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Small molecule electro-optical binding assay using
nanopores
Shenglin Cai1,3, Jasmine Y.Y. Sze 2,3, Aleksandar P. Ivanov 1 & Joshua B. Edel 1

The identification of short nucleic acids and proteins at the single molecule level is a major

driving force for the development of novel detection strategies. Nanopore sensing has been

gaining in prominence due to its label-free operation and single molecule sensitivity. How-

ever, it remains challenging to detect small molecules selectively. Here we propose to

combine the electrical sensing modality of a nanopore with fluorescence-based detection.

Selectivity is achieved by grafting either molecular beacons, complementary DNA, or proteins

to a DNA molecular carrier. We show that the fraction of synchronised events between the

electrical and optical channels, can be used to perform single molecule binding assays

without the need to directly label the analyte. Such a strategy can be used to detect targets in

complex biological fluids such as human serum and urine. Future optimisation of this tech-

nology may enable novel assays for quantitative protein detection as well as gene mutation

analysis with applications in next-generation clinical sample analysis.
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The development of analytical tools for early-stage diagnosis
of diseases can often be limited by the low-abundance of
particular biomarkers. This is compounded by the com-

plexity of probing analytes within biological fluids. At present, the
most widely used commercial technologies for detection of given
molecular targets are based on immunoassays or gel electro-
phoresis. However, these methods tend to lack the required
sensitivity especially when one needs to probe low biomarker
concentrations in complex fluids such as serum. While electro-
chemical methods have the potential to address some of these
limitations, they cannot currently be used in the presence of a
large number of similar molecules, thus often failing to reveal the
presence of distinct molecular signatures that can mark the early
stages of disease onset. Single-molecule methods have a clear
advantage in the sense that biomarkers can be probed one at a
time at relevant concentrations rather than ensemble averaged. A
number of different strategies have been adopted, with
fluorescence1,2, nanopores3, and field-effect transistors4–6 being
widely used.

For example, nanopores are a class of single-molecule sensors
used for the detection of analytes such as DNA, RNA and
proteins3,7. In a typical experiment, molecules are electro-
kinetically translocated by an externally applied electric field
through a nanopore usually less than 30 nm in diameter. The
analytes are translocated through the nanopore one at a time,
resulting in characteristic temporal modulation of the measured
ionic (nanopore) current. From these modulations, one can
extract information on molecular properties such as size, com-
position, and interactions with other biomolecules. However,
this method generally lacks sufficient selectivity and sensitivity,
especially for molecules that are much smaller than the diameter
of the nanopore. Strategies to circumvent some of these limita-
tions include chemical modification around the pore8,9, reduction
in pore dimensions, and use of high bandwidth amplifier10.

Recently, the use of molecular carriers has shown great promise
to improve both selectivity and sensitivity and relies on binding
biomarkers to a carrier backbone often made from DNA11–14. A
multilevel current signal is measured, with the contribution of the
bound biomarker being superimposed on the signal due to the
translocated carrier. The use of DNA as a carrier has several
advantages enabling efficient transport of proteins through the
pore as well as enabling better control of the rate of transport.
However, for this method to be successful, the corresponding
biomarker must be sufficiently large to ensure the superimposed
signal can be distinguished from that of the carrier. Furthermore,
it is not always trivial to distinguish between the signal arising
from a target analyte bound to the carrier and a carrier that
translocates in a folded state.

To address these challenges, the advantages of both nanopore
sensing and single-molecule fluorescence spectroscopy can be
combined to enable an efficient strategy for small molecule
detection using nanopores. For example, fluorescent probes can
be used to target molecules that are difficult to detect using
conventional nanopore sensing, while the combined electrical and
optical signals can be used to quantify binding affinities, as well as
to selectively confirm the presence of a particular biomarker.

A number of groups, including our own, have already
demonstrated fluorescence detection coupled to nanopores15–22.
However, these approaches generally rely on labelling of the
target molecule, limiting their applicability. We explore the pos-
sibility of using simultaneous detection without the need for
covalently labelling the target analyte and validate the feasibility
of this strategy by detecting the presence and binding of small
DNA oligomers and proteins to the carriers with single-
fluorophore sensitivity. Importantly by attaching the target to a
carrier, the molecule spends more time within the detection

volume resulting in increased sensing times and as a result,
improved signal to noise ratio. Furthermore, an important
advantage is that the nanopore is perfectly aligned with the
intensity maximum of the diffraction limited fluorescence
detection volume resulting in improved photon count rates.

The fraction of synchronised events between the electrical and
optical channels can be used to quantify the presence of a target
as well as the concentration. For example, molecular beacons
(MBs) can be designed and incorporated into the DNA carrier to
screen for small proteins and complementary DNA sequences
(Fig. 1). MBs are short oligonucleotide fluorophore/quencher
probes containing a “stem-loop” structure, whose sequences can
be designed as needed for a range of binding targets.23,24. The MB
remains in its quenched state until the target analyte binds after
which the fluorescence will then be restored. Use of MBs are
exceptionally advantageous as the target molecule does not have
to be directly fluorescently labelled. In this manuscript, the MBs
were designed to incorporate aptamer sequences such that the
corresponding protein will unravel the MB (Fig. 1d, e).

