
Title Transmembrane voltage-gated nanopores controlled
by electrically tunable in-pore chemistry

Author(s) Tsutsui, Makusu; Hsu, Wei-Lun; Hsu, Chien et al.

Citation Nature Communications. 2025, 16, p. 1089

Version Type VoR

URL https://hdl.handle.net/11094/100438

rights
This article is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives
4.0 International License.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



Article https://doi.org/10.1038/s41467-025-56052-0

Transmembrane voltage-gated nanopores
controlled by electrically tunable in-pore
chemistry

Makusu Tsutsui 1 , Wei-Lun Hsu 2, Chien Hsu 2, Denis Garoli 3,
Shukun Weng4, Hirofumi Daiguji 2 & Tomoji Kawai1

Gating is a fundamental process in ion channels configured to open and close
in response to specific stimuli such as voltage across cell membranes thereby
enabling the excitability of neurons. Here we report on voltage-gated solid-
state nanopores by electrically tunable chemical reactions. We demonstrate
repetitive precipitation and dissolution ofmetal phosphates in a pore through
manipulations of cation flow by transmembrane voltage. Under negative vol-
tages, precipitates grow to reduce ionic current by occluding the nanopore,
while inverting the voltage polarity dissolves the phosphate compounds
reopening the pore to ionic flux. Reversible actuation of these physicochem-
ical processes creates a nanofluidic diode of rectification ratio exceeding
40000. The dynamic nature of the in-pore reactions also facilitates a mem-
ristor of sub-nanowatt power consumption. Leveraging chemical degrees of
freedom, the present method may be useful for creating iontronic circuits of
tunable characteristics toward neuromorphic systems.

Stochastic collisions of two or more substances provide opportunities
for transforming their atomic components. Principles of chemistry
govern theseprocesses, facilitating the creation of diverse compounds
with desirable properties, where factors such as pH, temperature, and
pressure shape the energy landscape of reaction pathways at equili-
brium. In contrast to the conventional diffusion-based chemical sys-
tems, meanwhile, nanoreactors have emerged as efficient platforms
capable of controlling reaction kinetics within a nanoconfined space
through mass flow control1–3. In particular, solid-state nanopore tech-
nology has proven useful for operando observations of the chemical
synthesis of an individual nanoparticle in real time4,5. Motion control of
the in-situ formed nanoprecipitates was also demonstrated with high
length-to-diameter aspect ratio conical nanochannels6,7, which allowed
nanofluidic diodes via the transmembrane voltage-dependent clog-
ging of the nanoscale conduits6–10. Inspired by these pioneering works,
we herein report tunable chemical reactions by electricalmanipulation
of ion transport in a small hole for advanced fluidic devices. This

method employs a 40nm-thick dielectric membrane hosting a nano-
pore connecting two distinct ionic reactant solutions for precise
manipulations of the ion electromigration to enable reversible pre-
cipitation/dissolution reactions of ametal compound layer (Fig. 1). The
resulting dynamic opening and closure of the fluidic channel enable a
spectrum of ion transport behaviors ranging from fluidic diodes11

regulating ion flux with a high rectification ratio over 104 to ionic
memristors12–18 characterized by sub-nanowatt energy consumption.
Alternatively, the in-pore reaction can be configured to synthesize
insoluble precipitates through the choice of ion valency allowing
enhanced sensor spatial resolution for resistive pulse detections of
biomolecules.

Results
Strong ionic rectifications under salinity difference
Nanopores were fabricated by sculpting holes of various diameters
(dpore) in a 40 nm-thick SiNx membrane on a Si wafer using electron
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beam lithography and reactive ion etching19. 　Ionic current (Iion) was
measured under transmembrane voltage (Vb) with a scan rate (rscan) of
65mV s−1 in phosphate-buffered saline containing 1.37MNaCl at pH7.4
(hereafter, NaCl solution refers to the phosphate buffer unless other-
wise denoted). 　The observed ohmic behavior showed a slope
(Gpore = IionVb−1) of 3.2μS (Fig. 2a), consistent with Maxwell–Hall’s
model20,21 for dpore of 300 nm and solution resistivity (ρNaCl) of
0.08Ωm (with negligible contributions of surface conduction due to
the relatively large pore size compared to the sub-nanometer scale
Dukhin length in the high ionic strength saltwater22). On the other
hand, replacing NaCl at the cis compartment with other salts resulted
in asymmetry in the Iion–Vb characteristics. In the case of KCl and CsCl
(2M concentration unless otherwise stated; see also Supplementary
Table 1 for the solution pH measured using a pH meter (F-71S, HOR-
IBA)), for instance, Gpore tended to be higher under negative voltages.
MgCl2 also rendered a similar feature yet with an opposite trend in the
conductance at Vb < 0.

