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lonic signal amplification is a key challenge for single-molecule analyses by solid-state
nanopore sensing. Here we report a permittivity gradient approach for amplifying ionic
blockade characteristics of DNA in a nanofluidic channel. The transmembrane ionic current
response was found to change substantially through modifying the liquid permittivity at one
side of a pore with an organic solvent. Imposing positive liquid permittivity gradients with
respect to the direction of DNA electrophoresis, we observed the resistive ionic signals to
become larger due to the varying contributions of molecular counterions. On contrary,
negative gradients rendered adverse effects thereby causing conductive ionic current pulses
upon polynucleotide translocations. Most importantly, both the positive and negative
gradients were demonstrated to be capable of amplifying the ionic signals by an order of
magnitude with 1.3-fold difference in the transmembrane liquid dielectric constants. This

phenomenon allows a novel way to enhance the single-molecule sensitivity of nanopore
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sensing that may be useful in analyzing secondary structures and genome sequence of DNA

by ionic current measurements.
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lon flow in nanofluidic channels is a fundamental yet pivotal process in a wide range
of cellular functions that are programmed to amplify and transduce ionic signals in response
to external stimuli via ingenious molecular mechanisms.’®  Advance in semiconductor
technologies has led to growing interest in mimicking and exploiting the structure and rich
ionic characteristics of biological pores by allowing a way to sculpt a nanoscale hole in a
dielectric membrane.*® Single-molecule sequencing has been a central topic for realizing
high-throughput genome analyses* to organic memory systems® that implements cross-
membrane ionic current measurements to detect distinct differences in ion blockade
characteristics of the four nucleotides. —However, the fast translocation motion of
polynucleotides remains a challenge to readout the genome sequence.®'? The intrinsically
weak ionic signals'® due to the intriguing roles of DNA counterions** also pose difficulties to
attain single-base resolution. Sequencing by solid-state nanopore sensing is, therefore, yet to
be an affordable technology.

We herein report on a simple approach for simultaneous implementation of ionic
blockade signal amplification and translocation deceleration of polynucleotides in a nanopore.
Our system consisted of a nanopore in a SiNx membrane interfacing 0.69 M NaCl water-
glycerol mixture solutions of viscosities #cis and #uans (Figure 1a).2> The miscible liquids were
chosen to simplify the problem by avoiding the intriguing influence of liquid-liquid interfacial
properties such as junction potential and surface tension.5® The ionic current lion through a
100 nm diameter pore scaled linearly with the transmembrane voltage Vi, when there was no
viscosity difference at the cis and trans (Figure 1b). When #cis > #trans, On the other hand, the
lion — Vb curves showed an asymmetric feature exhibiting lower nanopore conductance at the
negative voltages. This is interpreted as a consequence of the electroosmosis-derived
hydrodynamic flow in the trans-to-cis (cis-to-trans) direction under positive (negative) Vy that

tends to decrease (increase) the liquid viscosity by filling the pore with more water
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(glycerol),? as also revealed to be the case for the present SiNx nanopore in the framework of
finite element analyses (Figures 1c and 1d).

We recorded the ionic current through the pore under the applied transmembrane
voltage of 0.3 V with double-stranded DNA (48.5 kbp) added to cis. When the measurement
was conducted in water, the electric field focused at the nanopore drew the negatively-
charged biopolymers causing small dips in the lion trace. A close look into the signals
revealed square wave-like profiles characteristic of the long string-like molecules.?! On the
other hand, formations of a two-phase system by replacing one side of the water with glycerol
solution led to a marked change in the ionic current signatures, where we denoted the liquid
arrangements by the viscosity ratio rvis = #cis/rans (Figure 2a). Adding the organic solvent
into trans, for instance, we found the resistive pulses to become larger. More strikingly, the
inclusion of glycerol in cis resulted in sign inversion of the lion signals. Yet their line shapes
retained the multi-step feature representing the folding motifs of DNA irrespective of the
solution conditions (Figures 2b and 2c),?*?® which unambiguously suggested a role of the
two-phase liquid system to cause dramatic changes in the ionic current blockade
characteristics.

