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ABSTRACT: Electrophysiological measurement of molecular trans-
location through a nanopore is the fundamental basis of nanopore
sensing. Free translocation of nucleic acids however is normally so fast
that the identities of the compounds are not clearly resolvable. Inspired
by recent progress in fluorescence imaging based nanopore sensing, we
found that during electrophysiology measurements, translocation of
nucleic acids is also retarded whenever a calcium flux around the pore
vicinity is established. The residence time of nucleic acids has been
extended to tens of milliseconds, a result of the strong coupling
between nucleic acids and free calcium ions. The methodology
presented here is applicable to both DNAs and RNAs and is able to
clearly discriminate between different RNA homopolymers. This offers
new insights for calcium imaging based nanopore sensing and suggests
a new strategy of electrophysiology-based nanopore sensing aimed at a
retarded motion of nucleic acids.
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1. INTRODUCTION

Almost all reported nanopore sensing of single molecules relies
on electrophysiological observation of molecular translocation
through a nanopore sensor.1 With few exceptions, electro-
physiology measurements of this type are normally carried out
in a homogeneous potassium chloride (KCl) electrolyte
buffer.2 The choice of KCl as the buffer electrolyte is due
mainly to the similar ionic mobilities of the potassium (K+)
and chloride (Cl−) ions in an aqueous buffer, which minimizes
the liquid−liquid junction potential.3 Although other salts can
in principle be applied as an electrolyte, few investigations with
other salts have been reported for biological nanopores.4,5

Distinct from electrophysiological measurements, fluores-
cence imaging based nanopore sensing,6 which includes optical
single channel recording (oSCR)7 and the recently developed
DiffusiOptoPhysiology (DOP),8 reports sensing events by
monitoring fluorescence time traces generated from the
calcium (Ca2+) flux established in the vicinity of pores.9

Although oSCR and DOP possess significant advantages in
throughput and cost,7,8 their temporal resolution is in the
region of milliseconds (ms), mainly due to the slow speed of
image acquisition. This limited temporal resolution is
presumably unsuited to monitoring translocation events of
nucleic acids, which have been reported to proceed in the
submillisecond region.10−12

Though not systematically investigated, reported oSCR
measurements by our group7−9 and others13,14 indicate that
translocation of nucleic acids is generally retarded and can be
clearly resolved by optical imaging. The obvious questions are
why nucleic acid translocation during oSCR is dramatically
slower and how it may inspire electrophysiology-based
measurements of nucleic acid sensing. However, systematic
investigations on this topic have not yet been reported.
In this work, we report that the calcium flux is the key to the

retarded translocation of nucleic acids. The concept of calcium
flux generation can be applied in electrophysiology based
nanopore measurements, in which the phenomenon of
translocation retardation has also been observed during
measurements with both DNAs and RNAs. Specifically, using
electrophysiology measurements with a calcium flux, we have
demonstrated discrimination between three RNA homopol-
ymers.
The above observation explains systematically the phenom-

enon of the retarded translocation of nucleic acids reported
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during oSCR or DOP. In such situations, the results of
introduction of a calcium flux are 2-fold which include the
reporting of fluorescence and the retardation of the trans-
location of nucleic acids. As has been reported previously,
other strategies to slow down DNA translocation include
introduction of positive charges in the pore lumen,15

modulation of the measurement temperature,16,17 increase of
the solution viscosity,18,19 application of a hydro-dynamic
pressure,20 the employment of organic electrolytes,21,22

modulation of pH,23,24 electrolyte ion25 or ionic concen-
tration.26 Distinct from these methods, introduction of a
calcium flux is easily accomplished, requiring no need for pore
engineering or any complications from hardware incorpo-
ration. The demonstrated concept is also in principle
applicable to other types of pores such as MspA,27 ClyA,28

OmpG,29 FraC,30 Aerolysin,31 phi29 motor protein,32 or a
variety of solid state nanopores.33 Though it has not been
demonstrated in published work, the same strategy can also be
applied in the presence of other divalent ions such as Mg2+,
Mn2+, or Ba2+ or their combinations, in other applications
requiring specific analyte-ion interactions during translocation.

