Open Access Article. Published on 05 August 2020. Downloaded on 7/22/2025 2:21:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 9056

All publication charges for this article  Rui Jia
have been paid for by the Royal Society
of Chemistry

3 and Michael V. Mirkin

I ROYAL SOCIETY
PPN OF CHEMISTRY

The double life of conductive nanopipette:
a nanopore and an electrochemical nanosensor
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The continuing interest in nanoscale research has spurred the development of nanosensors for liquid phase

measurements. These include nanopore-based sensors typically employed for detecting nanoscale objects,
such as nanoparticles, vesicles and biomolecules, and electrochemical nanosensors suitable for
identification and quantitative analysis of redox active molecules. In this Perspective, we discuss

conductive nanopipettes (CNP) that can combine the advantages of single entity sensitivity of nanopore
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detection with high selectivity and capacity for quantitative analysis offered by electrochemical sensors.

Additionally, the small physical size and needle-like shape of a CNP enables its use as a tip in the
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1. Introduction

Many types of nanometer-scale objects, such as nanoparticles
(NP), nanodroplets, vesicles, and nanobubbles, play important
roles in nanotechnology and nanomedicine. They are used as
building blocks for nanostructured materials and catalysts,"*
drug delivery vehicles,® biosensing,* imaging,” and diagnostic®
tools. A number of biologically important species are stored and
released in biological vesicles, e.g., synaptic vesicles”® and
lysosomes.” To deliver, detect, and measure various nano-
objects, one needs comparably sized tools and sensors. Among
them are solid-state nanopores and nanopipettes. Nanopore
sensing techniques, such as resistive-pulse and current rectifi-
cation sensing,'*™* are based on measuring the change in ion
current flowing through the pore orifice induced by analyte
species (Fig. 1). In a resistive pulse experiment, the base current
through the pore (i) is driven by voltage applied between two
reference electrodes (Fig. 1A). A nanosized object can enter
through the orifice and partially block the ion current (Fig. 1B).
In rectification sensors, the analyte species typically affect the
surface charge density and, therefore, the extent of ion current
rectification (Fig. 1C and D). These techniques found numerous
applications in detection and sizing of single NPs, vesicles and
large molecules."**°

Although the diameter of the pore orifice can be very small
(nm-range), a much larger physical size of the device (Fig. 2A)
limits most nanopore applications to amperometric measure-
ments in the bulk solution. While the nanopipette inside
geometry is similar to that of a conical nanopore, the nanoscale
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scanning electrochemical microscope (SECM), thus, facilitating precise positioning and localized
measurements in biological systems.

tip diameter (Fig. 2B) makes pipettes suitable for localized
experiments in small spaces.”** Nanopipette-based resistive-
pulse and electrochemical techniques provided several prom-
ising approaches to single-entity measurements.”’*>%2* A
needle-like nanopipette can serve as a scanning ion conductive
microscopy (SICM) or scanning electrochemical microscopy
(SECM) tip that can be inserted into a living cell or positioned
close to its surface.>*** In this way, nanopipettes can be used for
detecting NPs and biological vesicles in living cells with
potential applications in different areas of biomedical research
ranging from nanotoxicology to neurochemistry, photodynamic
therapy, and immunology.* %

Unlike a nanopore, amperometric nanoelectrode signal is
the faradaic current produced by oxidation/reduction of elec-
troactive species at its conductive surface. Nanoelectrode
measurements are complementary to nanopore experiments —
they are more suitable for determining concentrations of
molecular analytes than for detecting nanoscale objects.
Amperometric nanoelectrodes, including glass-sealed disk-type
Pt tips,** have been used for electrochemical experiments inside
living cells. However, many important analytes, such as dopa-
mine and reactive oxygen and nitrogen species (ROS/RNS),
passivate the surface of a nanoelectrode. To determine
concentrations of such species, the electrode surface area must
be sufficiently large, and no analytically useful response could
be recorded at a polished disk nanoelectrode. Carbon nano-
fibers (Fig. 2C),*** and platinized nanodisk-type electrodes
(Fig. 2D)**** and nanowires®” were employed for measurements
of neurotransmitters and ROS/RNS in single cells and biological
vesicles.”

