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ABSTRACT

Single-track, asymmetric nanopores can currently be functionalised with a spatially
inhomogeneous distribution of fixed charges and a variety of pore tip shapes. Optimising the
asymmetric nanopore characteristics is crucial for practical applications in nanofluidics. We
have addressed here this question for three cases based on different input/output chemical and
electrical signals: (i) ion pumping up a concentration gradient by means of a periodic, time-
dependent bias potential, (ii) information processing with a single nanopore acting as the
nanofluidic diode of a logic gate, and (iii) electrical energy harvesting using a nanopore that
separates two solutions of different salt concentrations. The results show the nanopore
characteristics (size, shape, and charge distribution) that should be optimised for each
application. In particular, the control of the pore tip size and charge appears to be crucial in all
cases because it is in this narrow region where the interaction of the ions and the pore surface

occurs, and this will eventually determine the nanodevice performance.

KEYWORDS: lonic transport, synthetic nanopores

*Corresponding Author, E-mail: patraho@fis.upv.es



mailto:patraho@fis.upv.es�

1. Introduction

Nanopores, nanopipettes, nanofluidic channels, and nanoelectrodes constitute a new
generation of devices designed for single-molecule sensing and separation [1-15].
Nanostructures based on asymmetric pores with only one type of electric charge, bipolar
diodes and transistors composed by regions of different charge juxtaposed in series, and
nanofluidic diodes with amphoteric chains functionalised on the pore surface have been
reported [15-20]. Most previous studies concern fundamental research on the nanostructure
characteristics, with emphasis on the ionic selectivity and rectification properties [21-28].
These properties are usually based on the nanopore fixed charges and nanostructure
asymmetry. However, practical applications will require both the design of applied schemes
based on the nanostructure characteristics and the study of new experimental methods to tune

the nanopore selectivity and conductance.

Single-track, asymmetric nanopores can currently be functionalised with spatially
inhomogeneous distributions of fixed charges and a variety of pore tip shapes [17, 29-32].
Optimizing the asymmetric nanopore characteristics is crucial for nanofluidics applications.
We have addressed here this question for three cases based on different input/output chemical
and electrical signals: (i) ion pumping up a concentration gradient using a periodic, time-
dependent bias potential [1, 33], (ii) information processing with a single nanopore acting as
the nanofluidic diode of a logic gate [34], and (iii) electrical energy harvesting by means of a
nanopore that separates two solutions of different salt concentrations [35]. This study is
timely because it has recently become possible for the reproducible fabrication of
nanostructures with pre-determined geometries and controlled structural asymmetries [13, 15,
29, 31, 36]. In particular, the control of the shape and size opens the possibility to design and
construct nanopores aimed at performing a specific function efficiently. Note also that single

pores may constitute elementary building blocks for nanoporous membranes, and the



understanding and control of their individual properties is a previous step for designing
membranes with improved efficiency in protein separation, water desalination, and bio-
molecule detection using arrays of identical nanopores [7, 10, 13, 37-39].

Most studies with nanometer-scaled pores concern molecular separation and sensing
applications [2, 5, 7-11, 37, 40]. However, ion pumping between two solutions up a
concentration gradient, information processing based on different nanopore conductance
levels, and electrical energy generation with two solutions at different salt concentrations are
also significant problems for both biological ion channels [41] and membrane chemical
engineering [13, 34, 35, 42]. In particular, implementing these processes in practical devices
will demand: (i) a better knowledge of the physical conditions dictating ion pumping (the
relationship between the asymmetric nanostructure characteristics and the applied periodic
potential should be clarified), (ii) a significant improvement of the nanopore rectification
properties, and (iii) a clear understanding of the nanopore characteristics entering in the
electrical circuit used for the conversion of chemical energy into electrical energy. While
previous theoretical calculations based on continuum model equations have shown how the
distribution of fixed charges [25, 31, 43] and the pore tip shape [20, 26, 44] dictate the
rectification properties, thorough studies aimed at improving the nanopore performance for
practical applications are still lacking. We have addressed this question here, obtaining
predictions of conceptual interest for efficient application of the broad list of chemically and

electrochemically switchable nanopores reported [2, 9, 10, 16-19, 34, 37, 40, 45-49].

