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Abstract

lon current rectification (ICR) is a transport phenomenon in which an electrolyte conducts unequal
currents at equal and opposite voltages. Here, we show that nanoscale fluid vortices and nonlinear
electroosmotic flow (EOF) drive ICR in the presence of concentration gradients. The same EOF
can yield negative differential resistance (NDR), in which current decreases with increasing
voltage. A finite element model quantitatively reproduces experimental ICR and NDR recorded
across glass nanopipettes under concentration gradients. The model demonstrates that spatial
variations of electrical double layer properties induce the nanoscale vortices and nonlinear EOF.
Experiments are performed in conditions directly related to scanning probe imaging and show that
quantitative understanding of nanoscale transport under concentration gradients requires
accounting for EOF. This characterization of nanopipette transport physics will benefit diverse
experimentation pushing the resolution limits of chemical and biophysical recordings.
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INTRODUCTION

Nanopipettes are tools for studying nanofluidics! and probing highly localized signals, with
diverse applications in scanning probe microscopy,2-> electrophysiology,6-°
electrochemistry,10-11 molecular detection,12-14 chemical delivery,1>16 and iontophoresis.’
Across these applications, the smallest pipettes offer the best spatial resolution, and the
potential drawback of low current signals can be mitigated by filling pipettes with high-
concentration solutions (e.g., 3 M). During experimentation, such pipettes are typically
immersed in less concentrated solutions (e.g., 140 mM), creating a concentration gradient at
the pipette tip. Due to the concentration gradient, pipettes conduct unequal currents at equal
and opposite voltages, favoring one direction of current over the other (see Figure 1)—an
effect known as ion current rectification (ICR).18-25 In this work, we use nanopipettes to
characterize ICR in the presence of concentration gradients so that we can properly interpret
physical signals recorded under these conditions.

In the case of uniform concentrations, ICR has been extensively studied and characterized.
1.26-30 \We refer to the ICR mechanism in these works as Debye-overlap ICR because
measurements occur under low- xa conditions, where xa is a dimensionless parameter
characterizing the ratio of channel radius (4) to Debye length (x~9), calculated for a

ek, T

symmetric monovalent electrolyte as x~! = %, where e is solution permittivity, Ag is
2¢“N ,c
A

the Boltzmann constant, e is the elementary charge, N4 is the Avogadro number, and ¢ is
bulk solution concentration. Under low- xa conditions, the electrolyte inside a charged
nanochannel contains an ionic space charge such that the net ion concentration exceeds that
of the electroneutral filling solution;31:32 in the presence of a nanochannel asymmetry
(usually, conical shape), this space charge ion concentration can be polarized (e.g., enriched
or depleted) with applied voltage, resulting in ICR.27-30

Debye-overlap ICR is restricted to intermediate solution concentrations. At low
concentrations, the ionic space charge becomes fixed, voltage-induced concentration
polarization ceases, and ICR vanishes, with the limiting concentration dependent on the
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surface charge magnitude in the channel.33 In the high-xa limit, Debye length is negligibly
small, the ionic space charge no longer contributes appreciably to conduction, and ICR
vanishes.2? By analyzing nanopipette measurements with a finite element model, we
elucidate how a concentration gradient overcomes this high-xa ICR limitation.

Under intermediate concentrations (e.g., mM), a glass nanopipette exhibits Debye-overlap
ICR by conducting more current when negative voltage is applied to the capillary than when
positive voltage is applied, with respect to a reference voltage in an external bath solution.
1,27,29,30,34 Taking directional sense from biological ion channels that only permit K* influx,
35 we refer to channels conducting more current at negative (positive) voltage as “inward”
(“outward”) rectifying.

