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Simultaneous Counting of Molecules in the Halo and Dense-Core of
Nanovesicles by Regulating Dynamics of Vesicle Opening
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Abstract: We report the discovery that in the presence
of chaotropic anions (SCN� ) the opening of nanometer
biological vesicles at an electrified interface often
becomes a two-step process (around 30% doublet
peaks). We have then used this to independently count
molecules in each subvesicular compartment, the halo
and protein dense-core, and the fraction of catechol-
amine binding to the dense-core is 68%. Moreover, we
differentiated two distinct populations of large dense-
core vesicles (LDCVs) and quantified their content,
which might correspond to immature (43%) and mature
(30%) LDCVs, to reveal differences in their biogenesis.
We speculate this is caused by an increase in the
electrostatic attraction between protonated catechol-
amine and the negatively charged dense-core following
adsorption of SCN� .

Secretory vesicles have been implicated in a variety of
physiological[1–3] and pathological process,[4–7] which involve
triggered exocytosis and extensively investigated in several
cell types.[8–10] There are two main types of secretory vesicles
including small synaptic vesicles and large dense-core
vesicles (LDCVs).[11] LDCVs are key organelles for secre-
tion of hormones and neuropeptides, and contain two
compartments, the halo and the dense-core.[11–13] Due to
their complexity of constituents and structure, several
approaches have been applied to study them. These include
transmission electron microscopy,[14] dynamic light
scattering,[15] nanoparticle tracking analysis,[16] nanopore
resistive pulse methods,[17–19] neurotransmitter quantification
by electrochemical cytometry[20] (e.g., vesicle impact electro-
chemical cytometry (VIEC),[21,22] and intracellular VIEC,[23])
and nanoscale secondary ion mass spectrometry.[24,25] The
VIEC process involves a biological vesicle adsorbing on an
electrified interface and opening a pore in the vesicular

membrane via electroporation followed by oxidation of
molecules in the interior.

Recently, our group correlated molecule count and
release kinetics with vesicular size by use of an open carbon
nanopipette,[26] and quantified the nanovesicle size and
catecholamine content simultaneously by resistive pulses in
nanopores and VIEC.[27] However, to the best of our
knowledge, the simultaneous counting of molecules in the
native halo and dense-core of nanovesicles, which benefits
the deeper understanding of the biogenesis and function of
LDCVs, has not yet been accomplished. To realize simulta-
neous counting from the two nanoscopic compartments, the
critical step is to slow down the diffusion of catecholamine
molecules from the dense-core to the halo. Recently, we
discovered that the exocytosis process can be slowed down
by introducing a chaotropic effect between membrane lipids
and chaotropic counteranions placed in the stimulation
solution,[28] suggesting the chemical interaction is an en-
abling approach to quantitatively discriminate the content of
the intravesicular compartments.

Herein, we simultaneously discriminated the content of
the halo and dense-core of individual chromaffin vesicles by
regulating the dynamics of vesicle opening in VIEC (see
Supporting Information S1). A carbon-fiber disk micro-
electrode was placed in a homogenizing buffer solution of
vesicles including different counteranions (e.g., Cl� , Br� ,
NO3

� , ClO4
� , and SCN� ), and a potential of +700 mV was

applied to record the current spikes resulting from vesicle
opening. Examples of VIEC amperometric traces obtained
are shown in Figure S1. Each current transient corresponds
to a single vesicle opening event. When the counteranion in
the vesicle analysis solution is SCN� , the frequency of vesicle
opening events is significantly higher than that obtained
with other counteranions (Figure S2, p values are listed in
Table S1). This difference can be attributed to stronger
adsorption of vesicles on the electrode surface and/or a
higher possibility of vesicles opening leading to current
spikes.

Interestingly, in contrast to release peaks normally
observed in 10 mM KCl, when we examined vesicles in
10 mM KSCN, numerous doublet spikes were observed
(30% of all events). To exclude the possibility of two
overlapping current spikes, we performed the VIEC experi-
ment in a diluted solution of vesicles with 10 mM KSCN
(Figure 1A). Among 41 recorded spikes in a 10-min
amperometric trace, 14 doublets were observed (Figure S3).
This suggests that the doublets are from the oxidization of
catecholamine located in the halo and dense-core. A normal
single-peak spike is shown in Figure 1B for comparison. The
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doublets obtained in the presence of SCN� can be divided
into three types based on the maximum amplitude of the
current (Imax) for the two peaks (Figure 1C–E). We assume
these different types of doublets are related to the size of
the protein dense-core and its catecholamine content in
individual vesicles.

