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a b s t r a c t
Size-controllable micron or nano-disk carbon ﬁber electrode (CFE) is prepared and demonstrated to be
excellent for extra-cellular transmitter release detection at tiny structures and vesicle fusion kinetics analysis with high spatio-temporal resolution. An improved electrochemical etching procedure was employed,
for the ﬁrst time, to fabricate cylindrical ﬁber with controlled micron or nano-diameter. Afterwards, a facile
insulation with polypropylene sheath was employed to completely insulate the whole body of the thinned
ﬁber, and an ultrasmall-disk sensing area was ﬁnally produced by cutting of the insulated ﬁbers. Scanning
electron microscopy (SEM) was employed to characterize the ultrasmall geometry size of the fabricated
electrode and to show the tight adherence of the insulation sheath on the ﬁber. The cut ends of the electrodes were also shown to be smooth, clean and without obvious jagged layer. The fabricated micron or
nano-disk carbon electrodes show ideal steady-state voltammetric behavior with satisfying reversibility.
Subsequently, the performance of the ultrasmall-disk CFE for amperometric detection of cell secretion
was characterized. Results showed that, compared to the conventional micro-disk CFE, the etched small
disk CFE possesses higher sensitivity due to its obviously improved signal-to-noise level, which enables
minute amounts of 3000 oxidizable molecules to be detectable. The nano-disk CFE was shown to be particularly ideal for analysis of fusion kinetics, due to its avoidance of diffusion broadening of the detected
spikes, which is the inherent defect of the conventional micro-CFE technique.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
During the last two decades there has been widespread
and growing interest in fabricating electrodes with ultramicrodimensions due to the novel applications of such ultrasmall devices
(Arrigan, 2004; Wu et al., 2005). One attractive application of
small-sized carbon ﬁbers is that it can be used as highly sensitive
amperometric sensors for the detection of transmitter release from
single cells (Wightman, 2006). Exocytosis from individual vesicles
is monitored as a series of spike-like oxidation currents. The main
beneﬁcial features of the amperometric measurement of cell secretion include its exquisite sensitivity, with which minute amounts of
transmitter (zmol molecules) released from the small vesicles are
still detectable (Pothos et al., 1998; Hochstetler et al., 2000). More-
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over, the super high temporal resolution (millisecond resolution)
allows for monitoring in detail the temporal proﬁle of transmitter discharge from various vesicle types (Staal et al., 2004; Zhou
et al., 2007; Zhu et al., 2007). The above two advantages enable
the amperometric technique to directly probe the exocytotic fusion
pore dynamics and its modulation by fusion protein SNARE complexes (Staal et al., 2004; Zhu et al., 2007; Barclay, 2008), since an
amperometric current spike can be dissected in the various phases
of exocytosis, i.e., fusion pore formation (foot or pre-spike signal, which sometimes precedes a full spike signal), expansion (rise
phase of the current spike) and, ﬁnally, simple diffusion of transmitters to the detector (decay phase of the current spike) (Burgoyne
and Barclay, 2002).
Hitherto, most commercially available carbon ﬁbers or carbon ﬁber microelectrodes have diameters of at least 5–10 m. On
one hand, this dimension is too large and incompetent for measuring exocytosis from tiny structures, i.e., presynaptic terminals
or growth cones. On the other hand, diffusional smearing originating from the various spacing between the detector and the
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hemispherical cell surface contributes signiﬁcantly to the noninstantaneous release signals, which makes the discerning of details
of the release time course unexpectedly complicated (Jankowski
et al., 1993; Chow and Rüden, 1995). To overcome the above
defects associated with the conventional micro-CFE, exploring the
ultrasmall-disk electrodes is of particular signiﬁcance.
During the last two decades, a few research groups have been
exploring different methodologies of manufacturing ultramicrosized electrodes. Wightman pioneered ﬂame-etched electrodes
with diameters of about 2 m for the localization of release zones
on the cell surface with high spatial resolution (Schroeder et al.,
1994). Huang further reﬁned the ﬂame-etched electrode with a tip
size of ca. 100 nm (Huang et al., 2001). However, without further
insulation along the shaft, the real sensing area of the ﬂame-etched
electrodes in both works is even larger than that of the classic
micro-CFE. Consequentially, a large background noise will be produced when using such electrodes for extracellular measurements
of transmitter release. Electrochemical etching of a carbon ﬁber is
another method pioneered by the laboratory of Millar (ArmstrongJames et al., 1980), which was greatly improved by the laboratories
of Kucernak and Hu, respectively (Chen and Kucernak, 2002; Wang
et al., 2005). However, a non-negligible defect of their method is
that, thinning of the carbon ﬁber is always faster at the air/solution
interface than for the immersed portion, the ﬁber ﬁnally breaks at
that point to obtain a tapered end. Although it might be quite small,
the size of the tip end is beyond precise control. Besides, the electrophoretic deposition of paint (EDP) to insulate the sides of the
electrode is also difﬁcult to handle. Argon ion beam etching (Zhang
et al., 1996) was also reported for constructing nanometer-sized
carbon electrodes. However, this method is costly in terms of time
and money and is not suitable for widespread application.
Altogether, the common and primary drawback of the preexistent techniques for construction of ultramicro-electrodes lies at
the uncertainty of the shape and size of the resultant ﬁbers. So far,
no work has been reported for successful fabrication of ultrasmall
planar micro- or nano-disk CFE, which is of particular signiﬁcance
for detection of cell secretion and analysis of fusion kinetics. In
this paper, we put forward a modiﬁed electrochemical etching
design, for the ﬁrst time, allowing for the fabrication of micron
or nanometer-sized carbon ﬁber cylinders, whose dimension was
simply controlled by the etching duration. A facile and efﬁcient
insulation of the whole carbon ﬁber body using the polypropylene
