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Abstract 

Nanopipettes are important tools across diverse disciplines including biology, physics, materials 

science, and electrochemistry, and precisely adjusting their characteristics is vital for many 

applications. Recent progress in this endeavor has involved using the asymmetric-conductivity 

configuration with different electrolyte solutions inside and outside of the nanopipette, which can 

greatly improve nanopipette sensing. However, understanding such measurements is challenging due 

to the complex interplay between diffusion, electromigration, and electroosmosis. Herein, we studied 

the simplified case of the asymmetric-conductivity configuration where classical ion current 

rectification due to ion-selective migration is minimized, while the effect of electroosmotic flow is 

maximized. We characterized the current-potential and current-distance relationship and revealed 

that this experimental configuration exhibits many of the characteristics of traditionally rectifying 

nanopipettes, such as surface charge sensitivity, while the current response can be understood simply 

from the rate and direction of solution mixing due to electroosmotic flow. To further improve the use 

of the asymmetric-conductivity configuration, a method was developed using external pressure to 

control the fluid flow rates at the aperture to tune the local ionic environment in situ, paving the way 

for novel, more reliable, and higher throughput nanopipette measurements.  

  

For ToC only 

Introduction 

Nanopipette sensing is a versatile approach that relies on glass capillaries that have been melted and 

pulled to a small aperture for highly sensitive electrical measurements to study single molecules, 
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materials, and living cells1–5. By precisely controlling the movement of the nanopipette, high-

resolution mapping of physical properties like topography, stiffness, permeability, and surface charge 

is possible6–12. Moreover, nanopipettes are used to locally control extraction and delivery processes, 

including sampling/delivery to single cells and surface patterning13–18. In nanopipette measurements, 

a voltage is typically applied across two electrodes, placed inside and outside of the pipette. This 

generates a potential difference driving a resistance-limited ionic current through the pipette 

aperture. This ionic current is generally proportional to the ionic conductivity of the electrolyte and 

scaled by the geometry of the pipette, moreover, its modulation by interactions with an external 

surface or analyte is the sensing mechanism19,20. Nanopipettes exhibit complex current-voltage 

behavior where deviations from linear resistivity occur, a phenomenon commonly referred to as ion 

current rectification21–23.  

Ion current rectification in nanopipettes arises primarily from the surface charge of the pipette in low-

to-moderate ion concentrations (≤  150 mM) and stems from the interplay between two main 

mechanisms, ion-selective migration, and electroosmotic flow. The surface charge of glass 

(borosilicate or quartz) pipettes is usually negative for pH > 4 resulting in an accumulation of cations 

within the electrical double layer at the pipette-electrolyte interface24. When the electrical double 

layer spans a substantial fraction of the pipette aperture, it alters the cation-to-anion migration ratio, 

leading to selective ion transport across it, mainly favoring cation migration. To maintain 

electroneutrality under this condition, concentration polarization results in ion accumulation and 

depletion on either side of the aperture. As a result, the total conductance increases at negative 

potentials (pipette electrode) and decreases at positive potentials, thereby increasing and decreasing 

the resulting current, respectively25. As the electrical double layer carries a net charge, it also moves 

under the influence of electric fields, dragging the surrounding solution with it from viscous friction, a 

phenomenon referred to as electroosmotic flow26. Electroosmotic flow disrupts the ion 

accumulation/depletion process, sometimes referred to as flow-induced rectification27–30. Moreover, 

whenever a nanopipette is positioned close to an external surface, surface-induced rectification is 

observed as the modulation of the ion accumulation/depletion and electroosmotic flow by the 

external surface further influences the rectification properties11,31. 

All these contributions result in a complex ion current rectification behavior that is dependent on the 

specific conditions. As ion current rectification has a profound influence on the sensing properties of 

nanopipettes, affecting noise, current magnitude, and analyte interactions32,33, tuning it through 

experimental design is an important aspect of nanopipette use, and is typically achieved by tuning the 

electrolyte composition and pipette geometry and chemistry34–40. Alternatively, the ion current 

rectification can be tuned by using two different electrolyte solutions inside and outside of the pipette, 

herein referred to as the asymmetric-conductivity configuration30,41,42. Operation in the asymmetric-

conductivity configuration has been shown to dramatically improve single-molecule detection in bulk 

and surface charge mapping43,44. This can be partially explained by the enhanced electroosmotic flow 

that occurs, but the mechanistic explanations for the rectification properties and improved sensing in 

many cases remain debated45,46. Additionally, sensing in the asymmetric-conductivity configuration is 

limited by the lack of ability to control local ion concentrations27. Hence, there is an urgent need for a 

better understanding of the asymmetric-conductivity configuration and improving its tunability.  

