show progressively larger degradation
of signal amplitudes and durations, especially at 100 kHz.
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Table 1. Categories of one-, two-, and multiple-step events recorded at 10 MHz for applied

voltage V =800 mV in 3M KCl over 15 minutes.

SNR =4 SNR =5
counts % counts %
One-step 16343 49.8 5151 24.8
Two-step 12077 36.8 12552 60.5
Multiple-step 4408 13.4 3048 14.7
Total 32828 100 20751 100

Figure 3b shows a = 6.4-second-long excerpt from the 15-min-long trace at V = 800 mV,
displayed as 10 MHz unfiltered data with clearly visible events and the same trace filtered using
an eight-pole Bessel filter to 5, 1, and 0.1 MHz; L,;;,s = 1.2 nAn, 0.88 nAys, 272 pAys and 136
pAmms for 10 MHz, 5 MHz, 1 MHz, and 100 kHz, respectively. Figure 3d features sample events
from unfiltered 10 MHz data illustrating detection of single-file (unfolded) and folded
conformations of dsSDNA molecules. These types of event shapes and DNA conformations in SiN
pores have been well documented for dSDNA® 4% and studied in detail.*! The typical one-step event
is regarded as either a fully folding or unfolding event (depending on the event depth) and the two-
step event as partially folding and unfolding event. Here, detection is ~ 100 times faster at 10 MHz
bandwidth. These improvements allow us to observe folded, unfolded, and intermediate DNA
states, with time resolution of 25 ns. As seen in Figure 3d, the first step in two-step events and the
current change (signal sloping down) can be <2 ps. Figure 3¢ demonstrates ultrashort signals < 1
us. These sharp events could be translocations of DNA fragments*? or collisions with the pore,

when DNA does not overcome the energy barrier to translocate and skims the pore entrance.* 44

To demonstrate insights from improved resolution, we contrast raw and filtered data to 1 MHz
and 100 kHz (Figures 3e,f and S8). For events shorter than 10 ps, filtering to 100 kHz introduces
significant distortions: (i) the features of two-step and multiple-step events disappear (Figures 3e
and S8a,b), (ii) event depths are attenuated by 10-50% (Table S1), and (iii) the dwell times are =~
2 times longer (Table S1). For one-step events (Figure 3f), the dwell time 1s 1.5 times longer. The

8
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folded feature vanishes as well for events > 10 ps if small portion of DNA is folded (Figure S8c).
For multiple-step events > 10 ps, event shapes distort as bandwidth decreases and information is

lost. For example, in the 17.5 ps-long event (Figure S8d), fine signal features are lost.

Improved time resolution and smaller current distortions are attained using 10 MHz
bandwidth. Below we quantify these two aspects and show the improved insights into the dsDNA
translocation and folding dynamics. First, in order to analyze such large datasets improved
algorithms were needed. To this end, we developed a customized MATLAB code to detect events

and categorize them by number of internal steps, defined by sudden current changes (see Figure

4a and Supporting Information 4.3 for details). Events were categorized into one-, two-, and
multiple-step events; = 49% of events were one-step and = 37% of events two-step (Table 1) with
SNR = 4 as the detection threshold. Two-step events became dominant (60%) as SNR increased
to 5. The large numbers of detected events within 15 min were n = 32828 and n = 20751 for SNR
=4 and SNR = 5, respectively. Two-step events were either “step-up” or “step-down”, as defined

in Figure 4b, and step-up events dominated (> 73%).

One-step events have three possible mean depths represented by peak depths 7.1, 11.8, and
23.7 nA, corresponding to unfolded and folded dsDNA (Figure 4b (i)). We perform a finer
analysis of two-step events by carrying out separate analyses of step-up and step-down events. We
label the first (1) and second (2) steps as Sy, 4 and Sy, 4, respectively, and Aly, 4 (Al q) and Ty,4
(T2u.a) as the depths and dwell times for step-up and step-down event distributions (Figure 4b (ii)
and (iii)); subscript “u” refers to step-up and “d” to step-down events. For step-up events, two
well-separated peaks are observed with the peak depths 11.7 (S;,) and 6.6 nA (S,,), which line up
well with the first two populations in the one-step event distribution. This strongly suggests that
step-up events correspond to translocations of folded DNA chains entering the pore, followed by
unfolded parts.®- 3240 In contrast, for step-down events (Figure 4b (iii)), steps S} 4 and S,4 are closer
to each other and a third peak is observed at ~24.4 nA from S,4. Peak values for S;4 and Sy4 (5.1
and 6.9 nA, respectively) do not match the corresponding peaks in one-step and step-up events,
and are both shifted to lower Al. A majority of step-down events contain shallower first steps
(ALLg/AlL 4 < 2) that have been attributed previously to DNA blocking the access region or being

trapped at the pore entrance.!0: 16, 36,45
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Figure 4. Translocation event statistics. (a) Flow chart detailing the data analysis process. Here
I and Ij are the unfiltered and filtered baseline currents, respectively; s and If{MS are the 7,