Results
Validation of synchronised detection. Simultaneous electro-
optical measurements require precise alignment between the
nanopore and the diffraction limited optical detection volume
(ω0= 450 ± 5 nm, mean ± standard deviation)19,21, as shown in
Fig. 1a and Supplementary Figs. 1 and 2. For this, we used quartz
nanopipettes, a subclass of nanopores, as this is an ideal platform
to use due to ease of operation and no detectable auto-
fluorescence, unlike more common materials such as SiNx

19,20.
Alignment was achieved by mounting the nanopipette on a
coverslip inserted into a custom sample holder on a high-
resolution motorised stage (with a 10 nm step size) and using an
electron multiplying charge coupled device (emCCD) camera
(Fig. 1b) to visually align the x−y axes. The z height was fine-
tuned by scanning this axis in 10 nm step sizes until scattering
was observed using an avalanche photodiode (APD).

The nanopipettes were fabricated using protocols previously
reported by our group11,25,26, yielding an average pore size of 21
± 2 nm (n= 20), as measured by scanning electron microscopy
(SEM, Supplementary Fig. 3). The nanopore conductance was
found to be 3.7 ± 0.2 nS using 0.1 M KCl (Supplementary Fig. 4).
Previously it has been shown that laser illumination severely
affects electrical noise characteristics due to photo-induced
heating of the electrolyte and changes in surface charge on the
pore surface21,22. In our system, we observed almost no additional
electrical noise under 488 nm, 198 ± 6 μW laser exposure as can
be seen by the lack of measurable increase in the baseline ionic
current (Fig. 1c), and no significant change in the power spectral
densities (Supplementary Fig. 5).

To confirm appropriate alignment, YOYO-1 fluorescently
labelled 5 kbp DNA was used to monitor the percentage of
synchronised events between the optical and electrical channels
(Fig. 2). The percent synchronisation was also quantified as a
function of positional offset between the confocal volume and
nanopipette tip (Supplementary Fig. 6). The DNA was translo-
cated through the pipette using voltages ranging from −300 to
−100 mV (Fig. 2a) and −80 to −40 mV (Supplementary Fig. 7).
The percentage of electrically synchronised events was very high,
indicating excellent alignment with S= 98.4% (n= 249), S=
98.9% (n= 174), S= 100% (n= 144) and S= 100% (n= 158) for
−300, −200, −150 and −100 mV, respectively (Fig. 2b). Notably,
these values are significantly higher than the synchronisation
levels that we have previously reported (92.7%)21. It should be
noted that a small underlying fraction of events appeared solely in
the optical channel with much lower average intensities
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Fig. 1 Conceptual overview of the experimental approach. a Schematic of the electro-optical configuration where a nanopore is integrated with a single-
molecule fluorescence confocal microscope. Upon the application of the electric field, individual DNA carriers translocate through the nanopore. The
optical detection volume is superimposed on the nanopore, and both the ionic current and fluorescence intensity time trace are obtained in a synchronised
manner. b Optical image showing laser illumination at the tip of the nanopore (21 ± 2 nm, mean ± standard deviation). c Noise characteristics with the laser
illumination switched ON (laser power 198 ± 6 μW) and OFF, respectively. d A molecular beacon (MB) without a carrier produces no signal in the electrical
channel and a low optical signal when bound to a target. e MBs are hybridised to a DNA carrier for the single-molecule detection of small oligonucleotides
or proteins. Without target binding, the signal is only observed in the electrical detection channel. When bound to complementary DNA (cDNA) or protein,
a synchronised signal is observed in both channels due to the opening of the MB and the increased distance between the fluorophore and the quencher
probes. Fluorescence signals obtained are higher when the MB is bound to the carrier due to the increase in residence time as well as excellent alignment
with the intensity maximum of the diffraction limited laser beam
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Fig. 2 Single-molecule electro-optical detection of 5 kbp DNA labelled with YOYO-1. a Photon and current time traces for the translocation of 100 pM 5 kbp
DNA-YOYO-1 in 100mM KCl, 10mM Tris-HCl, 1 mM ethylenediaminetetraacetic acid (EDTA) buffer (pH= 8). The resampling time for the photon time
trace is 500 μs and the filter cut-off frequency for the current time trace is 10 kHz. Laser power was 90 ± 3 μW. b Percent synchronisation, c signal to noise
and d dwell time as a function of applied voltage for the electrical (blue circles) and optical (brown squares) channels respectively. The error bars represent
the accumulation of statistics from at least three different nanopipettes
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(Supplementary Fig. 8). These events are likely due to molecules
freely diffusing around or near the optical probe volume without
being translocated through the nanopore18. The level of
synchronisation further decreased at lower voltages (S= 71.8%,
n= 220 at −100 mV) in large part due to the lower peak
amplitude of the electrical events causing them to be embedded
within the noise. For example, the signal-to-noise (S/N) ratio in
the electrical detection channel decreased from 11 ± 1.4 to 3.6 ±
0.5 for −300 to −100 mV (Fig. 2c and Supplementary Fig. 9). The
optical peak amplitude was not dependent on voltage and hence
remained constant (S/N= 94.5 ± 3.9 across all voltages) (Fig. 2c
and Supplementary Fig. 10). Another interesting observation was
in the comparison between translocation times recorded in both
channels (Fig. 2d and Supplementary Fig. 11). As expected, the
times decreased as a function of increasing voltage; however,
optical events were typically over one order of magnitude slower.
This was due to the signal being a convolution of both the

translocation process and free diffusion of the molecule within
the probe volume. This is consistent with what we have observed
previously19,21.