Here, the ionic conductivity is affected by the concentrations and
mobilities of cations and anions. From this viewpoint, it is noticeable
that positive transmembrane voltage generates electromigration flow
of Na+ through the pore no matter the salts in the cis, giving rise to a
similar conductance at Vb > 0 (Fig. 2a). Likewise, the conductance at
negative voltages can be explained by the distinct mobilities of the
three cations, as shown by the linear relationship with Gpore under
homogeneous salt solutions (Fig. 2b). It, thus, demonstrates Vb-con-
trolled selective transport of cations in the nanopore under the salt
difference across the membrane.

In stark contrast to the ohmic behaviors, CaCl2 and MnCl2
exhibited strong suppression of the ionic current at Vb < 0 (Fig. 2c).
Strikingly, the rectification ratio rrec = |I+1/I−1| reached over 40,000,

where I+1 and I−1 are Iion at Vb = 1 V and −1 V, respectively (Fig. 2d, see
also Supplementary Figs. 1–7). Increasing the number of pores in a
membrane can even enhance rrec further unless the porosity is made
not too large as the inter-pore interactions23,24 serve to weaken the
rectification features (Supplementary Fig. 8). Although still not com-
petitive to solid-state electronic devices, this rrec is more than an order
of magnitude higher than the state-of-the-art nanofluidic diodes25,26

relying on permselective transport27 and electroosmotic flow
mechanisms28.

The strong rectification behaviors were also revealed as depen-
dent on the size of the nanofluidic channels as well as the voltage scan
speed (Supplementary Figs. 9–12). Denoted by rrec in Fig. 2d, for
instance, the Iion suppression at negative Vb was completely absent in
3μm-sized pores irrespective of the salts tested under rscan of 65mV s−1

(Supplementary Figs. 9c and 10). Slowing down the sweep rate by
order of magnitude, on the other hand, the micropores exhibited
rectification characteristics for CaCl2 with rrec amounting to over
10,000 (Supplementary Figs. 9d and 11). Meanwhile, 100 nm nano-
pores reproduced the high-rrec ion transport properties with CaCl2 and
MnCl2 at 65mV s−1. Notably, MgCl2 also gave rise to the ionic rectifi-
cation (Supplementary Figs. 3b and 13) suggesting that smaller size of
the fluidic channels with slower voltage scan rates facilitate the
extreme ionic current blockade at Vb < 0.

The suppressed Iion state was found stable at around 100pA for
over 100 s (Supplementary Fig. 14) implying nearly complete blockage
of the translocation of high-concentration cations and anions under
the negative voltages. It was previously found that permselective ion
transport causes ionic rectification via the involved concentration
polarization at the orifices27. However, the pores in the present study
are considerably larger compared to the sub-nanometer-scale Debye
screening length in the dense salt solutions of over 1M anticipating
negligible ion selectivity28. Analogously, ion–ion interactions cause
minor effects on the ionic conductance as they generally become
notable only in single-digit nanopores29. Electroosmotic flow also fails
to explain the phenomenon as it works only under large transmem-
brane salinity difference28,30. This was also confirmed by the ionic
current measurements under salinity difference of the same types of
salts at the cis and trans showing onlyweak rectification characteristics
due to the electroosmosis mechanism (Supplementary Fig. 15). Hence,
it needs to be elucidatedwhatmechanism is responsible for the strong
inhibition of the ion flow.

