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ABSTRACT: In this work, open carbon nanopipettes (CNPs) with radius between SO and 600 nm were used to control
translocation of different-sized vesicles through the pipette orifice followed by nanoelectrochemical analysis. Vesicle impact
electrochemical cytometry (VIEC) was used to determine the number of catecholamine molecules expelled from single vesicles onto
an inner-wall carbon surface, where the duration of transmitter release was quantified and correlated to the vesicle size all in the same
nanotip. This in turn allowed us to both size and count molecules for vesicles in a living cell. Here, small and sharp open CNPs were
employed to carry out intracellular VIEC with minimal invasion and high sensitivity. Our findings with VIEC reveal that the vesicular
content increases with vesicle size. The release kinetics of vesicular transmitters and dense core size have the same relation with the
vesicle size, implying that the vesicular dense core size determines the speed of each release event. This direct correlation unravels

one of the complexities of exocytosis.

E xocytosis is the key process for cell-to-cell communication
in endocrine cells and neurons. It is mediated by
neurotransmitter release from nanometer-sized secretory
vesicles. These vesicles can be roughly divided into two main
types according to their size and different components: small
synaptic vesicles (SSVs) and large dense core vesicles
(LDCVs). SSVs are smaller types and appear clear in
transmission electron microscopy (TEM) images. LDCVs
contain two compartments: a fast compartment called the halo
with soluble and freely moving transmitters and a slow
compartment consisting of a protein core with bound
transmitters.'* LDCVs are present in a number of biological
systems. Adrenal chromaffin cells, the widely used model
system for exocytosis studies, contain a great number of
LDCVs, making up 30% of the total cellular volume.’

The amount of catecholamine molecules inside a vesicle is
one of the regulators that affect exocytosis.” It is imperative to
obtain vesicular content to understand regulation mechanisms
of exocytosis. In 2009 Omiatek et al. combined capillary
electrophoresis and microfluidics with electrochemical detec-
tion to quantify vesicular content.” Later, Dunevall et al.
characterized the content of mammalian vesicles by direct
absorption and rupture of vesicles on 33 pm diameter disk-
shaped carbon electrodes, a technique termed vesicle impact
electrochemical cytometry (VIEC).® After that, several studies
were carried out aiming to understand the potential
mechanisms regarding vesicle openin§ and rupture on the
surface of the electrodes during VIEC.” ™"

In addition to vesicular content, quantification of the
transmitter concentration in individual vesicles and the
correlation between vesicular size and content is important
for a comprehensive understanding of the mechanisms of
exocytosis. Recently, Zhang et al. reported quantification of
vesicular size and catecholamine content at the same time by a
combination of resistive pulse measurements with VIEC to
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calculate the catecholamine concentrations of single chromaf-
fin vesicles, providing quantitative information about the
vesicle maturation process.'” Pan et al. showed that trans-
location of single liposomes and release of loaded dopamine
can be monitored simultaneously using open carbon nano-
pipettes (CNPs)."*

Another aspect that could be influential in exocytotic
regulation is the speed or temporal regulation of release
events. It has been suggested that release of transmitters bound
to proteins filled inside the dense core could be delayed
because of their slower diffusion into the extracellular
space.'”'® Lovri¢ et al. combined TEM with nanoscale
secondary ion mass spectrometry (NanoSIMS) images of a
single vesicle and distinguished the distribution of labeled
dopamine across the dense core and halo.'” Correlating the
imaged amounts of dopamine in vesicles obtained from
NanoSIMS with those from electrochemical methods, they
concluded that dopamine loading/unloading between the
dense core and halo solution is a kinetically limited process,
revealing that both loading of messengers and release into and
out of the nanometer protein dense core occur on time scales
on the order of hours.

The development of the above methodologies has enriched
our knowledge of fundamental mechanisms of exocytosis, yet
much remains unknown, especially the correlation between the
vesicular structure and release dynamics. CNPs prepared by
chemical vapor deposition (CVD) of carbon into prepulled
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quartz nanopipettes have proven to be applicable to electro-
active transmitter detection.'®'? After modification with Pt
black, they were also employed in measurements of reactive
oxygen and nitrogen species inside single organelles and
vesicles.””*" In this work, we controlled the orifice size of open
CNPs in VIEC measurements, and the distribution of N, jecqles
was correlated with the vesicle size. The general trends of
vesicular content and release kinetics with vesicle size were
obtained. By comparison of the variations in the release
kinetics and dense core size according to vesicle size, a direct
connection between the speed of release events and the dense
core size was created. Finally, we demonstrate a measurement
of combined intracellular VIEC (IVIEC) and vesicle size with
an open CNP in a living cell.