Single-fluorophore sensitivity. To truly take advantage of using
coincident electro-optical detection, the sensitivity was quantified
at the single-fluorophore limit. A λ-DNA carrier with a 12-base
overhang was used to hybridise a complementary strand (labelled
with a single atto 488 dye) on the 3′ end (Supplementary Fig. 12).
The overhang enables facile hybridisation with any probe that can
be used to selectively target and bind to an analyte11. In this
context, a simultaneous detection strategy is useful as the nano-
pore effectively acts as a physical gate to deliver and ‘read’ the
DNA carriers, whereas the optical signal can be used to report on
binding with target biomolecules, including ones that are much
smaller than the pore dimensions.

A typical intensity-time trace for a 10 pM solution of the λ-
DNA-oligonucleotide-dye complex obtained at a voltage of −300
mV is shown in Fig. 3a. Synchronised events are highlighted with
a dashed box (see also Supplementary Fig. 13). Controls for both
λ-DNA and the dye-oligonucleotide are shown in Supplementary
Fig. 14. The majority of events were coincident with a total of 287
electrical events being detected and 267 of them being
synchronised with optical channel (S= 93%). We attribute the
remaining 7% to be most likely caused by unsuccessful
hybridisation of the oligonucleotide. Both synchronised and
non-synchronised electrical events had comparable dwell times
and peak amplitudes. For example, at a voltage of −300 mV,
synchronised events yielded a mean dwell time of 5.1 ± 1.6 ms
and mean peak current of 63 ± 25 pA, while non-synchronised
events yielded mean values of 5.0 ± 1.7 ms and 65 ± 33 pA
respectively (Fig. 3b). These values were consistent with controls
for the standard translocation of λ-DNA (Supplementary Fig. 15).
However, as can be seen in Fig. 3c, the optical signal produced
events which were at least fivefold longer in duration, when
comparing synchronised and non-synchronised events (21.3 ± 4.6
vs. 4.4 ± 2.1 ms), see also scatter plot of synchronised optical vs.
electrical dwell times, Fig. 3d. The extended dwell time is in part
due to a large difference in diffusion coefficients when comparing
the fluorophore bound and unbound to DNA. The oligo-carrier
complex spend more time within the optical detection volume
due to the carrier slowing down the transport. This is highly
advantageous as freely diffusing single molecules are often photon
count limited, enabling improved detection statistics. A more
detailed analysis of voltage dependence on dwell time and peak
amplitude/intensity is shown in Supplementary Fig. 16 where
similar improvements are seen at both higher and lower voltages.

An electro-optical single-molecule protein binding assay. The
detection platform can be further extended to perform an electro-
optical binding assay. A 12-mer biotinylated oligonucleotide
(complementary to the 3′ end of λ-DNA) was hybridised to the
carrier (see Methods for details) for detection of streptavidin. The
biotinylated carriers were incubated with fluorescently labelled
streptavidin (Dylight 488) followed by translocation at a final
concentration of 10 pM. As expected, the free carriers produced a
signal in the electrical detection channel, streptavidin on its own in
the optical channel, and the carrier-streptavidin complex in both
channels (Supplementary Fig. 17). Detection of such low protein
concentrations is not typical when sensing proteins natively without
a carrier, due to fast translocation times and event rates often being
significantly lower than predicted from the Smoluchowski rate
equation, which often necessitates protein concentrations well in
excess of 10s−100s nM27. Addition of the carrier improves the
transport in part due to the negatively charged DNA backbone as
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Fig. 3 Single-molecule and single-fluorophore sensitivity. a Photon and
current time traces for the translocation of λ-DNA carriers bound to
fluorescently labelled DNA oligonucleotides (5′-AGGTCGCCGCCC
GGTTGGGTGGGTTGG-Atto 488-3′) in 100mM KCl, buffer (pH= 8). b
Scatter plots for dwell time vs. current amplitude/intensity for both
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binding assay was demonstrated using a DNA carrier modified with a
biotinylated oligonucleotide which can then bind to streptavidin.
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concentrations at room temperature. Error bars indicate the standard
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the laser power was 198 ± 6 μW
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well as facilitates detection of a bound event via the synchronised
electro-optical signal (Fig. 3e). Binding of streptavidin to the carrier
produces a substantial improvement in both the dwell time and
total fluorescence intensities (Supplementary Figs 18, 19). Although
previous studies12,13,28 have demonstrated that the binding of
protein to a long DNA carrier could be identified by reading out the
sub-levels of the signal, fluorescence enables the direct quantifica-
tion of a bound event and eliminates any possible false positives due
to the influence on DNA conformational changes such as folds or
knots29,30. For example, using our nanopore configuration, 32
−36% of all events produced sub-peaks for both λ-DNA on its own
and the biotinylated carrier. In contrast, 0% synchronisation was
observed in the optical channel producing no false positives (Sup-
plementary Fig. 20).

