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Protein nanopores such as α-hemolysin and MspA can potentially be 
used to sequence long strands of DNA quickly and at low cost. In order 
to provide high-speed sequencing, large arrays of nanopores are 
required that allow the nanopores to individually addressed, but current 
nanopore sequencing methods rely on ionic current measurements and 
such methods are likely to prove difficult to scale up. Here, we show that, 
by optically encoding the ionic flux through protein nanopores, the 
discrimination of nucleic acid sequences and the detection of sequence-
specific nucleic acid binding events can be parallelized. We make 
optical recordings at a density of ~104 nanopores per mm2 in a single 
droplet interface bilayer. Nanopore blockades can discriminate between 
DNAs with sub-pA equivalent resolution, and specific miRNA sequences 
can be identified by differences in unzipping kinetics. By creating an 
array of 2500 bilayers with a micro-patterned hydrogel chip, we are also 
able to load different samples into specific bilayers, suitable for high-
throughput nanopore recording. 
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Rapid advances in next-generation DNA sequencing make it possible to 
sequence a human genome in a matter of days for less than $10001. Fast 
human genome sequencing has initiated radical changes in clinical diagnosis, 
personalized medicine, and the study of genetic diseases2, 3. However, in 
addition to low-cost, for many of these benefits to be realised, sequencing 
needs to be significantly faster. 

One of the most promising 3rd generation sequencing methods is nanopore 
sequencing. It offers advantages being inherently label-free, whilst realizing 
long read lengths, single-molecule resolution, low cost, high speed and 
portability4, 5, 6. Nanopore sequencing using ionic current recording in planar 
bilayers, utilizing enzyme ratcheting of the DNA7, 8, 9, has been developed by 
Oxford Nanopore Technologies10 and in academic laboratories11, 12, 13. Oxford 
Nanopore's portable nanopore sequencer, with about 500 active pores per 
chip, is now available at test sites in a worldwide access program14. 

Based on reported nanopore sequencing speeds (~28 ms median duration 
per nucleotide)12, an array of ~106 nanopores would be needed for 3x109 
bases to be called with 10x coverage within (an average of) 15 min 
(Supplementary Text 1). This parallelization could conceivably be achieved 
by scaling current electrical recording methods to measure the ionic flux 
through each nanopore. However, since readouts from each nanopore must 
be separately addressed, it is difficult to see how this significant increase in 
scale might be achieved without sacrifices in device complexity, size and cost. 

Optical recording of nanopore currents 
In this paper we build on our earlier work in which nanopore ionic currents are 
converted into an optical signal15. By using Total Internal Reflection 
Fluorescence (TIRF) microscopy in Droplet Interface Bilayers (DIBs)16 
(Supplementary Methods 2), we are able to image protein pores in a lipid 
bilayer with single-molecule resolution, and thereby detect pore blockades in 
many nanopores in parallel. Recent reports have used this method to identify 
blockades in solid state nanopores caused by DNA17, 18. Here we demonstrate 
the potential of this method to achieve the necessary increase in throughput 
required for high-speed nucleic acid detection with sequence specificity and 
eventually nanopore sequencing. 

We monitor the fluorescence signal from the indicator dye Fluo-8 
(Supplementary Materials) arising from Ca2+ flux through a nanopore. A 
‘plume’ of Ca2+ appears as a bright spot at the location of each pore in the 
bilayer (Figure 1a). This provides an optical analogue of Single Channel 
Recording (oSCR). Similar methods have been pioneered by several labs as 
a means to observe Ca2+ flux through ion channels19, 20, 21. 
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We previously reported DNA discrimination with single-base resolution by 
measuring the ionic flux through an α-hemolysin (αHL) nanopore. The DNA is 
immobilized by tethering to streptavidin, mimicking a step in the translocation 
produced by a processive enzyme22, 23. A first step to evaluate parallel oSCR 
is to perform similar measurements to calibrate our method and determine the 
equivalent-current and time resolutions that are possible. Given the similar 
sensitivities to changes in residual current reported for tethered22 and 
enzyme-ratcheted DNA11,12, we can use tethered DNA to help evaluate the 
viability of oSCR for nanopore sequencing. 

