Open Access Article. Published on 03 December 2025. Downloaded on 12/10/2025 11:00:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

TUTORIAL REVIEW

‘ '.) Check for updates

Cite this: DOI: 10.1039/d5an01128k

Received 24th October 2025,
Accepted 26th November 2025

DOI: 10.1039/d5an01128k

rsc.li/analyst

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal

A practical guide to working with nanopipettes

Dominik Duleba, = Adria Martinez-Avifid and Robert P. Johnson & *

Nanopipettes are a powerful solid-state nanopore platform with applications including single-particle
characterization, surface mapping, and high-sensitivity analytical measurement in both bulk solutions and
in localized spaces. While the capabilities of the platform have been aptly demonstrated, practical chal-
lenges associated with the nanopipette fabrication, filling, and surface modification remain. Progress and
advancement to a high device readiness level are also hindered by low reproducibility and low through-
put, as well as the consequent entry barrier for new research groups. This perspective provides the accu-
mulated practical experience of our research group, forming a practical guide to overcoming the techni-
cal hurdles that are rarely discussed within the primary literature. We outline fabrication protocols, namely
the importance of environmental conditions and instrument maintenance for enhanced reproducibility,
as well as the desirable nanopipette geometries to facilitate ease of filling and surface modification. Filling
procedures are discussed, and the interplay of surface wetting, capillary forces, and surface chemistry is
used to understand how filling issues might be mitigated. Silanization of nanopipettes as a route for
surface modification of the nanopipette interior is also discussed, with a particular focus on vapor-phase
silanization. General design principles for surface grafting reactions are offered to maximize throughput
and reproducibility. Throughout the perspective, the interconnected nature of the fabricated geometry,
filling, and the modification pathways are highlighted, and this perspective is meant to facilitate the design
of a holistic workflow where each stage is considered in tandem, facilitating higher throughput and more
reproducible nanopipette research.

Nanopores have been utilized in a number of exciting appli-
cations including high-sensitivity analyte detection,"* particle
counting and characterization,>> and DNA-sequencing.®®
Although early nanopore research has predominantly utilized
biological pores assembled in lipid bilayers,”*® the need for
more physically and chemically robust and tuneable platforms
has increased research intensity into  solid-state
nanopores."'™*? Solid-state nanopores are typically fabricated
in thin polymer membranes using focused ion/electron
beams,"® chemical etching,® or, more recently, controlled
dielectric breakdown.'® These fabrication methods, however,
often suffer from low throughput and produce nanopores that
are embedded within a macroscopic membrane with highly
limited spatial control of the nanopore position, limiting their
utility as spatially controllable probes.

The desire for higher spatial precision, higher throughput,
and the subsequent ability to use nanopores as scanning
probes has led to the widespread adoption of
nanopipettes.'®™® Nanopipettes consist of glass capillaries
that taper to needle-like conical geometries terminating in a
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single, well-defined nanopore. Their rigid, needle-like geome-
try makes them ideally suited for scanning probe applications,
such as Scanning Ion Conductance Microscopy (SICM),"*>!
and enables their use as sensors capable of highly localized
measurements through direct insertion into cells or other
spatially constricted analyte environments.”>>* Although
nanopipettes are uniquely suited for probe-based and localized
measurement applications, nanopipettes retain full compat-
ibility with bulk solution measurements and have found exten-
sive use in analytical chemistry applications® (Fig. 1).

The utility of nanopipettes stems from the unique electroki-
netic behaviors that arise due to the nanoconfined ion trans-
port at the tip region. In Coulter-type particle counting appli-
cations (resistive pulse sensing), the entry of particles into the
nanoscale aperture displaces a significant fraction of the avail-
able ions, resulting in decreased pore conductance and a mea-
2627 In another analytical method,
ion current rectification sensing exploits the overlapping elec-
tric double layers, which impose ion selectivity and generate a
characteristic diode-like electrical response.?**' The immobil-
ization of charged analytes onto the nanopipette surface
through analyte-specific probe molecules modulates the
electric double layer and leads to a detectable change in the
forming the basis for quantitative

surable ion current drop.

diode-like behavior,
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Fig. 1 The common approaches in which nanopipettes can be utilized.

measurements.” While the sensitivity and utility are enabled
by these nanoconfined transport phenomena and the needle-
like geometry, they also impose substantial practical
challenges.