Herein, the rectification properties of the asymmetric-conductivity configuration were elucidated 

when electroosmotic flow is active and mostly ascribed to the rapid, time-dependent mixing of the 

two different electrolyte solutions. The effect of this type of rectification on the current response in 

bulk and during surface interrogation was explored. Then, external pressure control was used to tune 

the properties of the asymmetric-conductivity configuration for in-situ controlled nanopipette 

https://doi.org/10.26434/chemrxiv-2024-07m1q ORCID: https://orcid.org/0000-0002-5302-8221 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-07m1q
https://orcid.org/0000-0002-5302-8221
https://creativecommons.org/licenses/by-nc-nd/4.0/


3 

measurements (Figure 1). By imposing hydrodynamic flow with pressure (white arrows), the interplay 

between Fick’s diffusion (grey arrows) and electroosmosis (red arrows) can be evaluated, and the ion 

concentration at the pipette aperture/sample finely tuned. Finite-element simulations were 

developed for quantitative evaluation of local flow velocities and concentration gradients. The 

introduced framework was found to provide novel advantages while shedding light on current 

nanopipette sensing and its potential future applications.  

    

Figure 1: Scheme showing the mass-transport phenomena in the pressure-controlled nanopipette 

sensing framework based on the asymmetric-conductivity configuration (different conductivities in 

bulk and pipette). The shades of color indicate the ionic conductivity, where darker blue has higher 

ionic conductivity, and that of the bulk is white for simplicity.  Pressure is used to generate a fluid flow 

that competes with the electroosmotic flow and diffusion. The plots in the grey box indicate the effect 

of pressure on current-potential and current-distance curves.  

Results and Discussion 

Ion Current Rectification in the Asymmetric-Conductivity Configuration 

Under conventional circumstances, nanopipettes are made from quartz or borosilicate and carry a 

negative surface charge and are as a result “negatively” rectifying, i.e., they have a higher conductance 

at negative pipette potentials (E) than at positive. In the asymmetric-conductivity configuration, the 

rectification properties are remarkably different such that a negatively charged pipette can even 

become positively rectifying30,44,47. This rectification behavior is related to the altered mass-transport 

from stronger spontaneous Fick’s diffusion and electroosmotic flow that occurs in the asymmetric-

conductivity configuration but is not fully understood in the context of nanopipette sensing. To 

improve our understanding of the asymmetric-conductivity configuration and help rationalize 

experimental nanopipette data, the role of conductivity differences between the pipette and bulk 

solutions on the ion current rectification was studied experimentally and supported by finite-element 

simulations. Using large nanopipettes, approximately 250 nm radius, relatively high flow rates can be 

achieved such that the contributions from electroosmotic flow can be assessed while the contribution 

from classical rectification is minimized.  

First, current (i)-E sweeps were performed in KCl by varying the bulk concentration (cbulk) while 

maintaining the pipette concentration (cpip) constant at 150 mM. The concentration difference is 
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conveniently expressed by defining a dilution factor, Rdil, as the ratio of the pipette to the bulk 

concentration: 

 𝑅dil =
𝑐pip

𝑐bulk
 

Equation 1 

The resulting i-E curves for Rdil = 5 and 0.5 compared with Rdil = 1, show dramatically different curves, 

demonstrating that the pipette behavior is not simply determined by the pipette solution, despite that 

almost all the resistance contribution of the system is expected to be from this region (Figure 2A). 

When the conductivity is modulated by increasing the viscosity with glycerol while maintaining the KCl 

concentrations the same, similar results are obtained, showing that these effects are the results of 

differences in ionic conductivity and that the ion current rectification may be modulated by controlling 

the viscosity, as opposed to the ion concentration (Supporting Information, Figure S1). The degree of 

ion current rectification can be associated with a rectification factor, Rrect, defined according to: 

𝑅rect =
−𝑖−750 mV

𝑖+750 mV
 

Equation 2 

Rrect is shown in Figure 2B for different Rdil, clearly demonstrating its high dependence on Rdil with 

positive rectification (Rrect > 1) seen at Rdil < 1, when the pipette solution is less conductive than the 

bulk solution. At Rdil = 1, Rrect = 0.99, demonstrating minimal classical rectification due to ion-selective 

transport.  

