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a b s t r a c t

The quantal release of oxidizable molecules can be successfully monitored by means of polarized carbon
fiber microelectrodes (CFEs) positioned in close proximity to the cell membrane. To partially overcome
certain CFE limitations, mainly related to their low spatial resolution and lack of optical transparency,
we developed a planar boron-doped nanocrystalline diamond (NCD) prototype, grown on a transparent
sapphire wafer. Responsiveness to applied catecholamines as well as the electrochemical and optical
eywords:
anocrystalline diamond
hromaffin cell
mperometry

2+

properties of the NCD-based device were first characterized by cyclic voltammetry and optical trans-
mittance measurements. By stimulating chromaffin cells positioned on the device with external KCl,
well-resolved quantal exocytotic events could be detected either from one NCD microelectrode, or simul-
taneously from an array of four microelectrodes, indicating that the chip is able to monitor secretory
events (amperometric spikes) from a number of isolated chromaffin cells. Spikes detected by the planar

ble a
the
a -dependent exocytosis
uantal secretory event NCD device had compara

by conventional CFEs from

. Introduction

In neurons and neuroendocrine cells, neurotransmitters are
acked in intracellular vesicles of 50–200 nm diameter and released

n the form of “quanta” into the extracellular space after vesicle
usion with the plasma membrane (exocytosis). The quantal nature
f neurotransmitter release is at the basis of synaptic functioning
nd has been investigated since the early 1990s by means of carbon
ber microelectrodes (CFEs) (Wightman et al., 1991). When applied
o detect exocytotic events in isolated chromaffin cells, CFEs can
rovide key information on the formation of the fusion pore and
he kinetics of single secretory events with sub-millisecond time
esolution (Chow et al., 1992). The technique, however, has some
ajor restrictions. Monitoring quantal secretory events is limited

o one cell for each recording and there is no spatial resolution of
esicle distribution below the area of carbon fiber tip.
Following well-established methods used for studying neural
etworks and acute slices, in this work we adopted a simplified pla-
ar microelectrode configuration for recording quantal secretory
vents. Recently, other planar amperometric devices based on var-

∗ Corresponding author. Tel.: +39 011 6708488; fax: +39 011 6708174.
E-mail address: valentina.carabelli@unito.it (V. Carabelli).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.05.017
mplitudes, kinetics and vesicle diameter distributions as those measured
same chromaffin cell.

© 2010 Elsevier B.V. All rights reserved.

ious technologies, e.g. platinum, gold, indium-doped tin oxide (ITO)
and nitrogen-doped diamond-like carbon (DLC:N) deposited on
glass and silicon layers have been shown to monitor well-resolved
quantal amperometric events (Dias et al., 2002; Chen et al., 2003,
2008; Hafez et al., 2005; Parpura, 2005; Cui et al., 2006; Gao et
al., 2008). Among these technologies, ITO is the most interesting
one for producing transparent electrodes and wires (Guillen and
Herrero, 2005). It is more transparent than boron-doped NCD and
works nicely in the anodic regime (Sun and Gillis, 2006). However,
ITO shows a lower chemical stability, especially at acidic pH and
cathodic potentials, and a narrower potential window with respect
to the ∼3 V of boron-doped NCD electrodes (Sun and Gillis, 2006;
Chen et al., 2008; Sen et al., 2009).

Here we describe a cost-effective long-life device that can
potentially be exploited in a wide variety of amperometric
measurements, thanks to the superior properties of diamond tech-
nology. To this purpose we developed a chip prototype made
using nanocrystalline diamond thin-film technology on sapphire,
patterned with four boron-doped microelectrodes. Diamond is

optically transparent, highly biocompatible, chemically inert and
can exhibit a quasi-metallic conductivity when properly doped
(Show et al., 2003) or functionalised (Ariano et al., 2009). More-
over, the high corrosion resistance of the NCD electrodes ensures
a long-term reliability not easily achievable with other elec-

dx.doi.org/10.1016/j.bios.2010.05.017
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:valentina.carabelli@unito.it
dx.doi.org/10.1016/j.bios.2010.05.017
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Fig. 1. Planar boron-doped NCD array with four detecting microelectrodes. (A) Light-microscope image of the four circular microelectrodes with a mouse chromaffin cell
placed on one microelectrode. The cell was positioned on the microelectrode well using a glass patch-pipette. A carbon fiber microelectrode (CFE) was placed close to the cell
membrane for the simultaneous detection of catecholamine secretion. Inset: SEM image of the boron-doped NCD thin film. (B) Schematic view of the set-up for simultaneous
r ulate
o The gl
t ectrica
T

t
t
t
b
e
c
d
s
i
o

o
c
t
c
n
t
a
r
i
t
e
e
a
d

2

2

s

ecording of single secretory events with the NCD device and the CFE from a KCl-stim
f the planar NCD device inserted into the power circuit built on the carrier board.
he ring are used to hold the chamber to the board. Each NCD microelectrode is el
ransversal section of the set-up used for the recordings.

rode materials. Stable covalent functionalisations and different
erminations (H, NH, O, F) can be easily obtained on the NCD elec-
rode surface. This, together with the optical transparency, make
oron-doped NCD on sapphire a promising material to combine
lectrochemical and fluorescence detection for biosensing appli-
ations (Zhou and Zhi, 2009; Luong et al., 2009). Boron-doped
iamond thin films deposited on a conical Pt wire have been already
uccessfully used for low time resolution amperometric monitor-
ng of NE release from sympathetic nerves innervating a large area
f the mesenteric artery (Park et al., 2006).