Despite the growing popularity of nanopipette-based
research and the publication of many exciting applications
and fundamental studies, the practical difficulty of working
with nanopipettes remains a significant bottleneck for the
field. Various practical challenges that are seldom discussed—
including reproducible fabrication, pore blockage prevention,
reliable filling procedures, and contamination control—hinder
research efficiency in active laboratories and present a formid-
able entry barrier for new researchers. This perspective sum-
marizes our accumulated experience in nanopipette fabrica-
tion, filling, and surface modification, providing detailed prac-
tical guidance for both established research groups as well as
newcomers to the field. Through the inclusion of numerous
troubleshooting approaches and technical recommendations,
we aim to facilitate higher throughput experimental workflows
and improved data quality across the nanopipette research
community.

1. Fabrication of nanopipettes

Nanopipettes can be fabricated from glass capillaries using a
pipette puller, such as the Sutter-P2000. A CO, laser melts the
capillary, and its two halves are mechanically pulled apart,
resulting in the controlled tapering of the molten glass and its
eventual separation into two nanopipettes. The critical geo-
metric parameters of the nanopipette—including the nanopip-

Analyst

View Article Online

Analyst

ette’s radius, cone angle, and the wall thickness, as well as the
macroscale shape, taper, and length of the pipette neck—are
controlled through the laser’s intensity, duration, scanning
pattern, as well as the timing and force of the mechanical pull.
These are controlled through the five instrumental parameters
of the HEAT, FILAMENT, VELOCITY, DELAY, and PULL. The
HEAT defines the intensity of the laser, the FILAMENT is its
scanning pattern, and the VELOCITY defines the threshold vel-
ocity the melting glass must reach for the laser to turn off.
Following this, the DELAY parameter prescribes the waiting
time between laser turn-off and the commencement of the
hard pull, whose force is set by the PULL parameter. In
general, higher HEAT, VELOCITY, and PULL values yield nano-
pipettes with smaller pore radii. The outer and inner dia-
meters of the glass capillary are also a crucial consideration
for program development, as well as the resulting nanopipette.
In our experience, capillaries with a 1 mm outer diameter and
0.7 mm inner diameter are highly versatile, and can be used to
fabricate both the sub-10 nm, as well as larger 300-500 nm
nanopipettes.

1.1. Pipette puller programs

The combination of instrumental parameters that reproducibly
produces nanopipettes with the desired nanopore and taper
geometry is specific not only to the individual instrument but
also to the environmental conditions under which the instru-
ment is operated. As such, a new instrument in a new labora-
tory requires program development from scratch, and litera-
ture-reported programs must be tuned and optimized for the
individual instrument and specific laboratory conditions.
Fabrication programs can either be a one-line program—where
the capillary is melted and separated in a single loop—or a
multi-line program that performs multiple heating sequences
before the capillaries separate.

In our experience, two-line programs are the most reliable
and reproducible for fabricating nanopipettes with a pore
radius in the 20 nm to 150 nm range; however, two-line pro-
grams fabricating sub-10 nm pores have also been reported.*?
In a two-line program, the first heating cycle melts the capil-
lary, but the subsequent hard pull does not separate it into
two nanopipettes. This first heating cycle’s role is to shape the
neck of the pipette. In the next heating cycle, the laser further
melts and shapes the neck of the nanopipette, and then a
hard pull separates the capillary to produce the nanopipettes.
This two-line approach not only offers high reproducibility of
the pore radius (as reproducible as 8% RSD), but also shorter
and steeper neck tapers that facilitate subsequent filling. An
example of such a program is provided in Table 1. This
program can most easily be tuned to suit an individual instru-
ment by adjusting the HEAT values until a heat-on time of
approximately 4.6 seconds is obtained.

