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ABSTRACT This work reports a comprehensive theoretical study of the
transport-rectification properties of cylindrical nanopores with neutral inner
walls and chemically modified outer membrane. The chemical species on
the two outer sides of the membrane have charges of opposite sign and can
be either surface-confined species (i.e., surface charges) or polyelectrolyte
brushes. The advantage of this design over other types of rectifying nano-
pores is that it requires controlling the composition of the outer walls of the

pore (which are easy to access) rather than the inner walls, thus simplifying

AV

the fabrication process. lon-current rectification in nanopores with charged outer walls is ascribed to applied-potential-induced changes in the ionic

concentration within the pore. The rectification efficiency is studied as a function of pore length, radius, surface charge and bulk electrolyte concentration. An

analytical model is derived for the case of surface-confined charges that predicts the current—potential curves in very good agreement with the numerical

calculations. Neutral nanopores with polyelectrolyte-modified outer walls have two distinct advantages compared to surface-charged systems: (i) they exhibit

higher rectification factors due to the large charge density immobilized by the polyelectrolyte brushes, and (ii) the applied potential deforms the polyelectrolyte

chains toward the oppositely charged electrode. This deformation brings the polyelectrolyte brushes into the pore in the low conductivity state and expels them

from the pore in the high conductivity regime. Calculations of the potentials of mean-force suggest that the applied-field-induced conformational changes can

be used to control the translocation of cargoes larger than ions, such as proteins and nanoparticles.
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semblies of nanopores and nanochan-

nels integrated into logical networks,
in analogy to current electronic circuits. Nano-
fluidic components equivalent to electronic
diodes'? and transistors> * have already
been fabricated. Transport-rectifying nano-
pores and nanochannels, the nanofluidic
equivalents to electronic diodes, find applica-
tions in sensing,s_10 nanofluidic circuits,’''?
energy conversion'"'*~'* and nanoelectro-
chemistry.”’®"7 lonic rectification requires
breaking the symmetry of the system;''®
the asymmetry can be geometrical (e.g.,
conical nanopores/channels®~7:101219-24)
from differences in the compositions of
the reservoirs?*® or be originated in an
asymmetrical charge distribution in an
otherwise symmetrical system, e.g., a cylind-
rical nanopore with inner walls that are
charged positively in one half of the pore

F uture nanofluidic devices will be as-
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and negatively in the other half.2*!526~3
Daiguji et al.* and Vlassiouk et al' have
analyzed systematically the latter case,
known as the bipolar diode, and they
showed that this design has excellent recti-
fication properties. However, experimental im-
plementation of the bipolar diode requires fine
control over the charge density distribution of
the inner walls, which can be a very challeng-
ing task for current nanofabrication techni-
ques. One can imagine an alternative design,
where the inner walls of the nanopore are elec-
trically neutral but the outer walls have been
chemically modified to introduce charges of
opposite sign on each side of the membrane,
either in the form of surface charges (surface-
charged outer walls, Figure 1A) or end-grafted
polyelectrolytes (polyelectrolyte-modified out-
er walls, Figure 1B). These designs are attractive
because the surfaces of the membrane can be
modified before drilling or etching the pore.
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Figure 1. The system under study is a cylindrical pore of length L and radius R drilled in a membrane. The inner walls of the pore are
neutral and the outer walls have charges of opposite sign but equal surface density. These charges are either due to a surface
charge density (surface-charged outer walls, left) or end-grafted polyelectrolyte brushes (polyelectrolyte-modified outer walls,
right). The pore connects two infinite reservoirs containing a c®"'* concentration of monovalent cations (C) and anions (A), as well as
solvent molecules (water). The charge density in the surface-charged outer wall system is o4. The polyelectrolytes in the
polyelectrolyte-modified system are grafted with a surface density 0, and bear N segments per chain; each segment has a charge
f(f==+1/3 |e| in all calculations in this work). Applying a potential difference AV between reversible electrodes located in the bulk
solutions of the reservoirs gives rise to an ionic current of intensity / (we adopt the convention V = 0 for the lower reservoir).

The current-rectification properties of these appealing
systems remain mainly unexplored as neutral nano-
pores with charged outer walls have been explored
only very briefly in the literature®' and nanopores with
polyelectrolyte-modified outer walls have not been
addressed at all.

This work is a comprehensive study of the current
response and molecular organization of rectifying
nanopores with chemically modified outer walls. We
model these systems using a steady-state molecular
theory developed in our previous publication.>? Our
theory explicitly accounts for the coupling between
nonequilibrium ion fluxes, polyelectrolyte conforma-
tions, electrostatic and nonelectrostatic interactions
and the volume, charge, size and charge distribution
of all molecular species in the system. In previous
work, we have shown that the theory predicts the
pH-dependent conductance of polyelectrolyte-modi-
fied long nanochannels in very good agreement with
experimental observations.>* We apply here the theory
to study nanopores with outer walls modified by sur-
face charges and polyelectrolyte brushes and show
that current rectification arises from the changes in
ionic concentration within the pore due to the applied
potential. We also introduce a simple analytical model,
for the case of surface-confined charges, which de-
scribes the current—potential curves in excellent
agreement with the numerical predictions of the the-
ory and, therefore, can be used as a designing tool for
experiments. Our results reveal two unique properties
of nanopores with polyelectrolyte-modified outer
walls: (i) these pores show rectification ratios much
larger than those exhibited by the surface-charged
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case because polyelectrolyte chains immobilize a very
high charge density and their flexibility allows them to
explore the interior of the pore and (ii) the applied
potential drives the polyelectrolytes into the pore in
the low-current state and out of the pore in the high
current-state. On the basis of these potential-induced
conformational changes, we propose that nanopores
with polyelectrolyte-modified outer walls can behave
as electromechanical gates.

