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Coupled nanopores for single-molecule 
detection

Yung-Chien Chou    1,4, Chih-Yuan Lin    1,4, Alice Castan    1, Joshua Chen    1, 
Rachael Keneipp    1, Parisa Yasini1, Dimitri Monos    2,3 & Marija Drndić    1 

Rapid sensing of molecules is increasingly important in many studies 
and applications, such as DNA sequencing and protein identification. 
Here, beyond atomically thin 2D nanopores, we conceptualize, simulate 
and experimentally demonstrate coupled, guiding and reusable bilayer 
nanopore platforms, enabling advanced ultrafast detection of unmodified 
molecules. The bottom layer can collimate and decelerate the molecule 
before it enters the sensing zone, and the top 2D pore (~2 nm) enables 
position sensing. We varied the number of pores in the bottom layer from 
one to nine while fixing one 2D pore in the top layer. When the number 
of pores in the bottom layer is reduced to one, sensing is performed by 
both layers, and distinct T- and W-shaped translocation signals indicate 
the precise position of molecules and are sensitive to fragment lengths. 
This is uniquely enabled by microsecond resolution capabilities and 
precision nanofabrication. Coupled nanopores represent configurable 
multifunctional systems with inter- and intralayer structures for improved 
electromechanical control and prolonged dwell times in a 2D sensing zone.

Detecting single molecules with electrical and optical approaches has 
advanced understanding of fundamental processes and the correla-
tion of structure and properties at the single-particle level1. The idea of 
counting particles through holes evolved into resistive-pulse sensing, 
where molecules produce current blockades, allowing enzyme-assisted 
DNA sequencing2, biomarker detection and usage in filtration and 
desalination3–7. Labelling molecules with markers such as nanopar-
ticles and attaching them to carriers, such as double-stranded DNA 
(dsDNA), have been some of the proxy approaches to increase sen-
sitivity8 while reducing the need for small pores. These approaches 
require sample modification, which often alters interactions and 
dynamics. Alternatively, or in addition, designing internal pore lay-
ers and scaling pores down to atomic scale while simultaneously 
improving signal-to-noise ratio and time resolution can enable direct 
and ultrafast reading of unmodified molecules and their dynam-
ics9,10 at unprecedented resolution. At typical translocation rates of 
0.1–1 μs bp−1 (ref. 9), DNA travels a 10 nm distance in ~3–30 μs, which 
is within the experimental resolution reach. Integrating guiding 

structures at this scale into pores can facilitate local velocity control of  
translocating molecules.

In this Article, we introduce a bilayer-coupled nanopore concept 
for ultrafast guiding, tracking and detecting single unmodified 
molecules (as illustrated in Fig. 1a). Conceptually, coupled nanopo-
res can be treated as one complex nanopore with a modular inter-
nal structure. This differs from double-pore devices where pores 
were positioned in parallel to control the motion of molecules and 
enhance signal reading11–14. The fabrication dimensions in this work 
are down to several nanometres, representing a significant advance-
ment over previous two-pore devices where pores were positioned 
in series15–17. Our pore separations are about 100 times smaller, and 
pore diameters are over 10 times smaller (Extended Data Table 1). 
Previous designs with large pore separation allowed DNA to recoil 
between pores instead of occupying two pores simultaneously16. 
These substantially larger cavities were utilized to trap and recapture 
long DNA molecules15,17 or perform time-of-flight measurements16. 
The creation of pores at distances comparable to the persistence 
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Device design and fabrication
The device consists of two layers with configurable structures at 
nanometre precision: a top two-dimensional (2D) material flake with 
a single pore, and a bottom silicon nitride (SiN) layer containing one 
or more pores in the bottom layer (Fig. 1a). The schematic on the right 
shows the cross-section of the two-layered device defining the rel-
evant dimensions (L, Lp, d2D, dSiN, tSiN and tGURU) with the correspond-
ing three-dimensional simulation detailed in Supplementary Fig. 1. 
The SiN trench is shown, and the nanopores used for ion transport 
are highlighted. Device configurations are labelled as [N, M] for N SiN 
pores and M 2D pores.

One or more pores can be placed within each layer, and pore con-
ductance is tailored via their geometry and charge. Different sensor 
regimes are theoretically possible by varying the number of pores in 
the bottom layer from several to one, while restricting the number in  
the top layer to one 2D pore. When interlayer separation, L, is com-
parable to or smaller than the persistence length of polymers, Lp  
(for example, dsDNA), the polymer behaves locally like a rigid rod. 
This flexible design of the coupled nanopores where L < Lp provides 
capabilities to constrain polymers before entering the final sensing 
layer. Being unique components for atom-scale engineering, 2D mate-
rials are optimal for achieving high spatial resolution18 and stackable 
modularity19 for the bilayer-coupled nanopore design.

Here, we position a 2D monolayer above ‘guiding and reusable’ 
(‘GURU’) SiN layer that can be as thin as 1 nm (refs. 20,21). Geometric 
parameters are experimentally controlled with nanometre precision 
using lithography, etching, sculpting22–24 and surface charges via mate-
rial choice. For brevity, we refer to the two layers as the ‘GURU layer’ and 
the ‘2D layer’, and the devices as ‘2D-GURU’.