One-line programs are most effective for fabricating nano-
pipettes with pore radii below 20 nm or above 150 nm. In our
experience, one-line programs are less reproducible than two-
line programs, yielding higher pore-to-pore variance (~20%
RSD). A one-line program shapes the neck of the nanopipette

This journal is © The Royal Society of Chemistry 2025
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Table 1 A two-line program that can be adapted to fabricate a nano-
pipette with a pore radius of around 60 nm, as well as two one-line pro-
grams that can fabricate nanopipettes with 6 nm and 250 nm pore radii.
These programs are suitable for filamented and non-filamented capil-
laries with an outer diameter of 1 mm and an internal diameter of
0.7 mm

Radius (nm) Heat Filament Velocity Delay Pull
~60 Line 1 700 4 20 170 0
Line 2 680 4 50 170 200
~6 Line 1 750 4 40 135 180
~250 Line 1 575 3 60 128 100

in a single heating event, typically producing longer and more
gradual tapers that can make filling challenging. Table 1 also
provides examples of one-line programs, and these can also be
adjusted to an individual instrument by tuning the HEAT
value until a consistent heat-on value is obtained.

1.2. Reproducible nanopipette fabrication

Beyond the development of a pipette puller program that fabri-
cates nanopipettes with the desired pore radius and taper geo-
metry, the geometric consistency and reproducibility of the
nanopipette are equally crucial towards the development of
nanopipette applications. Aside from the fabrication program,
several other factors can influence fabrication reproducibility.
The proper setup of the instrument is crucial, especially the
alignment of the scanning mirror, which can be verified using
a burn-test where a heat-sensitive paper is placed behind the
capillary, and the symmetry of the burn mark reflects the
mirror alignment quality. The alignment of the retro-mirror is
also crucial, but this should not be changed unless all other
avenues have been explored, and even then, only with a
thorough consultation with the manufacturer. Most impor-
tantly, instrument cleanliness in fabrication reproducibility is
vastly underestimated. Weekly cleaning (using isopropyl
alcohol and lint-free tissue) of both the retro-mirror and the
pulley system will significantly improve reproducibility. The
capillaries should also be cleaned immediately prior to
pulling. We have also found that cross-tightening of the capil-
lary into the instrument, as well as tightening with the
minimal possible force, can also improve reproducibility by
avoiding uneven stress across the melting capillary. It is also
good practice to warm up the instrument by turning it on at
least 30 minutes before use, as well as to discard the initial
pulls of each session. These initial pulls are usually of poor
quality, and the reproducibility of nanopipettes increases
further into the pulling session (Fig. 2). As a quality control
screening process, the heat-on time of each pull can be moni-
tored, with pulls deviating more than 0.2 seconds from the
average considered as defective nanopipettes that are
discarded.

We have found that environmental factors exert a high
influence on the pulling process, and fluctuations in the
ambient temperature and humidity can greatly affect geo-
metric reproducibility (especially between pulls at different
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Fig. 2 The improvement in reproducibility of the rectification ratio (|
1(-=0.4 V)/I(+0.4 V)|) as the pulling session continues. The moving stan-
dard deviation and average are calculated with a 6 pull window size (i.e.,
pull number 9 uses pull numbers 9-15). Three pull sessions of 15 pulls
are used. The 6 nm program is used (Table 1).

times of the day, different days, and seasons). Consistent
timing of fabrication, such as consistently fabricating nano-
pipettes only in the early morning, can help minimize the
impact of these fluctuations.

2. Filling nanopipettes

Once nanopipettes have been fabricated, they will need to be
filled with a solution, such as an electrolyte to enable electro-
chemical measurements, or with a surface grafting solution to
modify the interior surface. In both cases, the nanopipettes
must be filled completely with both the macro-size neck and
the nano-sized tip fully wetted, and air bubbles absent. This
can be challenging, especially when the neck taper is less than
ideal—such as with nanopipettes that have long, narrow, and
shallow tapers—or when working with nanopipettes that have
been modified with hydrophobic/hydrophilic surface chem-
istries that make wetting difficult.