A strong current hysteresis can be noticed, especially at positive potentials, for both Rdil with inverted 

direction, which is directly associated with the imposed concentration difference (up to 10% of the 

current value). The hysteresis is described according to the separation of forward and backward 

current traces at the same potential given by the following equation (Figure 2C, Supporting 

Information, Section S2): 

𝑅hyst =
𝑖forward (𝐸)

𝑖backward (𝐸)
 

Equation 3 

The time dependence of the i-E curves can also be demonstrated by a scan rate analysis, where the 

potential sweep rate is altered27. The effect of scan rate is more prominent at positive potentials than 

at negative, where an increase in current is seen with slower scan rates (Figure 2D). The i-E curves do 

not overlap for different potential sweep rates but do so for cycles at the same sweep rate (Supporting 

Information, Figure S3). Moreover, when the pipette surface charge is intentionally modified to be 

positive by poly-L-lysine (PLL) modification, the rectification and hysteresis behavior is flipped with 

respect to potential, showing that the rectification arises from the pipette surface charge and 

therefore the direction of the electroosmotic flow, as rectification from selective ion transport is not 

dominating for this pipette size (Supporting Information, Figure S4). All results are indicative of 

solution mixing by electroosmotic flow playing a central role in the observed ion current rectification 

in the studied system, and that a thorough characterization of this behavior is needed.  
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Figure 2: A) i-E curves for different Rdil. Conditions: cpip = 150 mM KCl, scan rate of 4 V/s, and rpip was 
estimated to be approximately 250 nm (evaluated by comparison to simulations). B) Rrect calculated 
from the curves in (A). C) Rhyst versus E, calculated from the curves from (A). D) Scan rate analysis for 
Rdil = 3 and rpip of approximately 250 nm. 

To describe these behaviors more quantitively and to rationalize the stronger time-dependence at 

positive potentials, a simulation model was built based on previous work including electroosmotic 

flow in the evaluation of the nanopipette response, which incorporates the Poisson, Nernst-Plank, and 

Navier-Stokes equations and the nanopipette geometry (Figure 3A)23,48,49. A nanopipette with an inner 

cone angle of 3˚, an intermediate value for borosilicate pipettes50 (Supporting Information, Figure S5), 

and different pipette radii (rpip, 225, 250, and 275 nm) were chosen. The simulated curves for Rdil = 1 

and rpip = 250 nm agree well with the experimental data, and this size was therefore used for further 

analysis (Supporting Information, Figure S6). The simulated curves for different Rdil (Figure 3B), show 

a high degree of similarity to the experimental curves, little rectification for Rdil = 1, and similar 

rectification behavior for Rdil = 5 and 0.5. Moreover, hysteresis is seen in the simulated data 

(Supporting Information, Figure S7), demonstrating that the simulations capture the aspects of the 

experimental data.  

From the simulations, we can evaluate the fluid flow velocity (ν) across the aperture for different 

potentials (shown for 1 V and -1 V in Figure 3C). The ν magnitude is greater across the aperture in the 

asymmetric-conductivity configuration for negative and positive potentials compared to that of the 

symmetric configuration, where the inwards and outwards flow velocities are similar independent of 

potential. When evaluating the ion concentrations across the aperture (shown for cK+, mean) during the 

i-E curve (Figure 3D), the shape of the i-E curve in the asymmetric-conductivity configuration can be 

understood from the time and potential-dependent mixing between the bulk and pipette solution27. 

Based on this finding, we attribute the higher flow velocities into the pipette at negative potentials to 
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the lower average electrolyte concentrations experienced by the pipette aperture at negative 

potentials, which increases the electroosmotic flow velocites28 (due to the larger electrical double 

layer). This explanation is also consistent with the more prominent time-dependence seen at positive 

potentials resulting from the lower electroosmotic flow, whereas at negative potentials steady-state 

(aperture saturated with bulk solution) is reached, even at a scan rate of 8 V/s.  