The binding affinity can be determined from the synchronised
fraction (the percentage of synchronised counts over all electrical
counts) as a function of the streptavidin concentration (Fig. 3e).
As expected, the fraction of synchronised events raises with
increasing streptavidin concentration. In this case, the carrier
concentration was kept constant at 10 pM, and streptavidin
concentration was ramped from 0 to 100 pM. At 0 pM
streptavidin, only events in the electrical channel were observed
while at a two fold excess the synchronised fraction (85.7 ± 2.2%)
increased accordingly and reached a plateau representing the
saturation of streptavidin bound to the biotinylated carrier. The
Hill binding model, which typically describes the equilibrium
state of reversible molecular binding31, could then be used to
determine the apparent dissociation constant. Using this
approach, a binding affinity of Kd= 7.6 ± 1.2 pM was obtained.
This Kd value is roughly two orders of magnitude larger than that
measured for wild-type streptavidin-biotin (Kd= 10−14 M)32 and
comparable (Kd= 10−11 M)33 to cases where the association may
be affected by dye conjugation34. Attachment of biotin moieties to
a larger group can also restrict its free diffusion and thus reduce
the binding affinity35.

Molecular beacon-modified DNA carriers. While the detection
and quantification of small biomolecules was demonstrated, biotin-
streptavidin binding is to a large extent well established. Further-
more, the direct labelling of the sample can be time-consuming and
complex, which restricts the range of targets that can be probed.
With this in mind, we designed molecular carriers that integrate
MBs and are ideally suited for “label-free” sensing applications. MBs
are short oligonucleotides with a stem-loop structure, whose
sequences could be designed as needed to specifically recognise a
range of nucleic acids via hybridisation or proteins using aptamer
sequences23,36,37. Instead of direct labelling of the targets, the
fluorophore−quencher pair was incorporated into the MB-Carrier.
Fluorescence could then be restored upon binding to a target, as
shown in Fig. 4a and Supplementary Figs 21–22. As a control
translocation of the MB without the carrier present produced no
electrical events and minimal optical events all with very low
intensity (Supplementary Fig. 23).

As an example, we incorporated a 15 mer thrombin-binding
aptamer (TBA)38 into the loop of the MB. TBA was selected
due to its well-established structure, and high affinity towards
thrombin38–40, the design principle and sequence of this TBA-
embedded MB and its incorporation into the λ-DNA to form
an MB-Carrier are described in detail in the Methods section
and Supplementary Fig. 24. Three groups of experiments were
performed: (i) MB-Carrier (10 pM) in the presence of a strand
complementary to the TBA aptamer (15 mer: 5ʹ-CCA ACC
ACA CCA ACC-3′, 50 pM), (ii) MB-Carrier (10 pM) in the
presence of thrombin (30 nM), and (iii) MB-Carrier (10 pM)
on its own (control experiment) (Fig. 4a). For DNA

hybridisation-based experiments, the MB loop undergoes
structural transition when bound with target DNA to form a
duplex state, resulting in the separation of the fluorophore
from the quencher. For thrombin binding, the MB aptamer
changes from its stem-loop shape to form a G-quadruplex
structure upon binding, extending the distance between the
fluorophore and the quencher36.

Two classes of events were observed with either the electrical
signal coming first or alternatively the combined electro-optical
signals originating at approximately the same time (Fig. 4b and
Supplementary Fig. 25). This correlates to the two different
orientations in which the complex is transported through the
pore. In the “head to tail” configuration, the MB is transported
through the pore first, and conversely, in the “tail to head”
configuration, the carrier is transported first. To quantify the
translocation orientation, we normalised the electrical dwell times
with the start time being defined as 0 and the end time as 1. The
fractional position of the optical signal relative to the electrical
could then be plotted (Fig. 4c). Two populations could be
observed, one at 0.003 ± 0.1 and the other at 0.930 ± 0.1 which
corresponds to the two possible orientations. A similar trend was
also observed when binding the MB-Carrier to cDNA (Supple-
mentary Fig. 26). Determining orientation is often difficult purely
based on electrical data. However, an electro-optical approach
facilitates the extraction of this information.

Much like the case for streptavidin, binding affinities and
selectivity could be determined (Fig. 4d, e). For example, the
selectivity of the MB-Carrier was compared to a corresponding
complementary DNA strand (cDNA, 15 bases) containing single,
double, and triple base mismatches (Fig. 4d and Supplementary
Fig. 27). Increasing the number of mismatches in the DNA
sequence destabilises the DNA duplex. We used 2−4 base spacing
when introducing mismatches, which results in a significant
decrease in DNA melting temperature and hence lower prob-
ability of forming a stable duplex41. We expected the latter to be
manifested in a decrease in the number of synchronised events,
with relative conservation of the mean peak intensity and dwell
times. S= 70.3 ± 6.4%, for cDNA, and S= 8.9 ± 1.92%, 3.9 ±
1.72%, and 2.7 ± 0.61% for single, double and triple base
mismatch, respectively. The eightfold improvement in signal for
the cDNA as compared to the single base mismatch highlights
the excellent capability of this approach to selectively discriminate
single nucleotide polymorphism in individual molecules, without
the need for amplification. By performing a titration and fitting
using the Hill model (Fig. 4e), the binding affinity was determined
to be 3.7 ± 0.2 pM for cDNA which is close to the value estimated
from the Gibbs free energy (0.9 pM) (see Supplementary Note 1).
The detection limit was determined to be 0.1 pM, based on
comparing the synchronised fraction to the blank control (0.8 ±
0.4%). It should be noted that this limit is lower than more
conventional single-molecule counting methods (0.7 pM)42