The most straightforward approach to filling a nanopipette
is backfilling, where a needle, such as MicroFil Flexible needle
(World Precision Instruments, MF34G-5), is used to fill the
solution into the interior of the nanopipette.
Counterintuitively, optimal filling is achieved not by placing
the solution directly into the taper of the nanopipette, but
rather into the non-melted capillary section approximately
0.5 cm away from the onset of the taper (Fig. 3A). This will
result in surface wetting and capillary forces drawing the solu-
tion into the narrow-tapered region, filling the nanopipette up
from the tip-end in approximately 5-20 minutes, depending
on taper geometry (Fig. 3B and C). Filling in this way typically
leaves a single, large air bubble at the start of the taper that
can be easily removed with a syringe (Fig. 3D). Conversely,
direct injection into the taper often results in numerous small
air bubbles trapped inside the narrow-tapered neck that are
extremely difficult or impossible to remove with a syringe. An
alternative approach is to mount the partially filled nanopip-
ette into a 3D-printed centrifuge holder and use the centrifu-
gal force to aid wetting and nanopipette filling.** These filling
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Fig. 3 A schematic illustration of how to fill a nanopipette. (A) shows that the solution is backfilled around 0.5 mm away from the start of the taper.
(B) shows that capillary forces then pull the liquid into the tip, and (C) shows that over a few minutes the nanopipette fills from the tip end, leaving a
single large air bubble at the start of the taper. (D) This air bubble can then be easily removed with a syringe. This method works best for a filamented

nanopipette.

methods work especially well if the capillary is filamented, but
can also work with non-filamented capillaries (e.g., Sutter
Instruments #100-70-7.5), depending on the geometry, as well
as on the surface and the solution properties.

Although non-filamented capillaries can often be simply
filled, sometimes the choice of solvent, electrolyte or the nano-
pipette geometry results in failure of the simple backfilling
method described above. In this case, we have found the hot-
plate method highly successful.** In the hot-plate method, the
solution is placed as close to the tapered neck as possible, and
the nanopipettes are placed on a hot plate with their tips extend-
ing beyond the heating block (Fig. 4). The hot plate is set a few
degrees below the solution’s boiling point (i.e., 90 °C for
aqueous solutions). As the tip extends beyond the heating block,
and its surface-area-to-volume ratio increases as it tapers down
into a nanopore, a temperature gradient is established along the
length of the nanopipette, with the furthest and narrowest part
of the tip being the coolest. This temperature gradient drives the
repeated evaporation of solutions in the wider and hotter parts
of the nanopipette, and condensation in the narrower and
colder parts, gradually transporting solution towards the nano-
scale aperture over a period of 30-60 minutes. Once the nano-
pipettes are completely filled, the electrolyte solution within the
non-tapered regions of the nanopipette is replaced with fresh
solution. This helps mitigate the issue of an evaporation-caused
increase in the electrolyte concentration, especially in more vola-
tile non-aqueous solvents. The hot-plate method is most
effective for non-filamented capillaries, as the filament can
disturb the evaporation and condensation, leading to small air
bubbles trapped in the taper.

2.1. Dealing with air bubbles

Sometimes, stubborn air bubbles can remain in the narrow
taper region of the nanopipette. While a nanopipette with per-
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sistent air bubbles is perhaps best discarded, they can some-
times be recovered. Some air bubbles can be mechanically dis-
lodged with a syringe. The syringe needle is firmly pushed into
the tapered neck to create a seal, and either a positive pressure
or a vacuum is applied before the seal is intentionally broken
through the rapid withdrawal of the syringe from the taper.
Repeating this pressure-release cycle can gradually move and
eventually fully dislodge the trapped air bubbles. Alternatively,
the unpulled part of the nanopipette can also be gently tapped
against a hard edge, and this can dislodge less stubborn air
bubbles. Placing the nanopipette back onto the hotplate can
also potentially remove the air bubbles, particularly for fila-
mented capillaries, where a hot plate is not typically used for
the filling process initially.

Persistent trapped air bubbles that cannot be resolved can
be indicative of more fundamental problems associated with
the nanopipette geometry. Tuning of the surface hydrophobi-
city/hydrophilicity (via surface functionalization), or adjusting
the taper so that it is shorter and steeper, may be needed to
facilitate good filling and mitigate the problem of stuck air
bubbles.