2. EXPERIMENTAL SECTION
2.1. Operating Buffer. The KCl buffer (1.5 M KCl and 10 mM

HEPES at pH 7.0) and CaCl2 buffer (1, 2, 3 M CaCl2 and 10 mM
HEPES at pH 7.0) were prepared with Milli-Q water and membrane
(0.2 μm,Whatman) filtered prior to use. The KCl buffer was treated
with Chelex 100 resin overnight before use to remove trace divalent
metal ions. DNA/RNA oligonucleotides were dissolved in DNase/
RNase-free water prior to use.
2.2. α-Hemolysin Preparation. For simplicity, the heptameric

wild type α-hemolysin is abbreviated as α-HL throughout this paper.
The plasmid containing the gene coding for α-HL monomers were
custom synthesized by GenScript (New Jersey, U.S.A.). α-HL was
expressed with E. coli. BL21(DE3) pLysS and purified with nickel
affinity chromatography, as previously described.9 The plasmid DNA,
as mentioned above, is shared in a public repository operated by
MolecularCloud with a category ID: MC_0068416. Use of this
plasmid DNA is strictly restricted to nonprofit uses. Citation of
corresponding work is requested.9

2.3. Optical Single-Channel Recording. Optical single-channel
recording (oSCR) is performed as previously reported.6,7 Briefly, a
droplet interface bilayer (DIB)34 is formed between an aqueous
droplet and the agarose substrate immersed in lipid/oil solution (5
mg/mL 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in
hexadecane) (Figure S1 of the Supporting Information, SI). The
aqueous droplet is composed of 1.5 M KCl, 400 μM EDTA, 40 μM
Fluo-8, and 10 mM HEPES at pH 7.0. The agarose substrate is
composed of 1 M CaCl2, and 10 mM HEPES at pH 7.0. Nanopores
dissolved in the droplet insert spontaneously into the DIB and form
channels for ionic transport across the bilayer. A pair of custom Ag/
AgCl microelectrodes are placed into the droplet and the hydrogel to
apply the potential. When a positive potential is applied, Ca2+ ions are
driven from the hydrogel into the droplet. When bound with the
calcium-indicator dye Fluo-8 in the droplet, Ca2+ and Fluo-8 forms a
stable fluorescent complex. A 60× total internal reflection
fluorescence (TIRF) objective (N.A. = 1.49, Nikon) is used both
for illumination and imaging. When excited by a 473 nm TIRF
illumination which is transmitted through the objective and driven by
a fiber-coupled laser (Changchun New Industries Optoelectronics
Technology), strong green fluorescence around the pore vicinity is
observed and appears as a fluorescence spot. An electron multiplying
charge-coupled-device (EM-CCD) (iXon 897, Andor) is used to
acquire the image time-series, with which the exposure time for each
frame is set to 30 ms. The fluorescence time traces are extracted by
the accompanied Andor Solis software. Corresponding data analysis is
performed by Origin 9.1 (Origin Lab).

2.4. Electrophysiology Single-Channel Recording. Electro-
physiology single-channel recording is performed as previously
reported.35−37 Briefly, the measurement device is composed of two
liquid chambers, each filled with 500 μL of buffer. A 30 μm thick
Teflon film with an orifice measuring 100 μm in diameter separates
the two chambers. A planar lipid bilayer self-assembled from DPhPC
is formed on the orifice, which electrically insulates the electrolyte
buffer filled in each chamber from ionic transport. Two homemade
Ag/AgCl electrodes, which are electrically connected with the patch
clamp amplifier, are respectively placed in both chambers, in contact
with the buffer. By convention, the chamber that is electrically
grounded is defined as the cis side and the opposing chamber is
defined as the trans side.

Single-channel recording was performed with an Axopatch 200B
patch-clamp amplifier, sampled with a digitizer (Digidata 1550B) with
a 50 kHz sampling rate and low-pass filtered with a 5 kHz corner
frequency. Upon spontaneous insertion of an α-HL nanopore into the
lipid bilayer, sustained ionic flow is recorded when a potential is
constantly applied. Nucleic acids are added in the cis chamber and
magnetically stirred to reach a homogeneous distribution. With a
positively applied potential, nucleic acids are electrophoretically
dragged to translocate through the pore. From single channel
recordings, they appear as successive resistive pulse events.