In this regard, it is pointed out that the ionic strength of the salt
solutions is over 1M. Particular cations may thus be prohibited from
passing through the pore as it raises the ion concentration of the NaCl
buffer to above the solubility limit31,32. Nonetheless, the Iion blocking
was still present evenwhen lowering the salt concentration ctrans at the
trans to below 0.01M denying the possible roles of the solubility
(Supplementary Fig. 16). Furthermore, the Iion suppression occurred
even with only salinity difference, i.e., cis and trans filled with water
containing one specific type of salt at different concentrations (Sup-
plementary Figs. 15 and 17). These observations anticipated formations
of a matter via Vb-derived reactions that occluded the space for the
electromigration of ions through the pores. In fact, white substance
appeared upon mixing bulk solutions in a flask (Supplementary
Fig. 18), which is ascribable to precipitation reactions of divalent and
trivalent cations with the phosphoric acid included in the electrolyte
buffer to form metal phosphates, as also confirmed by X-ray photo-
electron and Raman spectroscopy analyses (Supplementary
Figs. 19 and 20)7,33.

Roles of in-pore chemical reactions
The role of phosphoric acid was verified by replacing the phosphate-
buffered saline at the trans with phosphate-free NaCl water of salt
concentration 1.4M. The ionic current characteristics were revealed as
featureless denoting the absence of the precipitation reactions in the

Anion

Reaction

A

Vb

Iion

cis

trans

Precipitate

Cation

Fig. 1 | Transmembrane voltage-controlled precipitation reactions inside a
nanopore. A Schematic illustration depicting ion transport-triggered precipitation
reaction inside a nanopore. The transmembrane voltage Vb induces the electro-
migration of ions. The resulting cation flow causes chemical reactions to form or
dissolve a metal phosphate compound in a voltage-controllable fashion. The
associated dynamic change in the effective pore size is measured by the ionic
current Iion.
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Fig. 2 | Ionic current rectifications in nanopores under salt difference. a Iion
versus Vb characteristics obtained for a 300 nm diameter pore with the cis side
filled with 1.37 M NaCl (black), 2 M KCl (green), 2 M CsCl (blue), and 2M MgCl2
(pink) while the trans side always with 1.37 MNaCl (pH 7.4). Red and dark yellow
dashed lines are linear fitting to the plots at the negative and positive Vb

regimes, respectively, which give the slopes α and β. Inset sketch depicts the
difference in the electromigration of cations and anions under negative (left)
and positive Vb (right). The scanning electron micrograph displays a 300 nm
nanopore. Scale bar denotes 100 nm. b The ion transport properties under no
salt difference (NaCl (black), KCl (green), CsCl (blue), MgCl2 (pink), MnCl2
(magenta), and CaCl2 (orange)). The salinity was also the same at cis and trans
(1.37 M for NaCl and 2M for the rest of the salts). The inset plots α (red) and β

(dark yellow) in a as a function of the nanopore conductance Gpore with no salt
difference. c Ionic current rectifications were observed for 2 M CaCl2 (orange)

andMnCl2 (red) at the ciswith the trans filledwith 1.37 MNaCl (pH 7.4). Inset is a
magnified view of the suppressed ionic current at Vb < 0 V. d The rectification
ratio rrec at Vb = ±1 V obtained from the ionic current characteristics measured
in pores of three different diameter dpore and various salts at the cis (with the
trans filledwith 1.37 MNaCl at pH 7.4). rrec tends to be close to 1when the Iion–Vb

characteristics show ohmic behaviors. On the other hand, rrec > 1 denotes Iion
suppression at negative transmembrane voltage. The high rrec for the 3 μm
micropore with CaCl2 is a result obtained at a low Vb scan rate of 6.5 mV s−1

(marked by an asterisk), while the other data are of 65 mV s−1. Note that the
rectification ratio attains over 40,000 for the case of a 300 nm-sized nanopore
with aMnCl2/NaCl configuration. Each error bar denotes the standard deviation
of three independent Iion–Vb measurements performed on a nanopore. (The
results in Supplementary Figs. 3 and 6 are not included.) Source data are pro-
vided as a Source Data file.
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range of pH from 5.5 to 11.7 (Supplementary Fig. 21). Consistently, no
precipitates were found in the mixture solutions (Supplementary
Fig. 22). These results unambiguously indicated the in-pore forma-
tions and dissolutions of metal phosphates via the reaction between
the divalent cations and phosphoric acids as the cause of the extreme
ionic current rectification behaviors. In the case of CaCl2/phosphate
buffer configuration, for instance, the electromigration of Ca2+ at
negative voltages leads to the local synthesis and growth of the
phosphate layer to almost completely seal the pore, and the reverse
reaction in the acidic CaCl2 solution dissolves the nanoprecipitate
upon ceasing the Ca2+ supply at Vb > 0. As such, solution pH plays a
role in the reaction equilibrium, where the rectifying behaviors were
demonstrated to disappear under highly acidic conditions prohibit-
ing the in-pore precipitations of the metal phosphates (Supplemen-
tary Fig. 24).