3. Surface modification of
nanopipettes

For many nanopipette applications, surface modification of
the internal surface is necessary to enhance analytical per-
formance or impart specific functionality. Such modifications
may serve to tune the residence time of translocating species
for improved sensitivity in resistive pulse sensing,**” or to
graft probe molecules that confer analyte-specificity in ion
current rectification sensing.*®*° Both quartz and borosilicate
glass nanopipettes present oxide-based surfaces rich in Si-OH

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 A schematic of the hot-plate filling method. The nanopipettes
are placed on a metal block that is placed on a hot plate. The nanopip-
ettes are positioned so that the taper and the tip extend beyond the
heating block (so that it is less directly heated). The hot plate should be
set just below the boiling point of the solution to encourage fast vapori-
zation without boiling the solution. (A) shows the unfilled nanopipette
taper, which after a few minutes of heating (B) will be filled with
unevenly condensed solution and numerous air bubbles. With time, (C)
further evaporation and recondensation will merge the air bubbles, and
finally (D) a single large air bubble will remain, which can be removed
with a syringe.

groups, making them amenable to modification through
silane chemistry."™*" Silane cross-linkers serve as versatile
intermediates that impart reactive surface functionality,
enabling subsequent grafting of specialized modifications.*>
Among the various silane options, amine-terminated mole-
cules such as 3-aminopropyltriethoxysilane (APTES) are most
commonly employed due to their reactivity and compatibility
with diverse downstream chemistries.**™*

3.1. Silanization of nanopipettes

Silanization involves the reaction of organosilanes with the
silicon oxide nanopipette surface through a kinetically

This journal is © The Royal Society of Chemistry 2025
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complex process encompassing hydrolysis, condensation, and
phase separation steps.’® Fabrication of a reproducible and
uniform silane layer—such as one desirable for the modifi-
cation of a highly sensitive nanoscale structure—presents sig-
nificant challenges due to the tendency of silane reagents to
self-polymerize, form undesirable oligomeric species and poly-
mers, and interact with surfaces in undesirable ways, including
physisorption and non-optimal molecular orientations.*”*°
Silanization reactions are commonly carried out in the liquid-
phase, typically utilizing anhydrous solvents such as toluene
or ethanol, with the latter solvent being particularly common
in literature reports for nanopipette applications.’® For the
silanization of nanopipettes, the aminosilane is typically dis-
solved at concentrations of 1-5% v/v in ethanol and backfilled
into the nanopipette.

Ethanol-based silanization suffers from substantial oligo-
merization/polymerization if anhydrous conditions cannot be
maintained,*">* which, in nanopipettes is difficult. While the
oligomeric and polymeric by-products that form readily in etha-
nolic solutions can be easily removed in macroscale substrates
by rinsing with acetic acid or methanol, the confined internal
geometry of nanopipettes renders this cleaning process ineffec-
tive, and cleaning is limited to that undertaken via the diffusion
of the undesired species out of the nanopipette. Consequently,
we have found that ethanol-based silanization often yields sub-
optimal results characterized by high device-to-device variance,
nanopipette blockage, transient desorption of weakly attached
silanes during measurements, and mechanical failure including
cracking or complete breakage during drying procedures.’®
These problems persist even in relatively large nanopipettes
with diameters approaching 500 nm, highlighting the funda-
mental incompatibility between solution-phase silanization
(which is widely and successfully utilized on macro-scale sub-
strates) and nanopipette geometries.

We recommend the silanization of nanopipettes in the
vapor-phase, which can circumvent many of the limitations
inherent to solution-based approaches.’® In vapour-phase silani-
zation, the pure liquid silane is placed at the bottom of a desic-
cator, and the nanopipettes are positioned on the desiccator
plate above the liquid (Fig. 5A). Silane vaporization is achieved
through the combined application of heating via a water bath
and through the application of a vacuum using an in-house
vacuum tap. Through a 60-minute exposure period, the vapor-
ized silane molecules adsorb onto the nanopipettes, which are
transferred to an oven for a 30-minute bake at 110 °C to com-
plete the covalent surface condensation reaction.

