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ABSTRACT: Resistive-pulse sensing with biological or solid-state
nanopores and nanopipettes has been widely employed in detect-
ing single molecules and nanoparticles. The analytical signal in
such experiments is the change in ionic current caused by the mol-
ecule/particle translocation through the pipette orifice. This pa-
per describes a new version of the resistive-pulse technique based
on the use of carbon nanopipettes (CNP). The measured current
is produced by electrochemical oxidation/reduction of redox mol-
ecules at the carbon surface and responds to the particle translo-
cation. In addition to counting single entities, this technique ena-
bles qualitative and quantitative analysis of the electroactive ma-
terial they contain. Using liposomes as a model system, we
demonstrate the capacity of CNPs for (1) conventional resistive-
pulse sensing of single liposomes, (2) electrochemical resistive-
pulse sensing, and (3) electrochemical identification and quantita-
tion of redox species (e.g., ferrocyanide, dopamine and nitrite)
contained in a single liposome. The small physical size of a CNP
suggests the possibility of single-entity measurements in biologi-
cal systems.

Resistive-pulse sensing relies on measurements of the ion cur-
rent flowing through a biological or solid-state nanopore or a na-
nopipette.> A nanoparticle (NP),® a vesicle,’® or a large mole-
culel® entering the nanopore orifice affects its conductance, caus-
ing a transient decrease in the ion current (resistive pulse). Na-
nopore-based techniques have been widely used to sequence
DNA,1 detect singe molecules,1213 NPs,514 viruses!> and nanopar-
ticle-bound species.1617 Although nanopore-based sensors are
powerful tools for detecting and counting single entities, their ap-
plications to qualitative and quantitative analysis are more chal-
lenging. Coating the inner wall of the nanocapillary with a thin
layer of conductive material, such as Au,819Pt,20 carbon,222 Ag,23
or conductive polymer,?* yields a nanopore with the tunable sur-
face charge and potential that may improve its selectivity and sen-
sitivity.2> Conductive nanopores and pipettes have been used for
DNA sequencing?® and detection of small molecules?® and pro-
teins.27.28

We previously produced carbon nanopipettes (CNP) with differ-
ent geometries by chemical vapor deposition of carbon into quartz
capillaries and demonstrated their usefulness for voltammetric
sensing.2%3% Here we employ CNPs (Fig. S1) as a platform for elec-
trochemical resistive-pulse sensing to detect single liposomes and
analyze their contents. The performed experiments are shown
schematically in Fig. 1. The first one (Fig. 1A) is aimed at checking
that liposomes can be detected in a conventional resistive-pulse
setup though ion current blockages caused by their translocations

of a quartz nanopipette. The current-time recording obtained in
such an experiment is shown in Fig. S2A. The current blockages in
Fig. S2A were observed with a negative voltage, V =-0.5V applied
to the reference electrode inside the pipette with respect to the
external reference. No resistive pulses were recorded with a pos-
itive voltage, V=0.5V, applied to the pipette (Fig. S2D). This indi-
cates that the translocation of negatively charged liposomes is
driven by electroosmosis rather than simple diffusion through the
pipette narrow shaft or electrophoresis since the direction of the
electroosmotic flow in Fig. S2A was opposite to that of the elec-
trophoresis. In a conceptually similar experiment (Fig. 1B), a CNP
was employed for resistive-pulse sensing of liposomes (Fig. S3).
The inner surface of a CNP is negatively charged,3! and the trans-
location of liposomes is apparently driven by electroosmosis, sim-
ilar to quartz pipettes.
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Figure 1. Schematic representation of four types of resistive-pulse exper-
iments involving translocation of liposomes through quartz (A) and car-
bon (B-D) nanopipettes. The insets show ion current blockages in con-
ventional resistive-pulse sensing (A,B) and faradaic current spikes pro-
duced by either a blockage of the CNP orifice (green peaks in C and D) or
oxidation/reduction of the redox species contained inside a liposome
(purple peakin D). In all experiments, liposomes are initially present only
in the outer solution.

Electrochemical resistive-pulse sensing of liposomes is outlined
schematically in Fig. 1C. Unlike conventional resistive-pulse ex-
periments, only a small (um-long) portion of the CNP shaft adja-
cent to its orifice is filled with solution by capillary force.222° No
reference electrode is placed inside the CNP, which serves as a
working electrode. The base current (ip) in this case is produced
by diffusion of the redox species to the pipette orifice and their
oxidation/reduction at the carbon surface. The blockage of this