Numerical modeling has verified the Debye-overlap ICR mechanism through calculations of
voltage and concentration distributions described by the Poisson and Nernst-Planck
equations, respectively.27-30 Theoretical transport calculations accurately reproduce
experimental results with surface charge as the only fitting parameter. Minimal discrepancies
are observed when comparing the results of simulations incorporating and ignoring Navier-
Stokes physics, demonstrating that electroosmotic flow (EOF) does not significantly
contribute to Debye-overlap ICR.29:36-38

Yet reports of ICR in the presence of concentration or viscosity gradients point to an
alternate, EOF-governed ICR mechanism, which we call “flow ICR.”18-25 High- xa
ICR18:21.23.24 3nd tunable ICR (e.g., inward or outward)?1:22.24 are inconsistent with two
corollaries of the Debye-overlap mechanism: (1) ICR should vanish in highly concentrated
solutions, 29 and (2) surface charge polarity should determine whether a channel is inward
or outward rectifying.343% During flow ICR, EOF in the presence of concentration or
viscosity gradients results in more conductive solution being driven into or out of the
channel, depending on the voltage polarity.21:24 Under sufficiently large gradients, flow ICR
can induce negative differential resistance (NDR), in which an increase in voltage results in
a decrease in current.4041

In contrast with Debye-overlap ICR, analyses of flow ICR have yet to thoroughly explain the
mechanisms underlying the effect. Extant work either does not reproduce experimental data
with a numerical model incorporating EOF, 192 or neglects EOF within models that only
qualitatively match data.20-22:23 Only twice have simulations reproduced high-xa ICR. In the
first case, larger pipettes are considered within a radially independent model (precluding
scaling to the low-nm range);#2 in the second case, EOF reversal is identified as contributing
to flow ICR, but a limited explanation is provided for the observation.2

Here, we characterize flow ICR based on agreement between experimental data and
simulations showing high-xa ICR, tunable ICR, and NDR in glass nanopipettes under
concentration gradients. We investigate the physics governing flow ICR in conditions
directly relevant to scanning probe imaging of biological systems by filling pipettes with
near-saturated KCI solutions (¢, = 3 M) and recording currents in physiologically-
comparable KCI solutions (c.x = 140 mM). When reversing the concentration gradient (¢, =
30 mM, cx = 300 mM), we show that flow ICR can induce NDR. Finite element analysis of
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the coupled Poisson-Nernst Planck-Navier Stokes equations describes the nonlinear EOF
underlying flow ICR, including characteristic nanovortex fluid flows.

cation.

Quartz glass capillaries with filaments and 1.0 mm outer and 0.5 mm inner diameters are
pulled into nanopipettes using a single step program on a P-2000 micropipette puller:
HEAT=850; FIL=5; VEL=55; DEL=145; PUL=195. Scanning electron microscope
inspection of many pipettes reveals consistent generation of a nm-scale tip. Typical
geometry (Figure 1b, inset) is a ~25 nm tip diameter with a cylindrical portion of height
~100 nm, followed by a small-degree conical taper that extends for multiple cm.

Experimental Pipette Recordings.

After fabrication, pipettes are filled with neutral-buffered KCI solutions and loaded into a
micropipette holder containing an internal Ag/AgCl wire electrode. Pipettes are then
immersed in an external neutral-buffered KCI solution containing an Ag/AgCl disk
electrode. Voltage is applied to the internal wire with respect to the ground reference
potential in the external solution (Figure 1a). The pipette voltage is swept using an Axon
Multiclamp 700B current amplifier connected to the internal wire through a unity gain
headstage. The voltage is swept from -1 V to 1 V at a rate of 2 /s with a 10 kHz sampling
rate. During experimentation, five voltage sweeps are recorded for a single set of conditions.
Displayed data represents the average current values across the sweeps. Error bars are
determined from the standard deviations of the recordings and are on the order of the plotted
linewidths.

Simulation Theory and Finite Element Modeling.

The Poisson (Equation S1, “P”), Nernst-Planck (Equation S2, “NP”), and Navier-Stokes
(Equation S3, “NS”) equations are evaluated in a cylindrical coordinate system using
commercial finite element solver COMSOL Multiphysics 5.3a. The P-NP-NS evaluations
describe voltage (P), concentration (NP), and velocity and pressure (NS) profiles inside the
nanopipette (2> 0) and the external solution (z< 0). The coupled P-NP-NS equations are
self-consistently evaluated with boundary conditions describing experimental conditions.
Detailed description and verification of the numerical methods are provided in the
Supporting Information Part 1 (Figures S1-S4, Tables S1-S4). A COMSOL-generated
report outlining the implementation of the finite element model is provided in the
Supporting Information Part 2.