No such behavior was found when we homogeneously altered the liquid properties
keeping rvis to 1. This can be seen in Figure 3a where we measured the ionic current in a
nanopore both sides filled with the same water-glycerol mixture solution. Adding more
glycerol in water, we obtained lower open pore current anticipating diminished mobility of
ions under larger hydrodynamic dragging in the more viscous media (Figure S1).2*
Consistently, the resistive pulses tended to become smaller and wider with the volume
fraction of glycerol as the larger viscous drag forces also served to slow-down the
electrophoretic motions of DNA (Figures 3b and 3c).?® Meanwhile, since neither

enhancement nor sign inversion of the ion blockade current was observed, the anomalous
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characteristics of the two-phase nanopore is indicated as not a straightforward outcome of the
solution viscosity.

The situations were similar for objects other than polynucleotides. In the case of 100
nm-sized carboxylated polymeric beads in a 150 nm diameter pore (Figures 3c and S2-S4),
we observed a steady decrease in the resistive pulse height I, together with the open pore
current lo with the solution viscosity under rvis = 1 (see also Figures S5-S7 for the results of
200 nm nanoparticles). More quantitatively, both 1, and lo scaled approximately as #*
(Figures 2c, S2d, and Sb5c), which is a mere consequence of the viscosity-dependent

%6 The translocation time of the

electrolyte solution resistivity known as Walden’s rule.
nanobeads also exhibited the same tendency since their electrophoretic mobility x varies with
n as u = g/3nnd, where g is the surface charge of particles of diameter d (Figures S3 and S6).
Moreover, the peculiar two-phase nanopore sensing characteristics was not reproduced for the
polymeric nanoparticles. Imposing viscosity gradients, we detected weaker resistive pulses
attributed to the increased solution resistivity by the overall increase in the liquid viscosity
(Figures 3d and 3e; see also Figures S8 and S9). Whether the two-phase liquid systems were
actually formed can be confirmed from the asymmetric signal waveforms (Figure S8b)?%’
demonstrating transitions from high-to-low (low-to-high) mobility of nanobeads upon the
translocation under the imposed positive (negative) viscosity gradients.?® The peculiar
blockade current characteristics seen in Figure 2 is thus indicated as a property intrinsic to
DNA.

It is noticeable in this regard that dense counterions on polynucleotides raise the ionic
density at a nanopore upon translocation, which counteracts the ion depletion by volume
exclusion to even induce current enhancements under a particular condition.??232° This
molecular charge effect becomes more prominent in diluter electrolytes since a larger number

of counter-cations, relative to the bulk ion concentration, are provided in the nanochannel due

to the longer Debye length (While the counterion contribution influences the ionic blockade
5
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characteristics of the polymeric nanoparticles as well, its effect is anticipated to be only
marginal for the much smaller charge density per volume).®® Analogously, liquid dielectric
properties are theoretically predicted to matter on the lion response for more (less) counterions
are attracted on polynucleotides in a solvent of higher (lower) permittivity.*>3* To verify this,
we performed the nanopore sensing in aqueous ethanol (The relative dielectric constants ¢ of
water, glycerol, and ethanol are 80, 47, and 24, respectively). Keeping the ion concentration
at 0.69 M, we formed a permittivity gradient across the membrane in a way akin to the
measurements in the glycerol solutions (Figure 4). Since the viscosity of ethanol (1.2 mPa-s)
is very close to that of water (1.1 mPas), we can directly evaluate the contribution of the
liquid dielectric properties by profiling the permittivity gradient dependence of the ionic
current blockade characteristics.