One of the main findings of the present work is that
high current rectification factors are observed even
when the dimensions of the pore exceed the length
scale of the electrostatic interactions (the Debye
length). In other words, the presence of charged outer
walls does not affect the electrostatic environment
within the pore in equilibrium; however, under an
applied potential (i.e., non-equilibrium conditions),
the charges on the outer walls dictate the internal
molecular organization of the pore. This result demon-
strates the need to develop new intuition for none-
quilibrium systems, as many of the concepts derived
for equilibrium conditions are no longer applicable.

RESULTS AND DISCUSSIONS

Current Rectification in Neutral Nanopores with Charged
Outer Surfaces Is Caused by Potential-Induced Changes in the
Salt Concentration within the Pore. Figure 2 shows a cur-
rent—potential curve for a nanopore with neutral inner
walls and surface-charged outer walls (system shown
in Figure 1), calculated with the molecular theory.
The dimensions of the pore (L = 20 nm, R = 7.5 nm)
are consistent with the dimensions of solid-state
nanopores drilled in ultrathin SisN, membranes®*3>
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Figure 2. Current—potential plot for a pore with surface-
charged outer walls (symbols, numerical solution of the
nonequilibrium molecular theory; solid blue line, analytical
model). The figure shows the polarity of the membrane
charges and potential biases applied to the electrodes in
the reservoirs for the 'on' state (AV < 0) and the 'off state
(AV > 0). Calculation parameters: L =20 nm,R=7.5 nm, g4 =
0.5 |e|-nm~2, ®* = 0.1 M.

(the effect of pore dimensions is discussed below). The
density of charges on the outer walls (o4 = 0.5 |e|- nm™?)
is within the range observed for thiol self-assembled
monolayers>® and metal oxide surfaces.?® Figure 2
shows that the current is larger for AV < 0 (the on state,
where the positively charged outer wall faces the nega-
tively biased electrode) than for AV > 0 (the off state,
where the positively charged outer wall faces the posi-
tively biased electrode). The efficiency of the rectifica-
tion is quantified by the current rectification factor,
a(|AV]) = —I(—AW/I(AV) (a nonrectifying, ohmic system
has o. = 1). For the curve in Figure 2, a(|AV] = 0.5 V) is 4.0.

Current rectification in a neutral nanopore with
charged outer walls is a consequence of the changes
in the concentration of salt ions within the nanochan-
nel due to the applied potential. Potential-induced
reorganization of salt ions occurs in other nano-
pore and nanochannel systems exhibiting nonohmic
behaviors, including rectifying nanopores 2*3"3237:38
Figure 3A shows color maps for the concentration of
anions and cations in a plane perpendicular to the
membrane for different applied potentials: AV =0V
(equilibrium), 0.5 V, and —0.5 V. In equilibrium, the
influence of the charges on the outer walls is limited to
the thickness of the electrical double layer, which is of
the order of the Debye length (~1 nm for the 0.1 M
electrolyte used in the calculations of Figures 2 and 3).
Therefore, the salt concentration inside the nanopore
for AV = 0 Vis equal to the bulk salt concentration
(0.1 M). The concentration of ions within the pore for
AV = 0.5V (off state) is lower than the bulk concentra-
tion, while that for AV = —0.5V (on state) is larger than
the bulk concentration. Current rectification is ex-
plained by the fact that the electrical resistance of
the pore decreases as its internal salt concentration
increases; therefore, the currents for negative applied
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Figure 3. (A) Color maps of anion and cation concentrations
along a plane containing the pore axis for different applied
biases. (B) Concentration of anions and cations in the center
of the pore (r = 0, z = L/2) as a function of the applied
potential (the concentration of anions and cations is the
same); symbols and the solid blue line show the prediction
of the nonequilibrium molecular theory and the analytical
model, eq 2, respectively. The dashed red line shows the
bulk salt concentration, c®* = 0.1 M. Same calculation
parameters as in Figure 2.

potentials (concentration enhancement) are larger than
those for positive applied potentials (concentration
depletion). Note that Figure 3A shows that the concen-
trations of anions and cations within the pore remain
always equal to each other, which is expected from the
symmetry of the system and the fact that separating
electrical charges results in a very large associated
energetic penalty. Observe also that the spatial region
where the salt concentration changes spans the interior
of the pore and the hemispherical region at both
entrances but not the reservoirs. In Figure 3B, we plot
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the concentration in the center of the pore as a func-
tion of the applied potential. This figure shows that the
potential-induced concentration changes can be very
large: the salt concentration inside the pore decreases
by a factor of approximately 3 when applying a potential
of +1V and increases a factor of 4 when applying a bias
of —1V.

The changes in the salt concentration with applied
potential observed in Figure 3 can be rationalized by
considering the interaction of the ions flowing through
the system with the charges on the outer walls. In
the on state, the cations flow from the lower reservoir
(which has negatively charged outer walls) into the
pore and then into the upper reservoir (which has
positively charged outer walls). The high concentra-
tion of charge carriers (cations) near the negatively
charged membrane in the lower reservoir causes the
electrical resistance of the 'entrance' reservoir (the
lower reservoir) to be smaller than that of the 'exit'
reservoir (the upper reservoir). Therefore, the migra-
tion flux of cations (i.e., the contribution to the total flux
that is driven by the gradient of electrostatic potential,
see eq 13 in Methods) is higher for the low-resistance
entrance reservoir than for the high-resistance exit
one. As a consequence of the imbalance of migration
fluxes in both reservoirs, cations accumulate inside
the pore. The increased cation concentration inside
the pore creates a diffusion flux (i.e., the component
of the total flux driven by concentration gradients) into
the upper reservoir that balances the migration flux
and a nonequilibrium steady state is established.

The argument discussed above for the cations can
be applied to the anions (inverting both the direction
of flow and the resistances of the reservoirs), and
therefore, the concentration of both cations and an-
ions is enhanced within the pore in the on state. In the
off state, the entrance resistance for both cations and
anions is higher than the exit resistance and therefore
both anions and cations are depleted from the pore.