During modeling, pipette geometry (Figure S1) is fit to experimental data based on
analytical expressions for electrolyte resistors at high concentrations (Equations S4-S6). The
surface charge (o) is then fit to the measured ICR.
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RESULTS AND DISCUSSION

Electroosmosis-governed ion current rectification (ICR) when cjn # Cex.

When pipette currents are recorded in high-xa conditions with ¢, = ¢x = 3 M, the current-
voltage relationship is linear. The pipette of Figure 1b exhibits constant resistance, Rpip = 14
MQ (dashed line). Upon reducing ¢ to 140 mM (while maintaining ¢, = 3 M), the same
pipette exhibits a nonlinear current-voltage relation (solid curve), where Ry, =29 MQ at V/
=-0.5V and Ryjp =52 MQat V=0.5V (noting that Ry, increases due to reducing ¢, and
voltage-dependent Ry, arises due to flow ICR). We quantify ICR with the current
rectification ratio (RR), defined as the larger current over the smaller currentat V=+0.5V.
The pipette of Figure 1b exhibits KR = 1.6 when ¢ = 3 M and ¢, = 140 mM. Recordings
from five additional pipettes demonstrate the qualitative consistency of the recordings in
Figure 1b, with #Rranging from 1.6-3.4 (Figure S5). Smaller pipettes (larger Rpip, Figure
S5a) generally rectify more than larger ones (Figure S5b), with variability due to pipette
variations during fabrication.

The outward ICR of Figure 1b must be EOF-governed if the pipette surface is negatively
charged and measurements are made in high-xa conditions. We confirm negative surface
charge by recording pipette currents in less concentrated solutions without concentration
gradients, where pipettes exhibit inward Debye-overlap ICR (Figure S6). We confirm high-
xa conditions based on concentration-dependent scaling of #Rand Ay, in the absence of
concentration gradients, which indicate a transition from high-xa to low- xa conditions
between 3 M and 300 mM (Figure S7).

We further confirm the ICR of Figure 1b to be EOF-governed by measuring both inward and
outward ICR across a single pipette, depending on the direction of the concentration
gradient (Figure S8). The measured dependence of ICR on the concentration gradient fits
our qualitative understanding of flow ICR: when ¢, > G, a positive (negative) voltage
across a negatively charged channel drives outward (inward) EOF, pushing concentrated
(dilute) solution into the channel and decreasing (increasing) resistance.

When fitting a simulation to the pipette in Figure 1b, we determine reasonable values of a=
12 nm and o= -8 mC/m? (complete parameters provided in Table S2) based on excellent
quantitative agreement between simulated current-voltage data (Figure 1b, symbols) and
experimental recordings. Within the simulations of Figure 1b, only ¢y is altered between the
data sets. If EOF is neglected, experimental behavior cannot be reproduced. Relevant EOF
streamlines when ¢, = 3 M, G = 140 mM, and V< 0V are qualitatively depicted in Figure
la.

Fluid vortices and nonlinear EOF drive flow ICR.

We employ the finite element model to further study the EOF inducing experimental ICR. In
the presence of the concentration gradient, simulated fluid flow at the tip of the pipette in
Figure 1b reveals vortex EOF patterns (Figures 2a,b), a hallmark of nonlinear EOF.43-4° The
flows starkly contrast with the linear EOF pattern observed in the absence of the
concentration gradient (Figure 2c). In Figures 2a,b, EOF streamlines depict vortex flows
where centerline (r= 0 nm) velocities at the tip oppose EOF near the walls and EOF far into
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the pipette. We observe that vortex shapes and locations depend on the voltage polarity,
pipette geometry, and concentration gradient. As voltage increases, vortices spin faster but
do not move.