Coupling of electric fields
Figure 1b shows the various conductance regimes and device configu-
rations including GGURU « G2D, GGURU ≈ G2D and GGURU » G2D, where GGURU 
and G2D are the conductance of the GURU and 2D layers, respectively. 
For example, when the 2D layer has a fixed geometry, the regime of 
comparable layer conductances, G2D ≈ GGURU, can be reached by varying 
N or dSiN (Supplementary Fig. 2).

When two pores are in close vicinity (the layer separation  
L ≈ d2D, dSiN), their electric fields overlap (Fig. 1c). The coupling effect 
requires two crucial elements: (1) layer separation and (2) pore diam-
eters. If the two pores are positioned far from each other (L » d2D, dSiN), 
electric fields remain independent and decoupled (illustrated in Fig. 1c 
for L = 200 nm).

For two stacked nanometre-diameter pores, the coupling effects 
can be examined by conductance ratios (GL

open/G200nm
open ) with interlayer 

separation L (Fig. 1d). As L decreases, conductance ratios increase and 
exceed unity, marking a departure from decoupled to coupled pores. 
In other words, the equivalent resistance of two coupled pores in series 
is smaller than the sum of individual pore resistances.

Nanopore coupling also gives rise to a non-zero rate of change 
of conductance with decreasing interlayer separation L (Fig. 1d).  
For example, ∆G⁄∆L is ~1 nS nm−1 at L ≈ 10 nm (for d2D/dSiN = 6.5 nm/ 
15.0 nm = 0.43). G is sensitive to nanometre-size changes in L, present-
ing a new strategy to exploit nanopore coupling to probe subnano-
metre membrane vibrations and distances electrically.

GURU nanopore systems
GURU layers are configurable through a fabrication process that 
includes electron beam lithography (EBL), reactive ion etching (RIE) 
and transmission electron microscopy (TEM). This is illustrated in 
Extended Data Fig. 1, with the resulting TEM images shown in Fig. 2a. 
GURU platforms are reusable, as exemplified by [9, 1], where Chip D 
was reused four times (four cycles of 2D material transfer and eight 
cycles of piranha surface treatment) (also see Supplementary Sec-
tion 3). The 2D pores were drilled by aberration-corrected scanning 

length represents an entirely new regime of transport phenomena. 
Additionally, small pore diameters in our work introduce stronger 
electric fields. Consequently, this degree of spatial confinement 
enhances nanopore coupling.
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Fig. 1 | Coupled bilayer nanopore concept for physical guiding, tracking and 
sizing of single molecules. a, Fabrication schematic including EBL, etching, 2D 
materials transfer and AC-STEM sculpting. SiN nanopores constitute a GURU 
platform. Pore thicknesses are tSiN and t2D, diameters are dSiN and d2D and the total 
thickness is tGURU. Device configurations are denoted as [N, M] for N SiN pores 
and M 2D pores. σSiN and σ2D denote surface charge densities of SiN and 2D pores, 
respectively. The interlayer separation, L, can be experimentally controlled by 
the duration of RIE. b, Conductance regimes and [N, 1] configurations: GGURU « G2D, 
GGURU ≈ G2D and GGURU » G2D. GGURU and G2D are the conductance of the SiN (‘GURU’) 
and 2D layers, respectively. c, Electric field profiles for [1, 1]. d2D = 6.5 nm, 
dSiN = 15 nm, t2D = 1 nm, tSiN = 7 nm. L = 2, 20 nm (coupling) and 200 nm (decoupling 
regime). d, Conductance ratio of G (L)/G (L = 200 nm) and ∆G⁄∆L for [1, 1] versus L; 
the slope ∆G⁄∆L ≈ 1 nS nm−1 for L ≈ 10 nm.
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transmission electron microscopy (AC-STEM) in all cases, and the small 
diameters d2D were designed for dsDNA to pass unfolded. The gradual 
subnanometre drilling process is shown in Extended Data Figs. 2–4. 
Successful storage, wetting and low-noise stable performance were 
developed in this work (Methods). Wafer-scale integration is viable 
with multiple trench patterning (Extended Data Fig. 5a) and proper 
nanofluidic design. Some samples used for ionic testing were coated 
with a thin layer of HfO2 for additional robustness and to tailor pore 
sizes (Extended Data Fig. 5b). The nanopore coupling is not affected 
by choice of fabrication methods (EBL, RIE or TEM) but rather by  
device dimensions.

In the bottom layer, the number of SiN pores N > 1, can be opti-
mized for molecule guiding, while the top 2D pore enables primary 
sensing. DNA pre-confinement was previously shown using a nanopo-
rous filtering membrane with ~50-nm-diameter pores placed at an order 
of magnitude larger distance (L ≈ 200 nm) from a 6.7–8.0-nm-diameter 
SiN pore, reporting a suppressed frequency of folded DNA translo-
cations25. Other efforts on large filtering arrays (N > 100) could not 
demonstrate translocations due to device failure modes10.