Under an applied potential of +100 mV, each αHL pore in a DIB appears as a 
bright fluorescent spot. By controlling the hydration of the agarose substrate 
under the DIB, we are able to restrict nanopore diffusion to less than 20 nm 
during the recording time (~30 min). The capture of a streptavidin-tethered 
DNA results in an immediate decrease in fluorescence intensity that is specific 
to the type of DNA present in the pore (Figure 1b, c). Flipping the applied 
potential to -50 mV releases the streptavidin-DNA from the pore. After 
tracking (Supplementary Video 2) and quantifying the fluorescence from 
individual pores, the signal is normalized to the (unblocked) pore fluorescence 
at 0 mV and -50 mV (Supplementary Methods 3, Supplementary Video 1). 

Resolution of optical nanopore recording 
To determine our resolution, we examine the relation between applied 
potential, fluorescence, and equivalent currents using different homopolymeric 
DNAs. The current-voltage (I/V) relation in a BLM (Figure 2a, 
Supplementary Figure 3) can be compared to the equivalent fluorescence-
voltage (F/V) response in a DIB (Figure 2b, Supplementary Figure 4). The 
F/V response shows an expected asymmetry, as Fluo-8 and Ca2+ are present 
on opposite sides of the bilayer. To measure the amplitude resolution of our 
method, a set of streptavidin-tethered poly-C ssDNA with increasing lengths 
of an abasic insert are used (C40, X3 and X5, Supplementary Table 1). There 
is an approximately linear relationship between the residual current 
(Supplementary Table 4) and the residual fluorescence (Figure 2c, 
Supplementary Table 2) with a fitted slope of 8.7 pA per normalized 
fluorescence unit. From this we can estimate that the standard error in the 
mean signal from a particular blocking level in our fluorescence 
measurements is equivalent to an error of 0.6 pA. From this plot we can 
conclude our optical measurement is only approximately 6 times less 
sensitive than our corresponding patch clamp measurements 
(Supplementary Methods 8). This estimate is further supported by 
examining the distribution of fluorescence amplitudes from an ‘all-points’ 
histogram for ~10 blocking events (Figure 2d-f). Each type of DNA appears 
as a single peak at a specific location in the histogram. There is sufficient 



 4

resolution to resolve a mixture of two types of DNA that are separated by 
around one pA in their residual currents (Figure 2g). The minimum separation 
achieved using αHL WT in this work is promising, but insufficient for resolving 
the four nucleotides required for nanopore sequencing. 

Base calling with MspA 
Like α-hemolysin, engineered Mycobacterium smegmatis porin A (MspA) has 
been shown to distinguish all four DNA bases24 and in addition shows 
improved separation between ionic current blockade levels12, 25. Following this 
previous work, we sought to exploit MspA with our method. Ionic fluxes 
through the MspA pore are blocked by a length of around four nucleotides at a 
given time13, 25. Using the M2 MspA (Supplementary Materials) pore26, 65-
mer homopolymers (C65, T65, A65 or G3 in background of A65) 
(Supplementary Table 1) can be distinguished (Figure 3a-d and 
Supplementary Video 3). Event histograms show discrete amplitudes 
corresponding to the four DNAs (Supplementary Table 3). This pattern of 
current blocks is corroborated by equivalent measurements in BLMs under 
the same conditions (Supplementary Table 5 and Supplementary Figure 8). 
Mixing C65 and A65 results in two classes of blockades appearing at separate 
and distinguishable levels in the fluorescence trace (Figure 3e). 

miRNA detection 
These measurements exploit differences in residual ionic flux to distinguish 
different species. However, if sufficiently dissimilar, mean event durations can 
also be used to discriminate different species. One important application that 
exploits event durations is the detection of specific microRNAs (miRNA)27. 
miRNAs are short non-coding RNA fragments that play an important role in 
the post-transcriptional regulation of gene expression28, 29. Because of this 
role, they are also important disease markers. When hybridized with a pre-
designed DNA probe and subjected to an electrical potential in a nanopore, 
miRNAs can be forced to unzip and are subsequently translocated through 
the pore. The unzipping kinetics, are controlled by the strength of 
hybridization, and therefore can be used to reveal miRNA identity27. 