The vortices and centerline flow reversals result from the combination of fast nonlinear EOF
near pipette sidewalls and fluid continuity constraints. When examining the radial velocity
distributions across Figure 2, we observe that EOF is fastest along the sidewalls when flow
is nonlinear (Figure S9) and fastest at the center when flow is linear (Figure S10). In the
nonlinear vortex case, fast EOF along sidewalls at the tip would drive local volumetric fluid
flow exceeding the volumetric flow rate far into the pipette, if not for the centerline flow
reversal. Thus, the vortex flows ensure that the net volumetric flow rate is equal throughout
the pipette, preserving fluid continuity. Further, the nonlinear EOF induced by the
concentration gradient increases EOF velocity as compared to uniform concentration
conditions (Figure S11). Large hydrostatic pressures develop within the pipette to drive the
reversed flows (Figure S12), which we call hydrostatic back flows. The flow reversal
mechanism we propose differs from prior explanations of nanopore flow reversals.2550

A concentration gradient induces nonlinear EOF by creating a spatially varying zeta
potential, where zeta potential describes the voltage drop across the diffuse part of the
electrical double layer.32 Because this voltage depends on the distance (~ 3x71) that the
diffuse layer extends from the pipette wall, zeta potential is nonuniform in the presence of a
concentration gradient. In the absence of a concentration gradient, zeta potential is spatially
uniform and vortex EOF patterns are not observed. Likewise, the two mechanisms for
describing nonlinear EOF require spatially varying zeta potentials.®? In induced charge
electroosmosis (ICEO), a voltage polarizes charge along a surface, thereby inducing or
exacerbating a nonuniform zeta potential, driving supplemental EOF, and culminating in
vortex flows.46:48:49 |n electroosmosis of the second kind, a voltage depletes co-ion
concentration at a permselective membrane, thereby inducing or exacerbating a nonuniform
zeta potential, compounding the space charge, and culminating in vortex flows.43-4547

In Figure 3a, we simulate the zeta potential along the wall of the pipette. We calculate the
zeta potential based on the radial voltage drop between the pipette wall and the pipette
centerline, as the wall represents the double layer slip plane and the centerline represents a
point outside the diffuse part of the double layer. Throughout the simulation domain, the
radial voltage profile flattens before the centerline (as shown in the inset), such that the
centerline voltage is an appropriate reference against which to measure the zeta potential.
With this approach, we follow the conventional definition for zeta potential, while assuming
that the Stern layer is coincident with the immobile part of the electrical double layer.32

Experimental pipettes exhibit ICEO based on the zeta potential nonuniformity that arises
due to the concentration gradient and is exacerbated by induced charge polarization. When
Gin =3 M and c.x = 140 mM, in the absence of an electric field (/= 0), the charged pipette
walls and Debye length scaling induce a 3-fold zeta potential increase between the
simulation boundary and the pipette tip (Figure 3a, gray curve). When applying V=0.5V,
the axial electric field induces charge polarization, increasing the negative charge magnitude
at the tip and driving a 10-fold zeta potential increase (Figure 3a, black curve). When
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applying VV=-0.5V, the tip becomes positively charged and zeta potential correspondingly
changes sign (Figure 3a, red curve). We further support the ICEO mechanism by quantifying
the induced surface charge polarization at the pipette tip (Figure S13). Consistent with the
charge polarization, we observe slightly more anions than cations at the tip when V=-0.5V
(Figure S14). Interestingly, the streamlines of Figures 2a,b remain qualitatively consistent
with electroosmosis of the second kind in microchannels.>?