2. Model equations

The nanopore and transport equations modelling will be guided by recent studies on
nanopore fabrication showing typical tip shapes and dimensions [20, 44] as well as by
previous experimental characterisations of the selectivity and rectification properties in

nanopores [17, 19-23, 26, 34, 44]. Fig. 1 illustrates schematically the fabrication procedure of



the nanopore by track-etching. First, a polymer foil is irradiated with heavy ions (e.g., Xe, Pb,
U and Au) of high energy. The number of ions passing through the foil gives the number of
latent tracks formed in the polymer sample. By limiting the number of impinging ions, it is
possible to obtain samples with only one track [50, 51] (Fig. 1A). Second, the latent tracks are
etched with alkali and converted into nanopores whose size and shape can be tailored by
controlling the temperature and duration of etching, using specific surfactants, and exposing
the foil surfaces to ultraviolet radiation. This procedure allows for the fabrication of
nanopores with a variety of symmetric and asymmetric longitudinal shapes (e.g., cylindrical
[52], conical [51], double conical [18], concave pores with bullet-like tips [30, 53], and
convex pores with trumpet-like tips [29]).

The process of etching with alkali results in the formation of carboxylate groups
(COO) on the inner pore surface [51]. In the recent years, different techniques allowing for
efficient control of a variety of fixed charge groups attached on the pore wall have been
developed [17-20, 29, 31, 34, 38, 54-57]. Because of the high number of pores with different
longitudinal shapes and fixed charge distributions, we have limited our study to the
characteristic cases of concave, bullet-like tip, and conical pores with negative fixed charges
homogeneously distributed over the pore surface, as well as to conical pores where the
negative fixed charge is confined to the region of the pore tip (Fig. 1B). These geometries
cover most of the experimental designs [17, 20, 25, 27, 29-31, 53, 58]. To describe this
variety of pore shapes and sizes, we introduce the following exponential profile for the

nanopore radius a(x)

ag —a_ exp(—d/h)—(ag —a_ )exp[ —(x/d)(d/h)]
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, (1)



where a; and ag are the radii at the tip and base of the pore, respectively, and d is the pore

length. Parameter d/h controls the shape of the pore: the limit d/n — 0 gives a conical pore
while increasing d/h enlarges the lumen region (the pore gets more tapered; see Fig. 1C, left).
Regarding the surface charge distribution along the pore axis, we assume that the

density of fixed charges varies with coordinate x according to the following step-like function

1
()= {_1+1+exp[—2k(x—xo)ﬂ ' @

where o gives the surface charge concentration in the limit x — 0, X, is the position at the

pore axis where o(xg) = oy/2, and parameter k is defined as

k= —ilog {tanh (lﬂ , 3
w 2

where the characteristic length w (Fig. 1C, right) is a measure of the thickness of the transition
zone located between ¢ = o (for x << xy) and o = 0 (for x >> x;).

The length of the pores considered in this study is d = 12 um. The pore radii vary from
some hundreds of nanometres at the wide base to less than 10 nm at the narrow tip [13]. In all

the cases we have assumed a, = 5 nm and ag = 300 nm. Using these characteristics values

[13] consistently throughout the study allows comparing the results obtained for the different
geometries.
The basic equations describing the ionic transport through the nanopore are the

Nernst-Planck equations [59]

- F
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the Poisson equation
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and the continuity equation
V-3 =0, (6)
where J;, D; and z; are the ionic flux density, the diffusion coefficient and the charge number

of ion i; F and R are the Faraday and universal gas constants, and T is the absolute
temperature; ¢ and ¢ are the local electric potential and the electrical permittivity of the
solution within the pore. Throughout this paper, positive bias potentials are applied on the
solution facing the narrow opening, and positive currents flow from the narrow towards the
wide opening of the nanopore. Numerical integration of equations (4)-(6) gives the ionic
concentration and potential profiles, the ionic flux densities, and the current | passing through
any arbitrary section of the nanopore at any applied potential difference AV. To this end,
different numerical procedures can be used [21-26, 44]. In the case of the pore geometries
considered in this paper, the problem can be simplified significantly. Because the pore is long
and narrow, the ionic flux densities can be assumed to have only the axial component. Also,
in the case of long pores, the electroneutrality condition can be used instead of the Poisson
equation, and the influence of the access resistance can be neglected, assuming then Donnan
equilibrium at the nanopore/solution interfaces. Following this procedure, the original 2D
geometry can be reduced to a 1D problem, and the resulting two-point boundary value
problem can be efficiently solved using iterative schemes such as the shooting or the
relaxation methods (see reference [44] for further details).