As a proof of concept, we designed DNA probes (Plet7a and Plet7i) 
complementary to the let-7 (Let7a and Let7i) miRNA (Supplementary Table 
1) that are distinguished by a 4 base difference in sequence (Figure 4a). Let-
7 is a direct regulator of RAS expression in human cells that is expressed at 
higher levels in more differentiated tumors30. Combinations of miRNA with 
DNA probes are thermally annealed (Supplementary Methods 1) before 
pipetting a droplet containing one type of probe/miRNA to form a DIB (Figure 
1a). Under a constant potential (+160 mV), fluorescent spots derived from 
each αHL pore blink spontaneously (Supplementary Video 4), corresponding 
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to miRNA unzipping and translocation events. A typical unzipping event 
includes three characteristic blockade levels (Figure 4a, b). Combinations of 
fully complementary probe and miRNA sequence generate long event 
durations, those with base mis-matches show short events, and controls 
missing the DNA probe show no unzipping events (Figure 4c, 
Supplementary Figure 10, Supplementary Table 6). Event durations show 
an exponential distribution (Figure 4d) and reflect the strength of hybridization 
between the miRNA and the probe. The fitted rate constant (Supplementary 
Text 2) for the unzipping process (Supplementary Table 7) determines the 
miRNA identity (Figure 4d). The voltage dependence of the rate constant for 
a weakly hybridizing combination (Plet7a/Let7i) shows an expected 
exponential relationship with the applied potential (Figure 4e, 
Supplementary Text 2). At low potentials, strongly hybridized combinations 
(Plet7i/Let7i) show blockade (TII) durations that are too long to measure. 
(Supplementary Figure 11). 

Optical recording from nanopores in a bilayer array 
Multiple fluorescence traces (>100) from active nanopores can be analysed 
simultaneously at a density of 104 pores per mm2 (Supplementary Figure 5, 
17, Supplementary Video 3, 4), even for our limited (150 µm x 150 µm) field 
of view (Figure 5a, b). Although it is possible to utilize the super-resolved 
locations of individual nanopores, a more conservative estimate of the 
maximum measurement density can be made by observing adjacent pores, 
which can easily be resolved when separated by around 3 µm 
(Supplementary Figure 6). This corresponds to an effective measurement 
density of 105 pores per mm2 (Supplementary Text 1). Therefore, our 
measurements suggest that oSCR can be used to parallelize the detection of 
specific nucleic acids for both DNA sequencing and miRNA screening. 

However, these high throughput measurements from a single DIB are limited 
to a single sample of pores plus analytes in any bilayer. The area of an 
individual DIB is also limited to ~1 mm2 due to the increased likelihood of 
bilayer rupture for large area DIBs at potentials more than 100 mV. Therefore, 
parallelization of, not only the nanopores, but also of the bilayers would 
significantly improve the utility of oSCR. In principle, a parallel array of 
droplets equipped with an array of inserted electrodes could be used. 
However, this approach presents significant technical challenges for electrode 
fabrication, alignment and insertion. We have circumvented this problem by 
creating bilayer arrays between an agarose substrate and a micro-patterned 
agarose chip. 

