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Membranes with nanofluidic diodes allow the selective control of molecules in physiological salt solutions at ambient

temperature. The electrical coupling of the membranes with conventional electronic elements such as capacitors suggests
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opportunities for the external monitoring of sensors and actuators. We demonstrate experimentally and theoretically the

voltage multiplier functionality of simple electrical networks composed by membranes with conical nanopores coupled to

load capacitors. The robust operation of half and full wave voltage multipliers is achieved under a broad range of

experimental conditions (single pore and multipore membranes, electrolyte concentrations, voltage amplitudes, and solid-

state capacitances). The designed voltage multipliers operate in liquid state and can be used in sensing devices because

different electrical, optical, and chemical inputs are known to modulate the individual nanofluidic diode resistances in the

electrical network.

1. Introduction

There is an increasing interest on signal processing with
electrically coupled biological and solid-state electronics
elements.”™ As in the case of biological cell membranes, the
use of ions as signal carriers allows hybrid electrical circuits for
sensing and monitoring biological systems in aqueous
environments. While electrons and holes support the transfer
of information in fixed architectures, ionic processors are
dynamic structures such as membrane pores whose properties
can be externally modulated by optical and electrical pulses in
addition to thermal and chemical (pH and salt concentration)
signals.l"r"8

Many electrochemical devices are based on electrolyte
solutions immersed in micro and nanostructures with fixed
charges. The external tuning of the interaction between the
mobile electrolyte ions and the charges immobilized on pores
allows a broad range of electrical responses. The analogies
between  electrolyte solutions and semiconductors,
emphasized a long time ago by Reiss and FuIIer,9 suggest that
external control of the electrical rectification in nanofluidic
diodes may allow the translation of ionic responses into
current and potential signals compatible with solid-state
components. This fact should permit efficient signal processing
using liquid-state, soft nanostructures, especially in those
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cases where the requirements on size, robustness, and speed
are not critical. It should also be mentioned the rich surface
chemistry which can be achieved using porous
nanostructures.”” Indeed, the different surface
functionalizations allow highly selective control of specific
molecules in a solution at ambient temperature and the
biocompatibility of aqueous ionic circuits with physiological
salt solutions offers opportunities for biologically-oriented
sensors and actuators. %"

In the case of nanofluidic diodes, however, a crucial step is to
demonstrate the full functionality that can be achieved with
simple electrical networks including macroscopic, conventional
electronic elements (e.g., CapaCitOFS).2'3'11 We have shown
recently significant rectification of white noise signals using a
single nanofluidic diode®® and a nanoporous membrane.”* We
propose now to analyze experimentally and theoretically
hybrid networks with simple connectivity. In particular, we
demonstrate the robust operation of different half and full
wave voltage multipliers range of electrolyte
concentrations,  voltage and  solid-state
capacitances. To this end, we have electrically coupled

under a
amplitudes,

conventional load capacitors with single pore and multipore
membranes having conical nanopores acting as potential
dependent resistances. We emphasize that these voltage
multipliers can also be used in sensing devices because
electrical, optical, and chemical inputs are known to modulate

.. . 5,10,12
the nanofluidic resistances.

2. Experimental methods
2.1. Nanopore fabrication

Polyethylene terephthalate (PET) polymer foils (Hostaphan RN
12, Hoechst) of thickness 12 um were irradiated with swift
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heavy (Au) ions (energy 11.4 MeV per nucleon) at UNILAC
linear accelerator (GSI, Darmstadt). The tracks in the single
pore and multipore membranes were converted to conical
. . . 15,16
pores by means of asymmetric track-etching techniques.
These pores had 10 — 20 nm tip radii and 100 — 200 nm base
radii, estimated from steady-state current (/) — potential (V)

16
curves.

The multipore membrane pore density of the
samples was 10* conical nanopores/cm2 approximately.
Carboxylate residues fixed to the wall surface of the pores
were obtained at the end of the etching process. The groups
were in ionized form at pH = 7, leading to an asymmetric
charge distribution along the pore. Before and after each
measurement, the pH value was checked by means of a Crison
GLP22 pH-meter.

2.2. Electrical Measurements

In order to apply input voltages, as well as to measure output
potential differences, Ag|AgCl electrodes immersed in the
bathing solutions were used. Input voltage signals and electric
currents were measured with a picoammeter/voltage source
(Keithley 6487/E) and the voltage across the capacitors was
measured with a multimeter (Keithley 2000/E).

3. Results and discussion

Fig. 1a schematically shows the experimental realization of the
nanopore-based half wave voltage doubler. The device is
based on polymer membranes with conical nanopores acting
electrolytic
capacitors. The equivalent electrical circuit is depicted in Fig.
1b. Fig. 1c shows a typical steady state /-V curve for an
individual multipore membrane used in the experiments. The
separated identical KCl solutions of
concentrationcp=0.1 M atpH=7.