Data analysis is performed with Clampfit 10.7 (Molecular Devices).
Further data analysis (histograms generation, curve fittings and
plotting) is carried out by Origin 9.1 (Origin Lab). Events with
percentage blockage depths less than 70% are considered a partial
translocation event, which should result from a molecular collision
with the pore vestibule, as previously discussed.12 Statistics
demonstrated all through the paper are based on events with more
than 70% percentage blockage depths, if not otherwise stated.

3. RESULTS AND DISCUSSION
3.1. Translocation of Let-7a during oSCR. MicroRNAs

(miRNA) are endogenous, short noncoding RNAs, 19−25
nucleotides in length, that regulate gene expression during the
post-transcription stage.38 Single molecule sensing of miRNAs
has significance in diagnostic applications because their
aberrant expression levels have been strongly correlated with
various diseases.38−40 Among all identified miRNAs, miRNAs
from the Let-7 family are frequently used as model analytes in
the evaluation of new sensing techniques.41,42

Previous attempts of Let-7 sensing based on α-hemolysin
(α-HL) using oSCR indicate that individual translocation of
Let-7a or Let-7i, which are members of the Let-7 family, results
in time-extended pore blockage events, with a mean dwell time
of more than 700 ms.7 This is dramatically longer than the <1
ms event duration reported by routine electrophysiology
recording.43,44 Similar observations have also been reported
from oSCR of dsDNA translocation through solid state
nanopores.13,14 Recent reports of DiffusiOptoPhysiology
measurements of ClyA nanopores also demonstrate trans-
location events of dsDNA with a mean dwell time of a few
seconds.8 These observations clearly demonstrate that nucleic
acid translocation is dramatically retarded whenever the
measurement is carried out during nanopore sensing based
on fluorescence imaging. Though systematic investigation on
this topic has not been reported, it can be clearly concluded
that this phenomenon does not result from the particular type
of pores or the nucleic acid analyte being used.
We began with oSCR, in which Let-7a (UGAGGUAGU-

AGGUUGUAUAGUU) (Table S1) is treated as the model
analyte. Experimentally, oSCR was carried out in a droplet
interface bilayer (DIB) established between an aqueous droplet
and a hydrogel sheet, spin coated over a coverslip (Figure S1).9

To form a closed circuit, a pair of Ag/AgCl electrodes was
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placed in both the droplet and the hydrogel. The aqueous
droplet which is composed of 1.5 M KCl, 400 μM EDTA, 40
μM Fluo-8, and 10 mM HEPES at pH 7.0 is defined as the cis
side. The hydrogel sheet, which is composed of a 100 nm thick
layer of 1% low melt agarose with 1 M CaCl2 and 10 mM
HEPES at pH 7.0 (Figure 1a) is defined as the trans side.

Upon DIB formation, α-HL nanopores added in the droplet
spontaneously insert into the electrical insulating membrane
and serve as the only connection between the cis and the trans
compartments. With the cis side grounded, a voltage protocol
can be applied on the trans side to drive directional flow of
Ca2+ and the analyte through nanopores. With a positive
applied potential, Ca2+ ions flow continuously from the trans to
the cis and bind with the Ca2+ indicator dye (Fluo-8)
previously placed in the cis compartment. Upon excitation by

illumination with a 473 nm TIRF, the Fluo-8 - Ca2+ complex,
which is highly concentrated around the vicinity of the
nanopore, emits fluorescence when a continuous positive
potential is applied. Consequently, the area in the vicinity of
each nanopore appears as a bright fluorescent spot.
With a maintained +50 mV potential and the presence of

Let-7a, which is the model analyte added to the cis side with a
1 μM final concentration, spontaneous transition between the
bright and the dark state of a fluorescence spot was clearly
observed. A diminution of the fluorescence represents a state
when a strand of Let-7a is captured in the pore, simultaneously
blocking the transport of Ca2+ from trans to cis (Figure 1a).
Successive translocation events resulting from Let-7a

translocation through an α-HL were demonstrated in a
representative fluorescence time trace (Figure 1b), in which
a series of translocation events with long dwell times (τoff)
were observed. An enlarged view of a translocation event is
demonstrated in Figure 1c, which demonstrates a dwell time of
∼1 s. From the results of time extended measurements,
described in Figure 1b, a histogram of event dwell time can be
plotted. The mean dwell time (τoff), which was derived from
the results of the single exponential fitting is 259 ms (Figure
1d). Three independent measurements were further performed
and the mean ± standard deviation of the dwell time was
determined to be 245 ± 40 ms (N = 3).
In view of the short length of the 22-mer, Let-7a,42 and the

intensively investigated phenomenon of nucleic acid trans-
location through α-HL,2 the long residence time of the
observed nucleic acid translocation is not readily rationalized.
By ruling out other factors, such as laser illumination, the
particular geometry of a DIB and the presence of Fluo-8 or
EDTA, in-depth investigation of the above phenomenon is
carried out in a highly simplified electrophysiology config-
uration.