An Analytical Model for the Current Response of Neutral
Nanopores with Charged Outer Walls. We derived a simpli-
fied analytical model to explain ion conductivity in
nanopores with chemically modified (surface-charged)
outer walls by solving the Poisson—Nernst—Planck
(PNP) equations approximately. The model is derived
in detail in the Supporting Information. The applied
potential AV required to generate a current / predicted
by the model is

| Qpore
AV = = +Q=4+Q7 | ()

2\ 1 —é Q@ — Q%)Ple]

where Q' are electrical resistances for the flux of one
type of ions (i.e., the electrical resistance to the flux of
cations or anions) at zero applied bias (ie., these
resistances can be determined from equilibrium
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considerations). More specifically, Q~ and Q7 are the
resistances of the reservoirs for the flux of an ion with a
charge of equal or opposite sign than the charges on
the outer walls of the reservoir, respectively, and QP°
is the equilibrium resistance of the pore. Note that eq 1
differs from Ohm's law for a system close to the
equilibrium by the factor dividing QP°'¢; this factor
accounts for the changes in salt concentration within
the pore under nonequilibrium conditions. In other
words, the potential-bias-dependent salt concentra-
tion inside the pore is

cPore _ cbulk <1 7% QT — Q#)ﬁ\e\) (2)

The resistances in eq 1 can be calculated from the
following expressions (see Supporting Information):

L 1 1 1
o _ (D) ®
nRchb”'kﬂ|e| RDCbUlkﬂ|e| 2 7

Q= = QaDc®*Ble[*R) ! 4)
O,
In (1+ g )
_ Rcbulk
Rcbulk

where D is the ions diffusion coefficient (in this work,
we assume D to be the same for anions and cations in
all parts of the system), c®“ is the bulk salt concentra-
tion, § = 1/kgT and |e| is the absolute value of the
elemental charge. In eq 3, QP°"¢ is the combination of
two terms: the first term describes the resistance of
the pore itself and the second term is the resistance of
the hemispheres located at the entrances of the pore.
A careful analysis of these equations reveals that,
as expected, Q~ > Q7. In the limit of neutral outer
walls (g4~ 0, more specifically o, < Rc®), Q= and Q7
become equal and eq 1 becomes linear (Ohm's law),
with a total resistance (Q~ + Q7 + QP°"®)/2 (the factor
1/2 in this expression is due to the fact that the Q' are
electrical resistances for one type of ions only). The
current can be isolated from eq 1 as

I = [(Ble] AVQ ™ + QP + QF) — ((Ble|]AVQ QP
+Q1)?2 —4Ble|AVQQN)'/?1/Ble|Q QT (6)
where we defined Q" =Q" + Q7 and Q" = Q™ — Q7
for convenience. Using eq 6, the current rectification
factor for a given |AV] is
a(|AV)) = —I(—AV)/I(AV) = [Ble||AV|Q ™ — (QP" + Q™)
+((Ble||AV|Q ~— (QP°" 4 QT))2
+ 4Ble||AVIQ Q)21 /[Ble||AV|Q T+ (QP°" + Q)
— (Ble]|AVIQ ™ + (@ + Q1)) — 4Ble||AVIQ Q)2
7

Figures 2 and 3 show very good agreement be-
tween analytical predictions (solid lines) and numerical
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Figure 4. Current—potential plots for nanopores with sur-
face-charged outer walls for different pore lengths, L (A) and
radii, R (B). The current has been normalized by the factor
R?/L. Insets: Rectification factor o as a function of L (A) and R
(B). Solid symbols show the results of the numerical solution
of the nonequilibrium molecular theory; lines show the
predictions of the analytical model. Same calculation para-
meters as in Figure 2 (with exception of L in (A) and Riin (B)).

calculations (symbols) for a current—potential curve
and the potential-dependent salt concentration inside
the pore, respectively. We will show in the next sec-
tions that the predictions of the analytical model are
also in very good agreement with numerical simula-
tions for different combinations of system parameters
(Figures 4 and 5 in the next section).

Effect of System Parameters on the lon-Current Response of
Neutral Nanopores with Surface-Charged Outer Walls. In this
section, we study how current rectification depends on
the parameters of the system. Before presenting the
results from numerical calculations, it is instructive to
consider the different length and energy scales in the
problem and analyze their competition. Dividing eqs 3
by 4 reveals that QP°"¢/Q~ « L/R, and therefore, the
competition between pore length and radius deter-
mines the relative contribution of the pore and reser-
voir resistances to the total resistance. Inspection of
eq 5 shows that Q7 — Q= when R > go/c™™ (see
Supporting Information); therefore oq/cbUIk is a very
important length scale in the system. This length scale
is the thickness of a solution layer that has a number of
counterions per unit area equal to o. For a given type
of ions (cations or anions), we defined Q7 as the
resistance of the reservoir with outer walls bearing
charges of opposite sign to that of the ion. In this
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Figure 5. Current—potential plots for nanopores with sur-
face-charged outer walls for different surface charge den-
sities, 0q (A) and bulk salt concentration, Uk (B). Insets:
Rectification factor o as a function of o4 (A) and bulk salt
concentration, c®“'* (B). Solid symbols show the predictions of
the nonequilibrium molecular theory; lines show the predic-
tions of the analytical model. Same calculation parameters as
in Figure 2 (with exception of o, in (A) and &~ in (B)).

reservoir, the ionic current follows through two parallel
pathways: the current through the solution and the
surface current (i.e., the current flowing near the
surface), see Supporting Information. The surface con-
tribution to the current dominates for r < gg/c™*
(where r is the distance from the pore mouth), while
for r > g4/c®, the main contribution to the total
current is the current through the solution. Therefore,
when g4/c®™ is similar to or larger than R (the pore
radius), the large concentration of charge carriers in the
surface layer near the (oppositely charged) membrane
increases the conductivity via the surface current
mechanism and Q7 is smaller than the resistance of
the reservoir bearing charges of the same sign as the
ion (Q7). The length scale g,/c°"* dictates, therefore,
the difference between the access and exit resistances.