The nanopore sensing with ethanol gradients indeed elucidated a profound function of
the liquid dielectric properties on the lion response to DNA translocation. We detected larger
resistive pulses under negative permittivity gradients, i.e. when aqueous ethanol is added to
cis to make the cis-to-trans permittivity ratio rperm to be larger than unity (Figures 4a and 4b),
where we used Onsager theory® to assess the relative dielectric constant of the mixture
solutions. Conversely, sign inversion of the pulse signals occurred when rpem > 1. The
results are in accordance with Figure 2 as the dielectric constant of glycerol is smaller than the
water counterpart. Quantitatively, the lion signal heights under the glycerol and ethanol
gradients showed resembling dependence against reerm (Figure 4c) thereby demonstrating the
predominant influence of the permittivity gradients on the anomalous lion response to DNA
translocation through two-phase nanopores that amplified the ionic signals by up to an order
of magnitude via the 1.3-fold difference in e.

The underlying mechanism can be depicted by the fact that the electroosmotic flow
pushes water into the nanopore when rvis > 1 (Figure S10). Since water has relatively larger

permittivity compared to glycerol and ethanol, it means longer Debye length Ap in and around
6
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the nanochannel since Ap ~ ¢%°. This predicts larger contributions of the DNA counterions,
which is consistent to the experimental observations of the ionic current enhancements.
Conversely, the water pushes the organic solvents into the nanopore for the case of rvis < 1
that shortens Ap, and hence suppresses the counterion effects to bring larger resistive pulses
(Figure S11).

Besides the signal enhancement via the permittivity effect, the viscosity gradient in the
water-glycerol nanopores enables damping the fast electrophoretic motions of DNA in the
nanopore. This can be noticed in Figure 4d where we plotted the average signal width tq
against rvis. It shows up to a factor of two decreases in the translocation speed under the 10-
fold viscosity difference, the capability of which would be particularly useful for the nanopore
sequencing.®®

Perhaps the only drawback of the two-phase nanopore approach is the elevated ionic
current noise evident in Figures 2a and 4a. This is in sharp contrast to the case when we
homogeneously changed the liquid properties that provided lower noise floor under lower ¢
and higher  (Figure 3a, see also Figure S12). The large lion fluctuations are hence ascribed to
the non-steady nature of the liquid composition in the two-phase liquid system under the ion
and electroosmotic flow involved.?® Fast Fourier analyses disclosed the distinctive roles of
permittivity and viscosity (Figures S13 and S14). For instance, ethanol gradients were found
to enlarge the high-frequency noise presumably through the capacitance-amplifier source
coupling mechanism (Figure 4e inset).®*3  This e-dependence was also present in the water-
glycerol systems as shown in the plots of the power spectral density Aliox at 10 kHz as a
function of rperm (Figure 4e inset). In addition to the capacitance contribution, the viscosity
gradients raised the low-frequency noise rendering more pronounced 1/f components, whose
effect was less significant in the water-ethanol nanopore due to the negligible difference in

their  (Figure 4e).
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An advantage of the permittivity gradient approach lies in its ability to amplify ionic
current signals without largely affecting other features relevant to nanopore sensing. This is
different from other similar procedures such as salinity®® and viscosity gradient methods®’
where the open pore conductance is inevitably affected by the associated change in the ion
concentration and viscosity thereby often degrading the single-molecule sensitivity.
Transmembrane voltage is another example that involves a faster electrophoretic translocation
speed of DNA in an effort to enlarge signal intensities. In contrast to these conventional
means, the local permittivity conditions allow to tune the ionic blockade current
characteristics independently without any critical trade-off except the capacitance-derived fast
current fluctuations. While it may hinder to extract fine molecular features in the ionic
current signals,®” there are digital post-processing techniques,® such as the ones based on
wavelet transforms® and deep learning,*° that are already proven useful to remove the high-
frequency noise without compromising the temporal resolution of the ionic current
measurements. Together with the capability to simultaneously slowdown the translocation
motions of polynucleotides with a viscous liquid, the present method may offer a step closer

to the realization of solid-state nanopore sequencing.
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Experimental Section