3.2. Let-7a Translocation during Single Channel
Recording. Electrophysiology measurements were performed
as previously reported9 and are detailed in the Experimental
Section. Briefly, two compartments filled with electrolyte buffer
are separated by a self-assembled planar lipid membrane
composed of 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC). The compartment that is electrically grounded is
defined as cis, whereas the opposing compartment is defined as
trans.
The first electrophysiology measurement was carried out

with both compartments filled with a symmetric electrolyte
buffer of 1.5 M KCl and 10 mM HEPES at pH 7.0. With α-HL
inserted in the membrane and a +100 mV continuously applied
potential, the nanopore stays open with an open pore current
of 154 ± 2.4 pA (N = 9) (Figure S2). Upon the addition of
Let-7a, which was added to cis with a 1 μM final concentration
(Figure 2a), successive pore blockages caused by Let-7a
translocation were observed (Figure 2b). Translocations of
Let-7a, different from those observed during oSCR, appear as
negative spike-shaped events, but with extremely short dwell
times. To analyze event characteristics quantitatively, from
time-extended measurements of this condition, histograms of
the event dwell time (τoff) and the interevent intervals (τon)
were developed and were fit, respectively, with single-
exponential curves. According to the fitting results, the mean
event dwell time (τoff) and the mean interevent interval (τon),
respectively, are 1.58 and 659 ms (Figure 2c), similar to the
values reported in the literature.43−45 The disappearance of the
retarded translocation phenomenon under these conditions

Figure 1. Observation of Let-7a translocation during oSCR. (a) Top:
schematic diagram of Let-7a translocation through α-HL. Bottom:
raw fluorescence images of nanopores at different stages of
translocation. Scale bar: 4 μm. Before Let-7a translocation, the α-
HL remains open and appears as a bright fluorescent spot during
oSCR (I). When Let-7a is electrophoretically driven into the pore, the
fluorescence immediately becomes diminished (II). After trans-
location, the fluorescence intensity spontaneously recovers to its
open state (III). (b) A representative fluorescence trace of successive
Let-7a translocation. (c) An event of Let-7a translocation extracted
from the fluorescence time trace in b. The event dwell time (toff) is
defined as described. (d) The histogram of the event dwell time of
Let-7a translocation. Mean τoff value was derived according to an
exponential fitting. The above demonstrated results were acquired
using oSCR with a + 50 mV continuously applied potential. An
electrolyte buffer of 1.5 M KCl, 400 μM EDTA, 40 μM Fluo-8 and 10
mM HEPES at pH 7.0 was placed in cis and 1 M CaCl2 and10 mM
HEPES at pH 7.0 was placed in trans. Let-7a was added to the cis side
with a 1 μM final concentration.
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indicates that the particular sequence of Let-7a does not
contribute to the reduction of the translocation speed, when
not performed by oSCR.
The second electrophysiology measurement was performed

similarly but the electrolyte buffer in trans was replaced with a
buffer of 1.0 M CaCl2 and 10 mM HEPES at pH 7.0. With a
single α-HL inserted and a + 100 mV potential continuously
applied, the nanopore remains open with no gating
phenomena (Figure 2d). However, the open pore conductance
has been clearly reduced to 120 ± 2.1 pA (N = 9) (Figure S2),
probably because of the ionic mobility of Ca2+ which is lower
than that of K+. After the addition of Let-7a to the cis
compartment with a 1 μM final concentration, successive
resistive pulse events appear immediately, as expected.
However, the observed translocation events are significantly
retarded (Figure 2e) in contrast to the behavior demonstrated
in Figure 2b. By analyzing results from long-term measure-
ments under these conditions, the mean dwell time (τoff) was
measured as 54.9 ms (Figure 2f), which is 35-times that
demonstrated in Figure 2a−c. That the event capture rate has

