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his paper describes a method for

generating ion current rectification

by employing electroosmotic flow to
fill the narrowest constriction of a pore
with either a solution of low or high ionic
conductance. This approach extends the
phenomenon of ion current rectification
from solid-state nanopores to micropores.
Solid-state nanopores and nanochannels
are attracting increasing attention in areas
of fluidic logic circuits, also called iontron-
ics, due to their ability to rectify ion
current.”? Recent advances in nanotechnol-
ogy have permitted the fabrication of pores
with diameters as small as 1 nm.3~® Such
small pores open the door for fundamental
studies of electrostatic interactions or steric
hindrance that ions may experience in
nanoscale transport.>'° The first examples
of non-ohmic ion transport in pores filled
with aqueous solutions without implement-
ing mechanical components were demon-
strated in conical glass pipettes by Wei,
Bard, and Feldberg in 1997."" More recently,
Siwy’s group demonstrated that an electric
potential difference across nanopores can
result in controlled mass transport, selective
ion flow, and ion current rectification,'012-14
lon current rectification in nanopores is of
interest because many ion-channel proteins
in cellular membranes are rectifying and be-
cause ion current rectification is analogous
to electronic diodes.” These electronic di-
odes are important circuit elements be-
cause they can rectify electron current in re-
sponse to an electric potential difference.
Fluidic diodes, in contrast, rectify ionic cur-
rent in a liquid. Thus, ion current rectifica-
tion in nanopores can be used to control ion
concentrations in nano- and microfluidic
systems.'®'” Other applications entail the
use of nanopore-based current rectifiers for
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ABSTRACT This paper introduces a strategy for generating ion current rectification through nano- and
micropores. This method generates ion current rectification by electroosmotic-driven flow of liquids of varying
viscosity (and hence varying conductance) into or out of the narrowest constriction of a pore. The magnitude of
current rectification was described by a rectification factor, Ry, which is defined by the ratio of the current measured
at a positive voltage divided by the current measured at a negative voltage. This method achieved rectification
factors in the range of 5—15 using pores with diameters ranging from 10 nm to 2.2 um. These Rs values are similar
to the rectification factors reported in other nanopore-based methods that did not employ segmented surface
charges. Interestingly, this work showed that in cylindrical nanopores with diameters of 10 nm and a length of
at least 275 nm, electroosmotic flow was present and could generate ion current rectification. Unlike previous
methods for generating ion current rectification that require nanopores with diameters comparable to the Debye
length, this work demonstrated ion current rectification in micropores with diameters 500 times larger than the
Debye length. Thus this method extends the concept of fluidic diodes to the micropore range. Several experiments
designed to alter or remove electroosmotic flow through the pore demonstrated that electroosmotic flow was
required for the mode of ion current rectification reported here. Consequently, the magnitude of current
rectification could be used to indicate the presence of electroosmotic flow and the breakdown of electroosmotic

flow with decreasing ionic strength and hence increasing electric double layer overlap inside nanopores.

KEYWORDS: nanopore - micropore - electroosmotic flow - Debye length - electric
double layer - current rectification - fluidic diode

biosensors or for logic gates and diodes in
fluidic circuits.!018-20

The extent of ion flux in one direction
through a pore relative to the ion flux in
the other direction determines the quality
of a fluidic diode. The magnitude of ion cur-
rent rectification is typically quantified by
the rectification factor, Rr. The rectification
factor is measured at a specific potential dif-
ference, and it is defined as the ratio be-
tween the average currents at opposite po-
larities (i.e., R = I../I- in which I, is the
current at a positive potential difference
and /_ is the current at the same but nega-
tive potential difference).”’ Techniques to
increase R include the fabrication of pores
with very small diameters (1—20 nm), selec-
tion of an optimum ionic strength of the
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electrolyte solution, and methods to generate or seg-
ment charges on the channel walls inside of nano-
pores.!

Here, we present a method that uses pores to con-
nect two separate solutions of different conductance
in order to generate ion current rectification in nano-
pores (10—30 nm) and in micropores (0.5—2.2 um).
These micropores had diameters ~500 times larger
than Debye length and ~ 50 times larger than the larg-
est pores currently capable to act as ion current
rectifiers.’?

lon current rectification in nanopores is a conse-
quence of electrostatic interactions between the sub-
strate of the pore and the electrolyte solution.'%11323
Due to the surface charge of the substrate, ions of the
same charge polarity as the substrate material (referred
to as co-ions) are depleted from the solution near the
substrate, whereas ions with an opposite charge than
the pore substrate (referred to as counter-ions) accumu-
late in solution near the substrate. The region near the
surface in which co-ions are excluded and counter-ions
are accumulated is referred to as the electric double
layer.2* The thickness of the electric double layer is char-
acterized by the Debye screening length. In aqueous so-
lutions of a monovalent salt, eq 1 describes the Debye
screening length, k' (m):

. ee RT
K= 5 M
2F°C,

where &, (unitless) is the dielectric constant of the sol-
vent, g, (C2-N~T-m™2) is the permittivity of vacuum, R
(J-K~"-mol™") is the universal gas constant, T (K) is the
absolute temperature, F (C- mol™") is the Faraday con-
stant, and C, (mol - m~3) is the bulk concentration of the
salt.?® In addition to the ionic strength and the dielec-
tric constant of the solvent, the surface charge density
of the substrate affects the electric double layer. The
Poisson—Nernst—Planck equations can be used to ac-
count for the surface charge densities in modeling ion
transport through pores.?® In aqueous solutions that
contain a monovalent salt, the Debye length ranges
from less than 1 nm at a concentration of 1.0 M to ~
10 nm at a concentration of 1 mM. In nanopores with di-
ameters on the order of the Debye length, the electric
double layer can occupy a significant cross-section of
the pore and may even overlap within the pore.?” This
condition, referred to as electric double layer overlap,
results in exclusion of co-ions from the pore and accu-
mulation of counterions within the pore. This preferen-
tial accumulation and depletion of ions as a conse-
quence of a Debye length comparable to the diameter
of the pore is one requirement for traditional fluidic di-
odes that are based on nanopores.?%8

