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ABSTRACT: At the nanoscale, methods to measure surface
charge can prove challenging. Herein we describe a general
method to report surface charge through the measurement
of ion current rectification of a nanopipette brought in close
proximity to a charged substrate. This method is able to
discriminate between charged cationic and anionic sub-
strates when the nanopipette is brought within distances
from ten to hundreds of nanometers from the surface.
Further studies of the pH dependence on the observed
rectification support a surface-induced mechanism and
demonstrate the ability to further discriminate between
cationic and nominally uncharged surfaces. This method
could find application in measurement and mapping of
heterogeneous surface charges and is particularly attractive
for future biological measurements, where noninvasive,
noncontact probing of surface charge will prove valuable.

n interesting and well-studied phenomenon exhibited by
A.some nanopore devices is ion current rectification.” In this
context, rectification means that ions flow preferentially through
the nanopore in one direction relative to the other. Shape (e.g,
cylindrical, conical, etc.) and distribution of cationic or anionic
charge present on the nanopore walls have been proven to play
important roles in the extent and direction of rectification
observed. Nanoscale effects, such as electrical-double layer
(EDL) overlap'®? or so-called “squeezing effects” of ion con-
centrations have been discussed as the origins of rectification.’
Experimentally, rectification is measured by monitoring the
current that flows through the nanopore under an applied
transpore potential and can lead to a nonlinear diode-like
current—voltage behavior. Rectification can be represented
quantitatively as the ion current rectification (ICR) ratio, defined
as the ratio of current passed at a potential relative to the current
passed at a corresponding potential of opposite polarity. Here we
report ICR ratios measured at &1 V applied transpore potential

(eq 1)

ICRratio = l,(7 IV) ( 1 )

Common nanopore devices that exhibit ICR include polymer

membranes,” silicon nitride nanopores,'* nanofluidic channels,’
. 6 . 1a,7

protein channels,” and glass nanopipettes. ' A number of
reports have sought to develop nanofluidic devices that utilize
the ICR effect to create fluidic diodes, chemical sensors, or
platforms for separations. For instance, chemically modified
nanopipettes have been reported that sense analytes such as
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Figure 1. Measurement of ion current through nanopipettes in proxi-
mity of a substrate. (a) Schematic of experiment described. A Ag/AgCl
electrode is placed inside an electrolyte-filled nanopipette. The ion
current between this electrode and a second Ag/AgCl electrode in the
bath solution is measured as a function of both the potential difference
applied and the nanopipette position relative to a surface of interest.
D,_ is the probe—substrate distance. (b) Approach curve of nanopip-
ette, in which normalized ion current as a function of piezo displacement
is measured.

DNA, proteins,” and metal cations” when specific binding of the
analyte to the nanopore altered the nanopipette surface charge,
demonstrated by changes in the measured ICR ratio.

The aforementioned studies demonstrate the importance of
surface charge on the asymmetric surface potential or ion
concentration distributions and highlight the influence of the
nanopipette surface chemistry on the ICR ratio. Here, we
communicate asymmetric, charged nanopores (in the form of
nanopipettes) that can report effects of the substrate charge
through changes in the observed ICR ratio when moved in close
proximity to a charged substrate. The experiment is depicted in
Figure la. Nanopipettes were first fabricated from quartz capil-
laries with a CO, laser-based puller and characterized
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Figure 2. ICR ratio plotted as a function of nanopipette position from a
substrate and illustrative current—voltage responses. (a) ICR ratio as a
function of probe—substrate distance (D,_s) for a nanopipette ap-
proaching an anionic (PDMS®") substrate. (b) Current—voltage
response at probe—substrate distances of 110 nm (black) and 10 nm
(red). For the anionic surface, data recorded in 50 mM KCI, 2 mM
KH,PO,, pH 8.0. (c) ICR ratio as a function of probe-substrate distance
(D) for a nanopipette approaching a cationic (PDMS™""?) substrate.
(d) Current—voltage response at probe—substrate distances of 170 nm
(black) and 40 nm (red). For the cationic surface, data recorded in
50 mM KCI, 2 mM KH,PO,, pH 6.8.