pipette tip, followed by a cutting step ﬁnally produced the sizecontrollable ultrasmall-disk CFE. The voltammetric behaviors of the
constructed micron or nano-disk electrodes show well deﬁned and
stable diffusion limited responses with satisfying reversibility. The
performance of the etched ultrasmall-disk electrodes for cellular
release recording and analysis of fusion kinetics was also compared
with the normally used conventional micro-CFE and shown to be
far superior.
2. Experimental
2.1. Preparation of ultrasmall-disk carbon ﬁber electrodes
Individual single ﬁbers (3.5-m radius, Thornel P-55, Amoco
Corp., Greenville, SC) were cut to 2 cm in length and attached to
one end of a copper wire (0.5 mm in radius) with a drop of colloidal
silver (Sino-platinum Metal Co. Ltd., China). After being rinsed with
ethanol and water, the copper-carbon ﬁber wire was inserted into
a 10-L polypropylene pipette tip (T-300 pipette tips, Axygen) and
mounted on a micromanipulator, then the pipette tip-ﬁber ensemble was gently transferred into the etching solution (0.01 mol/L
NaOH) with about 2 mm of the pipette tip immersed. An square
wave AC voltage of 50 Hz frequency, generated with a function gen-
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erator (SP1641B, Shengpu Nanjing, China), was applied between the
ﬁber and the platinum coil counter electrode for electrochemical
etching of carbon ﬁbers. After etching, the ﬁber was rinsed with
water to remove residual NaOH.
The thinned cylindrical ﬁber was then insulated with the
polypropylene sheath, similar to the procedure described by Zhou
(Zhou and Misler, 1996) and Hiller (Koh and Hille, 1999). Brieﬂy,
the pipette tip-thinned ﬁber ensemble was held on a homeconstructed puller, the tapered narrow end of the pipette tip
was heated to ca. 300 ◦ C by a coiled heating wire to melt the
polypropylene onto the etched carbon ﬁber. A pulling process was
immediately exerted on the narrow end of the pipette tip until
the melted polypropylene was pulled out to form a long and tight
insulation sheath around the ﬁber. Prior to use, the tip apex of the
polypropylene sheath was heat retracted along the ﬁber to form a
thin conical insulation layer around the tip end of the etched carbon
ﬁber. Afterwards, the polypropylene sheath insulated carbon ﬁber
was precisely cut with a micropositioned razor blade to produce
the ﬁnal ultrasmall micro- or nano-disk carbon electrode, simpliﬁed and adapted from the procedure reported by Hiller (Koh and
Hille, 1999) and Zhou (Zhou et al., 1996).
2.2. Cell culture
Primary cultures of GFP tagged Caenorhabditis elegans (C. elegans) embryonic serotonergic neurons (NSM) were prepared and
used in this experiment. The nematode strain tph-1::GFP GR1366
was obtained from the C. elegans genetic center (CGC) and maintained at 20 ◦ C. Embryonic cells were obtained using methods
previously described (Christensen et al., 2002) and plated on peanut
lectin (0.5 mg/mL, Sigma) coated glass coverslips, cells were then
incubated at 20 ◦ C in a humidiﬁed incubator.
Rat pheochromocytoma (PC 12) cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
were cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented
with 10% horse serum (Gibco) and 5% fetal bovine serum (Gibco)
at 37 ◦ C and 5% CO2 . Cells were plated onto glass coverslips coated
with poly l-lysine and cultured 24 h before experiments.
2.3. Electrochemical measurements
Electrochemical characterizations of the etched ultrasmall-disk
electrodes were performed on a CHI 660A electrochemical workstation (CH Instruments, Inc., Shanghai, China). A three-electrode
system was employed, with a saturated calomel electrode and a
platinum wire as the reference and counter electrode, respectively.
All chemicals used were of analytical grade, and solutions were
prepared with Milli-Q water.
2.4. Amperometric recording of cell secretion and data analysis
The performance of the etched micro- or nano-disk electrodes
for the detection of transmitter release from single cells was also
characterized. The CFE was directly mounted on the head stage
of the patch-clamp ampliﬁer (EPC-10, Heka Elecronic, Lambrecht,
Germany) with the ﬁber-attached copper wire, the cut end face of
the ﬁber was placed gently touching the surface of cells. A sustained holding potential of +700 mV versus the Ag/AgCl reference
electrode immersed in the bath was applied to the CFE tip. For
recording, cells were placed in the normal pH 7.4 bath solution
containing 140 mM NaCl, 5 mM CaCl2 , 4.2 mM KCl, 0.7 mM MgCl2 ,
1 mM NaH2 PO4 and 10 mM HEPES. The secretogogue (44.2 mM
NaCl, 5 mM CaCl2 , 100 mM KCl, 0.7 mM MgCl2 , 1 mM NaH2 PO4 and
10 mM HEPES, pH 7.4) was applied by local perfusion through a
delivery glass micropipette positioned within 50 m of the cell,
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rapid switches between the secretogogue and bath solution was
accomplished with the multi-channel perfusion instrument (RCP2B, INBIO Inc., China).
For C. elegans NSM neurons, signals were sampled at
100 ksamples/s, bessel ﬁltered at 10.5 kHz and digitally ﬁltered at
5 kHz. For PC 12 cells, signals were sampled at 20 ksamples/s, bessel
ﬁltered at 2.9 Hz and digitally ﬁltered at 1 kHz.
Raw amperometric data were collected using a locally written
routine in Igor Pro and analyzed with Quanta Analysis 8-20 (by
courtesy of Dr. David Sulzer). Only events larger than ﬁvefold the
RMS (root mean square) noise with reasonable charge and half
width were taken as release events and used for analyzing. The
kinetic parameters were statistically analyzed using the Sigmaplot
software (Systat Software Inc., Richmond, California).
3. Results and discussion
3.1. Fabrication of size-controllable ultrasmall-disk carbon
electrodes
Fig. 1 illustrates the modiﬁed arrangement design adopted in
our experiment for electrochemical etching of the carbon ﬁber. As
shown, rather than being directly immersed into the etching solution, the copper-attached carbon ﬁber was inserted into a 10-L
polypropylene pipette tip during etching. An optimized AC voltage of 4.1 Vp–p was employed between the ﬁber and a platinum
coil counter electrode for etching. Being different from the phenomenon reported previously (Chen and Kucernak, 2002; Wang
et al., 2005) that ﬁber broke at the air/solution interface due to
rapid thinning at that point, herein our method achieved the fastest
speed of thinning near the terminal of the ﬁber, with a gradually
slowed down speed along the ﬁber toward the air/solution inter-