The extent to which the ion current rectification is affected by the mixing of the pipette and bulk 

solution is dependent on the magnitude of the electroosmotic flow, and it would be reduced for the 

smallest pipettes27,28,48 (e.g. 10 nm), as electroosmotic flow is hindered under such circumstances. 

However, we argue that the contributions from this type of rectification may play a central part even 

for much smaller pipettes than what has been explored so far, as electroosmotic flow is typically still 

present to some extent and its effect is exacerbated in the asymmetric-conductivity configuration. As 

a result, a stronger convolution with classical ion current rectification behavior is expected for 

intermediate pipette sizes and the rectification properties cannot be explained by conductivity 

differences alone, as pointed out previously30,46. As presented herein, the evaluation of the effect of 

solution mixing due to electroosmotic flow be achieved with a scan rate analysis and is evident from 

strong hysteresis.  

  

Figure 3: A) Simulation geometry overlaid with cK+ color plot. B) Simulated i-E curves for different Rdil, 

Rpip of 250 nm, and an inner half cone angle of 3˚. C) Evaluated ν across the pipette aperture for 

different E, and Rdil. D) cK+, mean across the pipette aperture versus potential for an i-E sweep for Rdil = 

5. 
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Pipette-Surface Interactions in the Asymmetric-Conductivity Configuration 

A strong effect of Rdil on the i-E relationship has been shown in bulk, giving rise to enhanced 

rectification and hysteresis behavior. The role of this rectification and hysteresis towards the current-

distance relationship may also show drastically altered characteristics, which has far-reaching 

implications for surface interrogations using nanopipettes. To better understand the pipette-surface 

interactions in the asymmetric-conductivity configuration, a series of approach-retract curves were 

carried out for varying Rdil, E, approach current thresholds, and approach/retract rates.  

A strong current hysteresis is observed in the approach-retract curves in the asymmetric-conductivity 

configuration, more drastically for Rdil = 5 than for Rdil = 0.5, giving large current peaks during the 

approach and retraction, while current hysteresis is minimal at Rdil = 1 (Figure 4A). This effect is 

particularly strong for negative potentials, which suggests that this is a flow-driven process similar to 

what is seen in the bulk (Supporting Information, Figure S8). The current hysteresis in the approach 

curves is also modulated by viscosity when keeping the ion concentrations the same (Supporting 

Information, Figure S9). The inversion of the electroosmotic flow by PPL modification (to render the 

nanopipette walls positively charged) alters the pipette potential at which the current peaks happen, 

occurring only at positive potentials for a positively charged pipette, which means that this effect is 

strongest when the flow is directed into the pipette because of the higher flow velocities seen (for Rdil 

= 5), as previously explained from the lower conductivity in the aperture under such conditions 

(Supporting Information, Figure S10). Moreover, the hysteresis effect is also time-dependent similar 

to i-E measurements, and is consequently dependent on the approach rate and approach current 

thresholds (Supporting Information, Figure S11).   

Understanding of the bulk i-E experiments is informative in explaining how electroosmotic flow is 

altered by the presence of the surface (Figure 4B). When the pipette is in bulk solution for Rdil > 1 and 

E < 0 V, strong electroosmotic flow, spontaneous Fick’s diffusion, and electromigration are balanced 

such that the ionic concentration at the pipette aperture is close to that of the bulk (i). With the pipette 

moving closer to the surface, the electroosmotic flow remains almost unperturbed while the current 

diminishes because of the increasing resistance in the gap between the pipette and the surface (ii). As 

the pipette moves even closer to the surface, the electroosmotic flow becomes disrupted as the flow 

pathway is blocked such that the spontaneous Fick’s diffusion dominates, increasing the concentration 

at the aperture: accordingly, the current augments, resulting in the small peak in the approach curve 

(iii). When the pipette is retracted and the effect of electroosmotic flow begins to be restored, the 

current peak in the retract curve is higher due to the temporary higher electrolyte concentration in 

the pipette induced by the approach curve (iv). Eventually, the current moves slowly back towards the 

approximate initial steady state (v). The results presented provide a simpler and clearer mechanistic 

understanding of previously reported current-enhancement effects, which have been shown to 

display the same time-dependence seen herein, for example, evident by a large difference between 

the approach versus the retract curve.51 

One of the aspects regarding the modulation of the electroosmotic flow by the underlying surface is 

the role of its surface charge52. Hopping mode imaging was performed in the asymmetric-conductivity 

configuration over a charge-patterned surface to investigate if surface charge influences the current-

distance relationship. Using a light-patterning strategy, a fibrinogen/polyethylene glycol (PEG) pattern 

was created where the fluorescently labeled fibrinogen can be seen in Figure 4C (Supporting 