electrochemically and with electron microscopies. A quartz
nanopipette with anionic surface charge from pendant silanol
groups was brought in close proximity to an elastomeric substrate
with a piezoelectric positioner. By monitoring the steady-state
ion current through the nanopipette as the nanopipette ap-
proaches a substrate, the distance from the surface can be
determined.'® Measurement of the current—voltage response
of the nanopipette at discrete steps allows the influence of the
substrate charge on the ICR ratio to be determined. Nanopip-
ettes employed in this manner provide a unique platform to
study fundamentals of nanofluidic phenomena and provide a
tool to measure the relative cationic or anionic charge of a
surface.

To address the influence of substrate charge, two elastomeric
surfaces were prepared. A poly(dimethylsiloxane) substrate
(PDMS®) was prepared from a commercial kit according to
manufacturer’s specifications, and the substrate was cleaned in an
oxygen plasma to remove surface contamination and promote
surface hydroxide formation."' A second PDMS substrate was
chemically functionalized with (3-aminopropyl)triethoxysilane
to generate a surface with pH-dependent cationic surface
charge.'” For approach of the nanopipette to a substrate, an
initial measurement of the steady-state ion current for the
nanopipette far removed from the surface was recorded. The
nanopipette was then approached to the substrate (step size
~10 nm) with an automated approach until the ion current
decreased to 90% of its steady state value as shown in Figure 1b.
The decrease observed occurs due to hindered transport of ions
through the small gap (D,_) which separates the nanopipette
probe and substrate surface. This indicates that the nanopipette is
close to the surface; for the small-diameter nanopipettes em-
ployed here, D,,_ is on the order of hundreds of nanometers or
less."> The nanopipette was then manually advanced with the
current—voltage response recorded at each point in the manual

approach. The potential was scanned from &1 V at a scan rate of
0.05 V/s to ensure a steady-state response.z’14 Eventually, no
current was recorded through the nanopipette, which was
regarded as the point of zero probe—substrate distance, where
the nanopipette was sealed to the elastomeric surface. In some
instances, no seal or zero point could be obtained, likely due to
the angle of approach of the nanopipette or surface roughness,
and these data were not used further in analysis.

The ICR ratios as functions of probe—substrate distance and
selected current—voltage responses for approach to an anionic
substrate are presented in Figure 2a and b. Both the nanopipette
and the solution bathing the PDMS°" were filled with an electrolyte
concentration of 50 mM KCl with 2 mM KH,PO,, pH 8.0. Previous
reports have indicated that the structure of a PDMS®™ surface
resembles that of inorganic silica, with surface silanol groups that
carry an anionic surface charge under alkaline conditions.'"* For the
ICR ratio—distance plot (Figure 2a), the ICR ratio stays constant
for D,_, greater than 40 nm. For probe—substrate distances
<40 nm, significant increase of the ICR ratio with decreasing D,,
is observed. The ICR ratio reaches a maximum of ~400 when
separation between probe and substrate is ~10 nm. Representative
current—voltage plots at D, of 110 and 10 nm are shown in
Figure 2b (see Supporting Information [SI] for further plots). From
the current—voltage plot, the overall magnitude of the current
response is lowered due to the increased access resistance of the
probe—substrate gap,'* but the currents recorded at positive values
are attenuated to a greater extent. A plausible mechanism for
this increase in rectification is both charge screening of
chloride ions moving into the nanopipette and depletion of
anions in the double layer by the anionic charge at the surface
of the PDMS®™ substrate. When considered in the context of
the anionic charge of the nanopipette, the ICR effect is
enhanced in close proximity to the surface relative to that of
the nanopipette alone.