The ICEO fluid velocity () due to charge polarization superimposes over the linear fluid
velocity due to intrinsic pipette charge,*6 with the latter given by the Smoluchowski relation
(teo = —eCE/n, with Eas voltage gradient and 7 as solution viscosity). The cumulative flow
yields a power-law relationship between voltage and EOF velocity. In Figure 3b, we quantify
EOF nonlinearity by plotting the maximum simulated EOF velocity (te max) Versus voltage.
We find that the vortex flow of Figure 2a yields superlinear velocity scaling as o max &
VA1 (Figure 3b, black curve), while the vortex flow of Figure 2b yields sublinear velocity
scaling as tep max & 287 (Figure 3b, red curve). The velocity scaling is consistent with
ICEO and the zeta potential distributions of Figure 3a: when V>0V, the zeta potential
increase drives ICEO flow concurrent to distal EOF, enhancing velocity scaling; when V<0
V, the zeta potential sign change drives ICEO flow opposing distal EOF, suppressing
velocity scaling. Voltage-dependent velocity scaling has previously been reported as EOF
rectification,29:30.53.54

Scheme 1 provides a qualitative summary of the velocity streamlines in Figures 2a,b and the
zeta potential distributions in Figure 3a. In Scheme 1, white streamlines represent ICEO
flows along the polarized sidewalls (¢ceo), pink streamlines represent hydrostatic back
flows (unqgr) along the center axes, and red streamlines represent vortex mixing flows. The
nonuniform zeta potential arises due to spatial variations in Debye length and charge
polarization, respectively indicated by the dashed yellow line and symbols within the gray
sidewalls (not to scale). Far into the pipette, zeta potential is approximately uniform (Figure
3a), driving linear EOF (qualitatively similar to Figure 2c).

Comparing flow ICR and Debye-overlap ICR.

Both flow ICR and Debye-overlap ICR arise from voltage-dependent enrichment and
depletion of ion concentrations inside a nanochannel. When ICR occurs, reduced resistance
is measured for voltages that enrich concentration and increased resistance is measured for
voltages that de plete concentration (resistance scales inversely with ion concentration). This
effect has been quantified a handful of times during flow ICR2242:55 and is well understood
during Debye-overlap ICR.27:29.30

We quantify ion enrichment and depletion during flow ICR by plotting the concentration
distributions for the pipette of Figure 1b with concentration maps (Figure 4a) and centerline
profiles (Figure 4b). When V= 0.5V, outward EOF drives concentrated ¢, = 3 M solution
into the pipette tip, enriching concentration and reducing R,jp to 29 MQ (Figure 4a, left;
Figure 4b, black curve). When V= -0.5V, inward EOF drives dilute ¢ = 140 mM solution
into the pipette tip, depleting concentration and increasing Apip to 52 MQ (Figure 4a, right;
Figure 4b, red curve). We simulate the same pipette under low- xa conditions, similar to
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measurements in Figure S6, to illustrate that concentration polarization also underlies
Debye-overlap ICR (Figure S15a).

The discrepancies between flow ICR and Debye-overlap ICR are informed by the different
mechanisms inducing concentration enrichment and depletion: electroosmosis governs the
former and electrophoresis governs the latter. During flow ICR, introducing a solution
asymmetry across a channel yields a conductivity gradient and EOF fills the channel with
more or less conductive solution, rectifying current.21:2540-42 Dyring Debye-overlap ICR,
low-xa conditions yield an ionic space charge in the channel and a geometric asymmetry
introduces voltage-dependent transport restrictions, rectifying current.1:27-29.31 |n flow ICR,
surface charge is required to induce EOF, while in Debye-overlap ICR, surface charge is
required to induce a space charge electrolyte; in both, an asymmetry is required to yield
voltage-dependent resistance. These qualities of flow ICR and Debye-overlap ICR, including
the consequences of the disparate mechanisms, are compared in Scheme 2.

A useful outcome of the concentration gradient in flow ICR is control over ion transport
selectivity,® as shown in Figure S16. During flow ICR when ¢, > cuy, both ions diffuse
from the pipette and the voltage can be set to draw in as many ions as exit via diffusion. For
example, when V'~ —80 mV, voltage-driven influx of K* opposes diffusive efflux, such that
the current from the pipette in Figure 1b is primarily comprised of CI~. During scanning
probe imaging of neurons, the ability to tune ionic selectivity is particularly beneficial, as
large K* flux will desensitize membrane ion channels but CI~ flux is less detrimental.6 In
contrast, the space charge within the Debye-overlap ICR pipette (Figure S15b) results in
preferential transport of cations throughout experimental voltages, though precise selectivity
does vary with voltage (Figure S16).