To demonstrate this concept, a Fluo-8 containing hydrogel chip (Figure 5c) is 
fabricated by using agarose cast from a lithographic master (Supplementary 
Figure 13). An array of micro-pillars (50 µm x 50 µm) at a density of 200 
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bilayers per mm2 (Figure 5c, Supplementary Figure 16) can accommodate 
different analytes and pores. Samples are loaded into the array with a pulled 
glass capillary driven by a spotting robot (Supplementary Figure 15). After 
loading, the chip is flipped and incubated in the lipid/oil solution for 10 min. 
Then, when the chip surface is brought into contact with the hydrogel-coated 
substrate coverslip, bilayers form spontaneously (Figure 5c black dashed 
inset, Supplementary Video 6) to create a Hydrogel-Hydrogel Bilayer array 
(HHBa). 

Following bilayer formation, individual inserted nanopores (αHL in this case) 
can be resolved as fluorescent spots in each bilayer. Nanopores can be 
selectively loaded into individual bilayers of the array (Supplementary Figure 
15) and oSCR for multiple different samples of pores or analytes can be 
recorded simultaneously in the same field of view (Figure 5c blue dashed 
inset). oSCR with different combinations of αHL and streptavidin-ssDNA in a 
HHBa is shown  in Figure 5d. As the HHBa forms slightly further away from 
the glass coverslip surface compared to oSCR with individual DIBs, our 
illumination intensity is reduced, and we observe a reduced signal-to-noise 
ratio compared to an individual DIB. 

Limitations 
These methods are not without limitations. The electron-multiplying CCD used 
in these experiments limits our temporal resolution to approximately 2 ms, 
which although too slow for many ion channels, is suitable for measuring 
current blockades relevant for nanopore sequencing based on enzyme 
ratcheting. Given the relatively large photon fluxes we detect, the time 
resolution could be improved by replacing this camera with a less-sensitive, 
but faster (sCMOS) detector. 

In the present configuration, the maximum period for data acquisition is limited 
by accumulation of Ca2+ in the droplet to around 30 minutes. As Ca2+ moves 
into the droplet, the background fluorescence increases. A 30-minute 
maximum duration places little restriction on most conceivable nanopore 
measurements, particularly if the goal is high-speed high throughput detection. 
Furthermore, in the present set up, the total area we can image with our 
camera of 150 x 150 µm. This gives a maximum theoretical throughput of 
approximately 3000 pores31. We are investigating lens-free32 and 
macroscopic TIRF imaging33 as potential avenues for improvement. 

With our current sensitivity, oSCR would require around a 36-fold decrease in 
sequencing speed from a single nanopore, as compared to direct electrical 
detection of nanopore currents. However, this reduction is already more than 
compensated by the parallelization enabled by oSCR, notwithstanding any 
future improvements in optical detection sensitivity. 
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Improvements in HHBa device alignment and geometry with more 
mechanically flexible hydrogel materials should readily improve the 
signal:noise we report through greater control of the position of the bilayer 
relative to the underlying substrate . The simplicity of our design would also 
be compatible with future portable high throughput devices requiring 
integrated modules for microfluidics, voltage generation, LED illumination and 
on-chip imaging. 

Conclusions 
An optical rather than an electrical readout has enabled significant gains in 
the parallelization of ionic flux recording through nanopores, whilst retaining 
amplitude resolution comparable to that achieved with conventional single-
channel electrical recording (~1pA) with no requirements for biomolecule 
labelling. We have used this amplitude resolution to demonstrate single base 
resolution using oSCR with a MspA nanopore; successfully combining this 
method with enzyme-ratcheting of the DNA would enable parallel DNA 
sequencing. 

Scaling DIBs beyond a single bilayer also enables easy loading of different 
nanopores and different analytes into separate bilayers. We use 
straightforward, low-cost fabrication methods and simple materials to create a 
miniaturized (5 mm x 5 mm) disposable device. Loading different types of 
nanopore into different bilayers in the array has the potential to improve the 
base-calling ability of nanopore sequencing. 