The GURU layer resistance in Fig. 2b was designed to be negligible 
(G2D « GGURU). The open-pore conductance G ≈ G2D was 13.7 nS in 1 M 
KCl, in agreement with the calculated value assuming t2D = 2.2 ± 1.2 nm, 
where the error in t2D is calculated from the error in TEM-estimated 
diameter (Methods). The coupled electric field profiles (Fig. 2c) 
are mapped accordingly. Figure 2d demonstrates the detection of 
90-nucleotide (nt) single-stranded DNA (ssDNA) with this [6, 1] (Chip 
J) device. Another dataset with [4, 1] (Chip K) is shown in Supplemen-
tary Fig. 3. A detailed analysis of translocation dynamics is shown 
in Supplementary Figs. 4–6, including the exponentially fitted dis-
tribution of dwell times for various voltages. The observed longer 
translocation time per nanometre, compared with the previous study 
with a 2D MoS2 nanopore26 (Supplementary Section 5), indicates that 
the GURU layer can prolong the translocation time in the desired 
sensing zone.

The 2D flake was annealed to the SiN layer, and the suspended 
area of the 2D material was minimized to ensure robustness. A stable 
ionic current was observed. When the 2D material was chemically 
removed (Fig. 2d), the conductance increased substantially, GGURU 
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Fig. 2 | [N, 1] configurations: TEM images, modelling and measurements.  
a, Bright-field (BF) TEM images of GURU layers: L = 20 ± 1 nm for [1, 0] to [3, 0] 
and [9, 0], L = 100 ± 1 nm for [4, 0]. Nanopores in the GURU layers are made with 
TEM drilling (Chip A [1, 0], Chip B [2, 0], Chip C [3, 0]), EBL/RIE (Chip D [9, 0]) and 
a combination of both for Chip E [4, 0] that contained a thicker SiN membrane. 
The dashed yellow square in the Chip E [4, 0] configuration indicates where TEM 
drilling is used, while the other pore-looking regions in this device were made by 
EBL and RIE but were not etched all the way through. The TEM drilling was then 
used to drill through the four locations. From left to right the device parameters 
are [tGURU (nm), trench depth (nm))] = [40, 20], [40, 20], [40, 20], [130, 20], 
[40, 20], [40, 20]. Image of [9, 1] after reusing it for four times (orange rectangle). 
b, Dark-field (DF) AC-STEM images (xz plane) of Chip J, [6, 1], with a monolayer 
(2D) MoS2 nanopore, d2D (TEM) = 2.4 ± 0.5 nm (red oval). Diameter errors are 

included from TEM images and reflect the as-fabricated pores. Images are 
focused on the bottom of the SiN layer. Insets are fast Fourier transforms (FFTs) 
of the hexagonal 2D lattice before and after pore formation. The 2D pore is drilled 
below pore 2 (light-green square). c, Simulated electric field profiles of [6, 1] in 
xy planes containing pores 1–3 and 4–6, respectively. Geometric parameters are 
indicated, and L = 20 nm. d, Data from Chip J with 90 nt ssDNA. Current–time 
trace at 300 mV and 1 M KCl, recorded at 1 MHz bandwidth and Bessel filtered at 
100 kHz. A 3-s-long current–time trace is displayed from a 70 min experiment. 
G = 13.7 nS. L = 20 ± 1 nm, tGURU = 40 ± 3 nm and dSiN (TEM) = 31.0 ± 0.9 nm. For 
[6, 0], GGURU = 2.2 μS » G2D. Irms at 0 V is shown for [6, 1] and [6, 0]. Diameter errors 
are included from TEM images and reflect the as-fabricated pores. See Methods 
for diameter and error analysis.
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([6, 0]) = 2.2 μS, matching the calculated value from the sum of six SiN 
pores (array conductance, GGURU, increases with N and dSiN (ref. 10)).

Principle of molecule tracking with coupled pores
Distinctive translocating ionic signal patterns arise due to the coupling 
of electric fields of nearby nanopores. We performed current simula-
tions in open pores and with dsDNA blockades at varying y positions, 
YDNA, for different device configurations (Fig. 3a). DNA was modelled as 
a rigid rod. The details of modelling14,27 are provided in Supplementary 
Section 1. For decoupled pores, two events occur independently as 
the DNA first blocks one and then the other pore. Also, when the SiN 
layer is much more conductive than the 2D pore (G2D « GGURU), as in [6, 1] 
(Fig. 2), typical U events will arise from the DNA blocking the 2D pore. 
These scenarios are shown in Supplementary Figs. 7–9.

Non-trivial event signals arise when the two nearby layers have 
comparable conductances, G2D ≈ GGURU. When we limit the number of 
pores, N and M, to one pore in each layer (N = M = 1), we observe the 
interference from both pores and blockade patterns resembling vari-
ations of ‘W’ and ‘T’ shapes versus dsDNA positions (Fig. 3b,c). As the 
coupled electric field distributes across the two pores, the blockade 
in one pore interferes with that in the other. In this simulation, these 
signal shapes are mostly symmetrical (T1 ≈ T3) when the individual 
current blockades of dsDNA are similar, which illustrates examples 
of non-trivial signals arising from the GURU structure. For example, 
the simulation result demonstrates the influence of voltage on the 

asymmetry of T1 and T3, which can result from the ions depleted zone 
in front of the DNA when DNA occupies only the SiN pore and the accu-
mulation of ions in the trench region when DNA occupies only the 2D 
pore (Fig. 3d and Supplementary Fig. 10).