obtained from unfiltered and filtered data, respectively. N is the degree of SNR. (b) Histogram plot
of event counts vs. event depth for one-step and two-step events. S; and S, (with subscripts u for
step-up and d for step-down) represent the first and second steps of the two-step events,
respectively. The label “Step-up” (“Step-down”) event is used to denote that a deeper level occurs
before (after) the shallower level. (¢) Mean current blockage scatter plot, Al vs. Al,, for two-step
event data presented in (a). Al; (Al,) is defined as the event depth for the first (second) subevent
in two-step events. Dashed-line denotes a boundary at Al; = Al,. (d) Histograms of ECD for one-
step events (n = 17216), and two-step events (n = 11074). Similar ECD distributions imply that

collected events originate from the DNA of the same length.
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The event depths for each step in the two-step events, Al, vs. Al}, are plotted in Figure 4c,
displaying two clouds representative of step-up (blue) and step-down (red) events. A localized
distribution in the range of 5 to 15 nA is observed for step-up events, whereas a wider spread in
Al is shown for step-down events. Electrical charge deficit (ECD), which is the integral of current
blockage over the duration of an event (illustrated in Figure 4d), is useful in resolving multiple
states of dSDNA such as folded and unfolded configurations.**“® Figure 4d shows that, with ECD
> 25 fC, ECD distribution having a peak of = 40 fC is remarkably similar for one-step and two-
step events, suggesting that collected events are indeed from the same DNA length. For one-step
events, a single peak at a low ECD value (= 12 fC) is observed. These events could be

translocations of DNA fragments*>#* or collisions with pore entrance® (Figure 3c).

The insights obtained from the first step within step-up events are particularly relevant to the
folding state during the translocation. We show how the folding state dynamics and the short
timescales are captured more accurately with 10 MHz data, in contrast to filtered data at 1 MHz.
Figure Sa shows the distribution of durations, t;,, of the first steps in the two-step events and an
exponential fit with the characteristic timescale of t;, ~ 1.66 us. The relatively short durations raise
an important question: how does the filtering distort the signal of folded states? We compare the
event depth of the first step in step-up events (i.e., Al;,) between 10 MHz raw data and 1 MHz
filtered data (Figure Sb). Three different regimes are examined: 1y, <1 ps, 1 pus <71y, <2 ps, and
T1y> 2 ps. The peak values for Al for unfiltered 10 MHz and 1 MHz filtered data align when 1y,
> 2 us. However, if 1y, < 2 ps, distributions of 1 MHz filtered data shift to a lower Al;,. The
difference between unfiltered 10 MHz and 1 MHz filtered data is significant when 1, < 1 ps. This

discrepancy indicates the magnitude of attenuation in the 1 MHz filtered data.

To quantify the current attenuation due to filtering, the difference between unfiltered and
filtered Al is shown in Figure 5c. We define the “percentage current agreement” PCA =1 - (Al ;-
ALy fittered)/ (Al 1y-Aly ), where subscript “filtered” denotes results from filtered data; PCA can range
from 0, corresponding to no agreement and complete attenuation of the filtered signal, to 1, for
complete agreement and no attenuation of the filtered signal. The experimental results (black
symbols) agree well with the simulated agreement (red curve) which is based on ideal pulses (see
Supporting Information 4.4). Figure 5c clearly shows that attenuation becomes increasingly

significant with decreasing t;,. For 1y, = 0.625 to 0.75 ps, Al is attenuated by up to 50% in the
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filtered step. We also show that ECD is not a reliable tool for identifying the attenuation and
distortion of events due to low bandwidth (Figure S12). The 10 MHz data more accurately
captures the folding dynamics at unprecedented timescales. Results in Figure 5 show the

importance of time resolution on elucidating dsSDNA configuration.
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Figure 5. Distribution and distortion of t,. (a) Histogram of t;, from the “step-up” events
presented in Figure 4a. (b) Histogram plot of counts vs. Al;, for 10 MHz unfiltered and 1 MHz
filtered data by varying three regimes of t,,. The discrepancy is largest for t;, <1 ps. (¢) Variation
of percent current attenuation (PCA) with 1, for Figure 5b. Red curve is obtained by simulating
an ideal pulse having two steps (see Supporting Information).

In summary, the dynamic folding and unfolding behaviors of DNA have been investigated
thoroughly at 10 MHz bandwidth (~100 ns time resolution) by using the low noise chips. Our
results demonstrate that, to achieve acceptable signal-to-noise ratios, pores should be smaller and
thinner (~ sub-5 nm) with high voltages and salt concentrations, as supported by our theoretical
model. High temporal resolution of this system not only detects ultrafast DNA translocations but
also captures features that occur within extremely short duration. We presented a rigorous
algorithm to detect the translocation events and analyze event features. The distributions of each
current level in two-step events provide more accurate data of unfolded and folded configurations
as well as the interactions between pores and DNA. We also exploit step-up events, which
correspond to partially folded DNA configurations, to probe the dynamics of the folding state
during translocation, thereby quantifying the attenuations of event depth within short durations.
Our results demonstrate a versatile platform able to investigate single molecule events lasting less

than hundreds of nanoseconds, allowing accurate ultrafast DNA translocation measurements.
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