Vapor-phase silanization offers several advantages for nano-
pipette modification. With the absence of backfilling, acciden-
tal breakages associated with solution removal, rinsing and
handling are minimized. The purity and water content of the
silane reagent are also of less importance, since the vapor-
phase method naturally selects against oligomerized and poly-
merized species, as their higher molecular weights and lower
vapor pressures limit their evaporation. This selectivity for
monomeric silane results in more uniform silane layers that
not only provide superior reproducibility (Fig. 5B) in onward
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Fig.5 A schematic of the setup for vapor-phase silanization. (A)
200 pL of the silane is deposed to the bottom of the desiccator in a
weighing boat and the nanopipettes are placed on the desiccator plate
above the solution. The desiccator is sealed, placed in a 60 °C water
bath, and a vacuum is applied using the in-house vacuum tap. Following
60 minutes of vapor exposure, the nanopipettes are oven baked for
30 minutes at 110 °C. (B) compares the reproducibility of the liquid- and
vapor-phase silanization methods.

applications but also favorable surface wetting properties that
facilitate nanopipette filling. Vapor-phase silanization
additionally enables high-throughput nanopipette silanization,
with standard desiccators capable of accommodating approxi-
mately 80 nanopipettes for simultaneous silanization. The
absence of the reactant solution also means that subsequent
modification steps can be carried out immediately without the
need to clean and dry the nanopipette.

3.2. Designing surface grafting processes for nanopipettes

Most commonly, after silanization, further functionality must
be imparted by grafting molecules onto the reactive functional-
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ity of the silane cross-linker. This step represents the largest
contribution to nanopipette-to-nanopipette variance and is
also the primary cause of acute failures, including blockage,
de-wetting, cracking, and inability to fill with solution. As the
specific molecules that must be immobilized, as well as the
required reaction pathway, depend on the intended appli-
cation, rather than focusing on specific reactions, we will
discuss key design principles that should guide the develop-
ment of the grafting strategy that can prepare functionalized
nanopipettes in a practical and highly reproducible manner.

The overarching principle governing the surface modifi-
cation of nanopipettes is to minimize the amount of cleaning,
drying, and solvent exchange. In the nanoconfined tip of a
nanopipette, complete removal of unreacted starter reagents
and side products is difficult, and the need for solvent
exchange and drying steps, as well as the handling associated
with these, can result in acute failures, low reproducibility,
and low throughput. When designing modification strategies,
reaction sequences should be designed to minimize/eliminate
the need for cleaning, drying, and changing of solvents.
Functionality should be imparted in as few modification steps
as possible, with single step grafting representing the ideal
scenario. If there is a requirement for complex functionality
built in a multi-step assembly, it is strongly preferable to syn-
thesize the complete functional molecule in bulk solution and
then immobilize it onto the nanopipette surface in a single
grafting step. This approach circumvents the significant chal-
lenges associated with multi-step synthesis within the con-
fined nanopipette geometry while maintaining reaction
control and enabling proper purification of synthetic inter-
mediates. If multiple reaction steps must be carried out within
the nanopipette itself, each step should ideally be performed
in the same solvent system, and most preferably in the same
solvent that will be used for subsequent electrochemical
measurements. This, again, mitigates the need to exchange or
remove the previous solvent so that it can be replaced with the
solvent of the next reaction step.

When solvent changes are unavoidable, miscible solvents
should be employed to enable smooth transitions between
reaction steps without the formation of phase boundaries that
can trap air bubbles or cause precipitation. Solvent exchange
of miscible solvents is generally preferable to oven drying and
re-filling, as the latter is more likely to lead to cracking, block-
age, or precipitation. The hydrophobicity of intermediate and
final surfaces must also be carefully considered throughout
the modification process, as surfaces that are too hydrophobic
can render nanopipettes completely unfillable with aqueous
solutions, effectively terminating the synthetic pathway.

In situations where the ideal single-step, single-solvent
approach cannot be implemented and multiple reaction steps,
cleaning cycles, and solvent exchanges become necessary, the
dip method offers a practical alternative to conventional back-
filling procedures. In this approach, modification solutions
are not backfilled into the nanopipette; instead, an empty
nanopipette, or one filled with a compatible solvent, is simply
dipped into the modification solution. The modification solu-

This journal is © The Royal Society of Chemistry 2025
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tion penetrates only as far as capillary forces or diffusion
allow, creating a smaller reaction volume that can be more
efficiently cleaned post-reaction through simple dipping in
cleaning solvents. With a smaller reaction volume, solvent
exchange is also faster and more thorough. We wish to high-
light that the dipping method creates a transition zone
between modified and unmodified surfaces within the nano-
pipette, and this can sometimes cause unusual ion transport
behavior. This typically does not compromise the functionality
of the nanopipette, as most applications exploit changes in
transport properties.