current during the liposome (or other particle with a diameter
comparable to that of the CNP orifice) translocation results in a
resistive pulse (green peak in the inset; Fig. 1C). Because the con-
ductive carbon surface is essentially equipotential, the voltage
drop along the pipette axis inside its shaft is small and the trans-
location of liposomes is driven by diffusion rather than electroos-
mosis or electrophoresis. Accordingly, the translocation events
can be observed at either positive or negative CNP bias with re-
spect to the external reference. The current-time recordings were
obtained in solution containing 10 mM of either K4[Fe(CN)¢] (Fig.
2A) or K3[Fe(CN)e] (Fig. 2C), and current blockages by liposomes
can be seen at both positive (+0.5 V; Fig. 2A) and negative (-0.5 V;
Fig. 2C) CNP potentials.
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Figure 2. Electrochemical resistive-pulse sensing of liposomes by CNPs in
10 mM PBS (pH 7.4) solution containing 10 mM Ka[Fe(CN)s] (A) or 10 mM
Ks[Fe(CN)s] (C). CNP potential vs. Ag/AgCl was (A) 0.5V and (C)-0.5V. CNP
orifice diameter, nm was (A) 270 and (C) 250. Blowups of transients la-
beled by red asterisks in (A) and (C) are shown in (B) and (D), respectively.
Solution contained 15.6 nM of liposomes.

Fig. 2A exhibits markedly different short (sub-ms to ms) and
long (hundreds of ms to tens of seconds) spikes. Typical short
pulses (Figs. 2B and 2D) have a relatively small magnitude, Aimax/io
<< 1, shape, and mean t values (0.21 and 0.29 ms for K4[Fe(CN)e]
and Ksz[Fe(CN)g], respectively) similar to those of conventional re-
sistive pulses (Figs. S2C and S3C). By contrast, long resistive pulses
in Fig. 2A feature nearly complete current blockages. (Long resis-
tive pulses were also recorded with ferricyanide; not shown). At
the end of each long blockage, the current increased sharply to a
value higher than ip. Long translocation events have only been ob-
served in electrochemical resistive-pulse experiments. With no
electroosmotic flow inside the CNP shaft, a larger liposome whose
diameter is similar to that of the pipette orifice can get stuck at
the tip, completely blocking the diffusion current of redox mole-
cules. The abrupt departure (or bursting open) of the liposome
apparently produces a sharp transient increase in the current
above the base level. Both long and short current blockages are
produced by liposomes entering the CNP rather just plugging its
orifice from the solution side. By contrast, no current spikes were
observed using CNPs with the orifice diameter smaller than that
of the liposomes (Fig. S4).

The cathodic base current in Fig. 2C is much higher than the an-
odic current in Fig. 2A measured with the same concentration of
redox species in solution (10 mM) and a similar CNP diameter. The
difference is due to a significant cathodic current flowing at a CNP
is solution containing no added redox species (Fig. S5). This cur-
rent is produced by oxygen reduction catalyzed by impurities in

the CVD-deposited carbon film. The high rate of oxygen reduction
is due to the large surface area of porous carbon film exposed to
the aqueous solution. The possibility of electrochemical resistive-
pulse sensing with no redox mediator added to solution is shown
in Figs. S5A and S5B. By contrast, no significant anodic current
flows when a CNP is biased at a positive potential without redox
species added to the solution, and no resistive pulses appear in Fig.
S5C. The transport of O; to the carbon surface includes both the
diffusion flux to the CNP orifice and the influx from the air con-
tained inside the CNP capillary (see Fig. S6 and related discussion
in SI).

To combine electrochemical resistive-pulse sensing with elec-
troanalysis of single vesicle contents (Fig. 1D), liposomes were
loaded with redox species (e.g., Ks[Fe(CN)¢]). The presence of
Fe(CN)e* inside liposomes was confirmed by electrochemical
monitoring of their collisions with a carbon ultramicroelectrode
that produced ms-long spikes of anodic current (Fig. S7).32 Resis-
tive-pulse recordings in this case are expected to include current
blockages associated with liposome translocations (green peak in
Fig. 1D) and current upsurges caused by oxidation/reduction of re-
dox species during liposome collisions with the CNP inner wall
(purple peak). Both upward and downward spikes can be seen in
current-time recordings obtained with ferrocyanide-loaded lipo-
somes translocating a CNP (Fig. 3A). These current transients can-
not be attributed to either blockages of the CNP orifice from the
solution side or collisions of liposomes with the carbon ring ex-
posed to the external solution because the recordings obtained
with smaller pipettes show no current spikes (Fig. S4E).