Information, Figure S12). The fibrinogen carries a negative charge while the PEG layer has a neutral or 

low positive charge due to its cation-binding properties.53,54 When the peak current in the retraction 

curve is evaluated with respect to the bulk current (evaluated at the beginning of each approach 
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curve), a clear contrast can be seen (Figure 4D). Higher current peaks are observed over the negatively 

charged fibrinogen regions (Figure 4E). This was also evaluated from independent experiments with 

circular features for identification (Supporting Information, Figure S13). This increase in the peak 

current can be understood as a greater shift in concentration occurring over a negatively charged 

surface due to a maintained electroosmotic flow pathway, most likely by allowing the nanopipette to 

move closer to the surface and therefore the concentration disruption to be more effective.  

We characterized the current-distance relationship in the asymmetric-conductivity configuration and 

demonstrated a new type of nanopipette measurement where the rate of mixing between the 

nanopipette and the bulk is probed in a time-dependent manner, which is sensitive to the surface 

charge of the substrate. This type of mapping can be achieved with fairly large nanopipettes because 

electroosmotic flow is still active for such nanopipettes despite little classical ion current rectification. 

While the surface-induced rectification, pipette rectification, and hysteresis effects seen have already 

theoretical foundation in the symmetric-conductivity configuration55–58, it is clearly demonstrated 

herein that these effects are exacerbated when concentration asymmetries exist. One important 

implication is that strict concentration symmetry is essential for reliable nanopipette measurements. 

Even in a freshly filled pipette, small concentration gradients may still be present, presumably from 

the dissociation of silanol groups considering that the pipette aperture is filled by capillary action. 

 

Figure 4: A) Approach curves in the asymmetric-conductivity configuration over a silicon wafer, where 
the current is normalized to the bulk. Conditions: E = -250 mV and approach/retract rate = 250 nm/s. 
B) Proposed mechanism for the strong hysteresis in the current-distance relationship seen in (A). C) 
Fluorescent imaging (GFP channel) of the micropatterned surface of Fibrinogen-Alexa488 (green, 
negative charge) on PEG-modified glass (black, neutral charge). D) Hysteresis map by evaluating the 
maximum current normalized to base current in bulk in the approach curve. E) Example approach-
retraction curves over the PEG and fibrinogen regions. Conditions (D/E): E = -250 mV, Rdil = 5, and 
approach/retract rate = 4 um/s. 
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Tuning the Asymmetric-Conductivity Configuration using Pressure 

While there are many advantages to using the asymmetric-conductivity configuration, the 

disadvantages are high-time dependence and limited ability to control the ionic environment at the 

pipette aperture. Relying on theoretical work about the effect of external pressure on the 

hydrodynamic flow induced inside a nanopipette7,48,59,60, we explored the use of pressure in the 

asymmetric-conductivity configuration to be able to tune the local ion concentration and therefore 

sensing properties in situ. 

The effect of external pressure in the asymmetric configuration for Rdil = 5 is shown in Figure 5A with 

the symmetric-conductivity configuration for the bulk and pipette concentrations shown for reference 

(30-30 and 150-150 mM KCl, respectively). When a positive or negative pressure (several mbar) is 

applied the i-E curves are shifted between the two extreme limiting cases, indicating that pressure can 

be indeed of advantage to tune the nanopipette properties by introducing fluid flow through the 

nanopipette. Steady-state is normally achieved after several seconds. By restraining the potential in 

the range of -25 to 25 mV, the pipette resistance (Rpip) in the absence of strong electroosmotic can be 

estimated. The use of pressure (-25 to 25 mbar) allows full control of the Rpip as demonstrated in Figure 

5B, showing that the pressure needed to shift the concentration gradients is mostly pipette 

dependent, with slightly higher pressure needed to overcome the stronger diffusion at high Rdil. 

Similarly, the Rrec is controlled (Figure 5C).  When 25 mbar pressure is applied, all current hysteresis is 

gone in the approach curves because pressure-induced flow counteracts the electroosmotic flow 

(Figure 5D). A schematic depiction of this process is shown in Figure 5E.  