In the case that a silane layer has been deposited prior to
further modification (either through solution- or vapor-phase
deposition), the temporal aspects of the post-silanization
chemistry should also be considered. The reaction immedi-
ately succeeding silanization should be fast, as grafting a mole-
cule onto the silane layer stabilizes it and prevents the silane
layer’s self-hydrolysis and desorption. When the modification
reaction proceeds slowly, the silane layer is afforded sufficient
time to partially detach from the glass surface, compromising
the reproducibility of the overall modification process.*°

The practical implementation of these principles can be
illustrated through a specific example developed within our
laboratory. For nanopipette sensors designed to detect trace
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metal contaminants,>® we synthesize the analyte-specific probe
(a silyl cyclam) in bulk solution, then dissolve the pre-
assembled probe in acetonitrile—the same solvent used for
subsequent electrochemical characterization. This modifi-
cation pathway succeeds because it employs a single grafting
reaction, avoids drying and refilling procedures, and maintains
solvent consistency throughout the process, thereby preventing
precipitation of unreacted species.

These considerations collectively form a framework for the
design of nanopipette surface modification strategies. While
specific applications will dictate the exact surface grafting reac-
tion scheme required, adherence to these principles signifi-
cantly improves the likelihood of developing robust, reproduci-
ble modification protocols that can be successfully
implemented across multiple nanopipettes with a high
throughput (Fig. 6).

4. Electrochemical characterization
of nanopipettes
Once the nanopipettes have been modified and the desired

functionality has been imparted, and the nanopipette has
been filled with an electrolyte, electrochemical characteriz-

Can molecule be a
assembled in

measurement solvent?

bulk synthesis?

Miscible modificiation
and measurement
solvent?

Can each modification
step be carried out in
the same solvent?

Can solvents of each
modification step
be miscible?

Fig. 6 A flowchart that illustrates the main design choices that will lead to more or less reliable and reproducible surface modification schemes.
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ation can take place. An electrochemical cell can be set up
using a two-electrode configuration, where the working elec-
trode is placed inside, and the counter/reference electrode
outside the nanopipette. The electrodes are usually Ag/AgCl
wire electrodes that can be prepared in-house by dipping in
bleach for 30 minutes. Platinum wire electrodes can also be
used, and are usually more suitable for non-aqueous systems.
Current-voltage curves are typically collected between +1 V and
—1 V applied potential difference, at scan rates typically
ranging from 10 mV s~" to 100 mV s~ .

The nanopipette pore radius can be electrochemically
characterized by measuring the conductance in a high electro-
lyte concentration solution (i.e., 100 mM potassium chloride)
where the electric double layers collapse, and the electro-
chemical response is Ohmic rather than diode-like. The pore
conductance is related to the pore radius:**

ALY (R - (1)
"k \ntané 4

where r is the pore radius, G is the nanopipette conductance,
is the solution conductivity, and @ is the nanopipette half-cone
angle.

View Article Online
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As eqn (1) is only reliable when surface conductance is
minimized due to the electric double layer collapse, sizing
sub-10 nm nanopipettes can be more challenging. If the elec-
trolyte concentration cannot be further increased, electron
microscopy, such as Scanning Transmission Electron
Microscopy, remains an alternative. However, even when the
electric double layers are overlapping at lower electrolyte con-
centration, the pore conductance can still be used to screen
the nanopipettes for outliers in fabrication and in surface
modification. A cracked or broken nanopipette will show
higher conductance, while a dewetted/blocked nanopipette
will show a lower conductance than average. These outliers
can be discarded.