EOF influences transport amidst concentration gradients.

Extended simulations show that EOF influences transport for all moderate surface charge
conditions in the presence of mismatched mM and M concentrations. In Figure 5a, we
compare current-voltage simulations incorporating EOF (P-NP-NS, symbols) and ignoring
EOF (P-NP, curves) for the pipette of Figure 1b (¢, = 3 M, ¢ex = 140 mM) across a range of
surface charges (o= —40 to 40 mC/m?). These surface charge modifications are achievable
through chemical treatment of the glass capillary. Figure 5b shows analogous simulations
with the concentrations inverted (¢, = 140 mM, c.x = 3 M). For both concentration gradient
directions, ignoring EOF inverts the relationship between surface charge polarity and ICR
direction and underestimates /#R due to losing ICEQO transport. Thus, if EOF is not
considered during modeling of experimental transport in the presence of a concentration
gradient, it is likely to misrepresent surface charge polarity.

Across a larger range of xa conditions and concentration gradients, we similarly find that
EOF influences transport (Figure S17). When simulating current-voltage relations for
pipettes with ¢, and ¢ ranging from 3 M to 3 mM, ignoring EOF yields quantitative
disagreement across all conditions and often inverts the predicted direction of ICR.
Accordingly, EOF must be included to quantitatively model experimental transport recorded
amidst concentration gradients. Upon removing the concentration gradient, EOF negligibly
influences transport when ¢, = Gex =3 M and ¢, = Gax = 140 mM (Figure S18).
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Negative differential resistance (NDR) when Cj, < Cex.

Negative differential resistance (NDR) is an ICR-related phenomenon in which an increase
in voltage is ac companied by a decrease in current. Two prior reports of NDR measured
under viscosity0 and concentration (g, > cey)*! gradients required external pressure. The
latter proposed exploiting NDR for chemical sensing. Elsewhere, reports of NDR required
high voltages*9:57 or low concentration and current levels.>8 In Figure 5b, we highlight the
predictions that when ¢, < ¢, flow ICR can induce NDR in conditions distinct from these
prior works, albeit at surface charge levels higher than observed experimentally. Because
increasing surface charge reduces the ratio of ions in the electroneutral solution to ions in the
diffuse double layer, we reproduce the simulated NDR through lowering the experimental xa
while maintaining ¢ < Gex.

When pipette currents are recorded with ¢, =30 mM and ¢z, = 300 mM, we measure NDR
inthe VV=0.6-1.0 V range, as shown in Figure 6a (curve). The measured NDR agrees with
simulations for a pipette with 2= 15 nm and o= —12 mC/m? (Figure 64, circles; complete
parameters provided in Table S2). Moderate variations in surface charge across experimental
SiO, devices have been observed previously,>%:60 and we attribute our increase in surface
charge to fabrication variability. Simulations indicate that NDR occurs only at certain
combinations of geometry and surface charge (Figure S19), consistent with referenced
work?! and experimental NDR being recorded in only 3 of ~30 pipettes tested with cj, = 30
mM and e, = 300 mM.

Mechanistically, NDR is attributed to the influence of the vortex flow pattern on ion
concentrations and can thus be considered a natural extension of the flow ICR discussion. In
Figure 6b, we depict simulated fluid velocity heatmaps and streamlines at the tip of the
pipette in Figure 6a, where the ICEO streamlines near the wall (see ¢cgo, Scheme 1) carry
ion-enriched diffuse double layer fluid (Figure S20). As voltage increases and vortices spin
faster, the hydrostatic back flows (see uygg, Scheme 1) progressively deplete of ions to
preserve mass continuity, analogous to the fluid continuity arguments made previously.