In addition to the three length scales discussed
above (L, Rand oq/cb”'k), there are two relevant energy
scales: the thermal energy (ksT="") and the electro-
static energy (|AV|le]). The competition between
these energy scales is given by the factor S|AV|le|,
which appears in eqs 6 and 7. The factor |AV|e|
determines whether the applied potential is high en-
ough to produce changes in the salt concentration
within the pore; therefore, the current—potential
curves are always linear (ohmic) for |AV| < 87 '|e|™"

VOL.7 = NO.10 = 9085-9097 = 2013 ACY\JA

\

Na

WWwWW.acsnano.org

2089



(with B~ "le|™" = 25 mV), while for |AV| > B "|e|™",
current rectification is predicted.

We analyze in Figure 4 the effect of pore length (panel
A) and pore radius (panel B) on the current—potential
curves; the symbols in the figure are numerical results
and the solid lines are predictions from the analytical
model, egs 6 and 7. To better appreciate the shape of the
current—potential curves shown in Figure 4, we have
scaled the currents by a factor R%/L, which is proportional
to the conductance of a long nanochannel 333

Figure 4A shows that the rectification factor a
decreases with increasing pore length. Let us consider
pores with L > R, where Q" and Q™ are much smaller
than QP°", Under these conditions, we can derive the
following approximate expression (see Supporting
Information):
1+ aore BIAVIfe
N

Equation 8 reveals that current rectification in-
creases when the factor S|AV]||e|- Q7/QP°™ increases.
This factor combines the competition between the
thermal and electrostatic potential energies discussed
above (given by fe|]|AV]) and the factor Q~/QP°". The
latter ratio represents the competition between the
driving force for rectification (given by Q~, the differ-
ence of the resistances of the two reservoirs) and the
total resistance (which, in the limit of long pores, is
given by the resistance of pore). In the long-pore
regime, Q7/QP°™ is proportional to R/L, which means
that the rectification efficiency decays as the pore
length increases. This result is expected because the
influence of the reservoirs diminishes as the pore length
increases. Note, however, that large rectification factors
can be achieved even for long pores providing that a
large enough AVis applied (ie, AV> B~ "|e| ' - QP/Q"),
for example, the theory predicts o = 7.8 for a 0.5-um long
pore and |AV| = 10 V (current breakdown was not
observed for the system and potential range under
study, see Figure S5 in the Supporting Information). In
the limit of short pores, L < R, the total resistance of the
system is dominated by the resistance of the reservoirs,
which is independent of the applied potential; there-
fore, as L decreases, o tends to a constant value (see
inset of Figure 4A).

Figure 4B shows that o decreases with increasing
pore radius. As we discussed above, the imbalance
between exit and entrances resistances, which deter-
mines current rectification, depends on the competi-
tion between R and o4/c®™* (for the conditions of
Figure 4B, 0o/c™" = 8.3 nm). Therefore, the current
rectification factor decreases with increasing Rc®"*/a,.
Moreover, for wide pores, the relative contribution of
the pore resistance to the total (pore + reservoirs)
resistance is smaller than that for narrow pores (see

a(lAv) =
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competition between L and R above). Since the resis-
tance of the reservoirs is independent of the applied
potential, this effect also contributes to the decrease of
o with increasing R predicted in Figure 4B.

In panels A and B of Figures 5, we show that the
current rectification factor increases for increasing o
(charge density on the outer walls) or decreasing c*“
(bulk salt concentration), respectively. These effects
can be explained by the competition between the
length scales R and aq/cb”'k, discussed above. Increas-
ing o4 or decreasing ®* increases the characteristic
length scale of the influence of the charges on the
outer walls and, therefore, increases the imbalance
between access and exit resistances that causes cur-
rent rectification.

The analytical model given by eqs 6 and 7 is in good
agreement with the numerical calculations for differ-
ent values of L, R, ¢®"* and o, although the analytical
model always underestimates the rectification effi-
ciency. More specifically, the analytical model under-
estimates the current in the on state and overestimates
that in the off state. The discrepancies are largest for
low salt concentrations and highly charged walls. We
attribute the error in the analytical model to the under-
estimation of Q~ (the resistance for the flow of an ion
through the reservoir with surface charges of the same
sign), since in the analytical model we estimate Q~
to be equal to the resistance of a neutral reservoir,
while in reality it should be larger than that due to the
unfavorable electrostatic interactions of the translocat-
ing ion with the outer walls of the same charge. The
magnitude of the error will increase as the strength of
the electrostatic interactions increases, i.e., increasing
charge density or decreasing salt concentration.

Alternative Pore Designs: Effects of Nanopore Shape and
Charge Distribution on Current Rectification. In previous sec-
tions, we discussed current rectification for cylindrical
nanopores with charged outer walls and neutral inner
walls. In this section, we consider different pore shapes
and charge distributions. Figure 6 shows the different
scenarios under theoretical investigation and the rec-
tification factor of the pores for |[AV| = 1 V. For
comparison, we included in Figure 6A,B cylindrical
nanopores with neutral inner walls and charged outer
walls (i.e., the nanopore design studied so far). The 10-nm
cylindrical pore (panel A, a = 9.5) is a better rectifier
than the 15-nm pore (panel B, a. = 7.7), in agreement
with the predicted effect of R on o (results in Figure 4B).

Membrane materials used in solid state mem-
branes, such as SisN4 and SiO, have a non-zero intrinsic
surface charge density.3°*' Therefore, we have stu-
died the effect of the charge density of the inner
surface of the pore on the efficiency of rectification.
Our calculations show that the rectification factor in-
creases for increasing charge density of the inner walls,
but the magnitude of the effect is small. For example,
we predict (|1 V]) = 8.1 for a 15-nm cylindrical
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Figure 6. Schemes of different pore shapes and surface
charge distributions under study: (A) 10-nm cylindrical
pore; (B) 15-nm cylindrical pore; (C) 15-nm cylindrical pore
with negatively charged inner walls; (D) cylindrical pore
with neutral outer walls and bipolar inner walls; (E) conical
pore; (F) semi-biconical pore; (G) inverted semi-biconical
pore; (H) 15-nm cylindrical pore with a neutral region at the
edges. The rectification factor o for |AV| = 1 V for each pore
is shown above the corresponding scheme. Calculation
parameters: D, = 15 nm, D, = 10 nm, L = 20 nm. All charged
surfaces (including inner walls in systems C and D) have a
charge density of +0.5 |e|-nm 2. Other parameters were
the same as in Figure 2.

nanopore with inner walls bearing a charge density
of —0.5 |e|]-nm™2 (Figure 6C), which should be com-
pared to a(|1 V|) = 7.7 for a 15-nm cylindrical nanopore
with neutral inner walls (Figure 6B). In Figure S7 of the
Supporting Information, we present a systematic study
of the effect of the charge density of the inner walls on
current rectification.