In addition to the pore conductance, the shape of the
current-voltage curve should also be used to screen outlier
nanopipettes, as well as to diagnose issues. If the pore conduc-
tance is normal, but very high rectification is unexpectedly
observed, the cause is often chemical contamination, to which
nanopipettes, especially unmodified nanopipettes, are extre-
mely sensitive (Fig. 7A). In our experience, cleanliness is
incredibly important, and even briefly storing unmodified
nanopipettes in a box that has previously stored silanized
nanopipettes, or using a contaminated electrode, can cause
irreversible contamination. Some current-voltage curves that

Contamination Cracked Partial Blockage/Dewetting
(A) (B) (€)
e Expected
e===» Observed
Surface Change Moving Air Bubble Soft Surface Modification
(D) (E) (F)
s :.o.;. ¢
o ® PO N el e0000c008
o® - 4 '.:" ° .o= !
Pd ; 0...0.0 ....
° .o .0.0
eee Scan1 >° "o.
Scan 2 o

Fig. 7 Current—voltage curves associated with (A) chemical contamination, (B) a crack in the glass wall, (C) partial blockage/dewetting. The grey
line represents the expected current—voltage curve. The figure also shows (D) rearrangement/loss of surface functionality mid-scan, (E) a mobile air
bubble, and (F) soft and long surface modification (i.e. large polymers/DNA).
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show a higher conductance, but not so high as to indicate a
completely broken off tip, as well as unusual rectification, we
associate with the cracking or chipping of the nanopipette
(Fig. 7B). A current-voltage curve in which the pore conduc-
tance is significantly lower than expected, but rectification is
still observed, can be indicative of partial blockage/dewetting,
commonly caused by the accumulation or precipitation of
surface modifications and reagents (Fig. 7C). This is often
observed after a nanopipette is modified, oven-dried, and
refilled. Fig. 7D illustrates the loss or shifting of a glob of
surface functionality, which suddenly and irreversibly changes
the current-voltage curve mid-scan. Current-voltage curves
where the pore conductance is low, and there is a sudden
increase or decrease in current magnitude at moderate to high
applied voltage, are usually indicative of an air bubble in the
nanoscale aperture, which moves as the potential is applied
(Fig. 7E). These bubbles can sometimes be removed by the
application of a large applied voltage while cycling at a fast
scan rate. Lastly, current-voltage curves showing high hyster-
esis are characteristic of soft and flexible surface modifications
on the surface (Fig. 7F). Although this is not a fault that
should be specifically avoided, it may be undesirable depend-
ing on the application. A thorough understanding of the
shapes of the current-voltage curves is, however, crucial
towards the tuning and optimization of nanopipettes at each
of the stages discussed in this perspective, including fabrica-
tion, filling, and surface modification.

5. Conclusions

This perspective has highlighted how the practical challenges
associated with nanopipette fabrication, filling, silanization,
and general surface modification represent a significant
barrier for the field, hindering advancement by limiting
throughput and reproducibility. Although the unique pro-
perties of nanopipettes enable applications such as high-sensi-
tivity single-particle analysis, surface mapping, and localized
and bulk analytical measurement, facilitating the advance-
ment of these applications to a high device readiness level
requires the practical challenges to be addressed.

The reproducible fabrication of nanopipettes requires
environmental control, proper instrument maintenance, and
program optimization. While reproducible surface modifi-
cation strategies should prioritize the minimization of clean-
ing, drying, and solvent change steps, with single-step grafting
reactions maximizing reproducibility and throughput.

Most importantly, these practical challenges are intercon-
nected, with fabrication parameters influencing the filling, the
required surface modification scheme dictating handling
requirements, and subsequent filling challenges having to be
traced back to geometric and chemical issues established at
earlier stages. Successfully working with nanopipettes requires
a holistic approach where the design of the entire workflow,
from initial fabrication through to final measurement, is con-
sidered together. This is facilitated by some of the diagnostic

This journal is © The Royal Society of Chemistry 2025
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current-voltage curves we have offered, which can identify
issues associated with each stage of working with
nanopipettes.

Although individual laboratories will require specific modi-
fications or alternative approaches for their particular appli-
cations and environmental conditions, the general strategies
outlined in this perspective are universally applicable and can
guide the development of a workflow, enabling researchers,
established and new alike, to advance the field of nanopipettes
with higher throughput and more reliable measurements.
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