The vortex flow pattern induces NDR when the hydrostatic back flows deplete ion
concentrations within the pipette below the levels of the filling solutions. The concentration
depletion is depicted in Figure 6¢, which shows simulated concentration distributions for the
pipette of Figure 6a. When V= 1.0V, the intermediate pipette concentration reduces below
Gin (Figure 6¢, black curve), an effect that does not occur in simulation until EOF is
sufficiently fast (V= 0.8 V, Figure S21) and coincides with the onset of NDR. When the
internal pipette concentration depletes below the levels of the filling solutions, the low-
concentration region displaces the small tip aperture as the greatest contributor to resistance
and NDR is measured.

Simulated zeta potential distributions for the pipette in Figure 6a show severe nonuniformity
(Figure 7a), as expected. The profiles are consistent with the vortex locations in Figure 6b,
which are much further into the pipette than those of Figures 2a,b. When VV=1.0 V (black
curve), negative charge polarization induces a zeta potential maximum at z~ 350 nm, near
the center of the vortex flow in Figure 6b (left). When V= -1.0 V (red curve), positive
charge polarization results in a zeta potential maximum at the simulation boundary (z=
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1,000 nm), around which the vortex flow remains centered. It is therefore conceivable to
engineer systems with carefully placed vortex flows, with possible applications in nanoscale
mixing or single molecule trapping, if a surface can be selectively patterned with a charged
coating.61 Downstream of the internal vortices, flow is linear (Figure S22).

We lastly demonstrate that EOF rectification is responsible for the pipette of Figure 6a only
exhibiting NDR when V>0 V. In Figure 7b, we simulate the maximum EOF velocity
(Ueo,max) Versus voltage, observing EOF rectification with exacerbated nonlinearity as
compared to Figure 4b. Through the NDR regime (V> 0, black curve), velocity scales
superlinearly as tgo max © 462 Through the more conductive regime (V< 0, red curve),
velocity scales sublinearly as g max 282 The sublinear EOF scaling prevents the vortex
from spinning fast enough for hydrostatic back flows to deplete internal ion concentrations
below the levels of the filling solutions.

We note that the velocity scaling of Figure 7b is qualitatively consistent with charge
polarization in Figure 7a and comparable measurements when cj, > Cex (Figure 3b). These
similarities indicate that a negatively charged surface in the presence of a concentration
gradient can be expected to exhibit EOF rectification with higher flowrates for positive
voltages, independent of the direction of the concentration gradient, due to the induced
charge effect.

CONCLUSIONS

We characterize EOF-governed ICR (“flow ICR”) through quantitative agreement between
experimental and simulated current-voltage relationships for nanopipettes under
concentration gradients. During flow ICR, current rectifies based on EOF driving more or
less concentrated solution into the nanochannel, with a preferred current direction that is
tunable and inverts with the concentration gradient. We demonstrate that the concentration
gradient and surface charge polarization induce a spatially varying zeta potential that drives
nanoscale fluid vortices, nonlinear EOF, and EOF rectification. The same mechanisms can
result in NDR when vortex flows thoroughly deplete ion concentrations inside the
nanochannel. Through simulations, we show that for mM and/or M solutions, EOF
influences ion and fluid transport in the presence of any concentration gradient.

The effects studied herein are applicable to many nanopipette applications. In scanning
probe microscopy and electrophysiology, filling pipettes with highly concentrated solutions
improves signal-to-noise ratio, but could distort signals if these nonlinear effects are not
considered. In electrochemistry and molecular detection, concentration gradients can
facilitate localized concentration enrichment or depletion of desired analytes. In chemical
delivery and iontophoresis, concentration gradients can improve transport efficiency and
selectivity. Further, exploitation of the vortex flows we present may afford additional
opportunities in nanoscale mixing.