Coating the inner wall of a glass (or quartz) nanopipette with
a thin layer of conductive material, such as Au®*** (Fig. 3A), Pt*°
(Fig. 3B), Ag*' (Fig. 3C), or conductive polymer,** yields

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Resistive-pulse and current rectification sensing with a conical nanopore or nanopipette. (A) Constant ion current (ig) flows through the
orifice with no particles present in solution. (B) A blockage event (resistive pulse) can be seen in the current vs. time curve when a particle
translocates through the pore orifice. (C) The ion current vs. voltage (i—V) curve is essentially linear for a large (200 nm diameter) pipette. (D) A

small (24 nm diameter) pipette exhibits strong current rectification.

carbon fiber
nanotip

glass shaft

100nm

200 nm

Fig. 2 SEM (A and C) and TEM (B and D) images of the single-nano-
pore membrane (A), quartz nanopipette (B), carbon fiber nano-
electrode (C) and disk-type platinized carbon nanoelectrode (D).
Adapted with permission from ref. 30; copyright 2006, American
Chemical Society (A), ref. 32; copyright 2015, Wiley-VCH (C), and
ref. 35; copyright 2017, American Chemical Society (D).

a conductive nanopipette (CNP) that can function as a nanopore
or/and a nanoelectrode sensor. Carbon CNPs with different
geometries were produced by chemical vapor deposition of
carbon developed by the Bau** and Gogotsi** groups into quartz
pipettes® (Fig. 3D). In these devices, the conductive film is
deposited onto the inner pipette wall leaving an open pass in
the middle. Two examples of sensors different from but closely
related to CNPs are also shown Fig. 3. In an “electrochemical
nanosampler™® (Fig. 3E), the interior of the pulled nano-
capillary is completely filled with carbon, leaving only a small
cavity adjacent to the orifice. The amperometric response of
a nanosampler is similar to that of a CNP, but it has no open
pass in the middle and, therefore, is not suitable for

This journal is © The Royal Society of Chemistry 2020

conventional resistive-pulse experiments (electrochemical
resistive-pulse experiments (see Section 4) with a nanosampler
are conceptually possible, but have not yet been reported).
Metallized glass nanopipettes were prepared by sputtering
a thin layer of either Au (Fig. 3F)*” or Pt*® onto the outer wall.
Such pipettes have been used for single-molecule dielec-
trophoretic trapping (shown schematically in Fig. 3F)*” and in
a nanokit*® in which the reagents were injected into a living cell
through the pipette, and the Pt ring served for electrochemical
measurement of hydrogen peroxide.

Important advantages of conductive pipettes for nanopore
sensing (tunable surface charge and potential) and nano-
electrode applications (a small physical size and a significant
conductive surface area) are discussed below along with
a recently developed combination of resistive-pulse sensing
with nanoelectrochemistry.*

2. Resistive-pulse and current
rectification sensing with conductive
pipettes

Analytical applications of nanopore- and nanopipette-based
sensors typically rely on control of the surface charge and
chemical state of the inner wall that can influence both ion
current rectification and resistive-pulse sensing. To optimize
the pipette response, its inner wall can be chemically modified
and functionalized using different reagents,>**>* but these
procedures are labor-intense and plagued by various technical
issues. An alternative approach—to coat the inner wall with
a conductive film—can yield a nanopipette with the tunable
surface charge and potential, thus, improving its selectivity and
sensitivity.”*

The potential and surface charge of the conductive layer can
be controlled either by electrically connecting it to the poten-
tiostat or under open circuit conditions. The current rectifica-
tion exhibited by carbon CNPs at open circuit was stronger than
that observed with similarly sized quartz pipettes in the same
solution pointing to a significant negative charge density on the

Chem. Sci., 2020, 11, 9056-9066 | 9057
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Nanopipette Cavity

FIB Splitting Direction

500 nm

Fig.3 SEM (A-Cand F) and TEM (D and E) images of CNPs (A-D) and closely related devices (E and F). (A) Side view of a nanopipette with a gold
nanotip after FIB splitting along the tip. Adapted with permission from ref. 38; copyright 2018, Wiley-VCH. (B) Pt layer (shiny region) on the inner
wall of capillary after FIB splitting along the tip. Adapted with permission from ref. 40; copyright 2018, National Academy of Sciences. (C) Wireless
nanopore electrode prepared by depositing Ag on the inner wall of a quartz nanopipette by electron beam evaporation technique. Adapted with
permission from ref. 41; copyright 2017, American Chemical Society. (D) Open carbon CNP. Adapted with permission from ref. 28; copyright
2020, American Chemical Society. (E) Carbon nanocavity electrode (“electrochemical nanosampler”’). Adapted with permission from ref. 46;
copyright 2014, American Chemical Society. (F) Gold-coated nanopipette (scale bar 5 um) and schematic representation of a dielectrophoretic
experiment. Insets: SEM image of the tip visualized parallel to the barrel and intensity line plot; scale bar, 50 nm. Adapted with permission from ref.