To further verify the reaction-mediated ionic conductance
transition mechanism, we performed simultaneous measure-
ments of Iion and the temperature Tpore at a nanopore to detect
the local heat dissipation involved in the chemical processes
(Fig. 3a). For this, we embedded a nanowire thermocouple34 at the
proximity of a 60 nm-sized pore. We observed rectifying behavior
upon scanning Vb with CaCl2 solution at the cis (Supplementary
Fig. 25a, b). At the same time, the thermovoltage Vt at the ther-
mocouple was recorded, from which Tpore was deduced through
the relation Tpore = 5.3 × 106Vt obtained in the calibration
measurements35. Tpore was found to increase steadily with Vb in
the positive voltage regime denoting the local Joule heating by
ion transport (see also Supplementary Fig. 26 for the case of
CsCl)36–38. In contrast, the nanopore temperature showed a tem-
poral increase to above room temperature upon decreasing Vb to
below 0 V (Fig. 3a), which is not attributable to the ionic heat
dissipation since Iion is strongly suppressed under the negative
voltage. Instead, it suggests the dissipation of heat generated in
the precipitation process. Analogously, Tpore exhibited a decrease
when scanning back Vb toward 0 V, indicative of local cooling by
heat adsorption during the calcium phosphate dissolution. No
such trait emerged for MgCl2 despite its similar ionic current
characteristics to CaCl2 (Fig. 3b, c, see also Supplementary
Fig. 25c, d), presumably due to the relatively small reaction
enthalpy involved in anticipating negligible heat dissipation in the
precipitation/dissolution stages. Although the synthesis of the
metal phosphates in non-alkaline media is generally a compli-
cated process for predicting whether the reactions inside the
nanopore should be endothermic or exothermic39,40, the overall
results consistently suggest the ion transport-mediated in-pore
precipitation/dissolution as a primary factor of the extreme Iion
rectifications.

Memory effects in chemical reaction-mediated ion transport
The time-evolving nature of the voltage-controlled precipitation/dis-
solution provides varying ion transport properties. For example, it
induces the Vb scan rate dependence of the Iion characteristics seen in
the micropores (Fig. 4, see also Supplementary Fig. 27). Interestingly,
once the precipitation clogging was examined under the slow Vb scan
speed of 6.5mVs−1, the Iion suppression became operatable at
65mV s−1, perhaps due to the residual precipitates on the wall surface
that served as crystal seeds for facilitating the growth of
phosphates10,41.Whereas this transformed themicrofluidic channel to a
diode, it could also be returned to a resistor by eliminating the pre-
cipitates on the channel wall through the repetitive voltage scans at a
faster rate (650mV s−1), though not fully reversible in terms of rrec
presumably due to the non-dissolvablephosphates formed at the trans
side of the membrane surface during the repetitive voltage scans
(Fig. 4e). The in-pore reactionmechanism thus allows amemory effect
on the ionic conductance.

Electrically tunable reaction-driven nanopore memristors
When it comes to 300 nm nanopores, the electrically tunable
reactions bring memristive characteristics. The chemical reaction
cycles were found as operatable in MnCl2/NaCl buffer systems
under various ranges of Vb scans down to ±0.2 V (Fig. 5a, b). On
the other hand, the ionic current remained suppressed under
±0.1 V as the applied voltage was inadequate to activate the dis-
solution reaction. Furthermore, the time-evolving mode of
nanoprecipitation yielded pinched hysteresis loops in the Iion–Vb