The ICR ratio as a function of probe—substrate distance and
selected current—voltage responses for approach to a cationic
substrate are presented in Figure 2c and d. An electrolyte concen-
tration of 50 mM KCl with 2 mM KH,PO,, pH 6.8, was filled into
both the nanopipette and the solution bathing the PDMS™'"
substrate. In this case, the ICR ratio displays a distance-dependent
response that is opposite from the anionic PDMS®™ surface. At
large probe-to-surface separation (>150 nm), the ICR ratio is ~2.2.
As the nanopipette approaches the substrate, the overall current
magnitude decreases, again due to the increase in access resistance.
The ICR ratio decreases rapidly for small probe—substrate separa-
tions, with values of 0.92, 0.1S, and 0.20 for D,,_, of 130, 40, and
20 nm, respectively. We attribute this effect to a surface charge-
induced depletion of local concentration of co-ions (K*) and an
enrichment of counterion (Cl~) concentration. Therefore, the
charge of the substrate is a critical factor in ion transport, as the
probe—substrate gap becomes a dominant resistive element. Inter-
estingly, a negatively charged nanopipette in close proximity to a
positively charged surface mimics properties of asymmetric fluidic
diodes designed by Siwy and co-workers for the case of asymme-
trically charged nanopores'® and may provide a manner to inves-
tigate such phenomena further. For instance, at some intermediate
distances (see SI) current—voltage responses near zero applied
potential diminished greatly, which suggests the possibility of
formation of a depletion zone between the positively charged
PDMS™™ substrate and the negatively charged nanopipette sur-
face. To ensure the current—voltage response observed was not the
result of silanes adsorbed to the nanopipette, the nanopipette was
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Figure 3. ICR ratio plotted as function of probe-to-surface distance
when nanopipette approached PDMS™H2 substrate at pH 6.8 (a), 8.0
(c), and 10.8 (e), with corresponding SEM images (b), (d) and (f).
Electrolyte concentration was kept the same at 50 mM KCI, 2 mM
KH,PO,. O.D. indicates outer diameter, LD. indicates inner diameter.

withdrawn after reaching the zero point, and the current—voltage
response was recorded. Results showed that the two current—voltage
curves taken at large probe—substrate separation before and after
the approach were very similar, which illustrates that the surface
charge of the nanopipette is not significantly changed in this
experiment. (see SI).

Measurement of the current—voltage response for a nanopip-
ette approaching a PDMS™"? surface as a function of pH was also
recorded. Panels a, ¢, and e of Figure 3 display the current
rectification ratio plotted as a function of probe-substrate dis-
tance at pHs of 6.8, 8.0, and 10.8 respectively. Panesl b, d, and f of
Figure 3 show scanning electron micrographs of nanopipettes
pulled from the same capillary as those used in the measurement.
At pHs 6.8 and 8.0, the ICR ratio decreased significantly with
decreasing D,_. Overall, the ICR ratio changed from 2.2 to 0.2
and 21.0 to 0.02 as D,_, was changed from 180 to 20 nm
respectively. To minimize the cationic charge on the PDMSNH?
substrate, a sufficiently high pH of 10.8 (as compared with
isoelectric 1point of amine-modified surface pH 10—11) was also
measured.'” Here the ICR ratio decreased from 5.5 to 3.0 as Dy
changed from 140 to 20 nm at pH 10.8, which represents a much
smaller relative change and further indicates that the rectification
of the nanopipette surface is still the dominant factor since the
ICR ratio is larger than 1.

In summary, we have studied ion transport through nanopipettes
in close proximity to charged cationic and anionic substrates. We
have demonstrated experimentally that, when asymmetric charged

nanopores are in close proximity to a substrate of interest, the
substrate charge can play a key role in the current—voltage response
observed. The recorded distance-dependent ICR ratio can thus be
employed to report surface charge for the region in the vicinity of a
nanopipette tip. We believe the initial results communicated here
can be further extended to explore local charge densities of
heterogeneous surfaces at spatial resolution on the order of the
nanopipette tip diameter (<100 nm). This technique could prove
valuable in studies of biological surfaces (e.g, lipid composition) and

in further investigations of nanofluidic phenomena.
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