We show theoretically, for d2D = 3 nm to 14 nm, how signals evolve 
from U to W and U to T-like signals, for LDNA < and > tGURU, respec-
tively, by fixing other parameters. The range of d2D, corresponding 
to d2D/dSiN = 0.20–0.93, is determined on the basis of the open-pore 
conductances, and modelling for the data is shown in Fig. 4a. Signal 
sublevels are marked as T1–3 for T events and W1–3 for W events. The 
minimum and maximum blockade sublevels are W2 (dsDNA in the 
trench) and T2 (cross-layer dsDNA occupancy), respectively.

With the coupling effect, T2 depth is not the sum of T1 and T3 
(single-layer dsDNA occupancy), and T1 can be >, ≈, or <T3 (Fig. 4d, Sup-
plementary Fig. 10 and Supplementary Section 6.3). Figure 3c displays 
simulated signal shape evolution as LDNA increases by 10 nm for two sets 
of geometric parameters in [1, 1]. W events occur where LDNA < tGURU, 
while T events emerge where LDNA > tGURU. These results indicate signal 
sensitivity to nanometre-size changes in LDNA, in principle allowing 
accurate single-molecule fragment sizing. From G (at fixed YDNA) versus 
LDNA (Supplementary Fig. 11), we estimate the change of conductance 
per change in DNA fragment length as ΔG/ΔLDNA ≈ 2–9 nS kbp−1. Moreo-
ver, sublevel time stamp analysis would allow real-time label-free DNA 
position tracking with nanometre accuracy. These theoretical findings 
(Fig. 3) clearly show the diversity and flexibility of 2D-GURU devices 
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with [1, 1] configuration in predicting signal evolution across a range 
of DNA fragment lengths. It also reveals that implementing these theo-
retical findings would require customizing experimental parameters  
(for example, L, tGURU and d2D/dSiN) to accommodate DNA lengths.

Experimental demonstration of DNA tracking
To demonstrate position tracking capabilities of couple pores, we 
measured DNA of different lengths using two-pore devices with [1, 1] 
geometry, varying pore sizes and separations (Figs. 4 and 5). Measure-
ments were conducted up to 1 MHz bandwidth for Chip L and up to 
10 MHz bandwidth for Chips M and N.

Detected current–time traces and event shapes resemble simula-
tions in Fig. 3 and starkly contrast to the typical U-shape events 
produced by comparable small-diameter single pores (Fig. 4c, inset). 
These short signal features from label-free DNA passing through two 
pores are distinguishable at high bandwidth (root-mean-square noise 
I1MHz
rms  ≈ 0.5 nA) because the pores are thin and signal-to-noise ratio 

high enough. The ultrafast detection comes at the price of sacrificing 
low-magnitude signals and distorting the distribution towards 
deeper events, presenting an experimental tug-of-war between low 
noise and high time resolution. Time resolution is prioritized here 
to detect DNA passage through both pores. Orders of magnitude 
faster detection is an advantage over protein pores in applications 
where minimizing measurement time is non-negligent. The dwell 
time histogram for various voltages is shown in Supplementary Fig. 5. 
Furthermore, the mean capture rates for [6, 1] (Chip J) and [1, 1]  
(Chip L) devices show exponential dependence on applied voltage 
(Supplementary Fig. 6), suggesting voltage activation in the capture 
of DNA28.

For short DNA length, LDNA (200 nt ssDNA), most detected events 
were W events; T events were extremely rare (<0.6%) (Fig. 4d, bot-
tom). Although short ssDNA could, in principle, stretch across pores 
(LDNA ≈ 126 nm > L), this is unlikely since Lp ≈ 1 nm « L (ref. 29). As 
expected, W events from ssDNA could still be resolved with a magnitude 
about half that for dsDNA W events using the same device.

The translocation measurements for 1,500 bp dsDNA 
(LDNA ≈ 450 nm) are displayed in Fig. 4c,d. T events are detected as 
expected for LDNA » tGURU where dsDNA translocates like a rod, with 
Lp ≈ 35–50 nm > L (refs. 29,30). Selected long events at 50 mV (Sup-
plementary Fig. 12) show a timescale similar to the polymer relaxation 
(Zimm) time31. Rare W events (~5%) were detected with a shorter dwell 
time than T events. Similar depths of W1,3 ≈ T1,3 hint at possible frag-
mented dsDNA degradation. We performed gel electrophoresis on 
the measured sample (Supplementary Fig. 13). Average sizing signals 
of ~1,300 bp dsDNA were detected from samples containing 1,500 bp 
dsDNA, without clear indications of fragmented pieces. Yet, the tool 
limitation was validated using mixtures of pure samples (1,500 bp 
and 100 bp dsDNA, 0.5–50%), where the controlled mix of 1% 100 bp 
dsDNA best-matched electrophoresis signals of the measured sam-
ple detecting ‘W events’. Our data reveal the unprecedented ability 
and sensitivity of GURU devices to discriminate low-concentration 
(<1%) analytes within the same sample. In contrast, a single-pore 
sensor produces unanimous U events (Fig. 4c, inset) with uniform 
event depths but wide dwell time distributions32. Other factors that 
may affect event shapes are discussed in Supplementary Section 10  
(Supplementary Figs. 14–16).