Overall, this ~1000-fold improvement in measurement density over current 
methods has the potential to overcome current barriers in nanopore-based 
sequencing and sensing. Comparing to current state of the art electrical 
measurement in nanopores, we estimate that with these potential 
improvements in technology, optical recording from an array of nanopore 
should produce sequencing signals with a rate of 106 bases mm-2 s-1, which 
could in principle produce a human genome sequence in as little as 15 
minutes. 
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Figure 1 | Optical detection of DNA by αHL in a DIB. (a) Schematic of a 
single DIB. A 60x TIRF objective is used both for illumination and imaging. A 
voltage protocol is applied using Ag/AgCl electrodes present in the agarose 
substrate and in the droplet. The insert shows a cartoon of the detection 
process. (b) A representative fluorescent trace from a single DNA blockade 
cycle. Streptavidin tethered ssDNA, which is an anion, is driven into the pore 
at +100 mV. Simultaneously, the cationic Ca2+ flows oppositely to the DNA 
flow and binds with Fluo-8 to be fluorescent. (I). Streptavidin (red squares)-
tethered ssDNA (yellow line) is driven into the pore, partially blocking the Ca2+ 

flux (II). At -50 mV, the trapped ssDNA is released (III). The fluorescence at -
50 mV diminishes due to the near reversal of the Ca2+ flux at negative 
potentials. Then the applied bias is returned to 0 mV (IV) and the cycle 
repeats. The fluorescence at 0 mV comes from the diffusion of Ca2+ from the 
agarose substrate. The trace amplitude is normalized so that the mean 
intensities of (III) and (IV) are 0 and 1. The normalized fluorescence amplitude 
of (II) identifies the captured DNA. (c) A sequence of nanopore blockades with 
a mixture of two types of DNA (X5 , cyan, histogram level 3; C40 , blue, 
histogram level 4). An additional lower fluorescence level at -50 mV is 
occasionally populated due to gating of the αHL pore at the negative potential. 

 

Figure 2 | Amplitude resolution of oSCR for DNA identification. (a) 
Current – Voltage response from a single αHL nanopore in a BLM (cis: 1.32 M 
KCl, 8.8 mM HEPES, pH: 7.0; trans: 0.66 M CaCl2, 8.8 mM HEPES, pH: 7.0). 
(b) The equivalent optical Fluorescence – Voltage relation for a single αHL in 
a DIB. (c) Comparison of the response from optical and electrical recording 
for three different DNAs. Error bars for the residual fluorescence represent the 
standard deviation of 120 events (Supplementary Table 2). Error bars for the 
residual current represent the full width at half maximum (FWHM) of the peak 
fitting (Supplementary Table 4, Supplementary Figure 7). (d-g), 
Normalized fluorescence traces (Supplementary Methods 5) for different 
types of streptavidin-tethered ssDNA (d, C40; e, X3; f, X5; g, C40+X5). The 
fluorescence intensity is normalized so that the amplitude is 0 at -50 mV and 1 
at 0 mV when the pore is open. Each blockade is fitted to the mean value of 
the corresponding data points and overlaid with colour-coded bars. All-points 
histograms are displayed on the right of each trace. The centre of the colour-
coded dashed lines is assigned according to the mean values for each type of 
DNA blockade as shown in Figure 2c. C40 and X5 are distinguished in g by a 
50% threshold between the mean amplitudes corresponding to the two states. 
The total DNA concentration in the droplet for d-f: 267 nM. For g: 133.5 nM 
each for C40 and X5. 
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Figure 3 | Optical discrimination of four nucleotides using the MspA M2 
nanopore. When streptavidin-tethered biotinylated DNA oligonucleotides 
block a pore, the ion flux is restricted and we observe a reversible stepwise 
change in the fluorescence intensity. (a-d), Normalized optical traces 
(Supplementary Methods 6) for the following 65-mers (Supplementary 
Table 1): C65 (5’-Biotin-CCCCCCCCCCCC-CCC-C35-CCTGTCTCCCTGCCG-
3’), T65 (5’-Biotin-TTTTTTTTTTTT-TTT-T35-CCTGTCTCCCTGCCG-3’), A65 (5’-
Biotin-AAAAAAAAAAAA-AAA-A35-CCTGTCTCCCTGCCG-3’) or G3 in 
background of A65 (5’-Biotin-AAAAAAAAAAAA-GGG-A35-
CCTGTCTCCCTGCCG-3’). The blockades are fitted to the mean value of the 
corresponding data points and represented with a coloured bar. Event 
histograms displaying the mean amplitudes are on the right of the traces for 
each DNA oligonucleotide (Supplementary Table 3). (e), Normalized optical 
trace and corresponding event histogram for a mixture of C65 and A65. 