47; copyright 2016, Springer Nature.

carbon surface. The extent of ion current rectification was
changed systematically by varying the potential of a carbon CNP
used as a working electrode.* It became more pronounced with
the increasingly negative potential applied to the carbon layer.
When the carbon layer was biased positively (e.g., +500 mV vs.
Ag/AgCl), the rectification disappeared completely, and the
corresponding i-V curve became linear.*

Although the current rectification can be controlled by
varying the applied CNP potential, this approach is not very
useful because the conductive surface area exposed to the
solution is by many orders of magnitude larger than that of the
orifice, and a significant faradaic current flowing at the carbon
surface interferes with the ion current through the pipette. This
problem can be avoided by keeping the conductive surface at
the open circuit potential. One approach is to let the conductive
film float and act as a bipolar junction.**® It was shown that
polarizing an Au film placed at the entrance of a SiN nanopore
enables voltage control of local ionic concentrations.>® The
surface charge in a nanopore rectifier changed with the trans-
membrane potential, and the induced surface charge density
and ionic concentrations in the pore were regulated by magni-
tude and direction of the external electric field, leading to ion
current rectification.

An alternative approach is to control the rectification prop-
erties of a floating carbon CNP through tuning its open circuit
potential by low (e.g., pM to nM) concentrations of redox species
in the solution.** The redox mediators with positive standard
potentials (E°) tend to decrease the negative charge density on
the carbon surface, thus, decreasing the ion current in the high-
conductance state and the degree of ion current rectification
(Fig. 4A), while redox species with a negative E° produce the

9058 | Chem. Sci., 2020, 1, 9056-9066

opposite effect (Fig. 4B). At very low concentrations, the faradaic
current produced by these redox species is immeasurably small;
however, by changing the open circuit potential, they affect the
much larger ion current through the CNP (“electron-transfer
gated ion transport”**).

The effect of Ru(NH;)s>" on current rectification in Fig. 4B
was observed at much lower concentrations than that of
Fe(CN)g~ in Fig. 4A. This difference was attributed to positive
ionic charge of Ru(NH;)s**. The multivalent cations (including
electrochemically inactive Ca®*) adsorb on the carbon surface
and affect the ionic transport processes, in contrast to apparent
insensitivity of the ion current to higher (e.g., sub-uM)
concentrations of multivalent anions.

Nevertheless, the main mechanism in electron-transfer
gating of ion current is bipolar electrochemistry rather than
ionic adsorption. This effect was observed with different redox
species, including neutral molecules such as aqueous ferroce-
nemethanol and ferrocene in acetonitrile; both of them exerted
a stronger effect on current rectification than Fe(CN)g*~. In
addition to redox control of ion current rectification in
conductive nanopores, these results suggested the possibility of
trace level sensing of redox analytes with CNPs.

The possibility of reversibly changing the potential and
surface charge of the inner wall suggests that a CNP can be used
as a versatile resistive-pulse sensor whose properties can be
tuned to detect a specific analyte. The first application of
a conductive (Au coated) conical nanopore as a single entity
translocation sensor was reported by the Martin group.®® Unlike
stochastic resistive-pulse sensors, the detection of protein
molecules was based on total current blockage by protein ana-
lyte binding to a biochemical molecular-recognition agent

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of (A) Fe(CN)g®>~ and (B) Ru(NHs)¢>* concentration on
the carbon CNP -V curves in 10 mM KCL (A) From top to
bottom, experimental (solid lines) and simulated (symbols) i-V curves
for [KzsFe(CN)gl, nM: 0O (black), 100 (red), 200 (blue), and 300 (green);
and surface charge density, ¢ (mC m™2) = —23, —10, —4, and —2. (B)
[Ru(NH3)gCls], pM: O (black), 100 (red), 200 (blue), and 300 (green); and
fitted o (MC m~2) = —5, —10, —30, and —60. The magenta curve was
obtained with [Ru(NHz)sClz] = 100 nM. The CNP orifice radius was
50 nm. Reprinted with permission from ref. 54; copyright 2017,
American Chemical Society.

immobilized at the smaller opening of the conical pore and did
not rely on measurement of transient current pulses.

Carbon CNPs were used for resistive-pulse detection of
10 nm Au NPs with covalently attached monoclonal primary
antihuman PSA antibodies and prostate specific antigen, and
the recorded current spikes were similar to those obtained with
quartz nanopipettes.*® In both cases, current blockages were
observed only when a positive potential was applied to the
internal reference electrode. However, the voltage applied to
record current blockages was only +100 mV for CNPs as opposed
to +600 mV that was required to detect the same nanoparticles
using quartz nanopipettes.