Figure 4e,f shows the magnitudes of the different current sub-
levels observed for dsDNA and ssDNA in the same device. Note that 
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the current levels T1 ≈ W1, T3 ≈ W3, whereas T2 is the current peak in T 
events versus the current dip W2 in the W events. For ssDNA, the W 
current levels are about one-half the magnitude of the W levels for 
dsDNA (Fig. 4d). We can compare measurements of 200 nt ssDNA to 
200 bp dsDNA in [1, 1] devices: in contrast to 200 nt ssDNA in Fig. 4, 
when 200 bp dsDNA was translocated in additional two-pore devices 
with similar parameters (tGURU = 40 and 50 nm) shown in Fig. 5, T events 
dominated, indicating the causality between persistent lengths and 
event shapes between ssDNA and dsDNA.

By tailoring the pore sizes and separations, one can manipulate 
the coupled electric fields (Fig. 5a). We show here by changing device 
dimensions in the same two-pore geometry, how to locally weaken 
the vertical component of the electric field, Ey, in the GURU layer and 
increase the overall dwell time. Figure 5 shows results from two more 
[1, 1] devices, Chips M (Fig. 5b,c) and N (Fig. 5e,f), with tSiN = 10 ± 1 
and 30 ± 1 nm, dSiN (TEM) = 11.7 ± 0.6 and 8.4 ± 0.3 nm, L = 30 ± 1 and 
20 ± 1 nm, while fixing the 2D MoS2 nanopore diameter. This design 
allowed us to use the GURU layer as a ‘speed bump’ right before DNA 
enters the 2D pore. Simulated electric field profiles at 800 mV and 3 M 
KCl are shown in Fig. 5d,g. As fabricated, the corresponding values of 
Ey in 2D pores have similar values within our fabrication tolerances, 
−2.53 and −2.47 (×108 V m−1), while in SiN pores, they differ by a fac-
tor of ~2 (−1.25 and −0.68 (×107 V m−1)). The hourglass SiN nanopore 
geometry20,33 was used in modelling. Translocation measurements 
were conducted with 200 bp dsDNA in 3 M KCl at various voltages 
to observe T-like events, in contrast to W-like events in 200 nt ssDNA 
measurements shown in Fig. 4c. The high SNR allowed 10 MHz band-
width measurements.

To probe the DNA translocation dynamics, we analysed the dwell 
times before and after dsDNA entered the 2D MoS2 layer. The contour 
length of 200 bp dsDNA was longer than tGURU for both devices, and T 
events dominated the event populations. With a weaker Ey in the SiN 
layer, Chip N exhibited significantly longer dwell times, T02, T24 and T04, 

at fixed voltages than Chip M (Fig. 5h,i and Supplementary Table 2); 
T02 (= T2 − T0) is the time interval when dsDNA travels the length of the 
GURU layer, and T24 (= T4 − T2) is the time interval when dsDNA enters 
the 2D layer until it fully exits (Fig. 3c). As expected, T24 was also consist-
ently larger than T02 across all devices we measured.

Conclusions
In this work, the detection of dsDNA position and travel time with two 
closeby nanopores ([1, 1] configuration) was experimentally possible 
by advancements in (1) temporal resolution (1 μs or better), permitting 
short feature identification, and (2) exquisite nanofabrication, permit-
ting in-series assembly of atomically thin pores with high signal-to-noise 
ratios. Provided reported translocating velocity9, dsDNA would travel 
L = 20 nm between layers in ~7–70 μs. Our platform, featuring an excep-
tional time resolution of 100 ns to 1 µs (refs. 34,35), made it feasible to 
capture shorter signal features, and we demonstrated such a possibility 
to track unmodified DNA travel across a ~20 nm distance. This capability 
represents an improvement of more than one order of magnitude in 
the smaller distance and translocation time between tracking markers 
shown previously for labelled dsDNA9.

Looking forward, coupled nanopores represent a broad new con-
cept opening possibilities in molecule transport and readout within 
a vast parameter space without labels or enzymes (Supplementary 
Section 11 and Supplementary Fig. 17). Rather than modifying mol-
ecules, nanofabrication and electronics capabilities are exploited to 
imprint and vary nanostructures enabling electromechanical control 
and detection. By constraining possible trajectories, GURU platforms 
guide molecules into the 2D sensing pore. Due to the coupling effect, 
the event shape is sensitive to fragment length of molecules and tracks 
their position during translocation. The flexible design of the GURU 
layer allows us to modulate and slow down molecules, compared with 
single 2D nanopores. Additional findings from modelling, includ-
ing biphasic events for small dSiN and high polymer charges, could 
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be pursued in the future. Possible limitations of the GURU devices 
may include wetting and durability issues; however, these could be 
addressed with a wide range of available surface treatments and nano-
technology solutions. In the future, the GURU layer design can also 
accommodate different 2D materials, possibly lipid bilayer membranes 
and protein pores. Their reusability and scalability can further enable 
their potential cost efficiency. Beyond two layers, 2D multilayers may 
be also incorporated while improving SNR and temporal resolution35. 
Together with passive-electromechanical control shown here where 
voltages are fixed, GURU platforms could be augmented in the near 
term with active multi-channel voltage control beyond two-terminal 
measurements.
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Methods
GURU fabrication in SiN layer
To fabricate the trench region within the GURU devices, the 5 mm 
chips are first made through traditional microfabrication methods28,36 
to create a suspended SiN membrane window, from bottom to top, a 
500 μm silicon substrate, a 5 μm thermal SiO2 and a 40 nm (or 120 nm) 
low-stress low pressure chemical vapor deposition SiN. The chip is first 
spin-coated with C4 poly(methyl methacrylate) at 4,000 rpm for 60 s, 
followed by a 10 min baking at 180 °C. A pair of two-square patterns, 
400 by 400 nm2, is exposed onto the resist layer (Elionix ELS-7500EX). 
The resist is developed in 1:3 v/v methyl isobutyl ketone:isopropyl 
alcohol (IPA) solution for 60 s and rinsed in IPA for 2 min. Combining 
RIE with trifluoromethane and oxygen (CHF3/O2) at a rate of ~1 nm s−1, 
we can remove SiN within the patterned area28,36 to the desired trench 
depth, L. Before fabricating nanopores in the SiN layer, boiling piranha 
solution (1:3 v/v H2O2:H2SO4) is used for 10–15 min to remove the lefto-
ver resist and any organic contamination.