Solid-state nanopore fabrications. A 4-inch silicon wafer both sides coated with 50 nm-thick
SiNy layers was diced into 30 mm x 30 mm chips. One side of the SiNx was partially
removed by reactive ion etching (Samco) with CHF3 etchant gas through a metal mask. The
Si layer was then wet etched in KOH ag. (Wako) at 50 degrees Celsius through the exposed 1
mm x 1 mm square area. As a result, we formed a 50 nm-thick SiNx membrane. On the
membrane, we spin-coated electron beam resist (ZEP520A, Zeon) and baked at 180 degrees
Celsius. Subsequently, we delineated a circle of diameter 300 nm or 100 nm by electron
beam lithography (125 kV, Elionix). After development, a nanopore was opened by
removing the SiNx via the reactive etching through the resist mask. Finally, the residual resist
layer was completely dissolved in N,N-dimethylformamide followed by rinsing in ethanol and

acetone.

lonic current measurements. A nanopore chip was sealed with two polymer blocks made of
polydimethylsiloxane (PDMS). These blocks were made by curing PDMS precursor
(Sylgard184, Dow) on an SU-8 mold and baked at 80 degrees Celsius. The mold had an I-
shaped pattern of sub-millimeter width and height to form a trench on the polymeric blocks
that served as a channel to flow sample solution into the nanopore. Prior to the sealing, three
holes were punched into the block. After that, the nanopore chip as well as the PDMS were
exposed to oxygen plasma for surface activation. They are then swiftly put together for
eternal bonding. A mixture solution of PBS and glycerol or ethanol was injected through one
of the three holes in the PDMS. Ag/AgClI rods were also inserted into the holes on both sides
of the polymer blocks. The ionic current through the nanopore was recorded by pre-

amplifying the output current through one of the rods using a custom-designed amplifier
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followed by digitizing using a fast digitizer (PXI1-5922, NI) and storing in a solid-state drive

(PX1-8267, NI) at a 1 MHz sampling rate under the applied transmembrane voltage Vb.

lonic current signal extractions. Slowly-changing open pore current was offset to zero by
subtracting the linearly-fitted components in every 0.5 s region of ionic current curves. Using
the offset traces, resistive pulse signals were searched by setting a threshold level slightly
above the noise. When lion Was lower than the threshold, the dip was identified by searching
the local minimum until the current turned positive. The lion data 0.005 s before and after the
minimal point were defined as a signal region and saved in a separate file. Positive current
thresholds were used for datasets containing ionic current enhancement signals. All these

processes were performed automatically under a computer program coded in LabVIEW.

Finite element analyses. Finite element simulations of electroosmotic flow and glycerol
concentration distributions around a nanopore were conducted in a two-dimensional Cartesian
coordinates system. The calculation model consisted of a 300 nm diameter hole in a 50 nm-
thick SisNs membrane of -0.02 C/m? surface charge density separating two cylindrical
reservoirs of 5 um-radius and 15 um-height. One of the reservoirs was filled with 50 %
glycerol solution containing 69 mM NaCl while the other side with a salt solution of the same
ionic strength but with no glycerol. The electric voltage was added across the membrane by
setting the electric potential at one side to 0.3 V or -0.3 V while the other side was grounded.
We ran the calculations to estimate the spatial distributions of the fluid flow speed and the
glycerol concentrations by simultaneously solving the Poisson equation, continuity equation
at steady-state current, Nernst-Planck equation, and Naiver-Stokes equation using the AC/DC,
Chemical Reaction Engineering, and Computational Fluid Dynamics (CFD) modules of