In Figure 6D, we consider the bipolar diode design
previously studied by Vlassiouk et al3' and Daiguji
et al.* The rectification efficiency predicted for the pore
with bipolarinner walls (o.=10.1, panel D) is larger than
that predicted for the nanopore of the same diameter
with charged outer walls and neutral inner walls
(o0 =7.7, panel B). This difference will increase for pores
longer than those in Figure 6 because o increases with
L for the pore with bipolar inner walls>" but it de-
creases with L for the pore with bipolar outer walls
considered here. We believe that the main advantage
of the pore with bipolar outer walls over that with
bipolar inner walls resides in its preparation: imparting
the bipolar charge configuration could be easier ex-
perimentally for outer walls than for the inner walls, for
example, by introducing opposite charges on both
sides of the membrane before drilling the nanopore.

Solid-states nanopores drilled in ultrathin mem-
branes have geometries that may depart from ideal
cylindrical pores,®***° and therefore, we would like to
know how the shape of the pore influences current
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rectification. A conical pore (Figure 6E) with pore
entrances of 10 and 15 nm in diameter has a rectifica-
tion efficiency of 8.4, which is between those of the
10- and 15-nm cylindrical nanopores (panels A and B,
a = 9.5 and 7.7, respectively). A semi-biconical nano-
pore with an outer diameter of 15 nm and an inner
diameter of 10 nm (Figure 6F) has a rectification
efficiency of oo = 5.4, which is smaller than those of
the 15-and 10-nm cylindrical pores. On the other hand,
an inverted semi-biconical pore (Figure 6G) has a
rectification factor o = 11.3, which is larger than those
of the cylindrical pores. We can explain these observa-
tions by recalling that the rectification factor depends
approximately on the ratio Q7/QP°" (see discussion of
eq 8). In the semi-biconical case, the inner part of
the pore is 10 nm wide, so QP°" will be larger than
the corresponding QP°' for the 15-nm cylindrical pore
(both QP°™® and Q™ increase for decreasing pore
radius). On the other hand, the entrances of the
semi-biconical pore are 15 nm wide and thus its Q™
will be similar to that of a 15-nm cylindrical pore.
Therefore, the semi-biconical pore has Q7/QP°®
and o smaller than the 15-nm cylindrical pore. The
same argument can be applied to the inverted semi-
biconical pore: in this case, Q™ will be similar to that of
the 10-nm cylindrical pore and QP° will be smaller
than that for the 10-nm cylindrical case; therefore,
the inverted semi-biconical pore will exhibit a higher
rectification than the 10-nm cylindrical pore.

In panel H of Figure 6, we studied the effect of
having a neutral zone between the edge of the pore
and the charged region. This scenario presents a re-
ctification factor of o. = 2.9, which is much smaller than
the value of ot = 9.5 predicted for the nanopore of the
same diameter without the neutral region at the edge of
the pore (panel A). Moreover, increasing the thickness of
the neutral region decreases the rectification efficiency
rapidly (see Supporting Information, Figure S8).

Finally, we investigated the effect of having differ-
ent charge densities on the outer membranes. For a
constant sum of the absolute values of the charge
densities on the upper and inner membranes, the
rectification efficiency is maximal when the membranes
are charged symmetrically (i.e., the charge density has
the same absolute value on each side of the membrane);
see Figure S9 in the Supporting Information.

Current Rectification in Neutral Nanopores with Polyelectrolyte-
Modified Outer Walls. In recent years, the surface modifica-
tion of nanofluidic devices with polyelectrolyte brushes
has attracted much attention.'>?%22323342=44 A impor-
tant advantage of polyelectrolyte brushes compared to
surface charges is that the density of charges per unit
area can be increased by using longer polyelectrolyte
chains. Figure 7A compares the current—potential curves
for neutral nanopores with outer walls modified by
polyelectrolyte brushes of different chain lengths (N)
and a constant surface density of o1 = 0.15 chains - nm~—2
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Figure 7. Current—potential plots for nanopores with poly-
electrolyte-modified outer walls for different chain lengths,
N, predicted by the nonequilibrium molecular theory.
Curves for the surface-charged system are shown as dash-
dotted lines for comparison. Insets: Rectification factor o
as a function of N for |AV| = 0.5 V. Panel A shows results for
a constant polyelectrolyte grafting density oo = 0.15
chains-nm~2 (o4 = 0.15 |e|]-nm 2 for the surface-charged
outer walls). Panel B shows calculations for constant total
surface charge density Nopoif = 1.0 |e]-nm™2 (g4 = 1.0
le]-nm 2 for the surface-charged outer walls).

(which is typical for “grafted-from” polyelectrolyte
brushes®). We make in this work the conservative
assumption that only one-third of the segments are
charged (charge per monomer, f = 1/3|e|), thus the total
charge density is Nopo/3. For comparison, we also in-
cluded in Figure 7A the current—potential trace pre-
dicted for a surface-charged system with o4 = 0.15
le|-nm™2 Our theory predicts that for increasing N, the
current in the on state increases and the current in the off
state decreases. As a consequence, the rectification effi-
ciency increases with N and reaches a value of a. =42 for
N = 40 (for |JAV] = 0.5 V) ; this rectification efficiency is
comparable to that obtained or predicted for highly
rectifying nanopores, such as conical nanopores'®??
and bipolar diodes®®*" for similar applied biases and bulk
electrolyte concentration.