including two-colour coincident detection (0.5 pM)43.
As a TBA sequence was incorporated in the MB, a similar

experiment could be performed with the addition of protein
(Fig. 4f). The thrombin selectivity was quantified by performing
control experiments within a much more concentrated background
(>300-fold excess for each target) containing a mixture of proteins
including lysozyme, trypsin, α-synuclein, and insulin (Fig. 4f and
Supplementary Fig. 28). Importantly a tenfold increase in the
percent synchronisation could be observed when comparing
thrombin to the protein mixture which highlights the excellent
selectivity and possibility to discriminate between the target protein
and other proteins. The binding affinity (Fig. 4g) was determined to
be 5.0 ± 0.4 nM, which is in excellent agreement with the values
measured (4.87 to 10 nM) using alternative approaches36,37,44 (see
also Supplementary Fig. 29). In addition, the detection limit for
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thrombin was determined to be 0.5 nM, which is also significantly
lower than other reported methods11,45.

When using a conventional single-molecule confocal fluores-
cence strategy (e.g. droplet on coverslip) (Fig. 5a) for detection
of cDNA bound to the MB-Carrier in complex biological fluids
such as serum and urine, the background fluorescence clearly
increases. However, when using a nanopore (Fig. 5b), the
background fluorescence is almost identical to that of measure-
ments taken in 0.1M KCl. This is due to the sample being confined
to within the nanopipette, the solution outside the nanopipette
only consists of the KCl buffer. As can be seen this results in a
substantial increase in signal to noise. An example of a binding
assay performed in serum is shown in Fig. 5c and Supplementary
Fig. 30; the MB-Carrier concentration was 30 pM, and thrombin
was increased from 0.1 to 100 nM respectively and results are
comparable to those obtained in 0.1M KCl. An analogous study has
also been performed in urine (Supplementary Fig. 31).

Discussion
We demonstrated a selective, single-molecule binding assay using
molecular carriers and molecular beacons for the detection of short
oligonucleotides and single proteins in a synchronised nanopore
platform. The implementation of simultaneous electro-optical
detection provides a simple way of detecting molecules much
smaller than the size of the nanopore without degradation of the
signal-to-noise ratio. The synchronised electro-optical detection can
also help to differentiate between bound target and false positives,
such as fold or knot in the DNA carrier, and hence, address one of
the major limitations with the use of carriers in nanopore platforms.

Using synchronised detection and molecular carriers that
integrate aptamers and molecular beacons, we were able to dis-
criminate single nucleotide mismatch (with a limit of detection as
low as 0.1 pM), as well as a single protein from a protein mixture.
Importantly, by quantifying the fraction of synchronised events,
the platform allowed us to perform single-molecule binding
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assays using electro-optical detection. The probability of having a
false positive show up as an apparent synchronised event is
exceptionally low. Based on counting statistics, a “random coin-
cident” event rate R is given by the formula Rrandom= 2r1r2T,
where r1 and r2 are the events rates in the optical and electrical
channels respectively and T is the average event times. In our case
Rrandom≪ 0.001 making false positives unlikely.

Potential applications such as detection of mismatched duplexes,
point mutations in DNA oligonucleotides and DNA-protein com-
plexes can be foreseen. Due to the increasing availability of aptamer
sequences, a greater range of targets can be addressed by integrating
relevant specific aptamers into the carriers. In principle, this com-
bined detection strategy could be further extended in a multiplexed
sensing platform by introducing different binding probes at specific
sites of the carrier. This, in turn, may allow for a multiplexed

capability to screen an array of molecules in complex samples with
higher sensitivity and selectivity.

Methods
Chemicals and materials. Both 5 kbp double-stranded DNA (dsDNA) and λ-
DNA (48.5 kbp) with a stock concentration of 500 μg ml−1 were obtained com-
mercially from New England Biolabs. All the other DNA oligonucleotides or
molecular beacon probes were synthesised by Integrated DNA Technology
(sequences are shown in Supplementary Information). Streptavidin conjugated
with DylightTM 488 was purchased from Thermo Scientific with a stock con-
centration of 1 mgml−1. α-thrombin was purchased from Cambridge Biosciences,
UK. The fluorescent dye, YOYO-1 (1 mM in DMSO), was obtained from Life
Technology. The stock 5 kbp dsDNA (154 nM) was mixed with YOYO-1 at a ratio
of 7.5 base pairs to 1 dye and incubated for 30 min prior to use21. Oligo sequences
are available in Supplementary Methods.

Preparation of DNA carriers. DNA carriers used in this work were designed by
hybridising of λ-DNA with either a biotinylated DNA probe or an MB (see Sup-
plementary Information for sequences). Briefly, DNA oligonucleotides were firstly
diluted from a stock concentration (100 μM) using a binding buffer (140 mM NaCl,
20 mM MgCl2, 10 mM Tris-EDTA buffer, pH= 8.0) to 1.58 μM. Twenty-five
microliters of this resultant oligonucleotide solution was then mixed with 25 μl
stock λ-DNA solution and 50 μl binding buffer to achieve a total volume of 100 μl
and a ratio of 1:100 of (λ-DNA: oligonucleotides). The hybridisation was then
conducted by heating to 95 °C for 5 min, cooling down to 75 °C for 10 min and
annealing to 25 °C at a rate of 1 °Cmin−1 for 90 min in total. The DNA carriers
were then purified by removing the excess of oligonucleotide probes with the use of
a 100 kDa MWCO Amicon Ultra Filter (Millipore, UK). This procedure included
six cycles of centrifuging for 6 min at 14,000 × g with TE buffer (10 mM Tris-EDTA
buffer, pH= 8) and recovery by centrifuging at 1000 × g for 2 min with turning the
filter upside down. The concentration of obtained DNA carriers was determined by
measuring the UV−Vis absorbance at 260 nm with a Nanodrop device (Thermo
Scientific).