The second requirement for ion current rectifica-
tion in nanopores is an asymmetry in the distribution
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of ions along the length axis of the nanopore.?® Under
symmetric conditions (i.e., a cylindrical pore between
two identical solutions), a Debye length on the order of
the nanopore does not result in ion current rectifica-
tion. In contrast, under asymmetric conditions (i.e., a
conical pore,' 7132229735 3 pore between solutions with
different ionic strength, a pore between solutions with
different pH,> or a pore with segmented surface
charges,*1%132338) an asymmetric distribution of ions is
formed along the length axis of pores.3**° Conse-
quently, the nanopore exhibits reduced or enhanced
permeability of the conducting ions through the pore
depending on the direction of the electric field. For in-
stance, a conical nanopore with a negative surface
charge shows increased conductance if the narrow
opening of the pore faces the anode and the net flow
of cations through the pore is directed from the narrow
tip toward the large base of the conical pore. Con-
versely, the conductance through the same pore is re-
duced at the opposite polarity in which the net flow of
cations through the conical nanopore is directed from
the large base toward the narrow tip.2>4! Wei et al. first
demonstrated ion current rectification in conical nano-
pipettes with the narrowest diameter ~20 times larger
than the Debye length.!" Since then, Siwy's group, Ens-
inger’s group, and others observed ion current rectifica-
tion in conical nanopores with the narrowest diameter
up to ~60 times larger than Debye
length,'213212232-354243 These studies obtained Ry val-
ues of 6—20. An asymmetric double layer generated in
nanopores that separated solutions with different ionic
strength or pH resulted in similar values for R.?** Fi-
nally, an asymmetric double layer that was generated
by different charges exposed at different regions on the
surface within a pore (i.e., a positive charge density at
one end of the pore and a negative charge density at
the other end) resulted in R; values of 100—321.41223
Heins et al. also generated asymmetry by the addition
of 1,4,7,10,13,16-hexaoxacyclooctadecane to one solu-
tion compartment. This molecule formed a complex
with potassium ions, and caused an increase in R¢ from
~2.5 to ~19 in nanopores with diameters less than 3
nm."® In summary, existing methods for inducing ion
current rectification within nanpores must fulfill two re-
quirements: (1) at least one dimension of the channel
or pore must be on the order of the Debye length, and
(2) charge asymmetry within the pore must be in-
duced.®

Here, we present a method for generating ion cur-
rent rectification in pores with diameters considerably
larger than the Debye length. To explain how this
method results in current rectification we emphasize
that in an electric field the electric double layer affects
two types of ion transport: electrophoretic migration
and electroosmotic flow (EOF). Electrophoretic migra-
tion describes the movement of ions in response to an
electric field, while EOF describes the plug flow of a so-
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lution induced by the movement of the electric double
layer in an electric field.** The major distinction be-
tween these two types of transport is that cations and
anions move in different directions in electrophoretic
migration, whereas EOF results in bulk fluid movement
toward the fluid compartment that is biased with the
same polarity as the charge on the substrate of the pore
wall. For instance, in the case of materials with a nega-
tive surface charge, the direction of the EOF is always
toward the cathode. Since EOF is induced by the move-
ment of the electric double layer, it collapses in pores
in which the electric double layers overlap
significantly.*~*8 In this case, electrophoretic migra-
tion is the dominant mechanism of ion transport.’
Thus, in nanopores that exhibit ion current
rectification—and hence require the pore diameter to
be comparable to the Debye length—EOF is typically
not considered to be a major contributor to ion current
rectification.3'#°~>" Daiguji et al. estimated that EOF
contributes less than 10% to ion transport in nano-
fluidic channels with channel heights of 30 nm and a
surface charge density ranging from —0.1 to —1.0

mC - m~2 in solutions containing 0.1 mM of a monova-
lent salt.>® White et al. recently modeled the contribu-
tion of EOF to ion transport under conditions of elec-
tric double layer overlap and found that EOF started to
contribute to a small but noticeable extent when the
electric potential difference exceeded 0.3 V.3' Unlike
these previous studies, we present a method for gener-
ating ion current rectification that favors and takes ad-
vantage of EOF.

Using this EOF-based method, we first demonstrate
that EOF-driven flow of liquids of varying viscosity (and
hence conductance) into or out of the narrowest con-
striction of a pore can generate ion current rectification
in nano- and micropores. Thus, this method introduces
the concept of an electroosmotic diode. These elec-
troosmotic diodes achieved similar rectification factors
to nanopores without segmented surface charges, with
R values ranging from 5 to 15. Unlike previous studies,
these electroosmotic diodes can generate ion current
rectification in pores with diameters that are 500 times
larger than the Debye length and thus extend the phe-
nomenon of ion current rectification from nanopores
to micropores.

For comparison, we also investigated the concept
of electroosmotic diodes in cylindrical nanopores with
diameters on the order of the Debye length. We con-
firmed that electroosmotic diodes continue to rectify
current in nanopores until the Debye length was equal
to the diameter of the pore. We also show that incom-
plete electric double layer overlap in a pore with a di-
ameter on the order of the Debye length resulted in rec-
tification factors greater than the rectification factor we
would expect for electroosmotic diodes—an effect that
we attribute to the synergistic combination of the char-
acteristics of a traditional rectifying nanopore and the
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Figure 1. Schematic diagram of the experimental setup for recording ion cur-
rents through nano- and micropores. The inset depicts a cross-sectional view
of a conical pore fabricated in a borosilicate cover glass. This figure does not
show the cylindrical pore with a diameter of 10 nm in a PET film or the cylin-

Ag/AgCl =
Igct?odes

~30 mm

drical pores with diameters of 30 nm in silicon nitride, but these pores were
mounted in a similar fashion in the device. For all experiments, unless noted

otherwise, the low-conductance solution filled the top compartment and the

high-conductance solution filled the bottom compartment. For all experi-
ments and current—voltage curves, the polarity of the voltage was defined

by the electrode in the top liquid compartment, while the electrode in the bot-

tom compartment was connected to ground.

electroosmotic diode. Quantitative analysis of the ion
current rectification of such hybrid pores provided a
simple way of testing the significance of EOF with re-
gard to current rectification as a function of the Debye
length. This paper hence introduces a novel type of flu-
idic diode, provides experimental evidence for the pres-
ence and breakdown of EOF in nanopores, and quanti-
fies the degree of double layer overlap necessary for
this breakdown.

RESULTS AND DISCUSSION

Electroosmotic Flow of Solutions of Different Conductance Can
Generate lon Current Rectification in Nano- and Micropores. To
explore ion current rectification in a system that con-
nects two solutions of different conductance with a
nano- or micropore, we measured the ionic current
through a conical pore with a tip diameter of 500 nm
in a glass slide. For this experiment, we prepared two
solutions of equal electrolyte concentration (i.e,, 5 mM
KCl) but of different solvent composition and hence dif-
ferent conductance. The conductance of one solution
was 933 puS-cm™! (prepared in pure water with a KCl
concentration of 5 mM), and the conductance of the
second solution was 185 wS-cm™' (prepared in 75%
(v/v) DMSO and 25% (v/v) water with a final KCl concen-
tration of 5 mM in the mixture). The different conduc-
tance for these solutions is a consequence of their dif-
ferent viscosity; according to the Nernst—Einstein
relation, the mobility of small ions is inversely propor-
tional to the viscosity of the solvent.>?

Figure 1 illustrates the recording setup and the loca-
tion of the two different solutions during experiments.
Figure 2A shows current versus voltage plots, whose
slopes reflect the conductance when the same solu-
tion occupied both fluid compartments of the setup.
As expected, the behavior of such a system was ohmic,
that is, the current was directly proportional to the po-
tential difference over the entire range. Figure 2A also
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Figure 2. Current—voltage curves measured using a conical, sub-
micrometer pore in glass with a tip diameter of 500 nm and illustration
of the concept of an electroosmotic diode. (A) lon current rectification
due to positioning of two different solutions with high or low conduc-
tance in the narrowest part of the pore. Curves were fit with a linear best
fit of the form | = R~'V + B. Where | is the current (A), V is the applied
electric potential (V), B (A) is the y-intercept of the line, and R is the resis-
tance (Q). In the experiment in which the pore separated two different
solutions, the currents recorded in the nonlinear range from —150 to
+150 mV were omitted from the best-fit analysis (see main text for an ex-
planation). Resistance values from the linear fits were as follows: KCl in
pure H,0 in both compartments (®) R = 13.2 MQ; KCl in 75% (v/v) DMSO
and 25% (v/v) H,0 in both compartments (A) R = 175.0 MQ; and when
the pore separated the two different solutions (l) R = 144.0 M at pos-
titive voltages and R = 18.0 M2 at negative voltages. All solutions con-
tained a final concentration of 5 mM KCI. (B) Suggested principle of op-
eration of an electroosmotic diode. For the negatively charged glass
surface, the EOF is always directed toward the cathode; thus, under a
positive potential, the EOF moved the solution from the anode compart-
ment located on top of the chip (low-conductance solution) into the nar-
rowest constriction of the pore, while at a negative potential, the EOF
moved the solution from the anode compartment located below the chip
(high-conductance solution) into the narrowest constriction of the pore.

T
-0.50

shows a current—voltage plot when the conical pore
separated two different solutions. Under these condi-
tions, the pore rectified ion currents: at positive poten-
tials (the polarity of the potential difference refers to the
electrode located in the top fluid compartment of the
setup shown in Figure 1), the magnitude of the current
was significantly smaller than at negative potentials.
Figure 3A shows a current—voltage curve using the
same solutions but with a large, conical micropore (tip
diameter of 2.2 pm). Remarkably, we observed similar
ion current rectification in both pores, although their di-
ameters were well above the Debye length (k' in the
low conductance solution was ~3.3 nm and in the high
conductance solution it was ~4.3, see Table 1). As a
control experiment, we switched the location of the so-
lutions in the experimental setup such that the solu-
tion with low conductance (185 pS-cm™') filled the
bottom compartment and the solution with high con-
ductance (933 pS-cm™) filled the top compartment.
Figure 3B shows that under these conditions, we ob-
served ion current rectification at the expected reversed
polarity, that is, decreased current at negative poten-
tials rather than at positive potentials. Interestingly, the
slope at negative potentials in Figure 3B was smaller
than the slope at positive potentials in Figure 2. We at-
tribute the reduced slope in Figure 3B to an increased
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Figure 3. lon current rectification employing the concept of
an electroosmotic diode in micropores and a control experi-
ment, in which the location of the two solutions relative to
the conical pore and electrodes was reversed. (A) lon current
rectification in a conical micropore with a tip diameter of
2.2 pm and all other dimensions as depicted in Figure 1. The
R; value in this pore was 5. The solution in the top compart-
ment contained 5 mM KCl in 75% (v/v) DMSO and 25% (v/v)
water (low conductance), whereas the solution in the bot-
tom compartment contained 5 mM KCl in deionized water
(high conductance). (B) Current versus voltage curve in a
conical pore with a tip diameter of 500 nm. In this control ex-
periment, the location of both solutions was reversed, that
is, the solution in the bottom compartment had a low con-
ductance and contained 5 mM KCl in 75% (v/v) DMSO and
25% (v/v) water, whereas the solution in the top compart-
ment had a high conductance and contained 5 mM KCl in
pure water. In agreement with the direction of EOF, the di-
rection of ion current rectification was reversed from that
with the original location of the solutions as shown in Fig-
ure 2. The insets describe the direction of the EOF and the
proposed position of the two solutions within the pore at a
positive and negative polarity applied to the top compart-
ment. The R; value in this configuration was ~7.

TABLE 1. Debye Lengths for Various Concentrations of KCI
in Pure Water and Pure DMSO

[KCI] (mM) «~"in water® (nm) «~"in DMSO? (nm)

1 9.58 743

5 426 332

15 2.49 1.92

50 136 1.05

100 0.96 0.74
150 0.78 0.61
175 0.73 0.56
200 0.68 0.52

“Debye lengths were calculated for a system at 25 °C. Relative dielectric constants,
&, 0f 78.36 and 46.5 were used for water and DMSO, respectively. **
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resistance through the entire conical pore and access
channel for the configuration in Figure 3B, in which the
solution with low conductance occupied the entire ac-
cess channel and conical pore. Conversely, in Figure 2
the solution with low conductance likely only occupied
the narrowest constriction of the conical pore while
mixing more and more with the solution of high con-
ductance along the length of the pore.

For the configuration that placed the low-
conductance solution in the top compartment, we hy-
pothesized that, at positive voltages, the low current
was due to the EOF-driven flow of the low-conductance
solution from the anode compartment into the pore.
Similarly, at negative voltages, the high current was due
to EOF-driven flow in the opposite direction, which
moved the solution with a high conductance into the
pore. To test this hypothesis we compared the I—V
characteristics of the pore when it connected a solu-
tion of low conductance and a solution of high conduc-
tance to the /—V characteristics of the same pore when
it connected two identical solutions, which were both
either of low or high conductance. Since the resistance
between the Ag/AgCl electrodes is dominated by the
narrowest constriction of the pore, we expected that
the resistance through the pore at a given polarity
would indicate whether the low-conductance solution
or the high-conductance solution filled the pore. Thus,
we hypothesized that if the low-conductance solution
filled the pore then the resistance would be comparable
to a situation when only the low-conductance solution
was used. Similarly, if the high-conductance solution
filled the pore then the resistance would be compa-
rable to a situation when only the high-conductance so-
lution was used. We measured the resistance from the
linear regions of the current versus voltage plots in Fig-
ure 2A. As expected, under conditions where the pore
separated two different solutions, the resistance of 18.0
MQ at a negative potential was similar (within *=30%)
to the resistance of 13.2 M() that we observed when the
pore separated two identical, high-conductance solu-
tions. In a similar fashion, when the pore separated the
two different solutions, the resistance of 144.0 M() at a
positive potential, was similar (within =30%) to the re-
sistance of 175 M() that we observed when the pore
separated two identical, low-conductance solutions.
These results support the hypothesis that when two dif-
ferent solutions were separated by a pore, either the so-
lution with low conductance (185 uS-cm™") or the so-
lution with high conductance (933 pS-cm™")
dominated the overall resistance through the pore.
Thus, we propose that EOF moved the solution with
low conductance into the narrowest constriction of the
pore under positive potentials, whereas it moved the
solution with high conductance into the pore under
negative potentials. Figure 2B illustrates this proposed
mechanism.

www.acsnano.org

On the basis of this mechanism of operation, we pro-
pose that the nonlinear regions of the current—voltage
curves in Figure 2A and 3 are the result of mixing of
the two different solutions within the narrowest part
of the pore. In contrast, we attribute the linear regions
of the current—voltage plot at potentials above |=150|
mV to EOF-driven flow of the almost unmixed solu-
tions from either the top fluid compartment or the bot-
tom fluid compartment into the narrowest constriction
of the pore. We hypothesize that in the absence of an
electric field, the solutions on either side of the pore
mixed diffusively in the fluid filled pore, and we pro-
pose that in the presence of an electric field, the EOF
added a convective component of fluid and ion trans-
port within the pore. In the absence of electric double
layer overlap, the magnitude of EOF, expressed as elec-
troosmotic mobility, ue, (M- s~ 1), is dependent on the
electric field strength, £ (V- m™"), the zeta potential, {
(V), and the viscosity, n (Pa - s), of the electrolyte:?

_ EELE
n

u (2)

eo

The zeta potential { is given by

C= 3)

r-o

with o (C-m~2) corresponding to the excess surface
charge on the pore wall.> As the EOF increases with in-
creasing electric field, we suggest that at a critical po-
tential difference (here = |= 150| mV), the EOF was suf-
ficiently large to overcome most of the diffusive mixing
and to fill the narrowest part of the pore with the solu-
tion from the anode compartment (i.e., the low-
conductance solution or the high-conductance solu-
tion depending on the polarity). As a consequence of
this mechanism, we hypothesized that in the range of
—150to +150 mV, the relatively small electric field gen-
erated a slow EOF that allowed mixing of the solutions
to occur in the pore. This mixing would result in an in-
termediate conductance of the solution within the pore
and hence explain the intermediate current we ob-
served in the region of —150 to + 150 mV. Figure 2
panels B and C illustrate the location of the two solu-
tions within the pore at a potential difference greater
than |= 150 mV.

The Ratio between the Conductance of Both Solutions Agreed
with the Rectification Factors. To provide further evidence
that EOF was responsible for the rectification of ion cur-
rent by driving a solution of high or low conductance
from the anode compartment into the narrowest con-
striction of the pore, we compared the ratio between
the conductance of both solutions determined with a
conductance meter to the rectification factors that we
obtained when using the respective pair of these two
solutions in the top and bottom fluid compartments of

Nea
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TABLE 2. Conductance of Solutions Used in Experiments

[KCI] (mM) solvent conductance’(p.S - cm ") G R A%
5.0 Pure H,0 2,115 +19 1.0
50.0 Pure H,0 8,480 = 46 1.0
100.0 Pure H,0 15,993 = 90 1.0
5.0 75% DMSO + 25% H,0 401 =8 53%01 53*08 0
50.0 75% DMSO + 25% H,0 1,476 = 14 57x01 51%12 -1
100.0 75% DMSO + 25% H,0 2,595 =25 6.2 £ 0.1 46 =09 —26
50.0 75% isopropanol + 25% H,0 978 =19 86*03 6.4+ 21 —26
50.0 66% glycerol+ 25% H,0 579 =1 146 £0.2 129110 —12

“Standard deviations were obtained from at least three observations. All measurements were taken at a room temperature of 21 = 2 °C. "The conductance factor, G;, was
calculated with eq 5. ‘R¢ was determined from experiments in which a conical pore in glass with a tip diameter of 500 nm separated the solvent and water mixture (low-
conductance solution, located in the top fluid compartment) from a solution with an identical concentration of KCl in pure water (high-conductance solution, located in the

bottom fluid compartment).

the setup shown in Figure 1. Again, we used a conical
nanopore with a tip diameter of 500 nm that was sig-
nificantly larger than the Debye length and hence, ex-
cluded the possibility of electric double layer overlap
(Table 1). The electrical resistance of a conical nano-
pore, R, (€), is inversely proportional to the conduc-
tance of the solution, G (Q~"-m™), in the pore and can
be estimated with'

4
Ro = GnDd

4

where L (m) is the length of the pore, D (m) is the diam-
eter of the large opening, d (m) is the diameter of the
small opening, and G is the conductance of the solution
within the pore. On the basis of the relationship be-
tween the resistance of the pore and the conductance
of the solution residing in the pore, we expected the ra-
tio of the conductance values for a solution with high
conductance to that of a solution with low conductance
to be equal to the rectification factor that occurred
when the pore was filled by EOF with either one of
those solutions. We define a conductance factor, G, as
the ratio between a solution with high conductance,
Gh,o, to a solution with low conductance, Gmix

. GHZO

Table 2 summarizes the conductance values of all
solutions, the Gy values for the specified mixture rela-
tive to the same ion concentration prepared in pure wa-
ter, and the corresponding Rs values for the specified
mixture in the top compartment and the aqueous solu-
tion in the bottom compartment. We measured values
for Rs from the current we observed at a potential differ-
ence of +0.5 and —0.5 V. The general agreement
(within =30%) between the values of G¢and R sug-
gests that at a potential difference above |= 150 mV
the narrowest diameter of the pore (the part with the
largest resistance) was filled predominantly with the so-
lution from the anode compartment. Depending on
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the polarity of the potential difference, this solution
was either the top solution or the bottom solution and
hence either the solution with a high or low
conductance.

To confirm that ion current rectification was inde-
pendent of the electrolyte concentration, we com-
pared the G and R values at KCl concentrations of 5.0,
50.0, and 100.0 mM in experiments in which the pore
separated the KCl solution prepared in 75% (v/v) DMSO
and 25% (v/v) water (top compartment) from a KCl so-
lution prepared in pure water (bottom compartment).
Table 2 summarizes the resulting Rs and Gy values. We
found a similar R¢ value for all concentrations of KCl and
good agreement (within £26%) between the R¢ and
the G values.

To explore the possibility of controlling the rectifica-
tion factors with this system, we prepared three sol-
vent mixtures with different volume fractions of water
with organic solvent (DMSO, isopropyl alcohol, or glyc-
erol) and hence different viscosity. Table 2 summarizes
the conductance values of these solutions. For each of
the mixtures, we observed a unique R when the pore
separated a mixed, low-conductance solution contain-
ing the specified concentration of KCl from a high-
conductance solution prepared in pure water but with
the same concentration of KCl. Again, the Gf and R; val-
ues agreed within =26%. The combination of 50 mM
KCl in pure water (in the bottom compartment) with a
solution of 50 mM KCl prepared in 66% (v/v) glycerol
and 34% (v/v) H,O (in the top compartment) resulted
in the largest rectification factor with an average value
of R = 12.9, followed by a solution of 75% (v/v) isopro-
pyl alcohol and 25% H,0 (v/v) in the top compartment
with R: = 6.4 and a solution of 75% (v/v) DMSO and 25%
H,0 (v/v) in the top compartment with R = 5.1. The
general agreement between the G and Ry values pro-
vides further evidence that the resistance of the pore in
this two-solution system was dependent on the solu-
tion that occupied the narrowest constriction of the
pore and that the applied potential difference was able
to drive the solution from either the top or the bottom
fluid compartment into the pore.
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Disruption of EOF Reduced lon Current Rectification. To pro-
vide further evidence that EOF generated the ion cur-
rent rectification reported here, we neutralized the
negatively charged glass substrate of the pore to dis-
rupt EOF. Electroosmotic flow is a consequence of the
electrophoretic movement of the electric double layer
in an applied electric field.** In negatively charged glass
pores, cations comprise the electric double layer, and
thus the EOF is directed toward the cathode. At strongly
acidic pH (e.g., pH = 0), the negatively charged silanol
groups of the glass surface are neutralized by proton-
ation. Hence the accumulation of cations near the sur-
face is strongly reduced, and EOF is either absent or
very slow.2%2%5556 Figure 4A shows that in agreement
with neutralizing negative charges on the glass and
hence preventing EOF at pH = 0, we did not observe
significant ion current rectification (i.e., Rf = 1.4) when
the top compartment was filled with 1 M HCl in 75%
(v/v) DMSO and 25% (v/v) H,0O (conductance = 20.34
mS-cm™ ') and the bottom compartment was filled
with 1 M HCl in pure water (conductance > 3000
mS-cm™).

To provide additional evidence that EOF moved the
solution from the anode compartment into the pore,
we modified the glass substrate with a polycation (poly-
L-lysine) to expose positive surface charges.>® With posi-
tive surface charges immobilized on the wall of the
pore, we hypothesized that anions would accumulate
within the electric double layer, which would result in
an EOF directed toward the anode rather than the cath-
ode. The inset of Figure 4B illustrates the predicted sur-
face charge, the direction of EOF, and the positions of
both solutions under conditions of positive and nega-
tive potentials in the case of a pore with immobilized
positive surface charges. The results in Figure 4B sup-
port this hypothesis: the absolute value of the current at
a positive polarity was greater than the absolute value
of the current at a negative polarity, and the direction of
ion current rectification was reversed as expected for a
reversed direction of EOF. We observed a rectification
factor of Rs = 4 in this configuration. Together these re-
sults indicate that the effect of EOF determined which
solution was dominant in the narrowest constriction of
the pore and consequently generated ion current
rectification.

EOF and lon Current Rectification Break Down in Pores with
Diameters Near the Size of the Debye Length. To examine EOF-
induced ion current rectification as a function of the De-
bye length, in particular when the Debye length ap-
proached the diameter of the pore, we used a
cylindrical nanopore with a diameter of 10 nm that
was fabricated in a PET film with a thickness of 12 um.
To achieve varying Debye lengths, we prepared solu-
tions with various concentrations of KCl in 75% (v/v)
DMSO and 25% (v/v) water. We also prepared solutions
with various concentrations of KCl in pure water. Table
1 summarizes the concentrations of KCl that we used
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Figure 4. Effect of acidic pH or of physisorbed polycations
on the current—voltage curve from a conical nanopore in
glass with a tip diameter of 500 nm. (A) Current—voltage
curve using solutions with a pH ~ 0. Note the significantly
reduced ion current rectification, R; = 1.4. In this experiment,
the bottom solution consisted of 1.0 M HCl in pure water
with a conductance greater than 3000 mS - cm~' and the top
solution consisted of 1.0 M HCl in 75% (v/v) DMSO and 25%
(v/v) H,0 with a conductance of 20.34 mS-cm™". B) Pores
with a positive surface charge (generated by physisorption
of poly-L-lysine onto the glass substrate) resulted in a re-
versed direction of ion current rectification (i.e., ion currents
were reduced at the opposite polarity of that shown in Fig-
ure 2). (B inset) lllustration of the orientation of the pore, the
two solutions, and the direction of EOF in a pore with posi-
tive charges immobilized on its surface. The solutions used
to generate the /—V curve in panel B contained 50 mM KCI
and 15 mM HEPES (pH = 7.5) prepared in pure water (bot-
tom solution) and prepared in 75% (v/v) DMSO and 25%
(v/v) H,0 (top solution).

for these experiments and the predicted Debye length
for the various concentrations of KCl in pure water and
in pure DMSO. The Debye length is smaller in pure
DMSO than in water because the dielectric constant of
DMSOQ is smaller than the dielectric constant of pure wa-
ter. Figure 5A shows current—voltage curves for three
KCl concentrations, which led to Debye lengths close
to the diameter of the pore. At 1T mM KCl, the Debye
length in pure water is 9.6 nm and hence close to the di-
ameter of the pore. In this case we observed almost

no ion current rectification and R¢ was 1.1.

To investigate the effect of the Debye length on R
systematically, we plotted R as a function of the nondi-
mensional Debye length, \p = k~'/d, with d = 10 nm
representing the diameter of the cylindrical nanopore
(Figure 5B). Figure 5B also shows the nondimensional
average-area velocity of electroosmotic flow predicted

\NIC
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Figure 5. Current—voltage curves from a nanopore when the Debye length approached the diameter of the pore and recti-
fication factors, Ry, as a function of the nondimensional Debye length. (A) Current—voltage curves for concentrations of KCI
that generate a Debye length close to the diameter of the pore: Solutions were prepared in pure water (located in the bot-
tom compartment), and in 75% (v/v) DMSO and 25% (v/v) water (located in the top compartment). Solutions contained (H) 1
mM KCl, (@) 1 5 mM KCl, and (A) 50 mM KCI. (B) Rectification factors, Ry, as a function of the nondimensional Debye length
(M), and the nondimensional area-averaged velocity of EOF (red line) as predicted by Taylor and Ren.*® The nondimensional
Debye length was calculated for KCl solutions in pure water. The inset in panel B depicts the rectification factor as a func-

tion of the concentration of KCI.

by Taylor and Ren as a function of the nondimensional
Debye length.*® We hypothesized that in the method
presented here, due to the requirement of EOF to gen-
erate ion current rectification, the value of R; could be
used to indicate the significance of EOF and the elec-
tric double layer for R¢. For example, under conditions
when the Debye length was small relative to the diam-
eter of the pore (e.g., \p < 0.07), we measured a R value
of 6.1 = 1.1, a value close to the expected value of 6.2
based on G

The close agreement between the values of Rs and
Gr suggests that, under these conditions, the ion cur-
rent rectification was due to EOF-driven flow of the so-
lution from the anode compartment into the nanopore.
This result is in agreement with findings by Taylor and
Ren, who demonstrated numerically that the average-
area velocity of EOF was only reduced by 5% at A\p ~
0.05 compared to situations where A\p was less than
0.01.%8 In addition, we did not expect ion current rectifi-
cation by the classic mechanism in nanopores with
this Debye length, because Vlassiouk et al. obtained nu-
merically, and Wei et al. showed experimentally, values
for R = 1.5 when \p < 0.07.""%" At these low values of
\p, electric double layer overlap was not sufficient for
the classic mechanism of ion current rectification.

Interestingly, as the Debye length increased (0.07 <
Ap < 0.14), the value of Rt increased to a maximum of
15 and hence above the value of G;. An R > G cannot
be explained solely by EOF-driven flow of a solution
from the anode compartment into the nanopore. Thus
we hypothesized that two complementary effects con-
tributed to Ry in this range of \p leading to an increase
of R beyond G¢. (1) Due to the increasing double layer
overlap, EOF began to slow (i.e., the velocity of the flow
of the solution from the anode compartment into the
nanopore decreased), which permitted mixing of the
two solutions in the nanopore. The mixing of the two
solutions generated a concentration gradient of DMSO
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within the pore, which resulted in charge asymmetry
within the nanopore due to the different Debye lengths
in pure DMSO and in pure water; (2) the Debye length
was significant compared to the diameter of the nano-
pore. Thus, the two requirements for ion current rectifi-
cation in nanopores by the traditional mechanism
might have been met (1, charge asymmetry and 2, an
electric double layer similar to the diameter of the
pore), which could explain the observed increase in
the rectification factor beyond the value of Gy. This hy-
pothesis is supported by results from Taylor and Ren
who reported that the average-area velocity of EOF de-
creased by 19% (to 81%) when the value of \p in-
creased from 0.025 to 0.25.% Additional support for
this hypothesis stems from Vlassiouk et al. who demon-
strated numerically that the value for Rs increased from
a value of ~1.5 at A\p = 0.07 to a value of ~4.5 at \p =
0.14.2'8 Thus, the increased value of R is consistent
with a decline in the velocity of the EOF, and the pres-
ence of an electric double layer large enough to gener-
ate ion current rectification in nanopores.

At \p > 0.14, the decline in R signified reduced elec-
trostatic asymmetry due to increased electric double
layer overlap, and finally at A\p > 0.96, the Rs value of 1.1
indicated almost complete electric double layer over-
lap within the nanopore and confirmed the almost
complete loss of EOF. This experimental result is in
agreement with theoretical predictions by Rice and
Whitehead, who demonstrated numerically that com-
plete electric double layer overlap abolished EOF.*”
Hence, the experiments shown in Figure 5B made it
possible to confirm experimentally the beginning of
electric double layer overlap at A\p > 0.14 and the al-
most complete removal of EOF at A\p = 0.96.

EOF-driven Rectification Breaks Down in Very Short Nanopores.
To examine ion current rectification in very short pores,
in which EOF may be reduced, we used two cylindrical
pores with diameters of 30 nm that were fabricated in
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silicon nitride membranes. One pore was fabricated in
a silicon nitride membrane with a thickness of 275 nm
and the other pore in a membrane with a thickness of
~10 nm. When the pore in a 275 nm thick membrane
separated solutions containing KCl in 75% (v/v) DMSO
and 25% (v/v) water from a solution containing KCl in
pure water, we observed values of Rt = 3.8 = 0.3 using
a concentration of 150 mM KCl and Rs = 4.3 = 0.5 us-
ing a concentration of 50 mM KCl. These values of R
were smaller than R =~ 5, which we would expect for
the electroosmotic diode. In addition, in the pore with
a membrane thickness of 10 nm, we observed almost
no ion current rectification (R = 1.1—1.4). To date, no
experimental evidence of ion current rectification has
been reported in solid-state nanopores with a length of
less than 40 nm.?832 Together these results suggest
that electroosmotic diodes are sensitive to the length
of the pore and may only be functional in pore lengths
larger than tens of nanometers. In addition, these re-
sults provide additional evidence that the ion current
rectification that we observed was the result of EOF-
driven flow of a low conductance solution from the an-
ode compartment into the nanopore.

CONCLUSION

This paper introduces a simple method for generat-
ing fluidic diodes in nano- and microscale pores. This
method does not require spatially patterned surface
charges, ionic gradients, or pores with a dimension on
the order of the Debye screening length to generate ion
current rectification. Instead, the ion current rectifica-
tion is based on electroosmotic flow that moves solu-
tions with different viscosity and hence different con-
ductance into or out of the narrowest constriction of a
pore. This approach is different from the electrostatic
asymmetry that results in accumulation or depletion of
ions within a nanochannel under an applied electric po-
tential. We demonstrate that ion current rectification
in this electroosmotic diode is independent of electro-
lyte concentration in pores with diameters up to ~500
times larger than the Debye length. The extent of ion
current rectification could be controlled with different
solvent and water mixtures; various rectification factors
could be chosen on the basis of the conductance val-
ues of the solutions located at the top and at the bot-

METHODS

Solutions and Materials. All aqueous solutions and all water and
solvent mixtures contained a final concentration of 15 mM of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer and various concentrations of potassium chloride (KCl,
which served as the conducting electrolyte). We adjusted the
pH of the solutions to 7.4 = 0.1 by adding hydrochloric acid (HCI)
or potassium hydroxide (KOH). We prepared mixtures of KCl sol-
ubilized in deionized water (p = 18.2 M) - cm, Millipore) and (i)
75% (v/v) dimethyl sulfoxide (DMSO), (ii) 75% (v/v) isopropyl al-
cohol, or (i) 66% (v/v) glycerol in such a way that each mixture
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tom of the chip. Avoiding EOF within the pore at pH ~
0 abolished ion current rectification, and a positive sur-
face charge on the wall of the pore resulted in EOF to-
ward the anode; this reversal of flow resulted in ion cur-
rent rectification at the opposite polarity of the applied
potential difference. In addition, we confirmed that ion
current rectification due to EOF was maintained in nano-
pores on the order of the Debye length and that under
optimum conditions, the ion current rectification could
be amplified due to EOF-driven flow of a solution with a
low conductance into the pore in combination with
electrostatic asymmetry at the pore openings. The rec-
tification factors of 5—15, that we achieved here, are
comparable to methods for generating ion current rec-
tification that rely on ionic strength, pH, or geometry to
generate electrostatic asymmetry. This range of Rs val-
ues is smaller than R; values of 100—300 obtained in na-
nopores with spatially patterned surfaces charges. In
addition, similar to other methods for generating ion
current rectification, electroosmotic diodes did not rec-
tify current in pores with a length of only 10 nm.

In contrast to existing methods, however, the ele-
croosmotic diodes introduced here make it possible to ex-
tend the phenomenon of ion current rectification to
pores that are more than 500 times larger than the De-
bye length, opening the door to microscale fluidic diodes.

We determined the magnitude of ion current rectifi-
cation as a function of the Debye length, and because
the method presented here required electroosmotic
flow to generate ion current rectification, we could use
the rectification factor to estimate the significance of
the electroosmotic flow and of the electric double layer
for Rr. Analysis of this data revealed experimentally the
values of the nondimensional Debye length at which
the electroosmotic flow is significant, reduced, or al-
most completely abolished. This analysis also revealed
the nondimensional Debye length at which (i) the elec-
tric double layer can affect ion current rectification, (ii)
the electric double layer begins to overlap, and (iii) com-
plete electric double layer overlap occurs. Thus, we
demonstrated that Rs as a function of \p may be used
to confirm experimentally the significance of electroos-
motic flow and the electric double layer within
nanopores.

contained concentrations of KCl (1—200 mM) and HEPES (15
mM) identical to the purely aqueous electrolyte solutions that
were used in the opposite compartment of the setup (Figure 1)
during the experiments. We filtered all solutions with porous
membranes (Pall Acrodisc, Port Washington, NY) that had a pore
size of 20 nm. Figure 1 shows the location of the conical pore
and of both solutions in the recording device. We measured the
conductance of each solution with a calibrated conductivity
meter (Orion 5 Star Benchtop Meter, Thermo Electron Corpora-
tion, Beverly, MA).

Nano- and Micropores. Following a previously described pro-
cess, we used a femto-second, pulsed laser followed by an etch
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with hydrofluoric acid (HF) to fabricate conical pores with a tip di-
ameter of 500 nm and 2.2 um in borosilicate glass (thickness =
150 wm, Corning 0211, Fisher Scientific, Pittsburgh, PA).>7
Prior to each experiment, we cleaned the glass substrate that
contained the conical pores in a freshly prepared, hot mixture
of 3:1 (v/v) concentrated sulfuric acid, and 30% hydrogen perox-
ide for at least 15 min. Where indicated, we incubated the 500
nm pore in an aqueous solution containing 1 mg-mL~" of poly-
L-lysine, MW = 15—30 kDa (Sigma Aldrich, St. Louis, MO), for

12 h to generate positive surface charges on the glass sub-
strate.*® Professor Zuzanna S. Siwy, University of Irvine, CA, kindly
provided a cylindrical pore with a diameter of 10 nm fabricated
in polyethylene terephthalate (PET) that was 12 pum thick. We
used this pore as supplied without cleaning. We also used a cy-
lindrical pore with a diameter of 30 nm that was fabricated by
AppNano (Santa Clara, CA) in a silicon nitride membrane with a
thickness of 275 nm. Finally, Professor Jiali Li, University of Arkan-
sas, AR, kindly provided a second cylindrical pore with a diam-
eter of 30 nm that was fabricated in a 10 nm thick silicon nitride
membrane.”® We cleaned these pores in the same fashion as
the pore in glass. To provide support for the substrates that con-
tained the pores and to integrate fluidics, we fabricated a simple
poly(dimethylsiloxane) (PDMS, Sylgard 184 Silicone, Dow Corn-
ing, Midland, MI) support as shown in Figure 1.

Electrical Recordings. We used Ag/AgCl pellet electrodes
(Warner Instruments, Hamden, CT) to record ion currents. For
each recording, we placed the experimental setup in a Faraday
cage (Warner Instruments, Hamden, CT). We recorded the elec-
trical current using a patch-clamp amplifier (Axopatch 200B, Mo-
lecular Devices Inc.) in voltage clamp mode with the analog low-
pass filter set to a cutoff frequency of 2 kHz. In voltage clamp
mode, the amplifier can apply a maximum voltage of =1V while
measuring currents in the range of <0.1 pA up to 200 nA. We
set the gain of the amplifier to 1 mV-pA~" (ie, B = 1) to mea-
sure currents below 20 nA and to 0.1 mV-pA~' (ie, B = 0.1) to
measure currents below 200 nA. We used a low noise digitizer
(Digidata 1322) with a sampling frequency set to 5 times the low
pass cutoff frequency in combination with LabView recording
software for all recordings. We performed all data processing us-
ing Clampfit 9.2 (Axon Instruments, Union City, CA). At each ap-
plied potential, we averaged the current over a period of 10's,
hence averaging 100,000 current values, to obtain
current—voltage plots. To measure currents above 200 nA we
used a picoammeter (Keithley Instruments, Inc., Cleveland, OH).
We calculated the average current value and standard deviation
from three independent observations.
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