also been improved, can be seen from the reduced mean
interevent interval (τon), which is 227 ms (Figure 2f).
A systematic comparison of τoff and τon from the

aforementioned experimental conditions is summarized in
Figure S3. By keeping all other conditions identical, a change
of electrolyte buffer in trans to CaCl2 alone has increased both
the event dwell time and the capture rate of Let-7a
translocation. Although other factors such as the bilayer
geometry, the number of pores being simultaneously
measured, the laser illumination or the viscosity of the
hydrogel layer may also contribute to the retarded motion of
nucleic acids during oSCR, these results definitely confirm that
the presence of calcium ions in trans plays a critical role.

3.3. Retarded Translocation of DNA and RNA.We have
so far demonstrated that Let-7a, which is an miRNA strand
with a particular sequence, translocates through α-HL with a
much reduced speed during oSCR or electrophysiology
measurements in the presence of Ca2+. To further test whether
the demonstrated phenomenon appears when DNA or other
RNA sequences are applied, similar electrophysiology measure-
ments were carried out with 23 nucleotides, homopolymeric

Figure 2. Let-7a translocation during electrophysiology measurements. (a) Schematic diagram of Let-7a translocation through an α-HL nanopore
during electrophysiology measurements. A symmetric KCl buffer was used in this measurement. (b) A continuous trace in which fewer events with
fast translocation speed were observed. (c) Histogram of event dwell time (τoff) and interevent interval (τon) from measurements as described in a
above. (d) Schematic diagram of Let-7a translocation through an α-HL nanopore during electrophysiology measurements. A 1.5 M KCl buffer was
placed in cis and a 1 M CaCl2 buffer was placed in trans. (e) A continuous trace containing Let-7a translocation events. With this measurement
condition, translocation events appear more frequently and are systematically time-extended. (f) The histogram of event dwell times (τoff) and
interevent intervals (τon) from measurements as described in d. Electrophysiology measurements in a−c were performed with 1.5 M KCl and 10
mM HEPES at pH 7.0 in both the cis and the trans sides, whereas measurements in d−f were performed with 1.5 KCl and 10 mM HEPES at pH
7.0 in cis and 1 M CaCl2 and 10 mM HEPES at pH 7.0 in trans. All of the above measurements were carried out with a + 100 mV continuously
applied potential. Let-7a was added to the cis side with a 1 μM final concentration. The mean event dwell time (τoff) and the mean interevent
interval (τon) in c and f were derived from corresponding exponential fittings to the histogram.
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deoxyadenylic acid (poly(dA)23) or adenylic acid (poly(rA)23)
(Table S1).
Experimentally, electrophysiology measurements were car-

ried out with a fixed electrolyte buffer in cis (1.5 M KCl,10
mM HEPES, pH 7.0) but with varying electrolyte buffer in
trans (Figure 3a). Poly(dA)23 was added to cis with a 1 μM
final concentration and a potential of +100 mV was
continuously applied. Similar to that demonstrated in Figure
2d, e, when the electrolyte buffer in trans is 1 M CaCl2 and 10
mM HEPES at pH 7.0, events of poly(dA)23 translocation
appear more frequently with longer dwell times than those
observed with a 1.5 M KCl buffer in trans. By further
increasing the CaCl2 concentration in trans to 2 or 3 M, the
rate of event appearance is increased along with further
extended dwell times (Figure 3a). This phenomenon can also
be quantitatively demonstrated and delivers statistical values of
τoff (Figure 3b) and τon (Figure 3c) of the translocation events
(Figure S4, Table S2), which were taken from three
independent long-term measurements (N = 3). In summary,
the electrolyte combination of 1.5 M KCl/3 M CaCl2 (cis/
trans) contributed to an impressive 29-fold increase in the
dwell time and a 28.5-fold increase in the capture rate, using

the results acquired with a buffer combination of 1.5 M KCl/
1.5 M KCl (cis/trans) as a reference (Table S2).
Similar measurements were also performed with poly(rA)23