COMSOL multiphysics 5.4.
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Figure 1. Two-phase nanopore. a, A schematic model of DNA translocation
through a nanopore of diameter dpore in @ 50 nm-thick SiNx membrane under the
applied voltage Vb. The cis and trans chambers are filled with glycerol solutions of
different viscosity #cis,rans and permittivity ecis,rans but the same salt concentration of 69
mM NaCl. b, The ionic current lion measured under Vp scans. Inset is a scanning
electron micrograph of a 100 nm-sized nanopore used. The lion-Vb curves become
asymmetric with respect to the bias polarity showing lower nanopore conductance
under negative voltage. c-d, Finite element simulations of water flow speed (left) and
the glycerol concentration distributions (right) under Vb = +0.3 V (c) and -0.3 V (d).
The direction and velocity of the electroosmotic flows are described by the arrows of
different sizes. The trans and cis compartments were filled with water and 50%
glycerol solution, respectively. The surface charge density at the SiNx surface was -
0.02 C/m? causing trans-to-cis and cis-to-trans water flow by electroosmosis under
positive and negative transmembrane voltages.
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Figure 2. lon blockade current characteristics of DNA in a water-glycerol
nanopore. a, lonic current traces recorded with a 100 nm-sized two-phase nanopore
in a 50 nm-thick SiNx membrane under the cross-membrane voltage Vb of 0.3 V. cis
and trans are filled with water-glycerol mixture solutions (containing 0.69 M NacCl) to
create a viscosity gradient ris = ncis/Nrans. The voltage was in the direction to
electrophoretically draw DNA in cis into the pore. Note the change in sign of the ionic
current (lion) signals under different rvis. b, Two-dimensional histograms of the DNA-
translocation-derived lion signals. c, Typical lion signal waveforms. The dashed line
points to zero current. The single- (red), double- (blue), and triple-step features
(green) represent the conformations of polynucleotides with no fold, one fold, and two
folds, respectively.
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Figure 3. lonic blockade current characteristics in one-phase nanopores. a,
lonic current traces measured with a 100 nm diameter pore under no viscosity
gradients. Resistive pulses were observed indicating electrophoretic translocation of
DNA added to cis under the transmembrane voltage of 0.3 V. b, Two-dimensional
histograms of the pulse signals displaying a steady decrease in the intensities with
increasing viscosity. ¢, The average signal height Ip plotted as a function of the
inverse viscosity nt. Data are down-sampled to 10 kHz to show the traces at a long
time scale. Red, green, and blue plots are data of ADNA, 100 nm polystyrene beads
(PS), and 200 nm PS, respectively. Ip is normalized by that in water lw. d, lonic
current curves recorded for 100 nm PS with a water-glycerol nanopore. e, The
average pulse height in (d) plotted against the viscosity gradient rvis.
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Figure 4. Permittivity-gradient-mediated ionic signal enhancements in two-
phase nanopores. a, lonic traces in a two-phase nanopore formed with aqueous
ethanol. rperm denotes the permittivity ratio between cis and trans. b, Two-
dimensional histograms of ionic current signals. c, rperm-dependent lion pulse height.
Red and blue plots are I, of ADNA in water-glycerol and water-ethanol nanopores. d,
lion signal width tq plotted with respect to rvis for ADNA in a water-glycerol nanopore. e,
Low frequency noise intensity Aliow at 100 Hz plotted as a function of nis for water-
glycerol (red) and water-ethanol nanopores (blue). Inset shows rperm-dependent high-
frequency noise Alnigh at 10* Hz.
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Local liquid permittivity gradient can amplify ionic signals of DNA in solid-state nanopores.
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Figure S1. Open pore conductance in water-glycerol mixture solution.
Phosphate buffered saline of 1.37 M NaCl concentration was mixed with
ultrapure water and glycerol to prepare electrolyte solution of various
viscosity but the same salt concentration at 317 mM. The mixture solution
of a specific viscosity was added to both sides of a 300 nm-sized nanopore
in a 50 nm-thick SiNx membrane. The ionic current lion through the pore
was measured under voltage sweeps (Vb) from -1 to 1 V. We obtained
linear lion-Vb curves of less steep slopes in the solution of higher viscosity.
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Figure S2. Resistive pulse measurements of 100 nm-sized