To determine if the doublets in the presence of KSCN
are indeed from the same vesicle, we compared the number
of molecules oxidized in individual spikes in the presence of
different counteranions. The number of molecules oxidized
in individual spikes can be quantified via the Faraday
equation. We found that the mean number of molecules
oxidized for each current spike in 10 mM K+ was not
significantly changed with different counteranions (Fig-
ure S4, p values are listed in Table S2). Moreover, consider-
ing the possible leakage during vesicle preparation, the
number of molecules obtained by VIEC is consistent with
the result measured by intracellular VIEC (Figure S5). This
demonstrates the doublet spikes are from oxidation of single
vesicles, which might correspond to the oxidation of halo (1st

peak) and dense-core content (2nd peak).
To further understand the formation of doublets, we

compared other parameters (Figure 2A) for global current
spikes obtained from vesicles opening in 10 mM K+ with
different counteranions. We evaluated the 25–75% peak
rise time, trise, the peak half width, t1/2, and the 75–25% peak
fall time, tfall. The medians of peak parameters for the main
peak are summarized and compared in Figure 2B–D. A
significant increase in the value of trise, and t1/2 is observed
with chaotropic counteranions (e.g, SCN� ) (p values are
listed in Tables S3, S4), compared with the counteranions of
kosmotropes (e.g., Cl� ). However, the value of tfall does not
show a statistically significant change while trending upward
(p values are listed in Tables S5). Thus, the opening and
collapse of the vesicular membrane pore after electropora-
tion in the presence of chaotropes has been decelerated. In
contrast, a decrease in Imax is observed (Figure S6, p values
are listed in Tables S6) when vesicles are analyzed with the

counteranion changed from kosmotropes (e.g., Cl� ) to a
chaotrope (e.g., SCN� ). This suggests that the opening pore
during vesicle opening is smaller for the chaotropic counter-
anions. These results suggest that the ionic specificity, or the
chaotropic effects, drive the different dynamics of vesicle
opening and thereby induce the formation of doublet spikes.

When a pore opens in a vesicle in normal buffer solution
(Cl� ), the falling part of the resulting spike can be fitted by
either a single (Exp) or double exponential (Dblexp) decay,
which correspond to the opening of vesicles without a
dense-core (NDCVs) and LDCVs, respectively.[27,29,30] To
investigate the effects of anionic species on the opening of
LDCVs, we summarized and compared the fraction of
Dblexp spikes for different counteranions (Figure S7). The
fraction of Dblexp spikes decreases when the counteranions
are changed from kosmotropes (73% for Cl� ) to chaotropes
(43% for SCN� ) (p values are listed in Table S7). This
suggests that the dynamics of LDCV opening can be
regulated by the counteranion species, which is consistent
with the effects on the falling time. The fraction of Dblexp
spikes for vesicles in Cl� solution reveals that the fraction of
NDCVs is around 27%, with 73% LDCVs. For SCN�

counteranions, doublets are observed for 30% of events.
The remaining 43% percent of LDCVs represent events
where the molecules in the halo and dense-core are not
counted simultaneously. It has been demonstrated that there
are two populations of LDCVs in chromaffin cells.[31,32] It
appears that these three results (27% Exp, 30% doublet,
and 43% other spikes) belong to three different vesicle
opening mechanisms (NDCVs, mature LDCVs, and imma-

Figure 1. A) A typical VIEC trace obtained from chromaffin vesicles in
10 mM KSCN. B) A normal single-peak current spike. C), D), and
E) Three types of doublet spikes obtained from (A).

Figure 2. A) Scheme of different parameters used for the spike analysis.
B), C), and D) Comparisons of trise, t1/2, and tfall from VIEC with
chromaffin vesicles in 10 mM K+ solution including different counter-
anions (e. g., Cl� , Br� , NO3

� , ClO4
� , and SCN� ). Pairs of data sets were

compared with a two-tailed Mann–Whitney rank-sum test; ***,
p<0.001; **, p<0.01; *, p<0.05.
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ture LDCVs, respectively). To better understand their
difference, we log-normalized frequency histograms to
describe the distribution of the number of molecules for
Exp, Dblexp, and doublet spikes. As shown in Figure S8, the
number of molecules for Dblexp spikes is larger than that
for Exp spikes, but smaller than that for doublet spikes. This
supports our hypothesis that the NDCVs load the least
catecholamine, while the mature LDCVs load the most
molecules.

To further understand the mechanism, we used six
different concentrations of SCN� from 0 to 10 mM (with
corresponding concentrations of Cl� of 10 to 0 mM,
respectively) in 10 mM K+ solution to carry out the VIEC
experiments. We calculated and summarized the ratio of
NDblpeak/NDblexp (i. e., the number of doublets vs. the number
of Dblexp spikes) for different SCN� concentrations, and
found the ratio increases linearly with KSCN concentration
(Figure S9, p values are listed in Table S8).