We have shown in Figure 5A that a increases
linearly with o, (the charge density for the surface-
charged case), which suggests that the high rectifica-
tion efficiency obtained for nanopores with N = 40 may
be mainly the result of the very large charge density,
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Figure 8. Color maps of polyelectrolyte volume fraction
(left) and electrostatic potential (right) for pores with poly-
electrolyte-modified outer walls (top) and surface-charged
outer walls (bottom). The calculations correspond to equi-
librium conditions (AV = 0). The density of charges in the
pore with surface-charged outer walls is g4 = 1.0 [e|-nm 2.
The polyelectrolyte chains in the polyelectrolyte-modified
outer walls pore have N = 40 and o, = 0.075 chains-nm~2
(thus the total surface charge density is the same for both
systems: gq = Nopof = 1.0 |e]-nm~2). Other calculation
parameters were the same as in Figure 2.

Nowof = 2.0 |e|-nm~. To isolate the effect of chain
length from that of surface charge density, we varied N
and oy simultaneously in order to keep a constant
charge density on the outer walls; i.e., we fixed the product
NGpoif to 1.0 |e]-nm™~2. Figure 7B shows that o increases
with N even when No,if is held constant and, for |AV| =
0.5V, aLis 2.6 times larger for the polyelectrolyte-modified
outer walls with N = 40 than for the surface-charged case.
The result in Figure 7B shows that the length of the
polyelectrolyte chain is an important length scale for
nanopores with polyelectrolyte-modified outer walls,
which is absent in the surface-charged system.

To understand how the length of the polyelectro-
lyte chains affects current rectification, we compare in
Figure 8 the equilibrium polymer density and electro-
static potential for pores with outer walls modified by
polyelectrolyte brushes (N = 40, upper panels) and
surface charges (bottom panels). In these calculations,
the total charge density for the surface-charged and
polyelectrolyte-modified cases is the same (1.0 |e|-nm ™)
in order to separate the effect of chain length from that
of charge density. In the case of surface-charged outer
walls, we observe that the electrostatic potential is very
strong close to the walls but decays within a few
nanometers (i.e., a few Debye lengths). In the polyelec-
trolyte-modified system, the polyelectrolyte chains
extend ~8 nm from the walls and explore the interior
of the pore. Long chains extend into the pore in order
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Figure 9. Color maps of polyelectrolyte volume fraction for
pores with polyelectrolyte-modified outer walls and differ-
ent applied biases for N = 40, 0, = 0.15 chains- nm~2 (right
panels) and N =10, 0,0, = 0.6 chains - nm~2 (left panels). Note
that N and o, are chosen such that the total charge density
fopoiN = 2.0 |e|-nm~2 in both cases. Other calculation
parameters were the same as in Figure 2.

to increase their conformational entropy, reduce the
osmotic pressure within the layer and minimize the
electrostatic repulsions between charged segments.**4
The electrostatic potential in the polyelectrolyte-
modified case follows the distribution of the polymer.
The presence of charged segments within the pore
enhances the imbalance between entrance and exit
resistances and thus increases the current rectification
factor. The effect of having charged segments inside
the pore is qualitatively equivalent to decreasing the
radius and length of the pore. In summary, the pore
with polyelectrolyte-modified outer walls is a better
rectifier than the surface-charged case due to the
combination of two effects: (i) polyelectrolyte brushes
allow to immobilize larger charge densities than sur-
face charges and (ii) the conformational flexibility of
polyelectrolyte brushes places charged segments in
the interior of the pore.

Transport Gating in Neutral Nanopores with Polyelectrolyte-
Modified Outer Walls. In Figure 9, we show the effect of
the applied bias on the total distribution of polyelec-
trolyte segments for N = 40 (left panels) and N = 10
(right panels). For N = 40, the polyelectrolyte chains on
the outer walls respond to the applied potential by
stretching in the direction of the oppositely charged
electrode. Because of this process, the polyelectrolyte
chains block the pore for AV = 0.25 V (middle panel)
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and form a polyelectrolyte-free channel for AV =—0.25V
(bottom panel). As we discussed in our previous work,*?
the deformation of the polyelectrolyte layers arises from
the presence of the electric field within the pore, which
is sustained by the ionic currents. The N = 40 system
depicted in the left panels of Figure 9 behaves, therefore,
as an electromechanical gate, whose open and closed
states coincide with the on and off ion-conductivity
states. The polyelectrolyte layer for the N = 10 system
(shown in the right panels of Figure 9) is almost un-
affected by the applied bias due to the small conforma-
tional flexibility of the short polyelectrolyte chains.

It is interesting to consider the transport of a cargo
larger than an ion through the nanopores depicted in
Figure 9. The translocation of such cargo will be
strongly influenced by the conformations of the poly-
electrolyte chains and, therefore, the applied potential. To
explore this idea, we studied the translocation of charged
cargoes by calculating their potential of mean force (pmf)
along the z-coordinate. The pmf at position r is the work
required to bring the cargo from the bulk solution (we
choose the lower reservoir as the reference bulk solution)
tor, i.e, itis the nonideal part of the chemical potential of
the particle.*® For a test particle, the pmf is*®

vP™(n) = / (2(r) — 7)o (r, ¥y’
v

+ /(w(r/) . t/)bulk, lower)qcargo(r/ r’)dr’ 9)