 

Figure 4 | Detection of miRNA sequences by oSCR based on unzipping 
event duration. (a) A representative miRNA unzipping event. miRNA (Let7a 
or Let7i) hybridizes with the DNA probe (Plet7a or Plet7i). Poly-C30 ssDNA 
tags on both ends of the probe are designed to enable pore-threading and 
initiate unzipping. At +160 mV, an open nanopore (I) shows a decrease in 
fluorescence when the hybridized complex is captured and subsequently 
unzipped (II). Following unzipping, when the DNA probe has translocated 
through the pore the miRNA remains in the vestibule (III). The miRNA then 
translocates (IV) and the pore re-opens (V). (b) A series of miRNA 
(Plet7a/Let7a) unzipping events at +160 mV. Magenta fitting lines 
(Supplementary Figure 9) highlight capture/unzipping (II) events. (c) 
Different probe/miRNA combinations show different capture/unzipping times 
(II). Matched miRNA and probe generate long events. miRNA without probe 
shows no capture/unzipping events (II). (d) Histograms of capture/unzipping 
event (II) lifetimes for all the probe/miRNA combinations fit with exponentials. 
The fitted rate constant for unzipping reflects the hybridization strength 
(Supplementary Text 2). (e) Dependence of the unzipping rate constant on 
applied potential for Plet7a/Let7i (Supplementary Figure 11). 

 

Figure 5 | High throughput and multi-sample oSCR. (a) A frame containing 
multiple fluorescence spots representing open (white dashed circles) and 
blocked nanopores (pink dashed circles, DNA: streptavidin tethered C40). 
Scale bar: 10 µm. (b) Parallel recordings of nine fluorescence traces 
simultaneously extracted from the same field of view. The fluorescence traces 
show spontaneous amplitude transitions due to consecutive miRNA 
(Plet7a/Let7i) capture/unzipping events (Supplementary Video 4). oSCR 
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results in a and b are both recorded in DIBs. (c) A Fluo-8 containing hydrogel 
chip with cast pillar-array layer, scale bar: 4 mm (Supplementary Figure 13). 
The image inset in a black dashed square shows separation of the formed 
bilayers from the unformed. After HHBa formation (Supplementary Video 6), 
the pillar array is lifted slowly to separate the bilayers. Boundary lines 
delimiting the area containing formed bilayers are visualized (white arrows). 
Scale bar: 140 µm. Inset in blue dashed square: multiple fluorescence images 
have been stitched together to show an expanded view of an area of the chip 
containing various biological samples (1. -αHL, -DNA; 2. +αHL, -DNA; 3. 
+αHL, +DNA). Yellow dashed square: a single frame accommodates four 
bilayers at a time. Scale bar: 40 µm. (d) Parallel single-molecule nanopore 
activity from a full frame HHBa recording. The fluorescence traces are 
recorded simultaneously from nanopores in different bilayers of the array (see 
c, yellow dashed square). The unspotted HHB shows constant fluorescence 
(Trace 1). The HHB loaded with αHL shows fluorescence changes 
synchronized with the voltage protocol (Trace 2). DNA (C40) blockades (red 
points on the trace) are only detected in Trace 3. 
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Methods 
 