Finally, we speculate that these mechanisms may contribute to intracellular rectification of
ion and fluid transport. Though our experiments contain many simplifications compared to
natural systems, the voltage and concentration gradients considered in this work are

J Phys Chem A. Author manuscript; available in PMC 2020 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rabinowitz et al. Page 11

comparable to those found in certain cells. For example, during synaptic integration, large
spatial ionic gradients are known to occur across the dendritic spine apparatus,®2 conditions
where nonlinear EOF may contribute to the ensuing ion transport and voltage dynamics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Experimental schematic depicting voltage application and KCI gradient (color), as well
as electroosmotic flow (EOF) streamlines, when V< 0 V. (b) Experimental (curves) and
simulated (symbols) current-voltage recordings for a pipette when ¢, = ¢ox = 3 M (dashed
curve, squares) and ¢, =3 M, G = 140 mM (solid curve, circles). (Inset) Scanning electron
micrograph of representative nanopipette (note: not pipette corresponding to experimental

data).
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Figure2.
Simulated EOF velocity heatmaps and streamlines at the tip of the pipette in Figure 1b. (a,b)

A concentration gradient induces fluid vortices and nonlinear EOF. Vortex shapes are
dependent on voltage polarity and are independent of voltage magnitude. (c) Under uniform
concentration conditions, no vortex develops. Note that unequal scales are used to visualize
flow rates and a concentration gradient increases EOF velocity.
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Figure 3.
Simulated nonlinear EOF for the pipette in Figure 1b, with ¢, = 3 M and ¢, = 140 mM. (a)

Nonuniform zeta potential (C) distributions drive nonlinear EOF. When V=0V (gray),
moderate zeta potential nonuniformity arises due to the concentration gradient. When V=

+ 0.5V, induced charge polarization exacerbates zeta potential nonuniformity and drives
ICEO. (Inset) Radial voltage distribution showing calculation of zeta potential from
simulation. (b) Maximum fluid velocity (4o max) scales superlinearly with voltage when V>
0V (black curve) and sublinearly when V< 0V (red curve), due to the contributions of
ICEO flows.
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Simulated ion distributions for the pipette in Figure 1b, when ¢, =3 M and ¢, = 140 mM.
(a) Concentration maps and (b) centerline profiles, when V= + 0.5 V. \Voltage-dependent ion
concentration enrichment and depletion arise due to EOF, inducing ICR. Space charge is

negligible, such that [K*] = [CIT] = [KCI].
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Simulated pipette current-voltage relationships with (symbols, P-NP-NS) and without
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(curves, P-NP) EOF, when sweeping surface charge (o), with (a) ¢ > cex and (b) Gp < Cox-
Simulations ignoring EOF invert the relationship between ICR and surface charge polarity
and underestimate RR. (b) Vortex flows can induce negative differential resistance (NDR)
under sufficient voltage and surface charge. When ¢, = G, ignoring EOF is valid (Figure

s18).
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Figure®6.
(a) Experimental (line) and simulated (symbols) negative differential resistance (NDR) for a

pipette when ¢, = 30 mM and ¢ = 300 mM. (b) Simulated EOF velocity heatmaps and
streamlines for the pipette in (a). When V= 1.0 V (left), the vortex flows induce NDR. (c)
Simulated centerline concentrations for the pipette in (a). EOF enriches (red) or depletes
(black) concentration; during NDR, depletion reduces internal concentration below the
levels of the filling solutions.
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Figure7.
Simulated nonlinear EOF for the pipette in Figure 6a (Cij, = 30 mM, cox = 300 mM). (a) Zeta

potential (C) distribution when V= 1.0 V (black), 0 V (gray), and —1.0 V (red). Vortex flows
in Figure 6b center around zeta potential maxima. (b) Maximum fluid velocity (teo max)
scales superlinearly with voltage when V> 0 V (black curve) and sublinearly when V<0V
(red curve).
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V=05V,c =3M,c_=140mM

Scheme 1.
Characterizing nonlinear EOF at the nanopipette tip. When ¢, # cex, a spatially varying

Debye length (dashed yellow line) induces a nonuniform zeta potential. An electric field
exacerbates this nonlinearity through induced charge polarization (indicated by sizes and
signs of black symbols). Together, the effects drive amplified EOF near sidewalls (¢4ceo)- In
the presence of fast sidewall flow, hydrostatic back flows (uqgg) develop to preserve fluid
continuity. Vortex flows (red) connect ICEO and back flow streamlines. Far from the tip,
EOF is linear (Figure S9).
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Comparison of flow and Debye-overlap ICR.
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