 

Figure 5: A) Effect of Papp on the i-E relationship for Rdil = 5, with the limiting cases for Rdil = 1 shown 
for reference (150 mM KCl (red line) and 30 mM KCl (blue line)). The rpip was estimated to be 250 nm 
by comparison to simulated data. B-C) Rpip-Papp (B) and Rrect-Papp (C) relationship after equilibration (30 
s after applying pressure). D) Approach-retract curves for varying Rdil with and without 25 mbar 
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external pressure applied. E) Scheme demonstrating the effect of pressure-induced flow 
counteracting the electroosmotic flow during an approach curve for Rdil > 1 and E < 1. In the absence 
of pressure, the disruption of electroosmotic flow (red arrows) by the presence of the surface results 
in an increase in ionic concentration at the aperture, increasing the measured current. When high 
positive pressure is applied to the pipette, pressure-induced flow dominates, which to a much lesser 
extent affected by the surface, and the pipette aperture remains saturated with pipette solution 
during the approach curve. 

Quantitative interpretation of nanopipette measurements is essential to most applications. To better 

understand and determine the concentration and flow profiles under externally applied pressure, a 

simulation model was developed, incorporating pressure-induced flow, which matches well with the 

behavior of the experimental data (Figure 6A). The flow profile can then be evaluated across the 

aperture, showing fluid flow with a higher flow velocity at the aperture center (Supporting 

Information, Figure S14). νmean across the aperture varies minimally, but linearly with the applied 

potential during an i-E sweep, meaning that the flow induced by pressure overcomes the 

electroosmotic flow, and ± 25 mbar can introduce flow velocities from approximately -10 mm s-1 to 10 

mm s-1, which are roughly linear with respect to the applied pressure (Figure 6B, Supporting 

Information Figure S14). The concentrations resulting from the pressure-induced flow are shown in 

Figure 6C, where the concentrations vary slightly during the i-E sweep, but this effect is reduced at 

higher pressures.  

Our results show that externally applied pressure is an attractive means of tuning the flow velocities, 

and consequently the ion concentrations, at and close to the aperture. At the same time, the high 

degree of linearity in the systems makes the relationship between externally applied pressure and 

concentration relatively straightforward to interpolate across different potentials. It also has the 

advantage of being able to remove hysteresis effects when desired. 

 

Figure 6: A) Simulated i-E curves for different Papp. Conditions: Rdil = 5, cpip = 150 mM KCl, and rpip = 250 
nm. B) νmean versus E, evaluated as the average flow velocity across the tip of the nanopipette orifice 
during an i-E sweep for different Papp. C) cK+, mean across the tip of the nanopipette aperture during an 
i-E sweep for different Papp. 

Pressure-Controlled Constant-Current Imaging Using the Asymmetric-Conductivity 

Configuration 

High-resolution imaging of physical properties is a core strength of nanopipette sensing, where 

topography and surface charge mapping have been carried out down to the single nanoparticle and 

(bio)molecular level61,62. While the hopping mode configuration is more commonly adopted due to its 

easier implementation and analysis, constant-current imaging in the direct current mode is an 
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attractive high-resolution surface charge mapping method, where the surface charge is manifested as 

topography distortions6,61. In this section, we explore constant-current imaging in the asymmetric-

conductivity configuration and the possibility of tuning such imaging using external pressure.  

A model system was chosen of multilayer MoS2 sheets on (3-Aminopropyl)triethoxysilane (APTES)-

treated mica, which should display a large surface charge contrast and reliable imaging due to mica’s 

atomically smooth cleavage (Figure 7A). The high degree of contrast in surface charge allows the study 

of its effect on the modulation of the electroosmotic flow. A smaller pipette was used for imaging, 

with a radius estimated to be approximately 50 nm, and the i-E curve for this nanopipette is shown in 

Figure 7B for different Papp. At 5 mbar the measured current is approximately the midpoint between 

high positive and high negative pressures at the imaging potential of -100 mV and Rdil = 3, suggesting 

that the electroosmotic flow and pressure-induced flow is fairly balanced at this pressure (Supporting 

Information, Figure S15). Constant-current imaging was performed below, at, and above this pressure 

(0, 5, and 10 mbar, Figure7C-E), and the resulting line profiles are shown in Figure 7F. The data reveal 

an increased apparent height of the MoS2 layer at 5 mbar (19.6 nm) versus 16.8 nm and 16.5 nm for 

0 and 10 mbar, respectively. Moreover, there is a marked difference in imaging stability at 5 mbar 

compared to 0 and 10 mbar, which appears as a “noisy” topography profile. 