face, as monitored by visual inspection under microscope and the
SEM image of the etched ﬁber (data not shown). We speculated
that during etching procedure, only the solute molecules near the
open end of the pipette tip were readily and constantly supplied by
the bulky solution outside the pipette tip, the thinning was thereafter fast. The exhausted solute inside the pipette tip, however, was
supplied slowly due to restricted diffusion within the microenvironment isolated by the pipette tip.
Fig. 1 also shows that there is a slight difference for the ﬁber
positioned with regard to the narrow end of the pipette tip. If aimed
at etching the ﬁber into nano-size, recessing the ﬁber into the open
end of the pipette tip, as shown in Fig. 1a, will greatly shorten the
etching duration, at the only cost of a relatively short cylinder was
obtained. However, if aimed at etching the ﬁber just into micron
size, protruding the ﬁber beyond the open end of the pipette tip, as
shown in Fig. 1b, is a good means to obtain a long and cylindricalshaped tip, while the whole etching process won’t take too long
time.
Fig. 2 shows the SEM images of etched carbon ﬁbers. To compare,
Fig. 2a shows an electrode fabricated with the carbon ﬁber before
etching, the tip end is a smooth disk with a diameter of ca. 7 m.
Fig. 2b shows a smooth and regular cylindrical tip with a diameter
of about 1.3 m, the polypropylene sheath tightly adhered to the
sides of the ﬁber with almost invisible pinholes, and no obvious
jagged plastic layer was produced on the cut end face. The etching of the ﬁber was arranged as Fig. 1b and the process took about
10 min. Similarly, Fig. 2c shows a much thinner ﬁber with a diameter of about 70 nm obtained by etching 25 min in the arrangement
shown as Fig. 1a. The details of the insulation around the sides
of the ﬁber and the cut end of the nanometer-sized electrode is
hard to be distinguished in Fig. 2c, because higher resolution SEM
images are difﬁcult to obtain due to vibration of the ﬁber, while
Fig. 2b already clearly shows the cutting exposed disk is well shaped
and clean to meet the demand of extracellular detection. Besides,
the resultant electrode is featured by the long cylindrical shape,
which enables repetitious usage of the electrode upon recutting
of the tip 2–3 times without changing the size of the electrode
obviously.
3.2. Steady-state voltammetric characterization of the
ultrasmall-disk carbon electrode