Taking advantage of the unique properties of NCD electrodes
n sapphire, we measured secretory quantal events from cultured
hromaffin cells, a model of sympathetic postganglionic neurons
hat stores large quantities of catecholamines (up to 1 M) inside the
hromaffin granules. Quantal secretory signals induced by exter-
al KCl stimulation had comparable amplitude and time courses as
hose recorded with CFEs. The new boron-doped NCD device has
dequate space–time resolution and the sensitivity to measure the
apid release of catecholamines simultaneously from different cells
n the form of single amperometric events. The planar configura-
ion of the new solid-state device greatly increases the number of
lectrochemical applications, allowing the construction of multi-
lectrode arrays for the simultaneous recordings of amperometric
nd fluorescence signals from different cells or, if required, from
ifferent areas of the same cell.

. Materials and methods
.1. Device fabrication and design

Starting from a single crystal double-polished 330 �m thick
apphire wafer, a Si-based nucleation layer was first deposited
d chromaffin cell. Four fused vesicles are shown to secrete (arrows). (C) Photograph
ass ring delimits the perfusion chamber while the four gold pins, on top and below
lly connected to one of the four output channels (ch1–ch4) visible on the left. (D)

by PECVD (Plasma Enhanced Chemical Vapor Deposition). The
formation of nanodiamond nuclei was driven by Bias Enhanced
Nucleation (BEN) in a HFCVD (Hot Filament CVD) system
(Janischowsky et al., 2003), while processing the substrate at
a temperature of 800 ◦C in an atmosphere of 0.75% CH4 in
H2 at a pressure of 1.5 kPa, yielding a nucleation density
of approximately 3 × 1010 cm−2. Onto this substrate a 200 nm
layer of intrinsic NCD was grown, keeping the substrate at
a temperature of ∼740 ◦C in a gas mixture of 0.3% CH4 in
H2, at a pressure 2.5 kPa. The last step consisted in growing
a quasi-metallic boron doped top layer of 350 nm thickness
adding trimethyl borate 1.5% in H2 under the same param-
eters used for intrinsic growth. The whole process described
above is computer controlled and requires minimal manual inter-
vention; furthermore the use of a palladium membrane for
hydrogen filtration allows the use of low-purity grade gas precur-
sors.

The microelectrode array was realized using a simple three-
masks microfabrication procedure, first by patterning the sensitive
areas with a gap distance of ∼4 �m by optical lithography and then
dry etching in an O2/Ar plasma down to the sapphire substrate (see
Fig. 1A). Ohmic contacts have then been realized by Ti/Au depo-
sition at the corners of the 10 mm × 10 mm device. The electrodes
underwent a conditioning process to remove the residual graphitic
phases at the grain boundaries of the nanocrystalline structure and
produce an oxygen terminated hydrophilic surface, by exposure for
5 min to oxygen plasma and then by applying an anodic treatment

in the oxygen evolution range in 0.1 M KOH at 1.8 V versus SCE
(Saturated Calomel Electrode) for 3 min, resulting in a total charge
transfer of 0.3 C/cm2. The capacitance of the electrodes as evaluated
by impedance spectroscopy measurements at pH 7 and 650 mV was
∼3 �F/cm2.
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The electrochemically active areas of the microelectrode array
ere finally defined by patterning an SU-8 passivation layer
ith four circular openings of 20 �m in diameter onto the chip

urface, as shown in Fig. 1A and B (SU-8 is an epoxy-based,
ighly chemically inert photoresist). Before packaging, the device
as electrically characterized using an HP4145B semiconduc-

or parameter analyzer, to assess both the electrodes resistance
nd the inter-electrodes insulation. Typical measured values were
0–30 k� for the resistance and approximately 1 T� for the insu-

ation.
The device was then assembled onto a carrier board (Roger

4003, to preserve the dielectric properties), contacted with sil-
er paste and finally provided with a 200 �l glass ring as perfusion
hamber. This final set-up is our preferred version, because it allows
he concurrent use of traditional patch-clamp pipette microelec-
rodes for recording/stimulation of electrophysiological activity of

single cell. Yet the planar design may also allow the use of a
icrofluidic system for cell measurement automation. The com-

lete assembly, including the “home-made” board with the signal
onditioning electronics and the final mounting on the microscope
tage, is shown in Fig. 1C and D.