v

where 7(r) and y(r) are the osmotic pressure and the
electrostatic potential at r determined from the nu-
merical solution of the molecular theory in the absence
of the test cargo, Veargo(r, ¥) and Geargolr, ¥) are the
volume and charge that a cargo with its center at r has
in the volume element between ¥ and ¥ + dr’ and the
integrals run over the total volume of the cargo. It is
important to mention the approximations involved
behind eq 9: (i) Our method to determine the pmf
neglects the perturbations introduced by the presence
of the particle, such as its influence on the ion currents
or the particle-induced deformation of the polyelec-
trolyte layer.*” The quality of this approximation will be
better for small and low-charged cargoes than for large
and highly charged ones, because the former perturb
the system much less than the latter. (i) The pmf is an
equilibrium quantity, while our system is out of equi-
librium. It is therefore necessary to assume that the
time scale of the motion of the cargo is much slower
than that of the small ions. (iii) The pmf calculation
neglects nonequilibrium forces such as electroosmotic
drag; however, in our system, cation and anion currents
are of equal magnitude but opposite direction, and
therefore, the velocity of the solution is expected
to be close to zero inside the pore3' Despite these
approximations, the pmf serves as a criterion to deter-
mine whether the particle can translocate through the
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Figure 10. Potential of mean force as a function of position
for the translocation of a particle along the axis of the
nanopores shown in Figure 9, for AV = 0 (top panels), 0.25
(middle panels), and —0.25 V (lower panels). The particle has
a radius of 1.5 nm and a charge of +24|e| (left panels)
or —24]e| (right panels). The arrows show the direction of
translocation. The heights of the free energy barriers for
particle translocation for AV = 0.25 V are shown explicitly.
The outer walls of the membrane are located at z = —10
(negatively charged polyelectrolyte brush) and z = 10 nm
(positively charged polyelectrolyte brush).

pore: the presence of an energy barrier much larger than
the available thermal energy (kgT) would likely resultin an
inability of the cargo to translocate the pore.

Figure 10 shows the pmf for the translocation
of a particle of radius 1.5 nm, bearing either +24]e|
or —24|e| charges (which we homogeneously distrib-
ute over the volume of the particle), for the systems
shown in Figure 9. Itis worthwhile to recall that in these
systems we fixed the total density of charges on the
outer walls to Nope f= 2.0 |e|-nm 2 in order to separate
the effect of chain length from that of charge density
(we used 0po = 0.15 chains-nm~2for N=40and Opol =
0.6 chains-nm~2 for N = 10). The upper panels in
Figure 10 show that the pmf for the translocation of
positive (right panel) and negative (left panel) particles
at AV =0V present potential barriers for translocation.
As expected, these barriers are located at the position
of the outer walls bearing the same charge as the
translocating particle. The pmf have also potential
wells at the position of the outer walls of opposite
charge that the particle. The barriers are larger for
N =40 (26.5 kgT) than for N = 10 (0.5 kgT) because long
chains can reach the axis of the pore, while the short
ones cannot (see Figure 9). It is interesting to observe
that for N = 40 the height of the barriers is larger than
the depth of the wells. The reason for this asymmetry
is that the pmf has both steric and electrostatic com-
ponents. The electrostatic attractions and repulsions
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are equal in magnitude, but the steric interactions are
always repulsive, and therefore, they break the sym-
metry between barriers and wells. For N = 10 this
asymmetry is less marked than for N = 40, because
the steric interaction is very small due to the fact that
the short polyelectrolyte chains do not reach the
position of the translocating particle.

In nonequilibrium conditions (middle and lower
panels in Figure 10), the potentials of mean force have
different values in the two reservoirs due to the applied po-
tential. Note that the applied potential results in a very large
thermodynamic driving force for translocation (234 kgT
for AV = £0.25 V); however, the kinetics of particle
translocation will be dictated by the presence of barriers
in the pmf: a barrier much larger than kgT will prevent the
particle to translocate the pore. The arrows in the middle
and lower panels in Figure 10 indicate the direction of
translocation for the negative and positive charged car-
goes. For AV = 0.25 V (middle panels), the pmf show a
barrier of ~19 kgT for N = 40 and no barrier for N = 10 for
both positive and negative particles. In other words, the
translocation barriers at 0.25 V are lowered slightly with
respect to the equilibrium ones due to the applied
potential; however, for N = 40, these barriers are still high
enough to prevent the translocation of the cargoes. On the
other hand, for AV = —0.25V, the barriers for translocation
disappear for all different combinations of particle charge
and polyelectrolyte chain length. This result is consistent
with the results in Figure 9 where the polyelectrolyte
chains retract from the pore for negative applied biases,
leaving an open channel for the particles to cross. To
conclude, the translocation of large particles through the
pore can be switched on and off by the potential-induced
reorganization of long polyelectrolyte chains (but not by
that of short ones). Both positive and negative particles
can translocate for AV < 0V (which corresponds to the on
current state for the ions) and are blocked for AV = 0V (the
off current state).

CONCLUSIONS

We presented a detailed study of transport in cylind-
rical nanopores with chemically modified outer walls
and demonstrated their current-rectifying properties.
We used in our analysis a previously developed molecular
theory? that considers the organization of the system at
the mean-field level and the nonequilibrium fluxes with a
generalized diffusion approach. This type of molecular
theories allows including molecular information when
studying problems that, due to their dimensions and long
time scales, are very costly (if ever possible) to simulate
with atomistic detail. Our theory has two main advan-
tages over the PNP equations that are typically used to
study ion currents in nanopores and nanochannels: (i)
The theory considers explicitly the size, shape and con-
formations of all molecular species in the system, most
notably the presence and stimuli responsiveness of
polyelectrolyte-grafted chains. Moreover, the theory can
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be extended to other macromolecular species besides
polyelectrolyte brushes, such as gels,® adsorbed poly-
electrolyte layers® and lipids.>? (ii) The theory explicitly
includes the electrostatic and nonelectrostatic interac-
tions among all the species; for example, it considers
steric repulsive interactions, which are neglected in
the PNP approach. Despite these advantages, some
approximations are required: (a) We neglect electro-
osmotic flows in the system. The contribution of electro-
osmosis to the total current is expected to be negligible in
the present case because the cation and anion currents
inside the pore have equal magnitude and are of oppo-
site direction. ' (b) Our theory is a mean-field theory, and
therefore, it neglects correlations in the system, such as
ion-pairing between the polyelectrolytes and their coun-
terions. (c) The diffusion coefficients of the ions are
assumed to be constant across the system and equal to
their bulk values; this approximation is justified by the
high solvent content of the polyelectrolyte layers. For
simplicity, we also neglected the charge regulation of
polyelectrolyte chains in the present work, but we plan to
address the conductivity of short nanopores modified by
pH-responsive layers in the future.