curves, which are generally considered as a fingerprint of a
memristor (Fig. 5c)42. Indeed, the nanopore conductance at 0.1 V
could be modulated by external stimuli with sub-nanowatt power,
where the potentiation and depression were implemented via
positive and negative Vb pulses (Fig. 5d) that induced sequential
dissolution and precipitation of metal phosphates inside the
nanopore for over 1000 s (Fig. 5e). Similar characteristics were
also found in CaCl2/NaCl buffer systems, but at a relatively high
conductance regime reflecting its reaction equilibrium distinct to
that in the MnCl2 solution (Supplementary Fig. 28). Here we add
the importance of a training process to obtain the stable mem-
ristive characteristics. More specifically, Vb scans were imple-
mented multiple times to reproducibly form a phosphate layer
inside a nanopore that served to initialize the memristor state
prior to the subsequent potentiation/depression cycling (Sup-
plementary Figs. 29, 30). Without this pretreatment, the nano-
pore memristors tend to be non-controllable by the voltage
pulses. Such fine control of the nanopore conductance may not
be achievable with the conical nanopore approach6–10 as it
requires a formidable task of precise manipulation of the Brow-
nian motion of a precipitated nanoparticle under the influence of
the electrostatic and hydrodynamic drag forces43. With the reac-
tion degrees of freedom controllable by the choice of salt solu-
tion properties and membrane material designs, this approach
would allow nanofluidic memristor building blocks of tunable
characteristics for neuromorphic computations.

Single-molecule sensing by nanoprecipitated nanopores
Besides the iontronics applications, the in-pore precipitation can be
useful for shrinking nanofluidic channels. Unlike the cases for the
divalent cations where the nano-precipitates can be dissolved during
positive voltage sweeps, electromigration of trivalent ions like Al3+

tended to form more robust phosphate layers that led to partial
clogging of nanopores as seenby gradual drops in Iion during repetitive
Vb scans with AlCl3 in the cis (Fig. 6a, see also Supplementary Fig. 31).
As a consequence,Gpore of 300nmnanopores decreased by about two
orders of magnitude (Fig. 6b, c). The low conductance state remained
stable upon replacing the AlCl3 solution with NaCl buffers of various
salt concentration cion. Scanning electron microscopy observations
after the precipitation reaction revealed the aluminum phosphate
formed in the nanopore (Fig. 6d inset). Whereas stable at the neutral
conditions, the precipitated layer was also revealed as readily remo-
vablewith acid that enabled abinary control ofdpore by the solutionpH
(Supplementary Fig. 31).

We evaluated the structure and ion transport properties of
the phosphate-clogged nanopore. Gpore in dilute NaCl solutions
was observed to level off at below 10−2 M signifying the dominant
contributions of counterion transport on Iion (Fig. 6d)44. Theore-
tical model22 describes the ion transport characteristics as

Gpore = σ
4Lmem

πdpore2
×

1

1 + 4LD
dpore

+
2

αdpore +βLD

0
@

1
A

�1

ð1Þ

where Lmemand LD are themembrane thickness and theDukhin length,
respectively. Further, LD canbe approximated as LD = σwall/(2ecion) with
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the surface charge density σwall at the porewall. From this, the effective
diameter and surface charge density of the phosphate-blocked
nanopore are estimated to be 20mCm−2 and 10 nm, respectively,
where we considered the proton effect of fully dissolved carbon
dioxide to alter the pH from 7.4 to 5.6 for the weak buffer capability in
the diluted solutions (the comparatively larger pore size than those
formed in the MnCl2 and CaCl2 solutions is presumably due to the
difference in the reaction equilibrium under the given conditions).
Since the result cannot elucidate the polarity of the pore wall, we also
examined the Iion measurements under salinity difference. Lowering
the ion concentration at the cis (ccis) than that at the trans (ctrans), the
diffusion voltage Vdif (calculated by subtracting the redox potential
Vred from Vopen) became more negative (Supplementary Fig. 32) in
accordance with the Nernst equation (Fig. 6e) giving Vdif = Sion(kBT/e)
ln(ccis/ctrans)45,46. Here, the selectivity factor Sion varies between +1 and
−1 denoting perfect cation- and anion-selective transport in the fluidic
channel, respectively22,45. For the aluminum phosphate-precipitated
nanopore, Sion is obtained to be +0.84 elucidating negative charges on
the surface at pH 7.4, which is in contrast to the pristine 300nm
nanopore showing negligible permselectivity (Supplementary Fig. 33).
It indicates potential use of themetal phosphate nanopore for osmotic
energy conversion with power density47 Posm = IosmVdif/(4Amem) reach-
ing 0.13MWm−2 under an assumption of 30% porosity and no inter-

pore interactions45, where Iosm and Amem are the ionic current by
osmotic flow and the effective membrane area, respectively.