To explain the formation of doublets, we propose a two-
step opening mechanism (Figure 3), where the adsorption of
chaotropic anions and the pH gradient play an important
role. The biogenesis of LDCVs involves the budding of
immature LDCVs (pH 6.3–5.7) from the trans-Golgi net-
work (pH 6.5–6.2) followed by several maturation steps to
form mature LDCVs (pH 5.5–5.0).[33–35] During these steps,
the acidic proteins of the dense-core including chromogranin
A, B, secretogranin II–IV are folded, protonated catechol-
amines (e.g., epinephrine,[36] pKa=8.55; norepinephrine,[37]

pKa=8.4), and other molecules or ions (e.g., ATP and
Ca2+)[38] are loaded and bound to the dense-core by electro-
static forces.[39,40] It has been demonstrated that the kosmo-
tropes stabilize folded proteins and lipid bilayers via salting-
out, whereas chaotropic ions destabilize them via salting-in,
and change their structures or even reverse their charge.[41–44]

For kosmotropes (e.g., Cl� ), no change occurs on the
structure and charge of the vesicle membrane and dense-
core. The LDCVs open in one-step resulting in single-peak
spikes with double-exponential decays; catecholamines rap-

idly diffuse from the dense-core to the vesicular halo. In
contrast, the chaotropes (i. e., SCN� ) prefer to adsorb on
lipids and proteins resulting in a looser vesicle membrane
and more negatively charged dense-core. In addition, it is
possible that the chaotropes interact with the catechol-
amines, and one or the other of these processes leads to a
higher ionic attractive energy between the bound catechol-
amine and dense-core after adsorption of SCN� . This
restricts the diffusion of catecholamine from the dense-core
to halo during the initial vesicle opening, and the halo
content oxidizes in the first step. Moreover, the adsorbed
SCN� decreases the hydration around the dense-core[45] that
also restricts diffusion of catecholamines from the core to
the halo. Following vesicle opening, we suggest the increas-
ing intracystic pH partially deprotonates the catecholamine
molecules, leading to a smaller electrostatic attraction. Thus,
the catecholamines bound to the dense-core are oxidized in
the second step. Compared to the mature LDCVs, the
immature LDCVs have a looser dense-core structure thus
loading fewer catecholamine molecules, and a smaller pH
gradient (intracystic vs. extracystic), which impedes the
occurrence of two-step opening.

We used the chaotrope-induced doublet peaks to simul-
taneously count catecholamine molecules in the nanoscopic
vesicular halo and dense core (Figure 4A). We analyzed 284
pairs of peaks. The number of molecules for the 1st peak of
the doublets was tightly correlated with the number of
molecules for the paired 2nd peak (Figure 4B). This can be

Figure 3. Illustration of a proposed two-step opening mechanism
induced by SCN� . The effects of chaotropes (SCN� ) on the lipid bilayer
induce a smaller opening, and SCN� adsorbed to the dense-core offers
a stronger electrostatic attraction to help the binding of catecholamine.
This leads to slower diffusion, resulting in a two-step oxidation of
catecholamine in the halo and dense-core.

Figure 4. A) Scheme to count and compare molecules in the 1st and 2nd

peak of doublet spikes, corresponding to the vesicular halo and dense-
core, respectively. B) Relationship between the paired 1st peak content
vs. 2nd peak content. C) Log-normalized frequency histograms of 1st

and 2nd peak content which is fitted by Gaussian, respectively.
D) Normalized frequency histograms of the fraction of the total content
in the 1st (halo) and 2nd (dense core) peak. These are shown with best
Gaussian fits.
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explained by the different states of catecholamine in the
halo (freely dissolved) and dense-core (bound) which can be
correlated and regulated by the osmotic pressure in vesicles.
Moreover, histograms of the number of molecules and
fractions released from the halo and dense-core are shown
in Figure 4C, D, respectively. The distribution of the number
of molecules obtained from the 1st and 2nd peak (Figure 4C)
is fitted by Gaussian, which is consistent with the distribu-
tion of the number of molecules obtained from normal
single-peak spikes.[21,22] The medians of fractions for the halo
and dense-core content (Figure 4D) are 38% and 62%,
respectively. Because of the asymmetrical distributions, we
further normalized the frequency of central part (Fig-
ure S10). The maximum fractions for molecular count in the
halo and dense-core are 32% and 68%, respectively. This is
the first direct measurement of the fraction of content in the
halo and dense core for mature LDCVs, which offers a
quantitative index to investigate the effects of chemicals or
drugs on individual vesicular compartments.

In conclusion, we present the discovery that doublet
spikes induced by chaotropes (SCN� ) are recorded from
nanometer chromaffin vesicles opening when a vesicle opens
on an electrified interface. Furthermore, the 1st and 2nd peaks
correspond to the oxidization of molecules from the halo
and dense core, respectively, allowing us to obtain a
molecular count independently in these two nanoscopic
compartments. Moreover, the vesicles can be classified into
three groups including NDCVs, immature LDCVs, and
mature LDCVs. A stronger electrostatic interaction and a
higher pH gradient play a dominant role in observation of
the doublets resulting from the opening of mature LDCVs.
These observations should be helpful for understanding the
biogenesis of LDCVs, effects of chemicals on vesicular
compartments, mechanisms of neural plasticity, and neuro-
degenerative diseases.
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