Figure 1A shows a schematic of the VIEC measurement with
an open CNP. The sizes of single vesicles allowed to diffuse
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Figure 1. VIEC measurement with different-sized open CNPs. (A)
Schematic of VIEC measurement in homogenizing buffer with open
CNPs. (B) Representative amperometric traces of 100, 200, and 400
nm radius open CNPs (from top to bottom) at 700 mV vs Ag/AgCl.
The insets show amplifications of the spikes labeled with red asterisks.

into the infinite cavity were controlled by adjusting the CNP
size (TEM images of CNPs are shown in Figure S1).
Oxidation of messenger molecules from single vesicles bursting
on the electrode inside the nanotip results in a current
transient at the CNP. Representative amperometric traces
recording the contents of individual vesicles are presented in
Figure 1B. Altogether eight radii of CNPs were used: 50, 100,
200, 250, 300, 400, 500, and 600 nm. Amperometric traces of
50 and 100 nm CNPs gave no spikes, indicating that there
were essentially no vesicles below 100 nm radius (Figure 1B),
consistent with results from TEM images. Current transients
mostly with smaller I, and time duration started to be
observed with 200 nm CNPs, coming from rupture of vesicles
with sizes between 100 and 200 nm, while with 400 nm CNPs
a larger number of bursts were captured. (Additional
amperometric traces of CNPs are shown in Figure S2). It
should be noted that this approach is different from
electrochemical resistive-pulse sensing,'* as no redox mediator
is added in the suspension of vesicles and the vesicle sizes are
grouped by the use of different pipette tip sizes instead.
Important information about the release event can be obtained
by analyzing the individual spikes. The number of electroactive
molecules expelled from individual vesicles can be quantified
based on Faraday’s law, N, jecues = NaQ/nF, where N, is
Avogadro’s number, Q is the charge calculated by integration
of the current over time for individual spikes, n is number of
electrons transferred during the oxidation reaction (n = 2 for
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catecholamines), and F is the Faraday constant. The numbers
of catecholamine molecules (N,jecytes) cOrresponding to spikes
of different-sized CNPs were quantified and are presented as
normalized frequency histograms in Figure 2.
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Figure 2. Normalized frequency histograms of Ny ecues Obtained
from different-sized open CNPs (200, 250, 300, 400, 500, and 600 nm
radius). (Bin size, 1 X 10° molecules; collected from four isolations of
adrenal chromaffin vesicles; 98 open CNPs were used).

Markedly different ratios of Nyojecues (bin size of 1 x 10°
molecules) across different-sized CNPs are shown in Figure 2.
For vesicles smaller than 200 nm, vesicles containing 1 X 10°
transmitters make up 45% of the total number of vesicles, and
this ratio keeps decreasing as the vesicle size increases up to
500 nm. Also, the largest Ny, jecqles fOr vesicles below 200 nm is
within 9 X 10°, which is quite different from their counterparts.
The ratio of vesicles with larger contents of transmitters
generally increases with vesicle size. For vesicles below 250 nm,
vesicles with lowest number of transmitters (1 X 10°) account
for the biggest percentage, and that ratio decreases with
vesicular content. For larger vesicles, the frequency of vesicles
first goes up and then goes down, with peaks mostly appearing
at contents of 2 X 10° and 3 X 10° molecules. It should be
noted that there is a slight change in distribution from 500 to
600 nm CNPs, implying that the sizes of a small number of
vesicles are above 500 nm. This was further confirmed by
comparison of the averages of vesicular content and release
kinetics between 500 and 600 nm CNPs in Figure 3A and the
results of TEM imaging in Figure 3B.