The nanoscopic size of the precipitate-filled nanopore can also be
used for detecting small molecules. As an example, we detected ColE1
DNA (6646 bp) in 1.37M NaCl at Vb of 0.2 V. Whereas the Iion traces
were featureless in the salt water, resistive pulses were observed when
the DNA was added to the cis compartment representing step-like
features typical for the translocation of polynucleotide chains with
various folding conformations48. Quantitatively, the histogram dis-
plays peaks at n × 220 pAwith n = 1 and 2 corresponding to non-folded
and single-folded forms of DNA, respectively. This is in agreement
within 11% error with the rough estimation of the blockade current
assuming DNA as a cylinder of 2 nm diameter in a 40nm-long high-
aspect-ratio nanochannel in the salt water of conductivity 12.5 Sm−1 at
0.2 V. Meanwhile, the majority of the ionic signatures (around 60%)
were of simple rectangular shapes with heights around 430pA. In fact,
ColE1 DNA has closed circular forms, whose translocation anticipates
the exclusion of double the volume of a double-stranded poly-
nucleotide chain inside the nanopore49 (the sample includes a
small amount of linear DNA in addition to the circular genomes as
noted in the product sheet). Here, it is noted that the gyration radius
of ColE1 DNA is estimated to be 194 nm, which is much larger than
dpore. Therefore, the polynucleotide chains are required to be dis-
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entangled before the electrophoretic translocation50. In this context,
the supercoiled conformations of the cyclic-formed plasmids antici-
pate a larger entropy barrier compared to that for the flexible linear

DNA strandsof the same length51. Thiswouldbe a reasonwhy the linear
genome was detected relatively frequently in the resistive pulse
measurements.
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Article https://doi.org/10.1038/s41467-025-56052-0

Nature Communications |         (2025) 16:1089 7

www.nature.com/naturecommunications


Discussion
Electromigration of ions was demonstrated as capable of inducing
electrically tunable metal phosphate precipitation/dissolution in a
pore for advanced nanofluidic devices including diodes and memris-
tors. In stark contrast to conventional nanofluidic devices operating
within nano- and atomic-scale systems52–54, the present method can

benefit from the easy-to-fabricate large channel size to gain improved
diode performance promoting widespread feasibility without requir-
ing any sophisticated facilities. The demonstrated control over pre-
cipitation reactions in multipores also justifies its scalability for
integrated circuits composed of iontronic building blocks55 as well as
nanoporous membranes for blue energy harvesting56.
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From a viewpoint of resistive pulse sensing, it has long been a
dream for solid-state nanopore technologies to enable the formation
of well-defined pore structures. Structures of biological nanopores are
demonstrated as tailorable at a molecular level via the engineering of
point mutations in transmembrane proteins57. As for the solid-state
nanopores, on the other hand, electron beam milling has been
demonstrated as capable of controlling the size and shape of a hole
with single-nanometer resolution in a dielectric membrane. However,
the fabrication can be carried out only in high vacuum58, thusmaking it
difficult to ensure the structure remains the same during the ionic
current measurements. There is also a dielectric breakdown
approach59 that can form single-digit nanopores in situ by a simple
voltage control. Nevertheless, the controllability of the number and
size of pores is still considered a critical issue60. In contrast, the present
method can seal a relatively large pore nearly completely with a leak-
age current of around 100 pA at 0.5 V. Leveraging the ability to open a
nanopore and finely control its size by the voltage pulsing in real-time,
therefore, it has a potential to become a useful tool for adjusting the
pore size to fit the analytes of concern right before the resistive pulse
measurements.

In addition, this approach can be readily extended to various
reactions, including electrically neutral reactants by leveraging elec-
troosmotic flow for the mass transport control61,62. Local electric63,
optical64, and heat probes65 can also be integrated to manipulate the
non-equilibrium reaction processes in the reactor. With the chemical
degrees of freedom, one can not only design the reactions for
exploring the vast range of applications of micro- and nanofluidic
systems but also seek a route toward the synthesis of unprecedented
compounds.