We used two methods to fabricate nanopores in the SiN layer: 
TEM drilling and a combination of EBL and RIE (Extended Data Fig. 1). 
The combination of EBL and RIE is the preferred choice for producing 
nanopore arrays in the SiN layer, primarily due to their efficiency in 
speed and scalability compared with TEM drilling. The precision of 
RIE anisotropic etching of SiN allows only selected areas to have pores 
(Chips D and J). For some devices, assisted with TEM, we bypassed 
EBL limitations to fabricate smaller nanopores (Chip E). TEM drilling 
is convenient for making [1, 1] devices (Chips L, M and N) and [N, 1] 
devices with a small number and smaller diameter of SiN pores (Chips 
A, B and C). For in situ room temperature TEM drilling, we operate at 
200 kV for high-resolution TEM mode ( JEOL F200). This operating 
mode allows us to locate the thinned square region and fabricate one 
nanopore at a time to desired numbers14. On the other hand, to quickly 
fabricate a large number of nanopores onto the SiN layer, 1:2 dilution 
of ZEP520A:anisole is spin-coated at 4,000 rpm for 40 s, followed by 
2 min baking at 180 °C. Array patterning is exposed onto the resist 
layer (Elionix ELS-7500EX) with a shot pitch of 150 nm (ref. 33). The 
resist is then developed in o-xylene for 70 s and IPA for 30 s. Control-
ling the etching time in RIE, we can fabricate nanopores only in the 
previously thinned square area, instead of creating a nanoporous SiN 
membrane. The resist is then stripped off by placing the membrane in 
heated N-methyl-2-pyrrolidone at 60 °C for 3 h and then rinsed with 
IPA. Before transferring 2D layers onto the device, another round of 
10 min piranha cleaning is performed.

2D MoS2 growth, device integration and nanopore drilling
Monolayer MoS2 flakes were grown via chemical vapour deposition 
(schematic shown in Supplementary Fig. 18) following a previously 
described process37. Solutions of ammonium heptamolybdate tetrahy-
drate (9 mM) and sodium cholate (23 mM) in deionized (DI) water were 
spin-coated onto a piranha-cleaned Si/SiO2 substrate (300 nm SiO2). 
The substrate was placed in a 1 inch tubular furnace (Thermo Scien-
tific Lindberg/Blue M), and 150 mg of sulfur was placed on a second  
SiO2/Si substrate 22 cm upstream. The furnace was flushed with N2 
gas flow (1,000 sccm) for 10 min, after which the growth substrate 
was heated at a rate of 70 °C min−1 and kept at 750 °C for 15 min under 
400 sccm N2 gas flow. During growth, the sulfur was kept at a tempera-
ture of 180 °C. After growth, the samples were rapidly cooled by turning 
off and opening the furnace.

After the SiN scaffold fabrication process and piranha cleaning, 
monolayer MoS2 flakes were transferred onto the GURU devices follow-
ing a wet transfer process38. After chemical vapour deposition growth, 
a piece of SiO2/Si substrate coated with MoS2 flakes was spin-coated 
with PMMA and placed on a 1 M KOH solution to etch the underlying 
SiO2. The floating PMMA film with MoS2 flakes was then washed by 
transferring it to a large volume of DI water before being scooped 
up and transferred onto the device and positioned under an optical 

microscope so that a single monolayer MoS2 flake fully covered the 
patterned window (Extended Data Fig. 5). After drying for 1 h in the air, 
the PMMA was removed with acetone and subsequent rapid thermal 
annealing in Ar:H2 mixture.

Two-dimensional MoS2 imaging and nanopore drilling were 
performed on a Cs-corrected JEOL NEOARM scanning transmission 
electron microscope operating at 80 kV. The nanopores were drilled 
by scanning the electron probe over a selected area ranging from 1 to 
9 nm2 for up to 10 s. With this technique, we can create nanopores with 
tailored sizes in a controlled manner.

Device wetting and storage procedure
The wetting procedure was developed in this work. It begins with mix-
ing equal amount of EtOH:H2O (v/v = 1/1) solutions (HPLC grade ethanol 
from Fisher Chemical and DI water) at room temperature. This wetting 
solution is then undergoing vacuum degassing for 30 min. Right after 
drilling the nanopore in the 2D layer, the GURU device is immersed in 
the degassed solution for 30–60 min.