Metalized (Au-coated) nanopores were used for resistive-
pulse sensing of insulin.®® An attempt to detect insulin with

This journal is © The Royal Society of Chemistry 2020
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unmodified metallic or SiN-based nanopores was not successful
presumably due to the small size of the protein species and the
high speed of its translocation. The translocation signal was
recorded after modifying the Au surface with homocysteine
(Fig. 5), and the authors concluded that the residence time of
the protein inside the pore was governed by the hydrophobic
rather than electrostatic interactions between the protein and
the homocysteine layer.

Resistive-pulse sensing of liposomes* and intracellular
biological vesicles*® with carbon CNPs was reported recently.
Similar to quartz pipettes, the translocation of negatively
charged liposomes through a floating carbon CNP was found to
be driven by electroosmosis. In ref. 28, a carbon CNP was
inserted into a RAW 264.7 murine macrophage to record ion
current blockages produced by cellular vesicles. These experi-
ments showed the possibility of resistive-pulse measurements
inside a living cell that was not obvious because of likely plug-
ging of the pipette orifice (either glass or carbon) by lipids,
proteins, and other biomolecules. Nevertheless, the base
current was relatively stable during long (up to an hour)
recordings inside the cell. The current transients recorded with
carbon CNPs***>* were qualitatively similar to those obtained
with quartz pipettes, and the expected advantages of tunable
potential and surface charge for ion-current-based stochastic
sensing have yet to be demonstrated.

3. Conductive nanopipettes as
amperometric nanosensors

When a CNP is immersed in solution containing redox species,
the faradaic current at the conductive film that covers the inner
pipette wall near its orifice and serves as a working electrode
comprises two components - the steady-state current due to
convergent diffusion of redox species to the CNP tip in the
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Fig. 5 Resistive-pulse sensing of insulin molecules with a metallized
nanopore. Scatter plot and the current—time recording (inset) before
and after the addition of the 0.1 mg mL™! insulin to the solution
containing 0.1 M KCl and 40 mM HCL V = —400 mV. Reprinted with
permission from ref. 53; copyright 2015, American Chemical Society.
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external solution and the transient component produced by
oxidation/reduction of the sampled redox species inside the
pipette (Fig. 6A). If the conductive surface area exposed to
solution is small (i.e. either the conductive coating is only
applied to the pipette tip***° or the solution volume inside the
CNP is very small***®), voltammograms obtained at a slow scan
rate are sigmoidal and retraceable (curve 1 in Fig. 6A), sug-
gesting that the non-steady-state current inside the pipette
completely vanishes on a relatively long experimental time
scale. At a faster scan rate, cyclic voltammograms exhibit a pair
of prominent peaks corresponding to oxidation/reduction of
the redox species inside the CNP (curve 2 in Fig. 6B). The rapid
mass transfer inside the nanocavity results in exhaustive elec-
trolysis of sampled molecules even on a short experimental time
scale, and at E > E°, the anodic current decreases to the
steady-state value. This value is similar to the steady-state
diffusion limiting current at the inlaid nanodisk electrode of
the same radius,*® and therefore it can be used to evaluate the
radius of the CNP orifice.

-100 L !
-100 150 400
E, mV vs. Ag/AgCI

Fig. 6 CNP as a nanoelectrode. (A) Schematic representation of
oxidation of electroactive species at the conductive nanoring exposed
to external solution and at the inner CNP wall. (B) Cyclic voltammo-
grams of 1 mM ferrocenemethanol in 0.2 M KCl solution obtained
using an ~100 nm-radius CNP at different potential sweep rates,
r=10mVs (1) and 200 mV s (2). Adapted with permission from ref.
46; copyright 2014, American Chemical Society.

Negative Voltage.
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The shapes of steady-state current vs. distance curves ob-
tained with a CNP serving as an SECM tip were in agreement
with the theory for a disk-shaped tip.*® suggesting that the
SECM can be used for CNP positioning and control of its
insertion into biological cells (see Section 4).

The mass-transfer inside the CNP is rapid, whereas the
diffusion of species out of the cavity is relatively slow. Thus,
a CNP can be used for sampling and electrochemical analysis of
molecular species and single entities. In ref. 40, a CNP with a Pt
ring inside its tip (Fig. 7) was inserted into a living HeLa cell to
sample single lysosomes and characterize glucosidase activity
in them. Lysosomes were driven inside the CNP by voltage
applied between the inner Ag/AgCl reference and external
electrode and lysed by Triton X-100 present inside the pipette to
release glucosidase. The CNP also contained B-p-glucopyrano-
side and glucose oxidase. The released glucosidase converted B-
p-glucopyranoside to glucose that reacted with glucose oxidase
producing H,O,. The glucosidase activity was evaluated from
the oxidation of H,0, at the Pt surface. The data analysis was
challenging because of complicated transport processes and
difficulties in ascertaining that the measured signal was
produced by a single lysosome.

The charged inner surface of a CNP tip can give rise to
permselective behavior. High negative surface charge on the
carbon wall** results in a significant accumulation of cations
and depletion of anions inside a CNP. The lower the concen-
tration of supporting electrolyte and smaller the CNP radius the
larger the magnitude of these effects that also increase with the
ionic charge. The electrostatic effects can be used for improving
the CNP sensitivity to ionic redox species and eliminating
charged interferences. Thus, the 2000 fold accumulation of
Ru(NH;)s*" in 1 mM KCI solution inside a CNP enabled the
detection of this species at the level of 10 pM, while the current
produced by the 10° times higher concentration of Fe(CN)g"~
was completely suppressed.*®

The sensitivity and selectivity of CNPs can be further
enhanced by adsorption of analyte species and suppression of
electrochemically irreversible interferences. The adsorption of

Detection

Sorting

@ Lysosome O B-Glucosidase @ B-D-glucopyranoside @ Glucose oxidase

Fig.7 Schematic representation of the electrochemical setup for evaluating glucosidase activity in single lysosomes sampled from a living cell.
Inset: a lysosome is driven into the Pt-coated capillary tip by applied voltage. The arrow shows the flow direction of buffer with the lysosome.
Right picture: glucosidase is released during the lysis of a lysosome; hydrogen peroxide is oxidized at the Pt layer inside the CNP. Adapted with

permission from ref. 40; copyright 2018, National Academy of Sciences.
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cationic dopamine on the carbon CNP surface resulted in a sub-
nM detection limit.”” High selectivity for dopamine detection
over ascorbic acid—a major interferent in dopamine analysis—
was attained by redox cycling for dopamine. The electrochem-
ically irreversible signal produced by oxidation of anionic
ascorbic acid was diminished after the first voltammetric cycle
because of its relatively slow mass transport into the CNP from
external solution. The applicability of carbon CNPs to fast scan
voltammetry of dopamine (e.g., with the potential sweep rate,
v = 400 V s7') relevant to analysis in biological systems has
recently been demonstrated, and exogenously applied dopa-
mine was detected in mouse-brain slices.>®

The conductive film inside a CNP can also work as a wireless
bipolar nanoelectrode (Fig. 8). The proof-of-concept experiment
(Fig. 8A) was done using a CNP with the carbon layer floating
(i.e., not connected to the potentiostat).” The two parallel
pathways for the current flow through a bipolar CNP—the ion
current through the pipette orifice and electronic current
through the conductive carbon layer—are represented by
a simplified equivalent circuit (inset I). The relative magnitudes
of the ionic and electronic components of the total current
flowing between the two reference electrodes are determined by
the resistance associated with each pathway. In ref. 45, the ionic
pathway was eliminated by not filling the CNP with liquid
phase, so that only the back portion of the carbon layer and its
nm-sized tip were exposed to solution (Fig. 8A). The voltage
drop along the carbon layer induced two opposite electro-
chemical reactions, i.e. the oxidation of ferrocenedimethanol at
the tip and a cathodic process (presumably, oxygen reduction)
at the backside side of the CNP. The steady-state voltammogram
of ferrocenedimethanol obtained in this configuration by
sweeping the voltage applied between two reference electrodes
(red curve in the inset II) and the background voltammogram
obtained with no added redox species (black curve) are very
similar to the curves that would be measured at a similarly sized
carbon disk nanoelectrode. Because the carbon area exposed to
solution on the backside of the asymmetric bipolar electrode is
large (~mm?), voltammetric current is fully determined by
diffusion of redox species to the microscopic tip.

The applicability of asymmetric bipolar nanoelectrodes to
the detection of single small molecules and electroanalysis in
living cells was demonstrated in ref. 41, 59 and 60 where CNPs
were prepared by coating the inner wall of a glass nanopipette
with a Ag or Au layer and filled with solution to measure the ion
current induced by the bias voltage (Fig. 8B). The cathodic
reaction occurring at the CNP tip was the reduction of protons
that resulted in the formation of hydrogen bubbles. The ion
current spikes caused by the bubble translocation through the
CNP allowed the detection of just a few hydrogen molecules.**
In ref. 59, the Au surface inside the CNP was modified with
4-thiol-catechol, and its oxidation to o-benzoquinone was
coupled with the H, evolution at the tip (Fig. 8B, left panel). A
novel strategy was used to amplify the signal produced by a very
low concentration of redox species in solution: when nicotin-
amide adenine nucleotide (NADH) was added to the solution,
catechol mediation of its oxidation to NAD" resulted in the
increased frequency and amplitude of current spikes (Fig. 8B,

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 CNP as an asymmetric bipolar nanoelectrode. (A) Schematic
representation of a carbon CNP used as a wireless nanoelectrode. Two
faradaic processes, i.e. oxidation of R at the nanotip and reduction of
O2 species at the macroscopic backside of the CNP are driven by the
voltage drop (V) along the carbon film. Inset |: Equivalent circuit
showing ionic and electronic pathways for the current flow through
the CNP. Inset II: Cyclic voltammograms obtained with a bipolar CNP
electrode. External solution contained 0.1 M KCl and O (black) or 1 mM
(red) of ferrocenedimethanol. Adapted with permission from ref. 45;
copyright 2014, American Chemical Society. (B) The 4-thiol-catechol-
modified CNP exhibits current spikes due to the generation of H,
nanobubbles. Left: The catechol is oxidized at the anodic pole,
whereas H; is generated at the cathodic pole. Right: The mediation of
NADH oxidation by the catechol/o-benzoquinone couple results in
increased ion current spikes. V = —0.7 V. Adapted with permission
from ref. 59; copyright 2018, American Chemical Society.
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right panel). In this way, the immeasurably low current of
NADH oxidation at the CNP was amplified, enabling NADH
monitoring in single living cells and its detection at concen-
trations as low as 1 pM.

4. Electrochemical resistive-pulse
sensing in solution and in biological
cells

In electrochemical resistive-pulse experiments, a CNP serves as
a working electrode and no reference electrode is placed inside
it (Fig. 9A). Only a small (um-long) part of the CNP shaft adja-
cent to its orifice is filled with solution, and the measured signal
is the faradaic current flowing at the microscopic portion of the
conductive film exposed to solution. The blockage of the
diffusion current of redox species by a particle (e.g., a lipo-
some*’) translocating through the CNP orifice results in
a resistive pulse (green peak in the inset; Fig. 9A). Because the
conductive carbon surface is essentially equipotential, the
voltage drop along the pipette axis inside its shaft is small. The
translocation of particles is driven by diffusion rather than
electroosmosis or electrophoresis, and current blockages can be
observed at either positive or negative CNP bias with respect to
the external reference.

In Fig. 9B, the current was recorded in solution containing
10 mM Fe(CN)>~ that was reduced at the carbon CNP potential
of —0.5 Vvs. Ag/AgCl. A relatively small magnitude (Aiya/io < 1),
shape (Fig. 9C), and the mean half-width (0.29 ms) of the faradaic
current blockages by liposomes are comparable to those recorded
in conventional resistive-pulse experiments. The electrochemical
resistive pulses are produced by liposomes entering the CNP
rather just plugging its orifice from the solution side; therefore,
no current spikes could be measured using CNPs with the orifice
diameter smaller than that of the liposomes.* Using oxygen
reduction as a source of faradaic current, one can carry out
electrochemical resistive-pulse experiments in biological systems
with no redox mediator added to solution.

The concept of combining electrochemical resistive-pulse
sensing with electroanalysis of single entities is shown sche-
matically in Fig. 10A, where liposomes are loaded with the
reduced form of redox species (R). Resistive-pulse recordings in
this case are expected to include current blockages associated
with liposome translocations (green peak in Fig. 10A) and
current upsurges caused by oxidation of R during liposome
collisions with the CNP inner wall (purple peak).

Both upward and downward spikes can be seen in current-
time recordings obtained with dopamine-loaded liposomes
translocating a CNP (Fig. 10B).** Typical resistive-pulse and
collision transients are shown in Fig. 10C and D, respectively.
The integration of the current under the peak in Fig. 10D yields
the charge corresponding to the number dopamine molecules
oxidized during a specific collision. A cyclic voltammogram
obtained with the same pipette immediately after an electro-
chemical resistive-pulse experiment (Fig. 10E), comprises a pair
of symmetrical peaks of exhaustive oxidation/reduction of DA
accumulated inside the CNP.
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Fig. 9 Electrochemical resistive-pulse sensing with a carbon CNP. (A)
Schematic representation of the experiment involving translocation of
liposomes through a CNP. The inset shows a faradaic current blockage
produced by the liposome translocation. (B) Current—time recording
obtained with a 250 nm CNP biased at —0.5 V vs. Ag/AgCl reference.
(C) Blowup of the transient labeled by red asterisk in (B). 10 mM PBS
(pH 7.4) solution contained 10 mM Ks[Fe(CN)g] and 15.6 nM of lipo-
somes. Adapted with permission from ref. 49; copyright 2019, Amer-
ican Chemical Society.

For intracellular resistive-pulse measurements, a CNP has to
be positioned within the cell cytoplasm. It is important to make
sure that the pipette has penetrated the membrane but has not

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Electrochemical resistive-pulse sensing combined with the
dopamine analysis in single liposomes. (A) Schematic representation of
the electrochemical resistive-pulse experiment involving translocation
of liposomes. The inset shows faradaic current blockage produced by
the liposome translocation. (B) Current—time recording obtained with
dopamine-loaded liposomes using a 350 nm carbon CNP. (C) Blowup
of the individual resistive pulse labeled with a red asterisk in (B). (D)
Liposome collision transient labeled with a blue asterisk in (B).
CNP potential was 0.5 V vs. Ag/AgCL. (E) Cyclic voltammogram of
dopamine. Potential sweep rate, » = 50 mV s % Adapted with
permission from ref. 49; copyright 2019, American Chemical Society.

come too close to the bottom of the cell that would block the
diffusion of vesicles to its orifice. A convenient way to monitor
the CNP insertion into a cell is to use it as an SECM tip
(Fig. 11A). When the nanopipette approaches the cell surface,
the steady-state faradaic current decreases with decreasing
separation distance (d; in Fig. 114, it is normalized by the orifice
radius, a) because the membrane blocks the diffusion of the
redox mediator to the CNP orifice either completely (if the
mediator species is hydrophilic) or partially - if it is hydro-
phobic.®** Although the same hydrophobic redox species (e.g.,
ferrocenemethanol) could be the source of the tip current
outside the cell and the base current for intracellular resistive-
pulse measurements, the membrane penetration is harder to
detect when the same mediator is present inside and outside
the cell.**® Thus, in Fig. 11A, two redox mediators—1 mM
ferrocenemethanol and 10 mM  K,[Fe(CN)s]—were
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Fig. 11 Electrochemical resistive-pulse sensing and amperometric
analysis of ROS/RNS in cellular vesicles within a living macrophage cell.
(A) SECM current—distance curve obtained with a carbon CNP
approaching and penetrating an immobilized macrophage (symbols)
fitted to the theory for the negative feedback (solid line). (B) TEM image
of a 210 nm-diameter platinized carbon CNP. (C) Current—time
recording obtained with the same platinized carbon CNP. (D) Indi-
vidual resistive-pulse spike labeled with a red asterisk in (C). (E)
Representative vesicle collision transient labeled with a blue asterisk in
(C). CNP potential was 0.8 V vs. Ag/AgCL. (F) Dependence of the mean
vesicle collision charge on CNP potential. Adapted with permission
from ref. 28; copyright 2020, American Chemical Society.

simultaneously present in solution. The experimental approach
curve initially fits the theory for negative SECM feedback (solid
line in Fig. 11A) and deviates from it when the pipette tip begins
to push the cell membrane (positive d correspond to the tip
approaching the membrane; negative distances correspond to
the tip pushing the membrane and then penetrating the cell).
When the tip punctures a hole in the cell membrane, the
current drops to the value corresponding to the oxidation of
ferrocenemethanol inside the cell.

While some important analytes (e.g., dopamine or serotonin)
can be measured with unmodified carbon CNPs, the carbon
surface has to be platinized for determination of ROS/RNS.**?¢
To enable simultaneous electrochemical resistive-pulse sensing
and amperometric analysis, Pt NPs were deposited on the inner
carbon wall, leaving an open path in the middle (Fig. 11B). Both
downward and upward spikes can be seen in the current-time
recording obtained with a platinized CNP inside a macrophage
cell (Fig. 11C). The shape of a representative resistive pulse
(Fig. 11D) is similar to those obtained with quartz nano-
pipettes.”® The current upsurges (Fig. 11C and E) are caused by
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oxidation of ROS/RNS contained in the vesicles during their
collisions with the carbon surface. All four primary ROS/RNS
produced in macrophages (i.e. H,0,, ONOO , NO' and NO, )
get oxidized at platinized carbon CNPs biased at 0.8 V vs.
Ag/AgCl.*® The integration of the current under a spike (e.g:, the
one shown in Fig. 11E) yields the charge corresponding to the
total amount of ROS/RNS oxidized during a specific collision.
To estimate contributions of individual ROS/RNS to the
measured charge, the current-time recordings were obtained
with the same platinized CNP biased at different potentials. The
potential program developed by the Amatore group consisted of
four potential steps roughly corresponding to the oxidation of
H,0, (300 mV vs. Ag/AgCl), H,0, and ONOO™ (450 mV), H,0,,
ONOO™ and NO’ (620 mV), and all four species (800 mV).** The
average values of charge passed during a single vesicle collision
(Fig. 11F) were calculated from current-time recordings ob-
tained with the same platinized CNP at these potential values
and used to calculate the corresponding amounts of different
ROS/RNS in a vesicle. For a heterogeneous population of vesi-
cles, the vesicle collision frequencies measured at different
potentials represent the fractions of vesicles containing
measurable amounts of specific ROS/RNS.

Carbon nanofibers**** and platinized nanowire elec-
trodes®*”** have also been used for single vesicle amperometry in
living cells.”***” The mechanism of the response (i.e. a vesicle
colliding with the electrode surface opens and releases its
contents) was similar to that shown in Fig. 10A, except for the
absence of current blockages. The micrometer-scale length of
nanofiber and platinized wire electrodes limits the spatial
resolution and prevents such probes from being completely
inserted into subcellular compartments.

Similar to conventional nanopore experiments,'”** electro-
chemical resistive-pulse sensing can be used to evaluate the size
of translocating particles. No signal was obtained when a CNP
diameter was smaller than that of a liposome* or a cellular
vesicle.?® When a vesicle can translocate the CNP, the closer its
diameter to that of the pipette orifice the larger the magnitude
of the resistive pulse. The Ewing group recently combined
resistive pulse measurements with vesicle impact electro-
chemical cytometry (VIEC) to deliver vesicles from a glass
nanopipette to the microelectrode surface.®® This approach
allows one to simultaneously measure the physical size and
count catecholamine molecules in individual nanometer-sized
transmitter vesicles. A CNP can be used to make both types of
measurements without the need for an additional collector
electrode, which is essential for carrying out such experiments
inside a living cell or near its surface. Very recent experiments
showed that careful deposition of the conductive film that has
to cover the inner pipette wall all the way to its orifice is
essential for one-to-one matching of a resistive pulse and
a faradaic current spike produced by the same vesicle.

5. Conclusions and outlook

In this Perspective we highlighted two major differences
between CNP-based techniques and classical nanopore sensing,
i.e. CNP capacities for electroanalysis of single entities and
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localized measurements in small spaces. For decades, resistive-
pulse and ion current rectification experiments were only
carried out in the bulk solution. Localized resistive-pulse
sensing inside biological cells and near their surfaces is
a powerful tool for the detection and analysis of nanoscale
objects, such as vesicles and nanoparticles, in biological
systems. The orifice diameter of a CNP can be varied to match
the size of a specific entity for selective and sensitive detection.
CNPs also offer significant advantages for qualitative and
quantitative analysis of electroactive material sampled within
the conductive nanocavity.

Recently developed electrochemical resistive-pulse method-
ology allowed a conductive pipette to end its double life and
function simultaneously as a nanopore sensor and an amper-
ometric nanoelectrode. This hybrid technique offers important
advantages for single entity detection and analysis. A typical
nagging question in single entity electrochemical studies is
about the source of the measured signal. For instance, are two
successive millisecond-long current transients recorded in
a nanoimpact experiment produced by the same NP or by
different particles?®*®” Are current spikes measured inside
a living cell due to vacuole collisions with a nanoelectrode or
a different biological phenomenon?** Being able to record
a resistive pulse produced by a specific single entity, evaluate its
size, and then analyze its contents electrochemically should
provide answers to such questions and significantly improve
our understanding of processes involving various nanoobjects.
This approach should be useful for sampling and analyzing
physiologically important species in subcellular compartments
such as lysosomes*® and synaptic vesicles.”

Major advances in CNP-based single entity sensing can be
expected in the near future, including monitoring and analysis
of biological vesicles. A potentially important application is to
detecting and analyzing of extracellular vesicles released from
biological cells that have shown potential for cancer diagnostics
and studies of cell signaling.*>*® Extracellular vesicles contain-
ing important electroactive analytes (catecholamines, ROS/RNS,
etc.) can report on the nature and current state of a specific cell,
its response to a therapeutic agent, and provide other valuable
biomedical information. The CNP-based techniques are
potentially useful for studies of a wide range of other nano-
objects, such as colloid NPs, nanodroplets, and nanobubbles.*
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