Fig. 1. Scheme of the arrangement for electrochemical etching of the carbon ﬁber.
(a) Left, arrangement for etching a nano-sized carbon ﬁber cylinder, with the ﬁber
recessed into the narrow open end of the pipette tip. Right, an illustration of a resultant thinned short nano-sized carbon ﬁber cylinder. (b) Left, arrangement for etching
a micron-sized carbon ﬁber cylinder, with the ﬁber protruding beyond the narrow
open end of the pipette tip. Right, an illustration of a resultant thinned long carbon ﬁber cylinder with a micron dimension. AC voltage generated with a function
generator, 1; copper wire, 2; platinum foil, 3; pipette tip, 4; carbon ﬁber, 5; etching
solution within the pipette tip, 6; bulky etching solution outside pipette tip, 7.

Steady-state voltammetry is a straightforward and reliable
method to characterize these ultrasmall electrodes. A stable
sigmoidal-shaped voltammogram with a low background charge
current during cyclic scanning is typically expected for an ideal
microelectrode due to the nonlinear diffusion behavior at which
and the tight insulation. Moreover, by measuring the steadystate diffusion-limited current, Ilim , it is possible to estimate the
effective dimension of microelectrodes. Fig. 3 shows voltammograms of two etched disk electrodes in 1 mmol/L K3 Fe(CN)6 with
supporting electrolyte of 1 mol/L KNO3 . The inset is the voltammogram of the conventional micro-disk CFE fabricated using
the carbon ﬁber without etching treatment. At a scan rate of
10 mV/s, the voltammograms are very well shaped with a ﬂat
plateau and display a modest contribution from double-layer
charging current. We speculate additional speciﬁc and non-speciﬁc
adsorption of ions may exist on the surrounding insulation,
which contributes non-negligibly to the charging/discharging current.
Assuming that the electrode is a disk shape, the effective radius
can be calculated from the diffusion-limiting plateau current (id )
according to the following equation:
Id = 4nFDc 0 r0
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Fig. 2. SEM images of fabricated carbon ﬁber electrodes with different dimensions. (a) A conventional micro-CFE fabricated with the unetched ﬁber; (b) a micron-sized disk
CFE fabricated with the etched ﬁber with polypropylene insulation; (c) a nano-sized disk CFE fabricated with etched ﬁber with polypropylene insulation.