Half-wave voltage doubler
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Fig.1 Scheme of the experimental set-up showing the half
wave voltage doubler based on nanoporous membranes
coupled with the electronic capacitors (a), the resulting
equivalent electrical (b), and typical current-voltage curve
obtained for an individual multipore membrane (c).

The voltages were applied on the electrode in the solution

close to the narrow tip of the pores with the other electrode
connected to ground. The pore charge asymmetry is
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responsible for the electrical rectification observed (control
experiments at pH = 3 give no electrical rectification because
the membrane fixed charge groups are in neutral form).14
Indeed, the electrical resistance is low for V > 0 when the
current enters the cone tip (high charge density and then high
concentration of mobile ions) while this resistance is high for vV
< 0 when the current enters the cone base (low charge
density).16 Polymer films containing one single nanopore show
similar rectifying /-V curves, with electric currents in the range
of nA.*®

Fig. 2 shows the experimental and theoretical results obtained
for the half wave voltage multiplier in Fig. 1a.

Half-wave voltage doubler
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Fig.2 Experimental and theoretical results for the half wave
voltage doubler in Fig. 1. Input sine wave (a), input AC current
(b), rectified output voltage parametric in the input amplitude
(c) and theoretical results (d), effect of the electrolyte
concentration (e), effect of scaling using single-pore
membranes (f).

The input signal V;,(t) (Fig. 2a) is a sine wave of period T=70s
and amplitude V,. After a transient time, the resulting electric
current /;,(t) (Fig. 2b) entering the voltage doubler attains a
steady AC regime. Fig. 2c shows the output voltage V,.(t)
parametrically in V,. The output signals are DC voltages which
attain a steady value, with a ripple of the same frequency as
the input signal. The amplitude of the ripple increases with
increasing the amplitude of the input signal, as in solid state
circuits.” The steady value of the output voltage is lower than
twice the amplitude of the input voltage because the fluidic
diodes are not ideal.

The equations for the equivalent circuit of Fig. 1b are

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

Physicat Chemistry. Chemical Physics

%

V=21,

! (1)
Vo=l +

(o} G, 2)

_da,

in dt ’ (3)
, _da,
2_ ’

dt (4)
Lo=1+1,, (5)

where g, and g, are the instantaneous charges on the plates of
the capacitors of capacitances C; and C,, respectively, and the
voltage drops across the multipore membranes V,(-/;) and
V,(l,) are obtained from the experimental /-V curves of the
membrane samples used. Fig. 2d shows the theoretical results
obtained after solving egs. (1)-(5) with the initial boundary
conditions g4(0) = g,(0) = 0 using Mathematica®. The model
results correctly describe the experiments, including the
increase of the ripple with the input signal amplitude, which
supports further the circuit functionality of the nanofluidic
diodes.

The experiments in Fig. 2e illustrate the effect of the
electrolyte concentration on the output voltage. When the
electrolyte concentration increases, the membrane electric
resistance decreases. This fact leads to low transient times and
high ripple amplitudes. The steady value attained by the
output voltage reaches a maximum at intermediate electrolyte
concentrations because the maximum rectification is achieved
at concentrations close to 0.1 M.*® Fig. 2f corresponds to single
pore membranes, showing the effect of pore scaling on the
electrical coupling. It is remarkable that similar results can be
obtained with both single and multipore membranes by
changing the capacitance values (to keep constant the product
of effective resistance and the capacitance).

Fig. 3 shows the experimental set-up of the nanopore-based
full wave voltage doubler multiplier coupled with the
electronics capacitors (a) and the equivalent electrical circuit
(b). The circuit components are the same as in Fig. 1.

Full-wave voltage doubler
(a) Vout ﬁ"

(b)

Fig.3 Scheme of the experimental set-up showing the full wave
voltage doubler based on nanoporous membranes coupled
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with the electronics capacitors (a) and the equivalent electrical
circuit (b).

In this case, the output voltage corresponds to the potential
drop across the two capacitors. The experimental data
obtained for the full wave voltage multiplier in Fig. 3 are
shown in Fig. 4. Fig. 4a compares the results of the full wave
and half wave voltage doublers. Note that the two circuits give
the same steady value of the output voltage, as predicted by
standard circuit theory.17 The full wave ripple frequency is
twice that of the half wave circuit. The full wave circuit allows
decreasing both the transient time needed to attain the steady
voltages and the ripple amplitude, which is also in agreement
with the case of solid state diodes.” Figs. 4b-d illustrate the
effect of the capacitance on the output voltage. Increasing the
capacitance leads to higher output voltages and transient
times while it gives lower ripple amplitudes. These
experimental facts demonstrate again the circuit functionality
of the nanofluidic diodes.

Full-wave voltage doubler
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Fig.4 Experimental results for the output voltage using the full
wave voltage doubler in Fig. 3 and ¢y = 0.1 M. Comparison with
the case of the half wave voltage doubler (a) and effect of
capacitance (b)-(d) parametrically in the amplitude V.

Fig. 5 corresponds to the experimental set-up of a new
nanopore-based multiplier coupled with the electronic
capacitors (a). In this case, two circuits similar to that in Fig. 1
are cascaded, giving the equivalent electrical circuit of a half
wave voltage quadrupler (b). Fig. 5¢c compares the results of
the half wave voltage doubler with the present voltage
quadrupler. Note the significant increase of the steady value
output voltage, obtained here at the price of increasing the
transient time and the ripple amplitude. Taking together, the
results of Figs. 2, 4, and 5 suggest that a robust electrical
functionality can be achieved with hybrid circuits based on the
coupling of the nanofluidic diodes with conventional solid
state capacitors.

J. Name., 2013, 00, 1-3 | 3




Physical Chemistry Chemical Physics

Half-wave voltage quadrupler
@ v, . (b)
YV

b (23 out 1 d
C. C 5
opp ek R
v 1y "2%& 3V 4%
i hy C C
Anl A 1 2 a E ! H :
VA
LYV P
V=4V quadrupler
alb |3 (e) sf ¢, =01M WM\.’\W

L 0 W
W

|

doubler <

C,=C,=C,=C =10mF

e

Fig.5 Scheme of the experimental set-up showing the voltage
quadrupler based on nanoporous membranes coupled with
the electronics capacitors (a), the equivalent electrical circuit
(b), and comparison with the case of the half wave voltage
doubler (c).
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The liquid-state voltage multipliers demonstrated are based on
the electrical rectification of alternating signals provided by
the membranes. This rectification is supported by the
individual nanopores and depends critically on the operating
conditions. By using different functionalizations of the pore
surface, this rectification can be externally modulated by the
presence of specific analytes in the solution as well as by
changing the analyte concentration (see e.g. Refs. 5, 10, and
12). Thus, the existing relation between sensing, pore
rectification, and capacitor output potentials suggests that
suitable functionalization of the nanofluidic diodes may allow
the translation of ionic responses into current and potential
signals compatible with the solid-state components in the
networks.

The effect of sensing on the output voltage V., can be
simulated by decreasing the rectification of one of the
membranes in the network, transforming it into a quasi-
resistor whose resistance is that of the low current direction
(the case of negative voltage in Fig. 1c). Incorporating this
result in the circuit simulations immediately leads to significant
decreases in V,. Fig. 6 shows the results of the simulations in
the case of the half wave multiplier of Fig. 1a, when the
membrane sample 1 is transformed into a quasi-resistor due to
the presence of a given analyte, resulting in an unbalanced
network. In this way, sensing arises as a robust network output
regardless of the individual event acting on a particular
membrane or nanopore.

Conclusions

The design and characterization of simple electrical networks
with micro and nanofluidic diodes performing collective tasks
is of current technological interest. In particular, sensing and
actuating with bioelectronics interfaces require the efficient
connection of micro and nanofluidic elements to conventional
. 2-4,18
electronic We
experimentally and theoretically different voltage multipliers

elements. have demonstrated

4| J. Name., 2012, 00, 1-3

using electrical networks where nanoporous membranes with
conical pores are effectively coupled to load capacitors. We
have considered not only single nanopores but also multipore
membranes in order to show the scaling effects on the
electrical coupling. In all cases, the results are robust enough
to indicate that a future integration of small scale networks
into portable chip units should be feasible.>**® Note also that
ions are much heavier than electrons, which suggests less
vulnerability to undesired coupling effects between circuit
components in close proximity.1
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Fig. 6. The effect of decreasing, from the balanced to the
unbalanced case, the rectification of one of the nanoporous
membranes with respect to the others in the network is
shown. The results correspond to the half-wave voltage
multiplier.

The membranes incorporate nanofluidic diodes acting as
potential dependent resistances which show a reproducible
operation in half and full wave voltage multipliers circuits. This
electrochemical functionality is demonstrated for different
experimental conditions concerning electrolyte
concentrations, voltage amplitudes, and capacitances. The
coupling of the membranes with electronic elements should
offer opportunities for external monitoring of biologically-
oriented sensors and actuators at ambient temperature.
Indeed, because different electrical, optical, and chemical
inputs are known to modulate the nanofluidic diode
resistance,” the designed voltage multipliers could be used in
energy transduction™ and nanopore-based sensing.m'12
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