Determining nanopore geometries and error estimation in 
thickness
The GURU membrane thickness, tSiN, is measured by ellipsometry after 
fabrication. The initial pore diameters, d, are measured from TEM 
images, corresponding to the smallest constriction region within the 
pore, error is determined as discussed in Supplementary Fig. 19. We 
note the limitation of TEM diameters as pores could change over time 
and measurements33. The interlayer separation, L, is calibrated by 
RIE etching time (etching rate ~1 nm s−1) and the starting membrane 
thickness. We estimate the error in L to originate from fluctuations 
in the starting deposition thickness (~40 nm) and the error in etch-
ing time (~1 s) performed by the user. This translates to an estimated 
error in L. Based on this, we quote in the main text L = 20 ± 1 nm and 
tGURU = 40 ± 3 nm.

Ionic measurements and DNA sample
The recording bandwidth of a 1 MHz VC100 amplifier (Chimera Instru-
ments)14 and that of a 10 MHz amplifier (Elements SRL)35 were utilized to 
read ionic signals by applying an external bias voltage via a two-terminal 
set of Ag/AgCl electrodes (Supplementary Fig. 20 for noise perfor-
mance). Two types of nanopore flow cell were used in this work to 
host the GURU devices. Conventional one-piece PDMS flow cells39 are 
used for devices measured in Fig. 2, where the devices are glued to the 
flow cell with silicone elastomers (Supplementary Fig. 21a). The other 
customized two-part PMMA flow cell35 (Supplementary Fig. 21b) was 
used to house the device measured in Fig. 4. Within this design, two 
complementary PMMA parts are manufactured with a cavity for the 
GURU device, and fluidic channels connect reservoirs with a volume 
between 60 and 70 µl. To assemble and secure the GURU device, the 
device is sandwiched between two silicon gaskets, labelled as O-rings, 
which are subsequently compressed by the PMMA plastic parts. Some 
examples of current traces are given in Supplementary Fig. 22. We note 
that the applied voltage and the concentration of salt solutions in this 
dataset were limited not by the device but by the amplifier current limit. 
Results in this paper are based on translocation data from three devices 
with a configuration [N, 1] and three devices with a configuration [1, 1].

The DNA samples used for ionic measurements were 1,500 bp 
dsDNA (200 nM, NoLimits, ThermoFisher Scientific; Fig. 4b), 
200 bp dsDNA (20 nM; Fig. 5) and 90 nt ssDNA (200 nM; Fig. 2d,e) 
and 200 nt ssDNA (200 nM, IDT; Fig. 4b) and authenticated by the 
company. Samples were prepared in TE buffer (10 mM Tris and 1 mM 
EDTA) and 1 M and 3 M KCl electrolyte solution (pH 8.0) at room 
temperature. The oligo sequence for 90 nt ssDNA is GCGTAATAC-
GACTCACTATAGTCTTTGCAGCACCGACACCTGAACTTCCACC-
CTTCTTTCAAGTCATGTTCTTTAGTGAGGGTTAATTCG and for 200 nt 
ssDNA is GCGTAATACGACTCACTATAGTCTTTGCAGCACCGACAC-
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CTGAACTTCCACCCTTCTTTCAAGTCATGTTCTTTAGTGAGGGT-
TAATTCGCCCCCCCCCCCCCCCCCCCCGCGTAATACGACTCAC-
TATAGTCTTTGCAGCACCGACACCTGAACTTCCACCCTTCTTTCAGT-
CATGTTCTTTAGTGAGGGTTAATTCG.

The 2D pore diameters were less than the cross-sectional size of 
doubly folded dsDNA to avoid or minimize multistep events due to 
dsDNA folding. We rely on event statistics combined with modelling 
to interpret the dominant and characteristic translocation signals as 
dsDNA tracking rather than due to dsDNA folding (Figs. 4 and 5).

Data analysis details
Event identification and characterization such as in Fig. 4 and Sup-
plementary Fig. 23 are completed in a two-step process. Baseline 
correction and threshold detection35 is first used to extract events 
from filtered current traces (Supplementary Fig. 24). Event types and 
features are then inspected manually for subsequent analysis. We note 
that the typical characterization used in the solid-state nanopore 
field defining the mean event depths and durations is not particu-
larly meaningful and informative for data containing characteristic 
T-like and W-like event patterns. For event analysis in Figs. 4 and 5, 
we consider events longer than 10 μs (or 1 μs), corresponding to the 
digital Bessel filter we applied to the cut-off frequency, 100 kHz (or 
1 MHz). Event characterization tools and an interactive graphical user 
interface for feature selection can be found at https://github.com/
joshualchen/Clampfit.

Device statistics and reproducibility
We inspected each device with optical microscopy to preliminarily 
confirm whether the 2D flakes and SiN membrane were still intact. Over 
36 devices were fabricated to test the feasibility of the manufacturing 
steps and to test DNA translocations. Most devices were designed 
to have 1–2 nm diameter 2D pores on high-quality monolayer MoS2 
flakes. However, in a few cases, accidental overexposure to the electron 
beam resulted in larger-than-desired 2–3 nm diameter pores. About 
13% of the devices experienced wetting issues and we were not able 
to record reliable data. Some devices initially showed stable ionic 
currents but later overloaded the amplifier owing to fluid cell leaks, 
broken 2D flakes or nanopore expansions. More details of observed 
issues can be found in Supplementary Section 19. We did not perform 
a statistical study of all outcomes and yields, yet focused on obtaining 
a sufficient number of conducting and high-quality chips, which was 
accomplished in this study.