DIB formation 

Protein nanopores (1.2 nM) and analytes (streptavidin-tethered ssDNA [267 
nM for αHL and 2 µM for MspA] or miRNA [267 nM]) are placed in a 200 - 350 
nL droplet (1.32 M KCl, 8.8 mM HEPES, 0.4 mM EDTA, pH 7.0 [αHL] / 8.0 
[MspA], 40 µM Fluo-8), which is incubated in 3 mM 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) in hexadecane (Supplementary 
Materials) to form a lipid monolayer coating. The droplet is transferred by 
pipetting onto a cover slip in the measurement chamber (Figure 1a, 
Supplementary Figure 1). The cover slip has been spin-coated (3000 rpm, 
30 s) with a thin layer (~200 nm) of agarose (0.66 M CaCl2, 8.8 mM HEPES, 
pH 7.0 [αHL] / 8.0 [MspA]) and subsequently incubated with 3 mM DPhPC in 
hexadecane. Upon contact with the monolayer on the agarose, the lipid-
coated droplet spontaneously forms a DIB. A ground electrode (Ag/AgCl), is 
inserted into the droplet, with a corresponding active electrode (Ag/AgCl) in 
the substrate agarose. Voltage protocols are applied with a patch clamp 
amplifier (Axopatch 200B, Molecular Devices). Nanopores present in the 
droplet spontaneously insert into the DIB and the ion flux is detected both 
electrically (Supplementary Figure 2) and optically (Figure 1). 

TIRF Microscopy 

TIRF measurements are performed with a Nikon Eclipse Ti microscope 
equipped with a 60x oil immersion objective (Plan Apo TIRF, Nikon). The 
fluorescence is excited by a 473 nm Argon ion laser (Shanghai Dream Laser 
Technologies) and imaged with an electron-multiplying CCD camera (Ixon3, 
Andor). In the TIRF recording, the full field of view is 150 µm x 150 µm. 
Parameters such as the exposure time, EM gain and the binning size are 
optimized to achieve the best S/N ratio for each recording. The highest 
recording rate that has been tested is 2 ms per frame. 

Data Analysis 

The fluorescence images are recorded in .sif format (Andor Solis). 
Fluorescence traces are extracted from the image series by tracking and 
Gaussian fitting for each individual fluorescent spot. For DNA identification, 
the trace is further normalized according to the reference fluorescence levels 
(Supplementary Methods 3 and 4). 

Hydrogel-Hydrogel Bilayer Array 

The PDMS moulds for the hydrogel chips are fabricated by standard 
photolithography and soft lithographic methods (Supplementary Methods 
6,7). The hydrogel chip is fabricated by filling a PDMS mould with buffer-
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containing (1.32 M KCl, 8.8 mM HEPES, 0.4 mM EDTA, pH 7.0) molten 
agarose (3% v/v, agarose for routine use) followed by desication, gel casting 
and peeling off. The cast hydrogel chip is infused with Fluo-8 (40 µM) and 
immersed in hexadecane before spot loading (Supplementary Figure 13). 
Following loading (Supplementary Figure 15, Supplementary Video 5), the 
chip is flipped and placed on an electrode ring (Supplementary Figure 14) 
both for electrical connection and chip manipulation. Due to the larger chip 
size (5 mm x 5 mm) compared with a droplet (less than 1 mm diameter), a 
lipid/oil chamber with an enlarged opening is designed for HHBa formation 
and measurement (Supplementary Figure 12). The HHBa forms 
spontaneously when the chip is annealed with the substrate agarose in a 
solution of 3 mM DPhPC in hexadecane (Supplementary Video 6). Voltage 
protocols are applied with a patch clamp amplifier (Axopatch 200B, Molecular 
Devices). Nanopores are monitored with TIRF microscopy (Supplementary 
Figure 16) as described above. A 30 ms exposure time is used for recording. 
Four bilayers can be imaged simultaneously (Supplementary Video 7). 
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