giving the representative current traces shown in Figure 3d.
Statistical results of τoff and τon from measurements taken with
a buffer combination of 1.5 M KCl/3 M CaCl2 (cis/trans)
showed increases in the dwell time and in the capture rate by
26-fold and 7.9-fold, respectively, using the results acquired
with a buffer combination of 1.5 M KCl/1.5 M KCl (cis/trans)
as a reference (Figures 3e,f, S4, and Table S3). Typical partial
translocation, which appears as a middle blockage state during
translocation is frequently observed for both poly(dA)23 and
poly(rA)23 whenever the measurements were carried out with
CaCl2 in trans. Please note that translocation of poly(dA)23
and poly(rA)23 both demonstrate clear intermediate blockage
levels, which result from analyte trapped in the vestibule of α-
HL before its translocation into the β-barrel lumen of the pore.
Due to the reduced electrophoretic force applied on the
nucleic acids in the presence of a calcium flux, this
phenomenon appears more clearly.
A dramatic increase in the dwell time and the capture rate of

nanopore translocation were observed with both DNAs and
RNAs. A higher concentration of CaCl2 in trans would further

Figure 3. Calcium flux induced translocation retardation for both DNA and RNA. All electrophysiology measurements were performed with 1.5
KCl and10 mM HEPES at pH 7.0 in cis and various electrolytes (1.5 M KCl or 1−3 M CaCl2) and 10 mM HEPES at pH 7.0 in trans. A +100 mV
potential was continuously applied. Poly(dA)23 or poly(rA)23 was added to cis with a 1 μM final concentration. (a) Representative current traces of
poly(dA)23 translocation with varying buffer conditions in trans. (b) Mean dwell times (τoff) and (c) mean interevent intervals (τon) of results
performed in a. (d) Representative current traces of poly(rA)23 translocation with varying buffer conditions in trans. (e) Mean dwell times (τoff)
and (f) mean interevent intervals (τon) of measurements performed in d. The values of τoff and τon were extracted from single exponential fittings to
the corresponding histograms (Figure S4). Error bars were derived from results of three independent experiments (N = 3).
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upregulate the performance of this phenomenon. However,
results from other combinations of electrolyte buffers indicate
that CaCl2 should not be present in the cis compartment,
because this results in an immediate disappearance of the
translocation events (Figure S5).
3.4. Discussions of the Phenomenon. According to the

published literature,46,47 nanopore measurements with electro-
lytes of the same type but asymmetric concentrations on
different sides of the nanopore may establish a reversal
potential which might also contribute to the retarded motion
of nucleic acids through the nanopore.46,47 To rule out such
possibility, I−V curves of a single α-HL nanopore was
measured when an aqueous buffer of 1.5 M KCl was placed
in cis and 1.0 M CaCl2 was placed in trans. The reversal
potential (Vres) is derived from the I−V curve when the current
value measures 0 pA (Figure S6). Three independent
measurements were performed and the Vres = 3.0 ± 0.2 mV
(N = 3), which is negligibly small to be considered as the cause
of the retarded motion of nucleic acids translocation. The
placement of calcium as electrolyte in trans also does not
generate any excessive electrical noise, as observed from the
current acquired from the open pore state.
Combined with all results mentioned above (Figures 1−3

and S5), we conclude that the phenomenon of retarded nucleic
acid translocation appears only when the buffer electrolyte
placed in trans is composed of CaCl2, but the buffer electrolyte
placed in cis is composed instead of KCl. During measure-
ments using either oSCR or electrophysiology, the nanopore,
which is embedded in the lipid bilayer, serves as the only ionic
transport channel connecting the electrolyte in the cis with the

trans compartment. With the described buffer component
placed asymmetrically on both sides of the lipid bilayer (Figure
2d,e), a gradient of free Ca2+ in the form of a calcium flux is
established in the vicinity of the nanopore. This is a
consequence of both thermodynamic diffusion and electro-
phoretic migration of all ionic species. This is clearly
demonstrated by the previously established semiquantitative
model using finite element method (FEM) simulation.9