The MB-Carrier embedded with TBA was designed as described in
the Supplementary Methods. A 10 pM of MB-Carrier concentration was used in
most of the experiments.

Fabrication of the nanopipettes. Glass nanopipettes were fabricated from quartz
capillaries (World Precision Instruments) as protocol reported by our group
previously25,26,46. In brief, capillaries (internal diameter: 0.5 mm, external diameter:
1.0 mm, length: 7.5 cm) were plasma cleaned for 10 min to remove any con-
taminated residues and pulled using a P-2000 laser-based pipette puller (Sutter
Instrument, USA) to achieve two nanopipettes under the set of a two-line pulling
protocol: (1) HEAT: 775; FIL: 4; VEL: 30; DEL: 170; PUL: 80, (2) HEAT: 825; FIL:
3; VEL: 20; DEL: 145; PUL: 180. This protocol generates pores with a diameter of
(21 ± 2) nm. This protocol is puller specific and should be optimised accordingly.

Optical setup. As reported previously19,21, a custom-built confocal microscope
was used for all-optical measurement. Briefly, a 60x water immersion objective
(1.20 NA, UPLSAPO 60XW, UIS2, Olympus) was used to introduce a 488 nm laser
(Sapphire 488LP, Coherent) to illuminate the nanopipette tip and collect the
generated fluorescence. The fluorescence was split into two channels (500–580 nm
and 640–800 nm) using a dichroic mirror (630DCXR) and detected by two APDs
(SPCM-AQR-14, PerkinElmer) respectively. A schematic and detailed description
of the set-up is given in Supplementary Information (Supplementary Fig. 1).
Optimal alignment of the nanopipette tip to the confocal volume was performed
using an emCCD camera, where scattering was observed from the tip when high
laser powers was used. Any necessary adjustments and realignment was performed
to compensate for any stage drift.

Translocation experiments and synchronised detection. Synchronised electro-
optical detection of translocation experiments was performed from the inside to the
outside of the nanopipette unless reported otherwise. Analytes together with a
patch/bath electrode were introduced inside the nanopipettes (cis chamber), and a
reference electrode and buffer were placed outside (trans chamber). Buffer used in
this work consisted of 100mM KCl, 10 mM Tris-EDTA and 5mMMgCl2 (pH= 8).
For the binding assay, DNA carriers were incubated with its targets (protein/oligos)
at different ratios with a final carrier concentration of 10 pM. After alignment,
translocation experiments were performed by applying a potential bias using an A-
M 2400 patch-clamp amplifier and corresponding current traces were recorded.
Synchronised optical signals were recorded using custom written labview software.

Data acquisition and analysis. A NI 6602 DAQ card (National Instruments) was
used to record optical data while another NI-USB 6259 DAQ card was used to
record the electrical data . The synchronisation of electrical and optical detection
channels was triggered through a TTL pulse . The electrical signal was sampled at
70 kHz and filtered at 5 or 10 kHz using a low-pass Bessel filter. The optical photon
counts were collected using APD detectors with a time resolution of 10 μs. A
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Fig. 5 Sensing of cDNA and protein targets in human serum and urine. a
Photon time traces for the detection of cDNA bound to the MB-Carrier in
(i) 0.1 M KCl (pH= 8), (ii) 0.1 M KCl+ 5% human serum, (iii) and 0.1 M
KCl+ 10% urine. Conventional confocal single-molecule methods were
used (i.e. droplet on a coverslip). b Comparable traces to those shown in
(a) using a nanopore. A significant decrease in background fluorescence is
observed in part due to the solution being confined to inside the
nanopipette. The reservoir outside the nanopipette only contains a 0.1 M
KCl buffer solution. Translocation experiments were performed at −300
mV and in all cases, the laser power was 193 ± 6 μW. c Photon and current
time traces are shown for the translocation of (i) thrombin in 5% serum, (ii)
MB-Carrier in 5% serum, and (iii) MB-Carrier bound to thrombin in 5%
serum. The MB-Carrier and thrombin concentration was 30 pM and 1 nM
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from 0.1 to 100 nM. Error bars indicate the standard deviation for data
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NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09476-4 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1797 | https://doi.org/10.1038/s41467-019-09476-4 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


custom-written MATLAB code was used to analyse synchronised electrical-optical
events (Supplementary Fig. 6). All mean values reported are obtained from simply
taking the average of the data set, and all errors are defined as 1 standard deviation.
In brief, statistics on translocations for both the optical and electrical events were
obtained using the following method: 1. Track and subtract baseline signal. 2)
Determine background noise level (Poisson fit) and define a cut-off threshold of
5–10 standard deviations above the mean noise level. 3) Determine the translo-
cation times using a peak finding routine. Parameters such as peak maximum,
DNA carrier maximum, total peak width, peak area are extracted. Translocation
times were determined by using the FWHM of the DNA carrier signal. (4) Finally,
the time stamps for both optical and electrical events were cross-correlated to
obtain statistics on the percent synchronisation.