polystyrene nanobeads in a 150 nm-sized nanopore under
homogeneous viscosity conditions at 0.14 M NaCl. a, lonic current
curves. Open pore current is offset to zero. The data are down-sampled to
10 kHz. Top images describe the nanopore setup where both sides of the
nanopore are filled with the same water-glycerol mixture solution. b, Heat
maps of resistive pulses obtained under different viscosity conditions. c,
Resistive pulse height (Ip) versus width (ta) scatter plots. d, Ip plotted as a
function of inverse viscosity n. e, ta plotted against n.
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Figure S3. Resistive pulse height and width distributions for 100 nm-
sized polystyrene nanobeads translocated through a 150 nm-sized
nanopore under homogeneous viscosity conditions. a-b, I, (a) and tq
(b) histograms. Solid curves are Gaussian fitting to the distributions.
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Figure S4. Capture rates of 100 nm-sized polystyrene nanobeads in a
150 nm-sized nanopore under homogeneous viscosity conditions. At
is the time interval of two ionic current pulse signals. Solid curves are
Gaussian fits to the distributions.
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Figure Sb. Resistive pulse measurements of 200 nm-sized

polystyrene nanobeads

in

a 300

nm-sized
homogeneous viscosity conditions at 0.14 M NaCl.

nanopore

under

a, lonic current

curves. Open pore current is offset to zero. The data are down-sampled to
10 kHz. Top images describe the nanopore setup where both sides of the
nanopore are filled with the same water-glycerol mixture solution. b,
Resistive pulse height (Ip) versus width (td) scatter plots. c, Ip plotted as a
function of inverse viscosity nt. d, td plotted against n.
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sized polystyrene nanobeads translocated through a 300 nm-sized
nanopore under homogeneous viscosity conditions. a-b, Ip (a) and td
(b) histograms. Solid curves are Gaussian fits to the distributions.
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Figure S8. Resistive pulse measurements of 100 nm-sized
polystyrene nanobeads in a 150 nm-sized nanopore under viscosity
gradients at 0.14 M NaCl. a, lonic current curves. The data are down-
sampled to 10 kHz. Top images describe the nanopore setup where both
sides of the nanopore are filled with two different water-glycerol mixture
solutions that render a trans-membrane viscosity gradient (expressed as his
= ncis/nwans). b, Heat maps of resistive pulses obtained under different
viscosity gradients.
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Figure S9. Resistive pulse waveforms of 100 nm-sized polystyrene
nanobeads translocated through a 150 nm-sized nanopore under
viscosity gradients at 0.14 M NaCl. a-b, Ip versus ta scatter plots under
negative (a) and positive (b) viscosity gradients.
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Figure S10. lonic current enhancements under the viscosity gradient
rvis larger than 1. a, Schematic model depicting the measurements of ionic
blockade current of DNA under a viscosity gradient where one side of the
chamber was filled with 50 % glycerol solution. b, Typical ionic current
enhancement signals obtained under the condition depicted in (a) with the
applied voltage of 0.3 V and the NaCl concentration of 0.69 M. c, Finite
element analysis of the velocity of the water flow induced by electroosmosis
under the condition in (a). d, Spatial distribution of glycerol. The
electroosmotic flow pushes water to make the local glycerol concentration
lower in the nanopore.
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Figure S11. lonic current enhancements under the viscosity gradient
rvis smaller than 1. a, Schematic model depicting the measurements of
ionic blockade current of DNA under a viscosity gradient where one side of
the chamber was filled with 50 % glycerol solution. b, Typical resistive
pulse signals obtained under the condition depicted in (a) with the applied
voltage of 0.3 V and the NaCl concentration of 0.69 M. c, Finite element
analysis of the velocity of the water flow induced by electroosmosis under
the condition in (a). d, Spatial distribution of glycerol. The electroosmotic
flow pushes glycerol to make its local concentration higher in the nanopore.
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Figure S12. lonic current noise spectra in a 100 nm-sized nanopore
under homogeneous viscosity conditions at 0.69 M NacCl.
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Figure S13. lonic current noise spectra in a 100 nm-sized nanopore
under glycerol gradients at 0.69 M NaCl. Green and blue lines point to
the noise intensities at the frequency f = 100 Hz and 10000 Hz, respectively.
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Figure S14. lonic current noise spectra in a 100 nm-sized nanopore
under ethanol gradients at 0.69 M NaCl. Green and blue lines point to
the noise intensities at the frequency f = 100 Hz and 10000 Hz, respectively.
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