When dissolved in an aqueous buffer, the electronegative
nucleic acids are neutralized by counterions, such as K+ or Ca2+

in the buffer.48 The strong interaction of Ca2+ with the nucleic
acids has been investigated previously49,50 and has been widely
used in the stabilization of nucleic acid structures51 or in
phosphate calcium coprecipitation of DNA,52 in which the
coordination interaction of Ca2+ with the phosphate oxygen of
the nucleic acid contributes mostly to the reduction of the net
charge of the nucleic acid analyte.51 Consequently, the
electrophoretic force applied to the nucleic acid strand is
reduced, resulting in the decreased translocation speed.
However, this phenomenon is advantageous only when Ca2+

is distributed inhomogeneously with a higher Ca2+ concen-
tration closer to the center of the pore, in the form of a calcium
flux. Consequently, with a positively applied potential and
when the nucleic acid is distant from the pore, a significant
electrophoretic force on the nucleic acid still exists, efficiently
driving the nucleic acid approaching the pore, ahead of the
translocation (Figure S7). The calcium flux intensity can be
further upregulated by increasing the Ca2+ concentration in
trans, which explains the further extension of the event dwell
time observed with a 3 M CaCl2 buffer in trans (Figure 3a,d).

Figure 4. Discrimination of RNA homopolymers. All electrophysiology measurements were performed with 1.5 M KCl and 10 mM HEPES at pH
7.0 in cis and 1 M CaCl2 and10 mM HEPES at pH 7.0 in trans. A +100 mV potential was continuously applied. During independent
measurements, RNA homopolymers poly(rA)23, poly(rC)23, or poly(rU)23 were added separately to the cis side with a 1 μM final concentration.
Representative current traces from electrophysiology measurements of (a) poly(rA)23, (b) poly(rC)23, or (c) poly(rU)23 were demonstrated.
Dashed boxes demonstrate enlarged views of representative events from corresponding traces. (d) An overlaid scatter plot of I/I0 versus dwell time
for RNA homopolymers translocation events (poly(rA)23: N = 746, poly(rC)23: N = 727, poly(rU)23: N = 742). (e) The histogram of log (τoff) for
translocation events acquired from different RNA homopolymers. Solid lines are Gaussian fittings to each histogram.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c05626
ACS Appl. Mater. Interfaces 2020, 12, 26926−26935

26931

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05626/suppl_file/am0c05626_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05626/suppl_file/am0c05626_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05626/suppl_file/am0c05626_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05626/suppl_file/am0c05626_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05626?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05626?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05626?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05626?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c05626?ref=pdf


Apart from the above discussions, other factors, such as the
electroosmotic flow, the osmotic flow, the analytes−nanopore
interaction, and a redistributed electric field caused by the ion
selectivity of the pore, might also be designed to contribute
simultaneously to this system as further optimizations, which
will be discussed in separate, follow-up studies.
Alternatively, the enhanced detection rate, which is indicated

by a systematic decrease of τon when measured with a buffer
combination of KCl/CaCl2 (cis/trans) as opposed to a
combination of KCl/KCl (cis/trans), might result from
potential electrostatic interactions established between Ca2+

cations and negatively charged amino acid residues in the pore
lumen (e.g., the aspartic acids at sites 4 and 13).53 Though this
may be confirmed by measurements of α-HL with a reduced
pH or a variety of engineered α-HL mutants with no negatively
charged internal residues, discussion of this topic will be the
subject of subsequent studies. Experimentally, by taking
poly(dA)23 and poly(rA)23 as model analytes, measurements
with a buffer combination of KCl/CaCl2 (cis/trans) have
significantly lowered the minimum voltage necessary to drive
efficient nucleic acid translocation (Figure S8).
3.5. Discrimination of RNA Homopolymers. To further

demonstrate how electrophysiology measurements with a
calcium flux could assist the discrimination of nucleic acids
with different sequences, three RNA homopolymers (poly-
(rA)23, poly(rC)23, poly(rU)23) (Table S1) were selected as
analytes. Poly(rG)23 was excluded due to the possible
formation of G-quadruplexes in the presence of K+ in
solution.54

The measurement was carried out with a buffer of (1.5 M
KCl and10 mM HEPES at pH 7.0) in cis. The electrolyte
buffer in trans is either 1.5 M KCl and 10 mM HEPES at pH
7.0 or 1 M CaCl2 and 10 mM HEPES at pH 7.0, similar to that
shown in Figure 2. Poly(rA)23, poly(rC)23, or poly(rU)23 were
added to the cis compartment with a 1 μM concentration
during independent measurements. A +100 mV potential was
continuously applied. A side by side comparison of measure-
ments performed with varying buffer components in trans
indicates that measurement with a calcium flux is advantageous
with respect to the capture rate, the speed reduction and the
consistency of the translocation events amplitude (Figure S9).
Specifically, measurements with a KCl buffer in trans result in a
significant amount of translocation events with a percentage
blockage value of less than 70% (Table S4), indicating that the
translocation speed is either too fast to be resolved or that the
nucleic acid analyte is colliding with the pore vestibule without
a completed translocation.
Alternatively, representative current traces acquired by