The imaging instability seen at 5 mbar occurs when the concentration gradient across the pipette is 

high. This behavior can be understood by the effect of small fluctuations in the electrode potential 

difference due to noise, which will result in a change in the average ion concentration of the 

resistance-contributing volume at the pipette aperture, such that the resistance of the pipette is 

modulated by the noise. This effect is also noticed in bulk where the noise levels are dependent on 

pressure and applied potential (Supplementary Information, Figure S16). At 10 mbar the pressure-

induced flow dominates such that the concentration gradient across the aperture becomes low, and 

to a much lesser degree is affected by noise. At 0 mbar, the electroosmotic flow into the aperture is 

strong, the pipette aperture is mostly saturated with the bulk solution, and small changes due to noise 

are not substantial enough to affect the concentration in the aperture, and therefore the current. 

Surface-induced topography distortions occur in the symmetric-conductivity configuration due to 

surface charge heterogeneity, but this effect is evidently enhanced in the presence of concentration 

gradients and can be tuned with pressure. Within the framework herein, the electroosmotic flow 

velocity into the pipette is altered by the surface charge of the substrate, and the ionic concentrations 

respond accordingly, modulating the measured height. For example, the MoS2 is more negatively 

charged than APTES-modified mica, and therefore the inward flow is increased when the pipette 

moves from mica to MoS2 and the aperture concentration decreases, and the current decreases, 

which in turn increases the measured height (Figure 7G). The nanopipette does, however, show 

traditional rectification behavior in bulk (evaluated at high negative and positive pressures and shown 

in the Supporting Information, Figure S15). This system is, therefore, a powerful example of the 

convolution of mixing-driven rectification together with classical rectification in the use of smaller 

nanopipettes in the asymmetric-conductivity configuration, showing a dominating effect of 

electroosmotic flow.  
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Figure 7: A) Schematic of constant-current imaging setup. B) i-E curves for different Papp for the 
nanopipette used for imaging (Rdil = 3, scan rate = 4 V/s, and rpip estimated to be around 50 nm). C-E) 
Constant-current images of a multilayer MoS2 sheet on APTES-treated mica in KCl in the asymmetric-
conductivity configuration (98% current threshold and E = -100 mV). F) Center line profiles for the 
images in C-E. G) Schematic of the topography distortion effect seen at 5 mbar pressure, where over 
the positively charged APTES-treated mica, the electroosmotic flow is low, whereas, over the 
negatively charged MoS2, electroosmotic flow is increased. This increase moves the solution of lower 
conductivity into the pipette, thereby lowering the current, and the nanopipette compensates by 
moving upwards, increasing the measured height of the multilayer MoS2.  

Conclusions 

The asymmetric-conductivity configuration, using different electrolyte concentrations in the 

nanopipette and bulk, provides an additional dimension to improve the use and performance of 

nanopipettes by altering their properties. Herein, we studied the case of minimal classical rectification 

but strong electroosmotic flow by using larger pipettes than for conventional nanopipette sensing (a 

radius of 250 nm was used). We demonstrated that time-dependent solution mixing dominates the 

nanopipette current response in this system, a clear deviation from the traditional steady-state 

behavior of nanopipette in the symmetric-conductivity configuration and characterized this behavior 

in detail. This included tip-surface interactions, including the modulation of the electroosmotic flow 

by the surface charge of an underlying substrate, which had a pronounced effect on approach curves 

and constant-current imaging.  One key finding in this regard is showing that surface charge mapping 

can be carried out with much larger nanopipettes when using the asymmetric-conductivity 

configuration, up to several µm, since electroosmotic flow is active for larger nanopipettes, compared 

to classical rectification. While the configuration studied herein is desirable in itself because the 

rationalization of the data is simply dictated by the change in direction of the electroosmotic flow, we 

also make the point that the solution mixing is a contributing mechanism to most nanopipette systems 