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.

Received: 5 November 2018 Accepted: 12 March 2019

References
1. Lerner, E. et al. Toward dynamic structural biology: two decades of

single-molecule Förster resonance energy transfer. Science 359, eaan1133
(2018).

2. Gell, C., Brockwell, D. & Smith, A. Handbook of Single Molecule Fluorescence
Spectroscopy (Oxford University Press, Oxford, UK, 2006).

3. Miles, B. N. et al. Single molecule sensing with solid-state nanopores: novel
materials, methods, and applications. Chem. Soc. Rev. 42, 15–28
(2013).

4. Dontschuk, N. et al. A graphene field-effect transistor as a molecule-specific
probe of DNA nucleobases. Nat. Commun. 6, 6563 (2015).

5. Ren, R. et al. Nanopore extended field-effect transistor for selective single-
molecule biosensing. Nat. Commun. 8, 586 (2017).

6. Rosenstein, J. K., Lemay, S. G. & Shepard, K. L. Single-molecule bioelectronics.
Wires Nanomed. Nanobi 7, 475–493 (2015).

7. Howorka, S. & Siwy, Z. Nanopore analytics: sensing of single molecules.
Chem. Soc. Rev. 38, 2360–2384 (2009).

8. Wei, R., Gatterdam, V., Wieneke, R., Tampé, R. & Rant, U. Stochastic sensing
of proteins with receptor-modified solid-state nanopores. Nat. Nanotechnol. 7,
257 (2012).

9. Tan, S. et al. DNA-functionalized silicon nitride nanopores for sequence-
specific recognition of DNA biosensor. Nanoscale Res. Lett. 10, 205 (2015).

10. Wanunu, M. et al. Rapid electronic detection of probe-specific microRNAs
using thin nanopore sensors. Nat. Nanotechnol. 5, 807 (2010).

11. Sze, J. Y. Y., Ivanov, A. P., Cass, A. E. G. & Edel, J. B. Single molecule
multiplexed nanopore protein screening in human serum using aptamer
modified DNA carriers. Nat. Commun. 8, 1552 (2017).

12. Bell, N. A. W. & Keyser, U. F. Specific protein detection using designed DNA
carriers and nanopores. J. Am. Chem. Soc. 137, 2035–2041 (2015).

13. Plesa, C., Ruitenberg, J. W., Witteveen, M. J. & Dekker, C. Detection of
individual proteins bound along DNA using solid-state nanopores. Nano Lett.
15, 3153–3158 (2015).

14. Loh, A. Y. Y. et al. Electric single-molecule hybridization detector for short
DNA fragments.Anal. Chem. 90, 14063–14071 (2018).

15. Liu, S. et al. Correlated electrical and optical analysis of single nanoparticles
and biomolecules on a nanopore-gated optofluidic chip. Nano Lett. 14,
4816–4820 (2014).

16. Liu, S. et al. Electro-optical detection of single [small lambda]-DNA. Chem.
Commun. 51, 2084–2087 (2015).

17. Assad, O. N. et al. Light-enhancing plasmonic-nanopore biosensor for
superior single-molecule detection. Adv. Mater. 29, 1605442 (2017).

18. Gilboa, T. et al. Single-molecule DNA methylation quantification using
electro-optical sensing in solid-state nanopores. ACS Nano 10, 8861–8870
(2016).

19. Chansin, G. A. T. et al. Single-molecule spectroscopy using nanoporous
membranes. Nano Lett. 7, 2901–2906 (2007).

20. Sawafta, F., Clancy, B., Carlsen, A. T., Huber, M. & Hall, A. R. Solid-state
nanopores and nanopore arrays optimized for optical detection. Nanoscale 6,
6991–6996 (2014).

21. Pitchford, W. H. et al. Synchronized optical and electronic detection of
biomolecules using a low noise nanopore platform. ACS Nano 9, 1740–1748
(2015).

22. Larkin, J., Foquet, M., Turner, S. W., Korlach, J. & Wanunu, M. Reversible
positioning of single molecules inside zero-mode waveguides. Nano Lett. 14,
6023–6029 (2014).

23. Tyagi, S. & Kramer, F. R. Molecular beacons: probes that fluoresce upon
hybridization. Nat. Biotechnol. 14, 303 (1996).

24. Guo, B. Y. et al. Analyte-triggered DNA-probe release from a triplex
molecular beacon for nanopore sensing. Angew. Chem. Int. Ed. 57, 3602–3606
(2018).

25. Freedman, K. J. et al. Nanopore sensing at ultra-low concentrations
using single-molecule dielectrophoretic trapping. Nat. Commun. 7, 10217
(2016).

26. Lin, X., Ivanov, A. P. & Edel, J. B. Selective single molecule nanopore sensing
of proteins using DNA aptamer-functionalised gold nanoparticles. Chem. Sci.
8, 3905–3912 (2017).

27. Plesa, C. et al. Fast translocation of proteins through solid state nanopores.
Nano Lett. 13, 658–663 (2013).

28. Yu, J.-S. et al. Identifying the location of a single protein along the DNA
strand using solid-state nanopores. ACS Nano 9, 5289–5298 (2015).