Note that the electrical interactions between the nanopore fixed charges and the mobile
charges in the inside solution can be described by continuum models (the Poisson and Nernst-
Planck (PNP) equations are used here) whose validity have been previously confirmed [19,
22-25, 44, 46]. They are valid for pores with relatively wide openings and moderate fixed
surface charge concentrations like the ones considered here. In these cases, the pore radii are

larger than the Debye screening length over most of the experimental concentration range



and, in turn, these radii are much greater than the ion size [60-62]. Recent molecular
dynamics (MD) simulations on the ionic current passing through charged cylindrical
nanopores [62] reveal that the discrepancies between the electric currents calculated using the
MD and PNP approaches can be higher than 10% only in the case of pores with radii of the
order of 1 nm and surface fixed charge concentrations higher than -1.2 e/nm?, where e is the

elementary charge.

3. Results and discussion

Fig. 2 shows the current-applied potential difference (I-AV) and rectification ratio-
applied potential difference (r-AV) curves of asymmetric nanopores (the rectification ratio is
defined as r = |I(AV)/I(-AV)|). We have considered nanopores with bullet-like pore tip and
fixed charges homogeneously distributed on the pore surface (Fig. 2A) as well as conical
pores where the fixed charges are confined to the region of the pore tip (Fig. 2B). In all cases,

we consider the typical surface charge density o= -1 e/nm? [19, 21, 22, 25, 26, 34]. The

results in Fig. 2A are parametric in d/h (the conical nanopore corresponds to the limit d/h —
0). The curves in Fig. 2B are parametric in the thickness x, of the charged region, with w = 2

nm in Eq. (3) (the case of the conical pore is shown again for the sake of comparison). The
results emphasise the nanopore characteristics (pore tip shape and thickness of the charge
distribution) needed to modulate efficiently the conductance and rectification properties. The
basic rectification properties of Fig. 2 have been confirmed both theoretically and
experimentally [19, 20, 22, 24-28, 31, 34, 61] and will allow understanding the results in Figs.
3-5 later. The origin of the rectification phenomenon has been discussed in detail previously
[21-26, 44]. The electric potential profiles are strongly nonlinear in the region of the pore tip,
where the effects of the fixed charges are more noticeable. At a given value AV > 0, the

electric field drags the majority ions to the pore tip, where these ions tend to accumulate due



to the fixed charges, and this leads to high pore conductance values. For AV < 0, however, the
electric field drives the majority ions out of the narrow pore region and the pore conductance
attains values lower than those found for AV > 0. The I- AV curves of Fig. 2A (left) show that
I increases rapidly with d/h at a given AV > 0. On the contrary, || hardly depends on d/h for
AV < 0. The results show then a rapid increase of r with d/h (Fig. 2A, right). In the case of the
I- AV curves of Fig. 2B (left), the higher relative changes of |I| with x, occur now for AV < 0.
Figs. 2A and 2B (right) show that a significant increase of r (with respect to the case of the
conical pore) can be achieved by controlling the pore shape and charge distribution while
keeping constant the pore openings.

Figs. 3A-C show the principles of ion pumping using asymmetric nanopores. A
polymeric film containing a single nanopore separates two KCI solutions of concentrations ¢,
(left solution facing the pore tip) and cg (right solution facing the wide opening). For ¢, < cg
and no applied potential difference, there is a diffusive flow of potassium ions from the wide
opening towards the tip of the pore (A). In this case, there is a potential gradient (the so called
the reversal potential) that permits to estimate the nanopore selectivity via the ionic transport
numbers, and this allows a deeper characterization of the basic mechanisms involved in ionic
transport [23] (A complete theoretical and experimental study of the reversal potential in

nanopores can be found in [23].) When a periodic input applied potential difference AV;,(t) of
zero time average is applied (C), the time average output current <l(t)> is nonzero because
of the rectification characteristics of the asymmetric nanopore (B). Fig. 3D shows <l (t)> as

a function of the amplitude of the applied potential difference. Positive values correspond to
uphill transport (transport against the concentration gradient). Note that for amplitudes of the

applied potential difference lower than the threshold value AV, the imposed electrical driving

force can not overcome the concentration gradient, and the average current is still negative



(downhill transport, see Figs. 3A and D). Fig. 3D shows also that when the concentration

difference becomes larger, the ion pumping effect diminishes, and the threshold value AV,

shifts to higher values.

Figs. 3E and F show AV, as a function of the concentration ratio cg/c,_for the cases of

a completely charged conical pore, a pore with bullet-like tip (d/h = 20), and a conical pore

partially charged (xo =20 nm and w = 2 nm). The partially charged pore shows threshold

values consistently lower than the other pores, being more efficient for ion pumping
applications. This is in agreement with the rectification ratio values of Figs. 2A and 2B
(right).

Most studies with nanometer-scaled pores concern molecular separation and sensing
applications [2, 5, 7-11, 13, 37, 40], but not logic devices despite the fact that biological ion
channels with pH-dependent fixed charges are known to be responsible for information
processing in biophysical structures [41]. We have demonstrated theoretically and
experimentally that single-track conical nanopores functionalised with polyprotic acid chains
show three levels of conductance that can be tuned externally (because of the pH-sensitive
fixed charges) and proposed a logic gate scheme where binary and multivalued logical
functions were implemented using chemical and electrical inputs [34]. (Other recent proposals
for logical gates involving chemical concepts can be found in Refs. [63-67].) Integration of
microchannels and nanopores in chip-based ionic circuits [66, 67] should allow fast system
responses in analytical applications involving information processing with logic circuits.

Fig. 4 shows the operating schemes for the OR logic gate A and the I-AV
characteristics of the asymmetric nanopores B, which are those of Fig. 3. The size of the
arrows constitutes a measure of the expected currents and the numbers correspond to the logic
values assigned to the input and output applied potentials. Fig. 4B shows that at high positive

AV values the nanopore is in the high-conducting state while at negative AV values the



opposite case occurs. The applied potentials V; (i = 1,2) in the truth tables of Fig. 4B are the
inputs and the potential Vo at the load resistance R = 100 MQ is the output. Logic inputs
(outputs) “1” and “0” correspond with high and low values of V; (Vou), respectively. In each
case, the output potential Vo is obtained by solving the electrical circuit with the input values
of the respective nanopore resistances and a logical output (the value between parentheses) is
then assigned. |Vout/Vourmin| (last column) corresponds to the ratio of the output potentials
obtained in each particular case to the minimum potential (output “0”), which constitutes a
measure of the efficiency of the logical gate based on the nanopore.

The bullet-like tip and the partially charged pores show significantly better
performances than the conical pore. Again, it is the partially charged pore the most suitable
one to implement the logical function because of its high rectification ratio. Indeed, the values
of |Vout/Voutmin| fOr the partially charged pore are a factor 10 higher than those obtained with
the homogeneously charged conical pore. We emphasise that this significant increase in the
nanopore efficiency is achieved just by a judicious choice of the charge distribution along the
pore. Other nanofluidic architectures could now be used to implement a complete logic gate
scheme [34] on the basis of the tuning of the nanopore conductance.

Recently, nanopores have been proposed as basic units for energy-harvesting using
pressure and chemical concentration gradients [35, 68]. In particular, the efficiency of the
power generation based on a salinity-gradient should be optimised by appropriate tailoring of
the surface charge distribution and nanopore geometry. We have considered this problem in
Figs. 5A-E for the asymmetric nanopores used here. The nanopore separates now two
electrolyte solutions at different concentrations and displays the I-AV curve of Figs. 5A and B.
When connected to an external load resistance, the nanopore and the solutions behave as a

power source, as shown schematically in Fig. 5C (see Ref. [35] for details). The electrical

10



magnitudes of the Theévenin equivalent circuit of Fig. 5C are the open circuit potential
difference AV, and the zero-volt current Iy defined in Figs. 5A and B [35].

Fig. 5D shows the values of AV, (left), |lo| (center), and Py = AV, |lo| (right), which is
proportional to the maximum power that can be achieved by connexion to an external load, as
a function of cg for the typical concentrations ¢, = 0.1 mol dm™ and 0.01 mol dm™. The
asymmetric nanopores are those of Figs. 3 and 4. The partially charged nanopore shows
values of AV, and |lo| significantly lower than the other two nanopores. Indeed, because the
power generation is based on the experimental currents obtained rather than on the
rectification efficiency, the bullet-like pore is now the best choice (see Fig. 2). When we
compare the results of Fig. 5 with those of Figs. 3 and 4, it is concluded that the nanopore
characteristics (size, shape, and charge distribution) that should be optimised for each
particular application may be different, though the control of the pore tip appears to be crucial
in all cases. It is in this narrow region where the interaction of the ions and the pore surface
occurs, and this will eventually determine the device performance. The characteristics of the
tip region can be tuned by both the fixed charge distribution and the tip shape. Interestingly,
the charge distribution can also be modified chemically (e.g. by changing the solution pH and
temperature, or adding divalent cations) without changing the nanopore structural

characteristics dictated by the fabrication processes [19, 32, 34, 55, 69].

4. Conclusions

In conclusion, we have described how asymmetric nanopores can be functionalised
with spatially inhomogeneous distributions of fixed charges and different pore tip shapes to
optimize those characteristics essential for different practical applications with chemical and
electrical signals as input/output values. These applications are: (i) ion pumping against a

concentration gradient by means of a periodic, time-dependent applied potential difference,

11



(ii) information processing with nanopores acting as the nanofluidic diodes of a logic gate,
and (iii) electrical energy harvesting using a nanopore that separates two solutions of different
salt concentrations. The results show clearly that there are clues experimentally available that
can be exploited to improve the nanopore performance for each application. In particular, the

effective length of the narrow tip can be tuned by the fixed charge distribution and shape.
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Figure captions

Figure 1

Fabrication procedure of the nanopore by track-etching (A). The characteristic geometries of
concave, bullet-like tip, and conical pores with negative fixed charges (B). Spatial parameters
controlling the pore shape and charge distribution (C). h is a parameter whose relative value
compared with the pore thickness d controls the pore shape: increasing d/h enlarges the lumen
region and the pore becomes more tapered (Fig. 1C, left). w is a parameter that gives the

thickness of the transition region where the fixed charge concentration decreases from o~ oy

for x << Xxg to o= 0 for x >> xq (Fig. 1C, right).

Figure 2

Current-applied potential difference (I-AV) and rectification ratio- applied potential difference
(r-AV) curves of asymmetric nanopores for a bullet-like pore tip with fixed charges
homogeneously distributed (A) and a conical pore with fixed charges confined to the tip (B).
The results in Fig. 2(A) are parametric in d/h while those of Fig. 2(B) are parametric in the

thickness x, of the charged region.

Figure 3

Principles of ion pumping using asymmetric nanopores (A-C). A polymeric film contains a

single nanopore that separates two KCI solutions of concentrations ¢, and cg (A). When a
periodic input applied potential difference AV;,(t) of zero time average is applied (C), the time
average output current <l,(t)> is nonzero (B). <l,(t)> as a function of the amplitude of the

input applied potential difference. Positive values correspond to uphill transport (transport

13



against the concentration gradient) and occur only above the threshold value AV, (D). AV, as
a function of the concentration ratio cg/c, for different pore geometries and salt

concentrations (E,F).
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Figure 4

Operating schemes for the OR logic gate. The size of the arrows is a measure of the expected
currents and the numbers correspond to the logic values assigned to the input and output
applied potentials (a). The I-AV characteristics of the asymmetric nanopores and the truth
tables of the logic function implemented with the nanopore. The applied potentials V; (i = 1,2)
in the truth tables are the inputs and the potential V, at the load resistance R = 100 MQ is the

output. Logic inputs (outputs) “1” and “0” correspond with high and low values of Vi (Vout)

(B).

Figure 5

Energy harvesting using an asymmetric nanopore, which separates two electrolyte
solutions at different concentrations, and the 1-AV curve (A and B). Scheme of the power
source with the electrical magnitudes of the Thévenin equivalent circuit (C). Open circuit
potential difference AV, (left), zero-volt current |lo| (center), and power Pg = V. [lg| (right) as

a function of cg for the concentrations ¢, = 0.1 mol dm™ and 0.01 mol dm™ (d).
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Asymmetric nanopores obtained by track-etching
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Current — applied voltage difference and rectification
characteristics of asymmetric nanopores
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lon pumping using asymmetric nanopores

(A) " | — AV characteristics (B) Output current
| ! | ! ! | ! |
10 + c, < Cr Iout <|out(t)> #0
g 1>0 i
< 6F CL=ECR A [> i : ;
g ion pumping E :
4 <o . L
o - A A I A
_2 ] L ] L L ] L ]

-10 -05 00 05 1.0

Aﬁ'/V
(C)  Input applied po Etial difference (D)
Average output current

_ 0.3
U | <AVir()>=0 CL—OlmoIdm <05m0| dmI =c
< 02T ]
= £ Threshold value, AV, ,
” A 01 .7 -
vo 0.0 —&F
c / .
o -0.1 + - -7 -
i " "¢, =0.01 mol dm™ <05moldm = Cr
f 00 o1 o2 1| o3
AVin | Tavv |
2AV /
(E) c.= 0.1 mol dm™ (F) c. = 0.01 mol dm™
20— 77— ' L S
——
M~
| Conical letely ch d _
150 onical pore completely charge _ \Pore with bullet.like t|pD;|
E Pore with bullet-like tip —
—
;Q'I.OO — ——l .
< b Conical pore partially charged
50} T T— | -
Conical pore partially charged
O | 1 | 1 | 1 | ! | ! O 1 | 1 | 1 ] 1 ] L | 1
0 2 4 6 8 10 12 0 20 40 60 80 100 120
c/c c/c
L R L
Figure 3

24



(A)

(B)

Logic gate using asymmetric nanopores
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(A)

(D)

Energy harvesting using asymmetric nanopores
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