that rely on the asymmetric-conductivity configuration, including single-entity translocation sensing, 

even if the nanopipettes have a much smaller radius than 250 nm. In fact, in this work, strong flow-

driven rectification was demonstrated for constant-current imaging with nanopipettes with a radius 

of approximately 50 nm. We have also introduced a new nanopipette sensing framework where 

external pressure is used to control the local ionic environment and flow velocity at the nanopipette 
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aperture. This allows for full control of nanopipette response in situ when using the asymmetric-

conductivity configuration and opens up many possibilities for nanopipette applications, including 

rapid screening of different electrolytes, modulating the surface charge sensitivity, controlled delivery, 

and tuned single-entity translocation measurements.  

Methods 

Nanopipette measurements Nanopipette measurements were carried out using a Bio-XE SPM system 

(Park Systems, Korea) mounted on a Nikon Eclipse Ti microscope (Nikon, Japan). A DLPCA-200 current 

amplifier (FEMTO, Germany) was used for low-current measurements with an optional 10 kHz Bessel 

filter. Ag/AgCl electrodes were fabricated by immersion of silver wire (0.025 mm, Goodfellow, UK) in 

FeCl3 for at least 30 min. The electrode potential differences were referenced with respect to the 

potential of zero current to account for the different electrode potentials from the asymmetric 

amount of chloride. Pressure was applied with a Cytosurge pressure controller (Cytosurge, 

Switzerland).  

Nanopipette fabrication, modification, and characterization Nanopipettes were fabricated with a P-

2000 F-type puller (Sutter instruments, US) and were fabricated from borosilicate capillaries (1.0/0.5 

mm, Sutter instruments, US) with the following protocol: 330/330, 3/3 30/30, 220/220, 0/150 (small 

nanopipette, Rpip ≈ 50 nm) and 330/330 3/3 30/30 220/220 0/100 large nanopipettes (large 

nanopipettes, Rpip ≈ 250 nm). Pipette surface charge inversion was achieved by 5 min immersion in 

0.01% PLL, followed by rigorous rinsing in ultrapure water (18.2 MΩcm). Pipette size was estimated 

by combining Hall’s estimation of the access resistance and the expression for the resistance of a 

cone63,64 assuming 8,480 µS cm-1 to be the conductivity of 50 mM KCl27, and the inner cone angle to be 

3˚.  

Fibrinogen patterning Glass coverslips were rinsed with 96% EtOH, dried, and treated by glow 

discharge (25 mA, 45 s). PLL(20)-g(3.5)-PEG(2) (10 µL, 0.1 mg/mL in Phosphate buffered saline (PBS, 

Alvéole, France) was added to the sample and it was incubated for 30 min. Samples were rinsed 

thoroughly with PBS, dried, and 10 µL PLPP (Alvéole, France) was added. Light-induced patterning was 

performed using a PRIMO micropatterning device (Alvéole, France) mounted on an IX83 inverted 

widefield microscope (Olympus, Japan) using a 20x objective and a light dose of 800 mJ/mm2. The 

Leonardo software was used to control the printing. After printing, samples were rinsed thoroughly 

with PBS and incubated with 50 µg/mL fibrinogen-A488 (Invitrogen, Massachusetts, USA). Samples 

were imaged using fluorescence microscopy using an IX83 inverted wide-field microscope. 

MoS2 synthesis and deposition on mica. The micromechanical cleavage technique was used to 

exfoliate layered bulk MoS2 crystals into thin flakes. A polydimethylsiloxane (PDMS) stamp was used 

to transfer the MoS2 from the tape to the PDMS stamp before depositing it on mica. Mica was modified 

with APTES by vapor deposition under reduced pressure for 60 min and dried under nitrogen.  

Finite-element Simulations. Finite-element simulations were carried out using COMSOL Multiphysics 

version 6.1. The ion current, flow, and concentration profiles were simulated by numerical solution of 

the coupled Nernst-Planck, Poisson, and Navier-Stokes equations for the chosen nanopipette 

geometry. The nanopipette was modelled as a hollow cone with an inner cone angle of 3˚, a surface 

charge density of -5 mC/m2, and different pipette radiuses depending on the specific conditions. A 

detailed description of simulation parameters and boundary conditions is given in the Supporting 

Information, Section S17. The COMSOL report is available as Supporting Information 2.  
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