Data availability
Source data and analysis codes are available via the figshare repository 
at https://doi.org/10.6084/m9.figshare.26132701. Other details are 
also available upon request for purposes of reproducing or extending 
the work and analysis. If devices are requested such as 2D materials 
or GURU devices, this may be possible as well if resources for device 
nanomanufacturing are available.
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Extended Data Fig. 1 | Schematic illustration of the fabrication process 
for the 2D-GURU devices with different configurations. There are two 
complementary ways to make the pores in the underlying SiN layer. Electron 
beam lithography (EBL) is typically used to create nanopore arrays in the SiN 
layer, forming an [N, 1] configuration. The second way to make SiN pores is with 
transmission electron microscopy (TEM) drilling. Using TEM sculpting to drill 

a single pore in the SiN layer results in a device with a [1, 1] configuration. Some 
[N,1] devices with small N and small SiN pore diameter, dSiN (~ 10 nm or less in 
diameter) were also made with TEM sculpting (Fig. 2a in the main paper). After 
fabricating SiN pores in the trench region, we deposit the 2D material flake onto 
the trench, followed by AC-STEM drilling of the 2D pore. Supplementary Table 1 
provides an index of TEM images for GURU devices with various configurations.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-024-01746-7

Extended Data Fig. 2 | Nanopore size control throughout the AC-STEM 
drilling process. Series of ADF-STEM (annular dark field scanning transmission 
electron microscopy) images of suspended monolayer MoS2 during the 
nanopore drilling process on two different devices. Some accumulation of atoms 
on the pore edges is visible and this can contribute to an increased effective 
thickness of the pore in some cases. (a) MoS2 lattice before drilling, (b) after a  
few seconds of drilling, a sub-nanometer pore is created (size ~ 0.85 nm x 0.85 nm),  
(c) same nanopore after a few additional seconds of drilling, yielding a final 

nanopore with a size adapted to ssDNA translocation measurements (~ 1.7 nm 
x 1.3 nm). This pore is a part of a [6,1] device configuration. (d-f ) Images of the 
same process on another GURU device, aiming for a nanopore size adapted to 
translocation measurements of dsDNA. Pore sizes are ~ 1.29 nm x 1.47 nm, 1.81 nm 
x 1.89 nm, 2.17 nm x 3.15 nm for D, E and F, respectively. These sizes are extracted 
from two intensity profiles taken at the widest points of the pore vertically and 
horizontally, respectively. All scale bars are 2 nm.
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Extended Data Fig. 3 | Additional examples of 2D MoS2 nanopore drilling for 
three other GURU devices with varying geometries. (a, b) [2,1], (c, d) [6,1], (e, f) 
[9,1]. ADF-STEM (annular dark field scanning transmission electron microscope) 
images of (a) RIE-thinned region of the SiN membrane containing two TEM-
drilled nanopores (inset: closeup of the bottom nanopore covered by monolayer 
MoS2 prior to drilling; (b) 2D nanopore above the SiN pore; (c) pre-patterned 
RIE-thinned square in the SiN membrane containing six EBL-made nanopores, 
(d) closeup of pore highlighted by the blue dashed square in (c), showing the 
suspended monolayer MoS2 after AC-STEM drilling (inset: high resolution image 

of the 2D nanopore), (e) pre-patterned RIE-thinned square in the SiN membrane 
containing nine EBL-made nanopores, (f ) closeup of pore highlighted by the blue 
dashed square in (e) showing the suspended monolayer MoS2 after AC-STEM 
drilling (inset: high resolution image of the 2D nanopore). (e) and (f) are images 
of the reused device shown in Fig. 2a in the main text, the STEM drilling step 
shown here corresponds to the fourth MoS2 transfer process, and third STEM 
drilling that this device underwent. Scale bars are 100 nm for (a), (b) and (c), 5 nm 
for (d), (e) and (f), and 2 nm in all inset images.
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Extended Data Fig. 4 | Additional images of 2D-GURU devices. (a) [6,1] from Fig. 2b (Chip J); (b) [4,1] from Supplementary Fig. 3 (Chip K); (c) [1,1] from Fig. 4, before 
and after 2D pore formation (Chip L).
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Extended Data Fig. 5 | Reusability and Versatility of 2D-GURU Devices.  
(a) TEM images showing two patterned windows on top of which 2D material is 
deposited. The 2D pores can be selectively drilled in multiple desired locations. 
(b) Series of TEM images (top) and optical images (bottom) after the same device 
was reused. On this device we deposited ALD (atomic layer deposition) HfO2  

(~ 3 nm) after the first round of measurement, which can be seen as the white 
circles around the pore edges. The position of two patterned windows is 
highlighted in dotted red squares. Devices presented in the main text do not 
contain the HfO2 layer and this device in Extended Data Fig. 5b was used for 
wetting and ionic measurement tests.
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Extended Data Table 1 | Comparison of two-pore devices
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