measurements with a calcium flux are demonstrated in Figure
4a−c, from which successive translocation events from each
analyte with deep percentage blockage and distinct trans-
location kinetics were observed. Specifically, translocation of
poly(rA)23 appears as a 2-step translocation event which starts
with a noisy intermediate level followed with a deep further
blockage and complete restoration to the open pore state.
Translocation of poly(rC)23 reveals a single step blockage with
a relatively short dwell time. Translocation of poly(rU)23 has a
single step deep blockage with an extremely long dwell time.
Though the blockage amplitudes appear similar, these three
types of events could be more simply distinguished by the
difference in the event dwell time, which is demonstrated in
the overlaid scatter plot (Figure 4d) and the histogram of their
log (τoff) (Figure 4e). Note that both the blockage amplitude

and the dwell time were acquired from the full translocation
part of each event. Gaussian fitting of the respective peaks of
log (τoff) values produce a mean ± standard deviation value of
−0.42 ± 0.44, 0.84 ± 0.86, and 2.40 ± 1.2 for events from
poly(rC)23, poly(rA)23, and poly(rU)23, respectively, according
to which the identities of three RNA homopolymers can be
clearly distinguished (Figure 4e, Table S5). The aforemen-
tioned partial translocation phenomenon only happens with
poly(rA)23 (Figure 4a), indicating that the existence of CaCl2
has specifically altered the molecular conformation of poly-
(rA)23, making it reside for a particularly long time in the pore
vestibule before the full translocation. These detailed trans-
location kinetics may have been completely ignored during
measurements with a homogeneous KCl buffer, from which
the translocation is extremely fast. However, detailed molecular
translocation kinetics can now be fully resolved with this
asymmetric buffer combination.
To further confirm that these three RNA homopolymers can

be simultaneously identified in a mixture of analytes, another
single-channel recording was performed in which poly(rA)23,
poly(rC)23, and poly(rU)23 were added sequentially to the cis
chamber (Figure S10). Specific types of translocation events
were recognized in accordance with the order of addition of
the specific analytes. However, simultaneous presentation of
poly(rA)23 and poly(rU)23 with an equimolar final concen-
tration results in a significant reduction of event counts of both
analytes due to spontaneous hybridization between both
analytes.

4. CONCLUSIONS

Inspired by the retarded nanopore translocation of miRNA
during oSCR,7 a systematic investigation of the phenomenon is
reported in this paper. With different combinations of
electrolyte buffer in the cis and the trans compartment during
electrophysiology measurements, we showed that the presence
of a calcium flux plays a critical role in the retarded
translocation. In further tests, this phenomenon has also
been observed during electrophysiology measurements with
both DNA and RNA with different sequences, further
indicating that the strong interaction of Ca2+ with the nucleic
acid contributes to this phenomenon. The concept of oSCR
together with the above observations suggest a new,
independent electrophysiology based nanopore sensing strat-
egy. With an asymmetric buffer electrolyte placed in cis and
trans, the presence of Ca2+ in the form of a flux gradient
around the nanopore helps to retard nucleic acid translocation.
Under these conditions, we have demonstrated a direct

discrimination of three RNA homopolymers, poly(rA)23,
poly(rC)23, and poly(rU)23. Different from nanopore sequenc-
ing of DNA, electrophysiology measurements with a calcium
flux requires no complexity resulting from the need of
compatible motor enzymes, ATPs, or particular nanopores
with a high spatial resolution. Actually, it is in principle
compatible with a large variety of nanopores and nucleic acid
types. Further investigations may also be carried out with
electrolyte combinations in which the placement of other
divalent ions such as Mg2+, Mn2+, or Ba2+ in trans may be
useful in the discrimination of particular nucleic acid
structures, such as tRNA55 or ribozyme.56 The same concept
may also be applied to the sensing of peptides which have
affinities to specific ionic species.57−60 Besides, the modifica-
tion on nucleic acids61 and peptides62 may also be observed
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with more details benefiting from the slow translocation of the
carriers under the proposed salt combination.
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