The nanopore design studied in this work presents
some interesting differences with other rectifying nano-
pores, such as bipolar diodes (where the inner walls
have charges of opposite sign in the upper and lower
halves of the pore) and charged conical nanopores. For
instance, we showed that the rectification factor in our
system decreases for increasing pore length, while the
opposite behavior is expected for bipolar diodes®' and
conical nanopores.® Therefore, the nanopores discussed
in this work can be experimentally implemented in thin
membranes (such as solid-state membranes®®3'>%),
rather than thick ones (e.g., ion-track etched mem-
branes®>). While fabrication of bipolar diodes requires
precise composition control of the inaccessible inner
walls, the preparation of the nanopores discussed in
this work would require modification of the outer walls
only, which may be accomplished before drilling the
pore. In such experiment, the elimination of charged
species close to the edge of the pore should be
avoided, since we have shown that neutralizing the
charges within a few nanometers from the pore edge
degrades the efficiency of rectification.

We have introduced a simple model based on an
approximate solution of the PNP equations that agrees

METHODS

Our predictions are based on a steady-state molecular theory;
we refer the reader to our previous work®2 and the Supporting
Information for the details of the derivation and implementation
of the theory. Briefly, the theory follows the ideas of the local
equilibrium approximation,®®>° which assume that thermo-
dynamic variables are defined locally and related by the same
functional forms as in equilibrium. In the theory, the fluxes
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well with numerical predictions for moderate surface
charges and ionic strengths. It is worthwhile to men-
tion that the analytical model cannot be applied to the
polyelectrolyte-modified case due to the complexity of
the structure of the polyelectrolyte layer and its reor-
ganization with the applied potential. Nowadays, it is
possible to calculate the current response of nano-
pores and nanochannels at the PNP level of theory
using commercially available computer codes; how-
ever, analytical models are important for two reasons.
First, they provide physical insights in a simple form
and allow understanding the physics of the problem
and the general trends in terms of the competition
between length and energy scales, without the need of
scanning through system parameters using numerical
calculations. Second, we envision that as we move
from single nanopores to integrated nanopore net-
works>®*” the size of these networks will limit numer-
ical analysis, and thus, analytical models will be re-
quired. Several analytical models have been proposed
in the literature for bipolar diodes and conical nano-
pores.*?12351 The major differences between these
models and that presented here are (i) we consider
explicitly the resistance of the reservoirs (which is key
to understand current rectification in our system),
while models for long pores usually neglect this con-
tribution and (ii) the /—V relation in our model can be
expressed in terms of the combination of the electrical
resistances of the different parts of the system for a
given type of ion; this form of the equation facilitates
the physical interpretation of the model and provides a
potential route to extend it to other nanopore designs.

Modification of nanopore outer walls with polyelec-
trolyte chains is predicted to produce high rectification
factors. Moreover, we proposed that nanopores with
outer walls modified by long polyelectrolyte chains
rectify not only fluxes of ions, but also the translocation
of large molecules. This ability is originated in the
deformation of the polyelectrolyte layer with the ap-
plied potential, which behaves as an electromechani-
cal gate. Rectifying the transport of biomolecules, such
as proteins or DNA fragments, can be especially attrac-
tive for applications in biosensing and separation.
Nanopores with polyelectrolyte-modified outer walls
emerge from this work as a promising new type of
nanofluidic elements with diode-like current behavior
and potential-driven actuation.

of ions are driven by the respective gradients of chemical
potential.

Ji(r) = —Dip;(NVBu;(r) (10)

where D;, ui(r) and p;(r) are the diffusion coefficient, position-
dependent chemical potential, and position-dependent den-
sity of the species i, respectively (i = anions and cations). In
steady-state, we have
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ap;(r)
ot

= -VJiin=0 (1)

The chemical potential in eq 10 is defined in analogy to the

equilibrium one:

_pw
ap;(r)

Bui(r) (12)

where W is the free energy functional of the system,
which follows the expressions developed for equilibrium
systems. The different contributions to W (which are dis-
cussed in detail in the Supporting Information) are (i) the
mixing entropy of water molecules, anions and cations;
(ii) the conformational entropy of the polyelectrolyte
chains; (iii) the electrostatic energy; and (iv) the energy
associated with repulsive interactions, which are modeled
as excluded volume interactions. Combination of eqs 10
and 12 yields the following explicit expression for the ion
fluxes:

Ji(r) = -DiVp;(r) — Dip;(Nq;VBy(r) — Dip;(Nv;V(r) (13)

This equation shows that in the theory the ion fluxes result
from the combination of three components: the gradient of ion
concentration (first term, known as diffusion flux), the gradient
of electrostatic potential (second term, migration flux), and the
gradient of osmotic pressure (third term).

The position-dependent electrostatic potential is assumed to
respond instantaneously to any change in the system. There-
fore, the electrostatic potential is determined as a functional
extremum of W, which yields the Poisson equation:

eV2y() = — (pon) (14)

Since the polyelectrolyte chains are grafted to the mem-
brane, the probabilities of each chain conformation in the
steady state are those that minimize the functional W.

We take advantage of the cylindrical symmetry of the system
and assume that the system is homogeneous in the angular
coordinate 6, namely, we solve the theory considering inho-
mogeneities in only two dimensions (r and z). The nonequili-
brium molecular theory is solved by numerical methods, as
discussed in the Supporting Information.

The molecular theory explicitly accounts for the shape,
charge, size, and conformational degrees of freedom of all the
species in the system; the relevant inter and intramolecular
interactions; and the presence of ion-fluxes. It reduces to
the Poisson—Nernst—Planck approximation (which has been
widely used to describe ion conductivity in nanopores and
nanochannels'"121517.19.21.23.25.2831.37.53) \yhen there are no
polyelectrolyte chains in the system and the excluded-volume
interactions are neglected, i.e., when not accounting for the size
and shape of the ions.
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