where n is the number of electrons transferred during the electrochemical process, F is Faraday’s constant, D and c0 are the diffusion
coefﬁcient and bulk concentration of the electroactive species,
respectively, and r0 is the radius of the electrode. By using the
known value of the diffusion coefﬁcient of ferricyanide (Kawagoe
et al., 1991), 7.2 × 10−6 cm2 s−1 , the effective radius of the conventional disk-electrode fabricated with the unetched ﬁber was ﬁrst
calculated to be 10.4 m, according to the inset. This value is larger
than the geometrical radius (ca. 3.5 m) of the carbon ﬁber we used,
due to the surface roughness of the carbon ﬁber (Koh and Hille,
1999), which can be approximately estimated from the ratio of the
effective radius and geometrical radius. The surface roughness of
electrodes was considered roughly invariable in our experiments,
the geometrical radii of the etched ultrasmall-disk electrodes in
Fig. 3a and b were consequently calculated as 121 nm and 760 nm,
respectively.
Furthermore, we estimated the |E3/4 − E1/4 |, the potential difference between the 1/4 and 3/4 along the current response, for the
electrodes shown in Fig. 3. According to Tomes criterion (Chen and
Kucernak, 2002), for a reversible system, this potential difference
should be 54.4/n mV at 298 K where n is the number of electrons
transferred during the electrochemical process. Our calculation
showed that this potential difference is 42 mV for the smaller electrode (with geometrical radius of ca. 121 nm) and 66 mV for the
larger one (with geometrical radius of ca. 760 nm), both values are
closer to the expected value than that for the conventional electrode illustrated in inset (with geometrical radius of ca. 3.5 m),
81 mV, indicating an almost totally reversible system was obtained
on each of the two ultrasmall electrodes.

Fig. 3. The steady-state voltammograms of reduction of 1 mmol/L K3 Fe(CN)6 in
1 mol/L KNO3 at disk-CFEs with different dimensions. Inset shows the response at a
conventional micro-disk CFE fabricated with unetched ﬁber. The geometrical radii
of the two ultrasmall-disk CFE are calculated from their individual diffusion limited currents and the roughness factor calculated from the inset, as 121 nm (a), and
760 nm (b), respectively. Scan rate is 10 mV/s.

3.3. Comparison of amperometric spikes from C. elegans neuron
between conventional and etched micro-disk carbon electrodes
Micro-carbon ﬁber amperometry is a very efﬁcient assay to
monitor important processes such as transmitter release and fusion
pore dynamics (Staal et al., 2004; Chen et al., 2005; Amatore et al.,
2005; Ardiles et al., 2007). Recently, the nematode C. elegans has
become an important genetic system for dissecting the molecular mechanisms of synaptic function. However, the small size of
most somatic worm cells makes high-resolution cellular assays
technically challenging. Fig. 4 shows the monitoring of serotonin
release from the C. elegans NSM neuron with a conventional and
an etched micro-disk CFE, respectively. As shown in Fig. 4a and
b, the tip size of the etched micro-disk CFE approximately equals
to the size of C. elegans NSM neuron, whereas the unetched conventional micro-CFE is much larger than the cell. Judging from
the micrograph, herein the ﬁber was etched from ca. 7 m down
to ca. 3 m. Fig. 4c is the background current for the recording
system, which is composed of the RMS current noise from ampliﬁer, holder and electrode when in open circuit. The total value is
about 4.28 pA when the current gain is set at 5 mV/pA and bessel
ﬁltered at 10.5 kHz. Fig. 4d and e shows the typical amperometries of quantal release from the C. elegans NSM neurons detected
with the conventional and etched micro-disk electrode, respectively. As shown, the conventional micro-disk electrode brings a
large additional background current noise (Fig. 4d, 9.3 pA, about
2.24-fold of the system background current noise). However, the
etched smaller micro-disk electrode brings only a slightly increased
current noise (Fig. 4e, 1.7 pA, about 40% of the background current
noise).
Due to the obviously improved signal-to-noise level as mentioned above, the accomplishment of amperometric detection of
C. elegans neuron activity greatly beneﬁts from the reﬁned design.
Our experiences show that most recordings with the conventional
micro-disk electrode behaved like Fig. 4d, despite the large background noise arising from the larger sensing area of the CFE, the
average amplitudes of the spikes detected are unexpectedly smaller
than that obtained by the etched micro-disk electrode. We speculated that, compared to the etched micro-CFE, it is more uncertain
to manipulate the large conventional micro-disk electrode touching
against the small cell body. Consequently, the large space between
the CFE and the cell results in diffusion broadening and attenuation
of the spikes, together with the loss of molecules from a quantal
release before being captured by the electrode. However, for the
etched micro-disk electrode, as illustrated by Fig. 4f, the histogram
of spike areas (charge, Q) from 103 events detected on 11 cells, the
minimum charge was 0.948 fC, which means that 3000 serotonin
molecules released from the small secretory vesicle were detected.
The above results conﬁrm that the greatly enhanced signal-to-noise
level of the etched micro-disk electrode enables those very weak
release events that cannot be determined by conventional microdisk electrodes to be well identiﬁed, which is particularly useful for
detection of transmitter release at tiny structures.

1362

Z.-Y. Li et al. / Biosensors and Bioelectronics 24 (2009) 1358–1364

Fig. 4. (a and b) Bright-ﬁeld microscope photographs of electrode-cell arrangement.
(a) is the conventional micro-disk CFE and (b) is the etched micro-disk CFE. Cells
detected are Caenorhabditis elegans NSM neurons. (c) is the background noise in
the recording system. (d and e) Amperometric monitoring of serotonin release from
C. elegans NSM neurons with (d) unetched conventional micro-disk CFE (diameter
∼7 m) and (e) etched micron-sized disk CFE (diameter ∼3 m). Secretion is stimulated by high K+ solution containing 5 mM Ca2+ . (f) Histogram of spike area (charge,
Q) of events obtained from amperometric recordings after high K+ stimulation using
etched micron-disk CFE (n = 103 events from 11 cells).

3.4. High spatio-temporal resolved detection of vesicle release
kinetics with nano-electrode
It is well acknowledged that the amperometric spike of cell
secretion contains information of the kinetics of vesicle fusion
with the plasma membrane, expansion of the fusion pore and
subsequently extrusion of the contained molecules (Burgoyne and
Barclay, 2002), which are of great signiﬁcance when analyzing the
bio-functions of many proteins involved in this process (Staal et
al., 2004; Zhu et al., 2007; Barclay, 2008). Typical micro-CFEs (of
∼10 m diameter) are extensively used on typical neurosecretory
cells (such as an adrenal chromafﬁn cell, or PC 12 cell of ∼15 m
diameter) for amperometric measurements of cell secretion. The

size of the electrode approaches the size of the detected cell, a
virtue by which design is to ensure efﬁcacy of collecting more
release events from the cell. As shown by Fig. 5a, upon stimulation by elevated K+ solution, a variety of amperometric peaks were
detected from the PC 12 cell using the conventional micro-disk electrode. However, as illustrated in Fig. 5c, the histogram of events t1/2
(width at half-height) collected on the conventional micro-disk CFE
is featured by the skew Gauss distribution. The inherent ﬂaw of the
conventional micro-disk electrode for investigation of fusion pore
dynamics lies at the unavoidable diffusion-broadening and attenuation of spikes to a variable degree, due to the various diffusion
distances between the fused vesicles across the spherical cell surface and the sensing micro-electrode (Haller et al., 1998; Chow and
Rüden, 1995). Technically, this ﬂaw may be overcome by using a
nano-disk electrode (with a diameter of hundreds of nm, approximate to or a little bit larger than the vesicle size), by which design,
only the events occurred on the releasing sites beneath the electrode can be efﬁciently collected by the detector, whereas events
occurring outside this micro-region tend to escape capture by the
nano-disk electrode. Thus, the time course of the detected current
spikes is only determined by the essential kinetic processes associated with exocytosis (composed of fusion of vesicles to the plasma
membrane, dissociation of molecules from the matrix within the
vesicle and afterwards extrusion out of the vesicle), while the contribution from diffusion is neglectable.
Fig. 5b is an example of an amperometric trace of PC 12 cell
detected with the etched nano-disk electrode. Upon the same elevated K+ stimulation as applied in Fig. 5a, this trace is featured
by only very few spikes collected by the electrode, quite consistent with our above speculation that only events occurring beneath
the electrode may be detected on this elegant disk-CFE. The insets
of Fig. 5b are the expanded spikes shown in the trace. As seen,
although the spikes depict different types of fusion pore kinetics,
for instance, spikes 2–5 are typical simple events, composed of a
single rising and a single falling phase; spike 1 has a small foot
in front of the full spike, due to leakage of transmitter molecules
from the opened fusion pore; while spike 6 represents a ﬂickering
fusion of the vesicle to the plasma membrane, the time course (t1/2 )
of these 6 spikes are almost uniform, 1.113 ± 0.092 ms, in this circumstance. This further strongly proved that the time course of the
current spikes recorded by such elegant nano-disk CFEs represents
the essential fusion dynamics of vesicles. As shown in Table 1, both
the amplitude (maximum current, Imax ) and the average number
of molecules per amperometric event (spike charge, Q) detected
on the etched nano-disk electrode was similar to that detected on
the conventional micro-disk electrode. Whereas, the time course
(width at half-height; t1/2 ) of the events collected on both electrodes show signiﬁcant difference, which was further shown by
Fig. 5c. The histogram of t1/2 determined with the conventional
micro-disk electrode was expectably a skew Gauss distribution
with a mean value of 2.216 ± 0.033 ms. Whereas, the histogram of
t1/2 determined with the nano-disk electrode depicts a tight normal
Gauss distribution with a mean value of 1.419 ± 0.04 ms (P < 0.001).
The obvious distinction between the distribution of t1/2 histograms
clearly showed that very fewer events featured by long time courses
arising from diffusion broadening were detected on nano-disk electrodes, which is a strong evidence conﬁrming that undistorted
fusion kinetics can be obtained by using the etched ultramicrodisk electrode constructed in this work, due to its avoidance of the
diffusion broadening effect.
Moreover, among our examination of ∼130 cells using the nanodisk electrodes with a diameter of 500 ± 100 nm, exocytotic events
were only detected on ca. 80 cells (62%), the amount of spikes
detected per measurement are also diverse from cell to cell, which
is consistent with the previous reports that exocytotic hotspots and
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Fig. 5. Amperometric monitoring of transmitter release from PC 12 cells. (a) A typical current trace detected with a conventional micro-disk CFE; (b) an example of current
trace showing sequential release events detected with the etched nano-disk CFE. Secretion is stimulated by high K+ solution containing 5 mM Ca2+ . The insets show the
expanded spikes for detailed inspection. (c) Histograms of t1/2 (width at half-height) of events obtained from amperometric recordings on conventional micro-disk CFE versus
etched nano-disk CFE. (n = 1231 events on micro-disk CFE and n = 134 on nano-disk CFE).
Table 1
Comparison of characteristics of events detected on the conventional micro-disk CFE and the etched nano-disk CFE
Events

Q (fC)

Imax (pA)

Detected on conventional micro-disk CFE
Detected on etched nano-disk CFE

20.55 ± 0.436
18.33 ± 1.532

7.859 ± 0.203
10.36 ± 1.068

t1/2 (ms)
2.216 ± 0.033
1.419 ± 0.04

For the conventional micro-disk CFE, data presented are from 1231 events collected from 24 cells; for the etched nano-disk CFE, data presented are from 134 events collected
from 87 cells. Data in the table are shown as mean ± S.E.M.

inactive areas exist across the cell (Robinson et al., 1995; Schroeder
et al., 1994). Therefore, if the nano-electrode was unluckily positioned on the inactive release area, no current spikes were detected
on the electrode no matter how long the measurement was performed.
4. Conclusions
We have shown that ultrasmall-disk carbon ﬁber electrodes
can be readily fabricated by combining a modiﬁed electrochemical etching and insulation of the sides with the polypropylene tip.
The greatly improved signal-to-noise level of the etched microdisk CFE enabled the highly sensitive amperometric measurement
of transmitter release from C. elegans NSM neurons (diameter of
∼3 m), indicating that ultramicro-disk CFE can be readily customfabricated and used for sensitive amperometric probing at tiny
structures, such as the growth cone of neurons and the synapses,
etc. Moreover, our investigation conﬁrmed that the kinetics of the
current spikes recorded on the nano-sized disk CFE is only deter-

mined by the fusion of the vesicles to the cell membrane and
extrusion of transmitter molecules afterwards, indicating that the
nano-disk CFE is ideal for investigation of kinetics of vesicles fusion
to the plasma membrane during cell secretion, which is particularly meaningful for clarifying how this process is regulated by the
fusion proteins.
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