As shown in Figure 3A, from 200 to 500 nm CNPs, the
average vesicular content increases with vesicle size, which
makes sense considering the distribution of Ny, jecues OVer size
in Figure 2. Apart from N ey the duration of messenger
release (t;,,), the time needed for the fusion pore to open
(ti.), and the time for oxidation of vesicular content or for the
pore to close again (fg;) can also be quantified by analyzing
individual current transients.” The release kinetics versus
vesicle size is presented in Figure 3A with similar numbers for
500 and 600 nm CNPs. In contrast to the trend line of
vesicular content, the duration of chemical messenger release
first increases with vesicle size, peaks for 400 nm CNPs, and
beyond that decreases substantially. The same trends of ;.
and tg; are presented in Figure S3. As discussed before,
aggregated protein in the vesicular dense core can slow the
release of chemical messengers.'”'® It is possible that changes
in the release kinetics are related to the dense core size. By
measurement of the dense core size from TEM images of
chromaffin cells (Figure S4), the dense core size was obtained
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Figure 3. Correlations of vesicular content and release kinetics with
vesicle size. (A) Histograms of average Nyojecules and t;, derived from
different-sized open CNPs with trend lines (two-period moving
average). (B) TEM data on vesicle dimensions with a trend line
(second-order polynomial). The inset shows a histogram of ¢, for
200 to SO0 nm open CNPs with a trend line (second-order
polynomial). Ny jecues 20d ¢/, are medians obtained from each size
of open CNPs; specific numbers are listed in Table S1. The dense
core radius and vesicle radius were measured from TEM images of
chromaffin cells (Figure S4).

as a function of vesicle size. The trend line in Figure 3B shows
that the dense core size increases with vesicle size up to ~380
nm, whereas after that dense core size drops significantly and
almost all of the points are below the trend line. Although the
data are somewhat scattered at the larger sizes, there is a
corresponding trend with the change in release kinetics (see
the Figure 3B inset). We conclude that the kinetics of chemical
messenger release is limited by the dense core size.

In addition to VIEC, open CNPs were used to carry out
IVIEC of vesicles in living cells. Figure 4 presents an

amperometric trace from an IVIEC measurement inside an
18 pm diameter chromaffin cell with a 400 nm radius CNP.
The red arrow indicates the moment when the CNP was
pushed through the cell membrane. After a slight vibration, the
CNP was inserted with a reasonable background current at 700
mV. After IVIEC measurements, both 18 ym and 13 pm
diameter chromaffin cells maintained no observable morpho-
logical changes (Figures SS and S6), suggesting that the cells
and cell functions were not dramatically altered. For intra-
cellular use, it is crucial for biological cells to maintain their
integrity and viability. Although the tip size of CNPs is
relatively large compared with the commonly used nanotip
carbon fiber microelectrodes in IVIEC measurements,”>* here
only a small portion of the tip end pierced into the cytoplasm,
allowing vesicles together with cytosol to be driven into
pipettes by capillary action or diffusion. As can be seen from
the amperometric trace in Figure 4, an increased frequency of
rupture events was observed about 25 s after the CNP was
inserted. For intracellular electrochemical analysis with nano-
electrodes, trade-offs between scale and sensitivity have been
the main issue that needs to be addressed. Despite the small tip
size, the hollow structure of open CNPs provides a sufficiently
large electrochemical area for oxidation of vesicular trans-
mitters, and this is also critical for in vivo measurements in
small organisms. In the future this will allow us to study the
correlations of vesicular content and release dynamics with
vesicular structure in the intracellular environment and the
effect of drug treatment.

In conclusion, we have presented a combination of VIEC
with open CNPs for characterization of chemical messengers in
single vesicles entering and impacting the electrode in the
CNP. With this new method, correlations of the vesicle
content and release kinetics with vesicle size can be obtained.
Our results demonstrate that the speed of release events
depends on the vesicular dense core size. A direct correlation
between the vesicular structure and release dynamics was
established, and this will offer new insights into regulation of
exocytosis, including an unprecedented ability to study the
effect of dense core matrix dissociation on the release kinetics.
Besides application in VIEC, open CNPs with smaller physical
size and larger electroactive surface area are promising for in
situ intracellular tests and have potential for in vivo
measurements inside small organisms such as Drosophila,
zebrafish, etc.

Figure 4. Representative amperometric trace from an IVIEC measurement with a 400 nm radius open CNP at 700 mV vs Ag/AgCl. The inset
shows an image of a CNP being inserted into an 18 ym diameter chromaffin cell during an IVIEC measurement and an amplification of the spike
labeled with the red asterisk. The red arrow indicates the moment when the CNP was pushed through the cell membrane.
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