29. Plesa, C. et al. Direct observation of DNA knots using a solid-state nanopore.
Nat. Nanotechnol. 11, 1093 (2016).

30. Steinbock, L. J., Otto, O., Chimerel, C., Gornall, J. & Keyser, U. F. Detecting
DNA folding with nanocapillaries. Nano Lett. 10, 2493–2497 (2010).

31. Atkins, P. W. & De Paula, J. Atkins’ Physical Chemistry (Oxford University
Press, Oxford, UK, 2006).

32. Avidin, Green N. M. in Advances in Protein Chemistry (eds. Anfinsen, C. B.
et al.) (Academic Press, Cambridge, MA, 1975).

33. Huang, S.-C., Stump, M. D., Weiss, R. & Caldwell, K. D. Binding of
biotinylated DNA to streptavidin-coated polystyrene latex: effects of chain
length and particle size. Anal. Biochem. 237, 115–122 (1996).

34. Jacobsen, M. T., Fairhead, M., Fogelstrand, P. & Howarth, M. Amine
landscaping to maximize protein-dye fluorescence and ultrastable protein-
ligand interaction. Cell Chem. Biol. 24, 1040–1047.e1044 (2017).

35. Fogen, D., Wu, S.-C., Ng, K. K.-S. & Wong, S.-L. Engineering streptavidin and
a streptavidin-binding peptide with infinite binding affinity and reversible
binding capability: purification of a tagged recombinant protein to high purity
via affinity-driven thiol coupling. PLoS ONE 10, e0139137 (2015).

36. Li, J. J., Fang, X. & Tan, W. Molecular aptamer beacons for real-time protein
recognition. Biochem. Biophys. Res. Commun. 292, 31–40 (2002).

37. Hamaguchi, N., Ellington, A. & Stanton, M. Aptamer beacons for the direct
detection of proteins. Anal. Biochem. 294, 126–131 (2001).

38. Bock, L. C., Griffin, L. C., Latham, J. A., Vermaas, E. H. & Toole, J. J. Selection
of single-stranded DNA molecules that bind and inhibit human thrombin.
Nature 355, 564 (1992).

39. Wu, Q., Tsiang, M. & Sadler, J. E. Localization of the single-stranded DNA
binding site in the thrombin anion-binding exosite. J. Biol. Chem. 267,
24408–24412 (1992).

40. Tasset, D. M., Kubik, M. F. & Steiner, W. Oligonucleotide inhibitors of
human thrombin that bind distinct epitopes 11. J. Mol. Biol. 272, 688–698
(1997).

41. Guo, Z., Liu, Q. H. & Smith, L. M. Enhanced discrimination of single
nucleotide polymorphisms by artificial mismatch hybridization. Nat.
Biotechnol. 15, 331–335 (1997).

42. Wang, T.-H., Peng, Y., Zhang, C., Wong, P. K. & Ho, C.-M. Single-molecule
tracing on a fluidic microchip for quantitative detection of low-abundance
nucleic acids. J. Am. Chem. Soc. 127, 5354–5359 (2005).

43. Neely, L. A. et al. A single-molecule method for the quantitation of microRNA
gene expression. Nat. Methods 3, 41 (2005).

44. Heyduk, E. & Heyduk, T. Nucleic acid-based fluorescence sensors for
detecting proteins. Anal. Chem. 77, 1147–1156 (2005).

45. Rotem, D., Jayasinghe, L., Salichou, M. & Bayley, H. Protein detection
by nanopores equipped with aptamers. J. Am. Chem. Soc. 134, 2781–2787
(2012).

46. Sze, J. Y. Y., Kumar, S., Ivanov, A. P., Oh, S.-H. & Edel, J. B. Fine tuning of
nanopipettes using atomic layer deposition for single molecule sensing.
Analyst 140, 4828–4834 (2015).

Acknowledgements
J.B.E. has been funded in part by a consolidator (NanoPD) grant as well as a proof of
concept grant (NanoPP). A.P.I. and J.B.E. acknowledge support from EPSRC grant EP/
P011985/1 and BBSRC grant BB/R022429/1. A.P.I. acknowledges the support of the
Imperial College Research Fellowship. S.C. acknowledges the support from the China
Scholarship Council (201506310028).

Author contributions
J.B.E., A.P.I., J.Y.Y.S. and S.C. conceived and designed the experiment. S.C. conducted the
experiments, J.Y.Y.S. performed the SEMs. J.B.E. and S.C. performed data analysis. All
authors contributed to the writing of the manuscript and interpretation of the results.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09476-4

8 NATURE COMMUNICATIONS |         (2019) 10:1797 | https://doi.org/10.1038/s41467-019-09476-4 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09476-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-09476-4 ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:1797 | https://doi.org/10.1038/s41467-019-09476-4 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-019-09476-4
https://doi.org/10.1038/s41467-019-09476-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Small molecule electro-optical binding assay using nanopores
	Results
	Validation of synchronised detection
	Single-fluorophore sensitivity
	An electro-optical single-molecule protein binding assay
	Molecular beacon-modified DNA carriers

	Discussion
	Methods
	Chemicals and materials
	Preparation of DNA carriers
	Fabrication of the nanopipettes
	Optical setup
	Translocation experiments and synchronised detection
	Data acquisition and analysis

	References
	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS




