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ABSTRACT We describe ion distribution and the current—voltage (i—V)

response of nanopipettes at different probe-to-substrate distances (D) as

simulated by finite-element methods. Results suggest electrostatic interactions

between a charged substrate and the nanopipette dominate electrophoretic ion °e° §
transport through the nanopipette when Dy is within 1 order of magnitude of the ® ® E
Debye length (~10 nm for a 1 mM solution as employed in the simulation). lon b e o 3
current rectification (ICR) and permselectivity associated with a neutral or charged ps [ee %
nanopipette can be reversibly enhanced or reduced dependent on D, charge
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polarity, and charge density (o) of the substrate. Regulation of nanopipette current

is a consequence of the enrichment or depletion of ions within the nanopipette
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interior, which influences conductivity of the nanopipette. When the external substrate is less negatively charged than the nanopipette, the substrate first

reduces, and then enhances the ICR as D,,; decreases. Surprisingly, both experimental and simulated data show that a neutral substrate was also able to

reduce and reverse the ICR of a slightly negatively charged nanopipette. Simulated results ascribe such effects to the elimination of ion depletion within the

nanopipette at positive potentials.
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Poisson—Nernst—Planck equations

ith the development of nanotech-

nology, nanoscale pipettes (i.e.,

nanopipettes)' * have found con-
siderable interest for detection of nano-
particles®® or single molecules”® by resis-
tive-pulse approaches, for transduction of
analyte binding by changes in current—
voltage (i—V) response measurements,**~ '3
and for solution-based diode design.'*'> A
phenomenon observed with nanopipettes
and many other nanopores is ion current
rectification (ICR), which describes an asym-
metric i—V relationship for ion transport. ICR
has been explored extensively in both experi-
mental®>'®~2* and theoretical®®3* aspects
in recent years. Predominant models sug-
gest enrichment or depletion of counter-
ions at the charged surface of the tip orifice,
and an induced asymmetric ionic flux
across the nanoscale opening is responsible
for ICR.

We have demonstrated previously in ex-
periment that ion current through a nano-
pipette can be reversibly modified when
a nanopipette probe is brought in close
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proximity to a charged substrate.* A com-
prehensive study, such as the electrostatic
effect of surface charge on the ionic current,
would benefit from a theoretical under-
standing of the principles that govern mass
transport processes under an imposed ex-
ternal electric field as a nanopipette probe is
brought near a charged substrate.
Numerical methods such as finite-element
method (FEM) have been utilized exten-
sively to simulate transport processes due
to the inherent advantages for solving par-
tial differential equations in complicated
or irregular geometries. White and Bund
have reported the application of FEM
solve mass transfer problems in nanoscale
domains.?®3> The accuracy of FEM was ver-
ified by solving simple equations with reg-
ular geometries (e.g., the electrical double
layer at a flat substrate and electroosmosis
within a capillary) where known analytical
solutions exist. lon current rectification in a
conical-shaped nanopore was simulated
with Nernst—Planck, Poisson, and Navier—
Stokes equations. Rectification was mainly
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Figure 1. (a) 2D axial symmetric geometry of the nanopipette probe and the substrate used for the finite-element simulations
(plot not drawn to scale). Dashed line in red indicates the central probe axis. Detailed definitions for boundary conditions are
illustrated in Table S1 in the Supporting Information. The inner diameter (i.d.) and outer diameter (o0.d.) of the nanopipette are
set as 25 and 200 nm. lon concentration (Co) in bulk solution is set to 1 mM. (b—e) Schematic representation of a cross-
sectional view for a nanopipette in series with a nanochannel formed between the gap of the nanopipette and substrate at
close probe-to-substrate distances: (b) a neutral pipet with a negatively charged substrate, (c) negatively charged pipet and
substrate, (d) a negatively charged pipet with a positively charged substrate, and (e) a negatively charged pipet with a neutral

substrate.

due to a change in ionic conductivity in the vicinity of
the pore orifice at applied bias, which is generated by a
redistribution of ions under electric fields from the
applied potential and the pore surface charge.

In this paper, we report the simulation of nanopip-
ette probes in close proximity to a charged or neutral
substrate with the purpose of understanding the elec-
trostatic interaction at the interface of the probe and
substrate (Figure 1a). A systematic study was carried
out by alteration of the magnitude and polarity of the
surface charge density on either the nanopipette or the
external substrate. We found that at short probe-
to-substrate distances (D), the gap between the
nanopipette and substrate can be considered as a
nanochannel thatis then connected in series to a nano-
pipette, shown schematically in Figure 1b—e. Surface
charge density distributed within this particular T-shape
geometry dominates the i—V response at small probe-
to-substrate distances (less than 500 nm). Results
reported here lead to several findings. First, the local
electric field induced by the surface charge of the
substrate dominates mass transport at small Dy (less
than 500 nm). Second, a neutral substrate can rever-
sibly reduce current rectification in the vicinity of a
nanopipette, shown both experimentally and theore-
tically. Third, and in agreement with previous reports, >
overlap of the electrical double layers associated with
the nanopipette and substrate is not required for
manipulation of ion current. The ICR ratio, however,
varies significantly when the Dy is less than a few
hundred nanometers. Our findings provide an in-depth
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understanding of the external-substrate-induced cur-
rent rectification and mass transfer phenomena within
nanoscale domains, and may inform future design of
devices for applications in surface recognition and
reversible ionic diodes.

RESULTS AND DISCUSSION

For a glass or quartz surface at moderate to high pH,
dissociated silanol groups result in negative surface
charges, an effect used widely in applications such as
capillary electrophoresis,®® contact electrification,*”
and studies of ion current rectification.' For nano-
pipettes in particular, surface charge density (o) plays a
critical role in determination of mass transport through
the confined geometry at the tip. When a potential is
applied across the nanopipette, the large electric field
at the nanoscale opening of the pipet results in a
unique sensing mechanism that can make use of sur-
face charge.?”*3*! Table 1 lists surface charge densi-
ties of silica materials reported throughout the litera-
ture. Experimental reports of charge density on a flat
glass surface or a silica sphere range widely from
-107%to —1.1 e/nm? (—10"* to —180 mC/m?).*~*
Surface charge density at the tip region of a nanopip-
ette is not as straightforward as the case of a flat glass
surface. Previous simulations utilized ¢ of —0.001 to
—1.5 e/nm? (—0.16 to —240 mC/m?) and produced
rectified current responses in good qualitative agree-
ment with measured current—voltage curves>283546-48
Recent simulations determined ¢ on a nanopipette
wall through fitting experimentally measured i—V curves
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TABLE 1. Reported Surface Charge Densities for Silica Materials

material o (e/nm?)
Silica sphere —125x 1073 ~ —438 x 103
Glass plate —125x 107~ =375 x 10
Silica sphere —55x 10"~ —85x 107"
PS sphere 31 x 107~ —44x 1073
BK7 glass surface —0.1875 ~ —1.125
Silica sphere —0.0005
Silica sphere —0.013 ~ —0.75
Silica sphere —10x 1075~ —63x 107"
Oxidized PDMS —0.08125

with simulated i—V curves and gave o values from —170
to —240 mC/m2.4*° For most simulations, —1 e/nm?
(=160 mC/m?) has been used to consider effects of
surface charge on current rectification. In addition to
surface charge density, pore geometry, electrolyte
concentration, and pH are important parameters
to consider in simulations of ion current measure-
ment.>*®*® To the best of our knowledge, no direct
experimental measurement of surface charge density
for a nanopipette exists. For simulations described
here, absolute values of o from 1 to 10 mC/m? are
utilized as a compromise between reported values and
computational costs of simulation.

lon Current Rectification of a Neutral Nanopipette Induced by
an Externally Charged Substrate (oyipee = 0 mO/m%, o4 =
+1 mUm?). In this article, we define the sign of the
potential as the potential applied inside of a nano-
pipette with respect to the potential in the external
bulk solution. Current—voltage curves were simulated
for a neutral nanopipette brought close to a charged
substrate with either negative or positive charge.
Figure 2a,b shows simulated i—V curves as Dy varies
from 500 to 1 nm. Rectification ratios for each D,
defined as the current value at —1 V over the current
value at +1 V, are shown in Figure 2c,d. The neutral
nanopipette displays an ohmic response (rectification
ratio equals to 1) when Dy is greater than 100 nm at
Osub = —1 mC/m?. As the nanopipette is moved closer,
ion current at positive potential decreases while the
absolute value of current at negative potential in-
creases. As a consequence, the current rectification
ratio increases as Dy, is lowered (Figure 2c). At the
shortest distance simulated, Dy = 1 nm, the ICR ratio
reaches a value >60. To understand the origin of this
phenomenon, total concentration distributions along
the central axis (dashed line, Figure 1a) between the
probe and the substrate at =1V are shown in Figure 2e,
f for o4, = —1 and +1 mC/m? For the case where
a neutral nanopipette is close to substrate with oy, =
—1 mC/m?, with a negative electric potential (inside vs
outside) applied across the probe, anions move from
the inside of the probe to the external bulk solution.
At short probe-substrate distances (e.g., when Dy is
1 nm), the electric field associated with the negative
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o (mU/m?) note ref
—0.20 ~ —0.70 (alculated [y}
—0.20 ~ —0.60 (alculated 4
—0.088 ~ —0.14 Measured 53
—0.049 ~ —0.70 Measured 43
—30 ~ —180 Measured 44
—0.08 Measured 45
—21~-120 Measured 54
—16x 10"~ —0.1 Measured 55
—-13 Measured 56

charge of the substrate is strong enough to occlude
anion translocation from nanopipette. This anion re-
jection leads to a build-up of anion concentration due
to the fact that less anions migrate out of the nano-
pipette at close Dy versus large Dy,. Thus, anincrease in
conductivity of the probe is predicted (Figure 2e, —1V,
Dgs = 1 nm). In contrast, with a positive electric
potential applied across the probe, anions are depleted
from the probe interior while flow of cation toward the
probe is inhibited, and this leads to a decrease in the
current (Figure 2e, +1V, Dps = 1 nm). Concentration
polarization effects, a consequence of local modifica-
tion of ion concentrations as compared to bulk electro-
lyte, give rise to greater current rectification (defined
asi_qv/iyqy) at small D,s. When the tip is away from the
substrate (Figure 2e, £1V, D, = 500 nm), concentra-
tion enrichment observed close to the charged sub-
strate has a negligible effect on the probe conductivity.

Substrate induced current rectification is reversed
when the charge of the substrate is changed from
—1 mC/m? to +1 mC/m? (Figure 2b). lon current at
positive potential increases and ion current at negative
potential decreases with reduction of D; therefore,
the rectification ratio drops to less than 1 for Dy, less
than 100 nm (Figure 2d). Simulations for ogipet = 0 mC/m?
and oy, = £1 mC/m? suggest that ion current rectifi-
cation can be influenced by substrate charge. Charge
polarity at the substrate dominates ion selectivity at
the interface when a neutral nanopipette probe is
placed in vicinity of a charged substrate as illustrated
in Figure 1b. More pronounced current rectification
can also be observed and only requires increase of the
surface charge density (0, = —10 mC/m?), as shown
in Figure S1 of the Supporting Information.

Effect of Charge Density of Nanopipette and Substrate. Sur-
face Charge Density of the Substrate is 10 Times Greater
than the Nanopipette (Opper = —1 MC/M’, Oy =
+10 mC/m?). Models in which the substrate has a
surface charge density 10 times greater than the probe
(Opipet = —1 MC/mM?, o, = £10 mC/m?) were exam-
ined. Varied surface charge density on the nanopipette
or the substrate serves to predict electrostatic effects
on ion transport through the nanopipette probe.
Figure 1c and 1d illustrate the situation considered in
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Figure 2. Simulated current—voltage (i—V) curves as a neutral nanopipette (0pipet = 0 mC/m?) approaches (a) a negatively
(0sub = —1 mC/m?) and (b) a positively charged substrate (o5yp = +1 mC/m?). The corresponding ion current rectification (ICR)
ratio is plotted as a function of the distance (D,,) between the probe and the (c) negatively and (d) positively charged
substrate. D, varies from 500 to 1 nm. Simulated total ion concentration distribution at D, = 500 and 1 nm for (e) o5, =
—1 mC/m? and (f) o5y = 1 MC/m?. The inner diameter (i.d.) and outer diameter (0.d.) of the probe are set as 25 and 200 nm,
respectively. The ionic concentration (Cy) in the bulk solution is equal to 1T mM. The ICR ratio is defined as the ratio of the

magnitude of the ion current at —1 V relative to that at +1 V.

this model at close probe-to-substrate distances. Si-
mulated i—V curves and ICR ratios at various D, for
Opipet = —1 MC/m?, o5, = =10 mC/m? are presented in
Figure 3. Similar trends to the case where opiper =
0 and oy, = =1 mC/m? are observed, which suggests
under these conditions surface charge immobilized on
the substrate can dominate ion selectivity at close
probe-to-substrate distances despite the existence of
the surface charge on the nanopipette. Stronger ef-
fects of ion accumulation/depletion result in higher ICR
ratios (Figure 3c) when the substrate surface charge is
10 times that of the probe. Concentration distributions
along the central axis of the nanopipette (dashed line
in Figure 1a) were plotted to understand the origin of
this effect. At D, = 500 nm, the charge on the substrate
is too far away to exert influence over the ion distribu-
tion around the nanopipette (Figure S2, Supporting
Information). At D,s = 5 nm, negative charges on both
the substrate and probe result in ion accumulation at
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negative potentials and ion depletion at positive po-
tentials. Moreover, the overall magnitude of the max-
imum concentration enhancement at D,s = 5 nm
increases about 4 times as compared with concentra-
tion enhancement at Dy = 500 nm. Such concentration
enhancement indicates a more polarized concentra-
tion profile, which suggests more pronounced ion
selectivity arises due to the charged substrate. Con-
trary to the results for o, = —10 mC/m? an increase of
ion current carried by cations and anions at positive
potentials is predicted at ogp = +10 mC/m? and
rectification drops as Dy, decreases (Figure 3d). With
these conditions, ions are enriched at positive poten-
tials and depleted at negative potentials as the nano-
pipette probe approaches the substrate, which results
in reversal of i—V response (Figure S2, Supporting
Information).

This trend is in good qualitative agreement with experi-
mental reports in which a nanopipette approached a
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Figure 3. Simulated i—V curves of a negatively charged (0pipet = —1 mC/m?) nanopipette approaching (a) a negatively charged
(0sub = —10 mC/m?) substrate and (b) a positively charged substrate (0, = 10 mC/m?). (c and d) Corresponding plots of the ion
current rectification (ICR) ratio as a function of the distance (D) between the probe and the substrate. Dy, varies from 500 to 1 nm.

PDMS substrate that carries negative or positive char-
ges.?? Results discussed here suggest that substrates
with higher charge density (10-fold) can override sur-
face charge effects of the nanopipette alone and can
enhance or lower rectification regardless of the pre-
sence of surface charge on the nanopipette. As a result,
ion selectivity in the gap between the nanopipette
probe and substrate is controlled by the charge density
at the substrate. We note that the simulation model
predicts a counterintuitive current increase at small Dy,
(<100 nm) and negative (for approaching a negatively
charged substrate) or positive potentials (for a posi-
tively charged substrate), opposite to previous experi-
mental observation.?? This is possibly due to the
difference in electrolyte concentration between the
simulation (1 mM) and the experiments (50 mM).
Models Where Surface Charge Density on the Sub-
strate is 10% of That on the Nanopipette (Gpiper =
—10 mC/m?, 6, = £1 mC/m?). A model with higher
o (—10 mC/m?) on the nanopipette than on the sub-
strate (+1 mC/m?) was examined further to investigate
the role of charge density. Current—voltage curves and
ICR ratios versus Dy for a model with opiper = —10 mC/m?,
Osub = —1 MC/m? are presented in Figure 4. As Dps is
reduced from 500 to 20 nm, ions accumulate within the
probe at negative potentials. However, the charge
density on the substrate is lower than that on the
probe, which results in a decrease in the ion current at
negative potentials and an increase of ion current at
positive potentials (Figure 4a). As a consequence, the
ICR ratio decreases from 2.0 to 0.8 as Dy is lowered
from 500 to 20 nm (Figure 4c). Interestingly, as the
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probe continues to approach to the substrate from
20 to 1 nm, the higher electric field adjacent to the
substrate induces a decrease in positive currents
(Figure 4b), which also results in an increase of the
ICR ratio. For instance, the ICR ratio increases from 0.8
to 2.0 as Dy, drops from 20 to 1 nm. Concentration
distributions are further analyzed to examine correla-
tion of ion distribution to current response. At negative
potentials, a concentration polarization zone induced
by surface charge on the nanopipette wall exists inside
of the nanopipette when the probe is away from the
substrate (Dps = 500 nm, Figure 4d). At Dy of 20 nm, the
magnitude of concentration enhancement appears to
be comparable at both positive and negative poten-
tials (Figure 4e). As the probe-to-substrate distance is
further decreased to 1 nm, the concentration of ions at
negative potentials (64 mM at the tip with a transpip-
ette potential of —1 V) increases significantly and is
much higher than at the corresponding positive po-
tential (2.7 mM at 1V, Figure 4f).

In addition, simulations were performed with re-
versed charge on the substrate (Opipet = —10 mC/m?,
Osub = +1 mC/m?, Figure 5). When the probe is far from
the substrate, the asymmetric ion current response is
attributed mainly to the surface charge of the probe. As
Dy is decreased from 500 to 100 nm, absolute ion
current at negative potentials starts to decrease while
current at positive potentials remains the same
(Figure 5a), similar to the data shown in Figure 4a.
The position of maximum concentration enhancement
remains inside of the nanopipette orifice; however, the
amplitude decreases to 12 mM at Dy = 150 nm as
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respectively.

indicated from Figure 5c (15 mM at D,s > 500 nm as
shown in Figure 4d). When the probe is closer to the
substrate, Dps = 150—1 nm, the positive charge of the
substrate controls ion transport through the pore, as
suggested by the decrease of current at negative
potentials and the increase of current at positive
potentials. Thus, the degree of current rectification
decreases at lower Dy, as shown in Figure 5b. Con-
centration profiles show a considerable difference at
Dps =5 nm compared with Dy > 150 nm. At Dps =5 nm,
the position of the maximum concentration enhance-
ment shifts closer to the nanopipette orifice. Counter-
ions are built up between the nanopipette probe and
the substrate (Figure 5d). Thus, ion distributions are
dictated by the surface charge of the substrate at low Dp.

From these simulations, the location of concentra-
tion polarization is observed to shift due to the electro-
static interaction of the charged interfaces of nano-
pipette and substrate. Surface charge on the substrate
dominates ion transport when the nanopipette probe
is in the vicinity of the surface even if the charge
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density on the substrate is 10-fold lower. In addition,
our simulations in Figures 4 and 5 suggest that a 100%
overlap of the electrical double layers between
the probe and the substrate, that is, Dps < 100 nm
(~5x Debye length) for the T mM solution used here, is
not necessary to effectively change the ICR by the
substrate, in agreement with previous studies of ICR
phenomena.?>?®

Experimental and Simulated Results of ICR of a Negatively
Charged Nanopipette in the Presence of a Neutral Substrate
(Gpipet = —1 MUmM?, G5 = 0 mUm?). Having established
that ICR can be induced by charge from an external
substrate, a more complicated situation where a nega-
tively charged nanopipette (Opiper = —1 mC/m?)
approaches a neutral substrate is considered (og., =
0 mC/m?). As the probe is far from the substrate, Dps =
500 nm, surface charge immobilized on the nanopip-
ette determines ion selectivity; thus, an asymmetric
current—voltage curve is observed with an ICR ratio of
~2.3 (Figure 6a,b). The concentration polarization zone
is located inside of the nanopipette, ~300 nm away
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Figure 6. (a) Simulated i—V curves of a negatively charged

nanopipette (0piper = —1 mC/m?) approaching a neutral (o, =

0 mC/m?) substrate from 500 to 1 nm and (b) corresponding dependence of ICR ratio vs Dp. Simulated total ion concentration
distribution as a function of distance along the central probe axis at (c) Dps = 500 nm, (d) D, = 5 nm. (e) Experimentally
measured i—V curves obtained by approaching a nanopipette probe to a PDMS substrate (model for a neutral surface) and

(f) ICR ratio vs D. Dy, is altered from 1000 to 0 nm. A sol
electrolyte and the bath solution.

from the tip orifice (Figure 6c), similar to the condition
in which the substrate is absent in the system. As D is
reduced from 500 to 1 nm, the electric field is localized
within a confined region of the nanopipette channel in

SA ET AL.

ution of 50 mM KCI buffered at pH 7.5 is used for both filling

series with the gap formed at the surface, as illustrated
in Figure Te. In this situation, current at negative
potentials is weakly voltage dependent (Figure 6a),
especially atlow Dy, where ion transport from the bulk
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at negative potentials is limited due to the steric
hindrance of the substrate. lon concentration in the
pore also becomes less voltage dependent at negative
potentials (Figure 6d). At positive potentials, a lack of
depletion zone is shown at Dy = 5 nm as compared
with Dgs = 500 nm. lon concentration is depleted to
lower than T mM at D, = 500 nm (Figure 6¢), while the
lowest ion concentrations are about 2 mM at D,s =
5 nm (Figure 6d). Therefore, no depletion zone is
created at positive potentials at close probe-to-
substrate distances for a neutral substrate and the
existence of the substrate limits current for both
voltage polarities. The disappearance of the depletion
zone at positive potentials results in the reversal of
current rectification ratios at small D,. Furthermore, a
probe with higher charge density, Opipet = —10 mC/m?,
exhibits a similar reduction and reversal of the ICR
(Figure S3).

An experiment where a nanopipette is brought
toward a nominally neutral PDMS substrate was per-
formed to further investigate this finding. Experimen-
tally, the nanopipette was approached toward a
neutral PDMS substrate at Dy, ranges from 1200 to
0 nm and i—V curves were recorded at discrete posi-
tions. Electrolyte that filled the inside of the nanopip-
ette was identical to the bath electrolyte (50 mM
KCl buffered at pH 7.5). Figure 6e and 6f show that
experimental measurements are in qualitative agree-
ment with the simulated results where the rectification
ratio decreases, primarily due to the current decrease
at negative potentials, as the nanopipette probe
approaches closer to the substrate. Experimental evi-
dence shows that current—voltage curves are transfor-
med from a rectified response to a quasi-linear
response and then into a reversed rectified response.
The rectification ratio drops from 7.1 to 1.25 as D,
decreases from 1200 to 400 nm. Current—voltage
curves show a linear trend when Dy, = 350 and
300 nm (ICR = 1.09, 1.07 respectively). Rectification is
reversed with reduced D, and the ICR ratio is 0.8 and
0.6 for D,s = 250 and 50 nm, respectively. Similar
reproducible experimental results were observed for
multiple nanopipettes. Experimental observation of
rectification reversal at decreased Dy, is in qualitative
agreement with the simulated results discussed here.
Although finite-element simulations predict the quali-
tative trend of the experimental Dy, dependent recti-
fication ratios for both charged (previously reported)??
and neutral substrates (Figure 6), they do not provide
quantitative agreement with experimental observa-
tions at different distances. For instance, experimen-
tally determined rectification ratios start to decrease in
a more concentrated electrolyte (50 mM) at larger
Dy (>1000 nm) as compared with the simulated results
(200 nm). In addition, a higher rectification ratio,
ICR~8.0, is observed in experiment when the probe
is far from the substrate, and thus, the reversal of
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rectification requires a larger number of ions to trans-
port and compensate current at negative potentials.
We speculate that the low negative surface charge
density employed in the simulation, —1 mC/m?, to-
gether with the time scale of the experimental inter-
rogations of current, may be responsible for the weaker
Dps dependence of ICR at larger D,s (>200 nm). Other
laboratories also demonstrated that a complicated
long ranged surface force interaction between the
nanopipette probe and the substrate may also be
one of the reasons.>’

To summarize the above experimental and model-
ing findings for the case of a charged nanopipette
probe close to a neutral substrate, ion selectivity is
determined from surface charge on the nanopipette
when the probe is far away from the substrate. The
presence of an external neutral substrate can over-
come electrostatic effects at low Dy, values, which
gives rise to a reduction of the ICR. We point out this
process is totally reversible due to the nature of
physical positioning of the nanopipette probe, which
has advantages over other methods to study ICR
phenomena that make use of a chemical modification
of the probe®' The above-mentioned discrepancies
suggest that a better understanding of the microenvi-
ronment between the nanopipette and the substrate,
as well as a more sophisticated theoretical model that
considers both short-range and long-range charge
interactions is required for quantitative prediction of
rectification phenomena of channels at the nanoscale.

CONCLUSIONS

In conclusion, finite-element simulations of i—V
curves through a nanopipette can successfully predict
the previously reported experimental observation of
enhanced or diminished ion current rectification when
a nanopipette probe is brought close to a negatively or
positively charged substrate. When the charge density
of the substrate is 10 times higher than that on the
probe, the approach of the probe to the substrate leads
to an enhanced or reversed current rectification, which
depends on the substrate polarity. The slightly charged
(21 mC/m?) substrate is also capable of transforming
i—V curves, but to a lesser extent. Further analysis of
the ionic concentration profile suggests that the pres-
ence of the adjacent charged substrate shifts the con-
centration polarization zone and determines the over-
all current through the probe. Our simulations demon-
strate that the full overlap of the electrical double
layers associated with the probe and the substrate is
not strictly required for the electrostatics to take effect.

Interestingly, we have found—from both experi-
mental and computational data—that current rectifi-
cation of a charged probe can also be reversed when it
is brought toward a neutral substrate, a consequence
of hindrance of concentration polarization zone by the
neutral substrate.
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Simulation of ion transport at charged interface of
nanopipette probe and substrate provides a theoretical
support to study mass transfer phenomena at nanoscale.
These theoretical findings, together with the previously
demonstrated feasibility of bringing a probe in proximity

EXPERIMENTAL DESIGN AND NUMERICAL MODELS

Experimental Setup and i—V Characterization. Nanopipettes with
typical tip orifice <50 nm were fabricated and mounted on a
piezoactuator positioning system as previously reported.??
Electrolyte filled into nanopipette and bath solution is 50 mM
KCl buffered with phosphate (conductivity = 6.74 mS/cm), and
pH is adjusted to 7.5. Polydimethylsiloxane (PDMS) substrates
are prepared through a commercial Sylgard-184 kit (Dow
Corning, Midland, MI) without further surface treatment to
perform as a neutral substrate. Current—voltage curve measure-
ments are carried out with a CH instrument (CHI910B Electro-
chemical Analyzer, Austin, TX) with potential ramped from
—1.0 V to +1.0 V with sample interval of 0.001 V, quiet time is
set as 2 s and a relatively low scan rate of 0.1 V/s is applied to
ensure the ionic redistribution is faster than the rate of voltage
perturbation.”® Approach curves are taken at a constant poten-
tial, —1 V, until current magnitude drops to 80% indicating a
close probe-to-substrate separation. The nanopipette is posi-
tioned toward the substrate by the piezoactuator with 50 nm
step size and the corresponding i—V curve for each step is
recorded simultaneously. A gentle contact between the nano-
pipette and substrate results in formation of a seal between
nanopipette and PDMS with evidence of subpicoampere cur-
rent readout across the potential range. This position is con-
sidered to be Dy, = 0 to calibrate the absolute D, distances.
Finally, the nanopipette is retracted away from the substrate
and i—V is measured and compared with previously obtained
i—V taken before the experiment to ensure the reversibility of
the whole process. Approach curves and i—V curves at each Dy
can be found in the Supporting Information (Figures S4 and S5).

Governing Equations. Finite-element method is applied to
solve coupled Poisson—Nernst—Planck (PNP) partial differential
equations with COMSOL 4.3 Multiphysics (Comsol, Inc.). The
Nernst—Planck (N—P) equation (eq 1) describes the ionic trans-
port within a nanopipette including contributions from the
diffusion under a concentration gradient (the first term on the
right-hand side) and the migration under an electric field (the
second term). J;, D;, ¢; and z; are, respectively, the ion flux vector,
the diffusion coefficient, the concentration, and the charge of
species i in solution. @ is the local electric potential,and F, R, and
T are the Faraday's constant, the gas constant, and the tem-
perature, respectively. To simplify the calculation, electroosmotic
flow in the nanopipette was not considered in the simulation and
the system was assumed to be steady-state, eq 2 (also known as
continuity equation), in which V is the gradient operator,

ziF
Ji = -DiV¢ — ﬁ Dic;V® (1M
V=0 ()]

Poisson equation (eq 3) relates the electrostatic potential
and electric field with the spatial charge distribution,

F
2 —_ .
Vi) = ESOZZ,C, (©)

where gy and ¢ are the permittivity of the vacuum and relative
permittivity of the electrolyte media. The boundary condition of
the Poisson equation is presented in eq 4, according to which
zero flux is on the nanopipette wall. ¢ is the surface charge
density (C/m?).

o

nvd = - — (@)
€&
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to a substrate with accurately measured probe-to-
substrate distance, allow for rational design of nano-
pipette devices that are capable of measuring localized
charge domains, and realization of a nanofluidics-
based diode with readily adjustable permselectivity.

The PNP equations were solved simultaneously to yield
electric potential and flux distribution profile within the calcula-
tion domain. lonic current (/) was obtained by integrating the
total ion flux toward the two semi-infinite boundaries, as shown
ineq5,

I = —F/(J(K*) —J(C7))-ndS (5)

where n, J(KT), J(CI7), and S stand for the surface normal vector,
flux for cation, flux for anion, and the cross-sectional area of the
calculation domain, respectively. The dielectric constant of the
diluted (1 mM) KCI solution is set as 80; other parameters in
the simulation include the diffusion coefficients of K™ (1.96 x
10° m?/s) and CI~ (2.03 x 10~° m%/s5).>?

Definition of Simulation Domain and Boundary Conditions. Figure 1a
describes the two-dimensional simulation domain defined in
this study. Two 20 um x 10 um reservoirs are connected to the
base and the tip end of the nanopipette, while an external
substrate with defined surface charge density (0y,,) is placed on
the tip side of the nanopipette (detailed simulation conditions
can be found in the Supporting Information). Dys was defined as
the distance between the nanopipette probe and the substrate
and was varied between 1 and 500 nm. The inner and outer
diameters of the nanopipette are set as 25 and 200 nm,
respectively, according to the experimental conditions. The
length of the nanopipette probe was 5 um. Surface charge
densities (0) on the nanopipette and the substrate are in the
range of 0 to 10 mC/m?. Electric potentials were applied on
the boundaries AB and CD (Figure 1a). The initial concentration
for bulk electrolyte is setas T mM. The minimum mesh size is set
as 0.1 nm with maximum element growth rate as 1.2.
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