Methods
Fabrications of SiNx nanopores
A 4-inch silicon wafer was coated with 50nm-thick SiNx layers at both
sides of the surface by low-pressure chemical vapor deposition. The
wafer was diced into 25mm square chips using dicer (DISCO). On the
silicon chips, microelectrodes were patterned by photolithography
using photoresist AZ5206 (AZ Electronic Materials). After develop-
ment, a 50 nm-thick Au layer was deposited with a 5 nm-thick Cr
adhesion layer by radio-frequencymagnetron sputtering (Samco). The
chip was then immersed in N,N-dimethylformamide (DMF, Wako;
purity >99.5%) overnight followedby ultrasonication for lift-off. On the
microelectrode side of the surface, the electron beam resists ZEP520A
(Zeon) and was spin-coated and prebaked at 180 °C on a hot plate. In
the resist layer, a circle of diameter dpore was delineated by electron
beam lithography (Elionix). After development, the resist layer was
used as amask for reactive ion etching (Samco) usingHCF3 etchant gas
to drill a hole of diameter dpore in the SiNx layer. Subsequently, the chip
was immersed in DMF overnight to remove the residual resist layer.
The back side of the chip was spin-coated with photoresist TSMR. A

1mm square region at the center was removed by photolithography
using themicroelectrode pattern at the front side as amarker. Another
reactive ion etching process was carried out to partially remove the
backside SiNx layer. Aqueous solution (25 vol%) of KOH (Wako; pur-
ity > 85%) was then applied on the back-side surface and heated at
90 °C to dissolve the exposed Si layer by anisotropic etching. As a
result, a 40 nm-thick SiNxmembrane with a pore of diameter dpore was
created.

Thermocouple-embedded nanopore fabrications
The 25 mm square silicon chips with the microelectrodes pat-
terned on the front surface were used as substrates. A Au nano-
wire was formed with a 5 nm-thick Ti adhesion layer by the
electron beam lithography and sputtering processes utilizing a
part of the electrode pattern as a marker. Using the same marker,
a Pt nanowire was subsequently patterned to form a point contact
with the Au nanowire. Another electron beam lithography process
was performed to delineate a nanopore of diameter 60 nm at a
side of the point contact. After development, a 60 nm hole was
sculpted by the reactive ion etching. The entire surface was then
coated by a 20 nm-thick Cr layer by the sputtering, which served
to protect the thermocouple during the post processes to pene-
trate the nanopore. For that, the back side of the SiNx layer was
partially removed by the photolithography and reactive ion
etching. The exposed Si layer was immersed in a KOH solution
and heated at 90 °C for the wet etching to form a SiNx membrane
(the Cr layer blocked the KOH solution from flowing through the
nanopore to avoid any damage on the thermocouple at the front
side). The chip was immersed in a Cr etchant solution to dissolve
the Cr layer. Finally, the front surface was covered with a 10 nm-
thick SiO2 layer by chemical vapor deposition (Samco).

Integration of flow cells
I-shaped patterns were created in a photo-resist SU-8 3000 on a
Si wafer by photolithography. On this SU-8 mold, poly-
dimethylsiloxane (PDMS, Sylgard 184, Dow) was cured at 90 °C. A
15 mm block of the PDMS with an I-shaped trench at one side of
the surface was cut out using a surgical knife. Three holes of
diameter 1 mm were punched in the block that served as a place
to insert an electrode for the ionic current measurements and an
inlet/outlet for flowing electrolyte solutions into the pore. The
PDMS block with holes was exposed to oxygen plasma along with
a nanopore chip for surface activation. After that, they are put
together for eternal bonding. Using the same procedure, another
PDMS block was bonded to the other side of the chip.

Ionic current measurements in various salt solutions
TwoAg/AgCl rodswere inserted inoneof the three holes in each PDMS
flow cell. The electrolyte solution was flown through the other two

Fig. 6 | Single-molecule sensing using a precipitated nanopore. a Iion–Vb char-
acteristics of a 300nm-sized nanopore with an AlCl3/NaCl configuration. The ionic
conductance decreased steadily when repeating the voltage scans. b The ionic
current curves in 1.37M NaCl solution at pH 7.4 before (black) and after (dark
yellow) themeasurements with AlCl3. cMagnified view of (b) depicting the lowered
nanopore conductance after the aluminum phosphate precipitation. d The con-
ductance Gpore of the aluminum phosphate-precipitated nanopore in NaCl solu-
tions of various salt concentrations cion (dark yellow solid circles). Schematic
illustration displays the solution configuration around the nanopore membrane,
where the SiNx membrane and the precipitated layer are shown in skyblue and
green, respectively. Simulation using the theoretical model in ref. 22 under the
assumed fully dissolved CO2 is shown by pink open circles. Inset is a false-colored
scanning electron micrograph taken after the precipitation reaction. Scale bar
denotes 100 nm. e Diffusion voltage Vdif obtained for the nanoprecipitated nano-
poreunder salinity differenceapplied by changing theNaCl concentration at the cis