The integration of the current yields the charge corresponding
to the number Fe(CN)e* ions oxidized during a specific collision.
The relationship between the charge value (Q) and the liposome
radius (r) is given by Eq. (1) 32

Q= %rrr3an (1)

where c is the concentration of Ks[Fe(CN)e] in the liposome (0.5
M), n = 1 is the number of transferred electrons, and F is the Far-
aday constant. The distribution of liposome diameters calculated
from the charge values is shown in Fig. 3D along with the size dis-
tribution from DLS data (black line). The liposome diameters eval-
uated from resistive-pulse data are somewhat smaller than those
found by DLS because the latter technique is skewed toward large
size particles, and the measured hydrodynamic radius includes the
thickness of the hydration layer of the lipid headgroups.33:34 By
contrast, resistive-pulse measurements may not fully account for
larger particles, which are less likely to translocate through a com-
parably sized pipette orifice.3> Also, some liposomes may release
only a fraction of their redox load during a collision with the car-
bon surface. (Partial release of neurotransmitters from vesicles
was also observed during exocytosis.3?) The average frequency of
upward spikes in Fig. 3A that is higher than the frequency of resis-
tive pulses may be due to multiple collisions of a liposome with
the CNP wall. Alternatively, low-amplitude resistive-pulses pro-
duced by small liposomes may have been obfuscated by noise and
not detected.

Electrochemical resistive-pulse sensing is potentially useful for
detection and analysis of biological vesicles such as dopamine (DA)
containing synaptic vesicles.3637 Fig. 4A shows a current-time re-
coding obtained with DA-loaded liposomes translocating a 350-
nm-diameter CNP. Similar to the data in Fig. 3, this recoding com-
prises resistive pulses and upward spikes produced by oxidation
of dopamine during liposome collisions with the CNP wall. Typical
resistive pulse and collision transients are shown in Figs. 4B and
4C, respectively. The widths and shapes of these spikes are
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Figure 3. Electrochemical resistive-pulse sensing of ferrocyanide-loaded
liposomes and electrochemical analysis of their contents. (A) Current-time
recording obtained with a 495-nm CNP biased at +0.5 V vs. Ag/AgCl refer-
ence. (B) Individual resistive-pulse spike labeled with a red asterisk in A.
(C) Representative liposome collision transient labeled with a blue asterisk
in A. (D) Distribution of liposome diameters calculated from the charge
values (bar graph; the left-hand scale) and liposome size distribution from
DLS data (black line; the right-hand scale).

comparable to those obtained with ferrocyanide-loaded lipo-
somes (Figs 3B and 3C). The cyclic voltammogram in Fig. 4D ob-
tained with the same pipette immediately after an electrochemi-
cal resistive-pulse experiment, comprises a pair of symmetrical
peaks of exhaustive oxidation/reduction of DA accumulated inside
the CNP. The midpoint potential, 0.1 V vs. Ag/AgCl, is in good
agreement with reported CNP voltammograms of DA.3°
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Figure 4. Electrochemical resistive-pulse sensing of dopamine-loaded sin-
gle liposomes. (A) Current-time recording obtained with DA-loaded lipo-
somes using a 350 nm CNP. (B) Individual resistive pulse labeled with a red
asterisk in A. (C) Representative liposome collision transient labeled with
a blue asterisk in A. CNP potential was 0.5 V vs. Ag/AgCl. (D) Cyclic volt-
ammogram of DA. Potential sweep rate, v=50 mV/s.

Another type of physiologically important species stored in bio-
logical vesicles are reactive oxygen and nitrogen species
(ROS/RNS). Platinized micro- and nanoelectrodes have previously
been used for measuring ROS/RNS in biological systems,38 includ-
ing single vesicle analysis.3940 To explore the possibility of electro-
chemical resistive-pulse sensing of ROS/RNS in single vesicles, we
prepared platinized CNPs (Fig. S8A) and loaded liposomes with ni-
trite solution. Nitrite—one of four primary ROS/RNS—tends to
strongly passivate electrode surfaces and is, therefore, hard to
measure.38  Resistive-pulse recordings and oxidation current

transients of NO;-loaded liposomes obtained with platinized
CNPs are shown in Figs. S8B and S8C. A cyclic voltammogram ob-
tained after the electrochemical resistive-pulse experiment (Fig.
S8D) can be used to identify nitrite species.

In conclusion, we used CNPs as a platform for electrochemical
resistive-pulse sensing. In this new technique, faradaic current
produced by oxidation/reduction of redox species at the carbon
surface (as opposed to ion current measured in conventional re-
sistive-pulse experiments) is used to detect nanoscopic objects,
such as liposomes, translocating through the CNP orifice. In addi-
tion to counting single entities, this approach enables electro-
chemical analysis of the contents of liposomes (or other nanovesi-
cles) by measuring current transients produced by their collisions
with the inner wall of the CNP. In this way, dopamine and nitrite
were measured in single liposomes. In a recent study,*! we
demonstrated the possibility of conventional resistive-pulse sens-
ing of biological vesicles inside a living cell and near its surface.
Electrochemical resistive-pulse sensing developed here can ena-
ble sampling and determination of important biochemical species
(e.g., neurotransmitters and ROS/RNS) stored in such vesicles.36:39
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