(ccis) while keeping the trans at ctrans = 1.37M. Dark yellow dashed line is a Nernst
equation fit to the Vdif–ln(ccis/ctrans) plots. Results of a pristine nanopore were also
shown for comparison as gray open circles. Gray dashed line points at zero diffu-
sion voltage. Inset shows the Iion–Vb curve at 10

6 salinity difference displaying open
circuit voltage comprised of the redox potential Vred and Vdif. f Single-molecule
detections of polynucleotides by ionic current. The sketch describes the electro-
phoretic translocation of ColE1 DNA. g The ionic current traces without (black) and
with DNA (red) added in 1.37M NaCl solution. Resistive pulses denote the trans-
location of DNA through the nanopore. h Resistive pulse signal waveforms. When
linear DNA was detected, the ionic signals tended to exhibit stepwise changes
attributed to their folding conformations (red). Two peaks were found, accord-
ingly, in the ionic current histogram. White curves are Gaussian fittings denoting
ionic current blockade by non-foldedand single-folded linearDNA in the nanopore,
respectively. Meanwhile, single pulses of larger amplitudes were also found, which
denote the translocation of DNA in circular cyclic forms.
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holes using a pipette. The Ag/AgCl electrodes were connected to an
ammeter-source unit (Keithley 6487, Keysight). Voltage ramps were
biased to oneof theAg/AgCl and the transmembrane ionic currentwas
recorded through the other Ag/AgCl via a GPIB control under a pro-
gram coded in Visual Basic. Each measurement was carried out more
than three times of Vb scans to obtain the arithmetic average of the
ionic current, which was used for the evaluation of the in-pore reac-
tion-mediated ionic current characteristics. When performing the
measurements for various salt solutions, the Ag/AgCl electrodes were
taken out from the flow cells each time before replacing the liquid and
first washed with diluted phosphate-buffered saline followed by the
salt solutions that were going to be measured. NaCl (purity > 99.5%),
CsCl (purity > 99.0%), KCl (purity > 99.5%), CaCl2 (purity > 95.0%),
MnCl2 (purity > 99.0%), MgCl2 (purity > 98.0%), and AlCl3 (purity >
98.0%)werepurchased fromWako andused as received. Similarly, the
dilute bufferwas firstflown through the inlet/outlet holes several times
in the flow cells and subsequently replaced with the salt solutions of
concern. These processes allowed us to avoid precipitations of phos-
phates in the solutions. Otherwise, the direct mixing of certain salt-
water led to precipitation reaction-derived contamination of the entire
fluidic channel as well as the membrane surface, including the
pore wall.

Ion selectivity evaluations
Ionic current versus transmembrane voltage characteristics were
measured under various salinity differences for a 10μm micropore.
The redox potential Vred was directly obtained from the open-circuit
voltage for the negligible permselectivity of the huge pore, giving
neglectable diffusion voltage. The diffusion voltage and the osmotic
current were calculated from the Vred-subtracted Iion–Vb curves of the
smaller pores.

Nanopore temperature measurements
A thermocouple-embedded nanopore chip with flow cells was moun-
ted on a sample holder. Metal pins were contacted to the two micro-
electrode pads connected to the Au/Pt nanowires. The pins were then
wired to a nanovoltmeter (Keithley 2182A, Keysight) for recording the
thermovoltage. After arranging salt solutions and Ag/AgCl electrodes
by the aforementioned procedure, simultaneousmeasurements of the
ionic current and thermovoltage were carried out by the GPIB control
with visual Basic program codes. It is noted that the voltage scan rates
were slow (≈1mV s−1) due to the relatively long integration time
required for the reliable thermovoltage measurement.

Thermocouple calibrations
The thermocouple was calibrated using the procedure described in
ref. 38. The nanowire point contact was heated to pre-set temperature
using an external resistive heater/thermocouple unit under PID con-
trol. After the temperature got stable, the thermovoltage at the
nanowire thermocouple was recorded. The obtained
thermovoltage–temperature dependence was used as a calibration
curve to convert Vt to Tpore.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided in
this paper.
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