Signal acquisition was performed by means of National Instru-
ents hardware and software, working with 16 bit resolution at
sampling rate of 4000 Hz per channel and a bandwidth from DC

o 1000 Hz. The overall noise level was about 5 pA peak-to-peak,
.e. substantially the same noise level obtained from the CF set-up.

ore recently we begun focusing on the noise issues and could
lready improve by one order of magnitude the signal-to-noise
atio, using a more accurate hardware assembly and a better tuning
f the working parameters. On the basis of these tests, we believe
hat the intrinsic noise floor of the diamond electrodes is not yet
eached and further improvements are likely.

.2. Isolation and culture of mouse chromaffin cells

All experiments have been carried out in accordance with the
irective 86/609/EEC for animal experiments. Chromaffin cells of
he adrenal medulla were obtained from young (1–3 months)
57BL/6N mice killed by cervical dislocation, and cultured as pre-
iously described (Marcantoni et al., 2009). Medulla digestion was
chieved for 60 min at 37 ◦C in a DMEM’s solution containing (in
M): 1.5 l-cysteine, 1 CaCl2, 0.5 EDTA and 20 U/ml of papain (Wor-

hington Biochemical Corp., Lakewood, NJ). Cells suspension was
hen centrifuged for 5 min at 900 rpm, washed two times with a
ocke’s solution containing 1 mM CaCl2 and 10 mg/ml bovine serum
lbumin (BSA). Cells were then resuspended in 2 ml DMEM sup-
lemented with 15% fetal calf serum (FCS) and plated in four-well
lastic dishes.

Cells were cultured either adhered to the dishes using poly-l-
rnithine (0.5 mg/ml) and laminin (10 �g/ml in L-15 carbonate)
s substrates or not adhered (floating) using 5% BSA. In both
ases, after 1 h, 1.8 ml of DMEM supplemented with 15% fetal calf
erum (FCS) (Invitrogen, Grand Island, NY), 50 IU/ml penicillin, and
0 �g/ml streptomycin (Invitrogen) was added to the wells. Cells
ere then incubated at 37 ◦C in a water-saturated atmosphere with

% CO2 and used within 2–4 days after plating.

.3. Amperometric detection of exocytosis from chromaffin cells

For amperometric recordings using the planar NCD micro-
lectrode array, chromaffin cells were removed from BSA-treated

ishes and centrifuged for 4 min at 900 rpm. The pellet was resus-
ended in a KCl-free solution and 30 �l of the cell suspension was

oaded into the device reservoir. Cells were allowed to settle for
ew minutes before recordings. If needed, cells were positioned on
he microelectrodes with a glass patch-clamp pipette controlled by
oelectronics 26 (2010) 92–98

a motor-driven micromanipulator under visual inspection through
the inverted microscope (Fig. 1A). Exocytosis was stimulated by
applying 100 �l of the KCl-enriched solution. In a subset of exper-
iments, exocytosis was simultaneously monitored by the NCD
device and a carbon fiber microelectrode (CFE). CFEs were pur-
chased from ALA Scientific Instruments Inc. (Westbury, NY, USA),
and cut at 45◦ before use. CFEs were polarized at +650 mV and care-
fully positioned adjacent to the cell membrane using motor-driven
micromanipulators (Fig. 1B).

For detecting catecholamine secretion by means of CFEs,
chromaffin cells were plated in plastic dishes pre-treated with poly-
l-ornithine (0.5 mg/ml) and laminin (10 �g/ml in L-15 carbonate).
Before stimulation, cells were bathed into an extracellular KCl-free
solution containing (mM): 130 NaCl, 2 MgCl2, 10 HEPES, 10 glucose,
10 CaCl2, in order to hyperpolarize the cell membrane and minimize
resting exocytosis. Then cells were perfused with a KCl-enriched
solution, containing (mM): 100 NaCl, 2 MgCl2, 10 HEPES, 10 glu-
cose, 30 KCl, 10 CaCl2. Recordings of amperometric signals (spikes)
were performed using an EPC-10 amplifier (HEKA). Signals were
sampled at 4 kHz, low-pass-filtered at 1 kHz and monitored during
2-min recordings. Data analysis of amperometric spikes was per-
formed by means of Igor macros, as previously described (Carabelli
et al., 2007).

2.4. Voltage-clamp recordings

Ca2+ currents and the depolarization-evoked capacitance
increases were measured in the perforated-patch configuration, by
means of an EPC-10 patch-clamp amplifier (HEKA Elektronik, Lam-
brecht, Germany). The extracellular solution contained (mM): 130
NaCl, 2 MgCl2, 10 HEPES, 10 glucose, and 10 CaCl2 (pH 7.3 with
NaOH). Patch-pipettes were made of thin borosilicate glass (Kimax
51; Witz Scientific, Holland, OH, USA) and filled with an internal
solution containing (in mM): 135 CsMeSO3, 8 NaCl, 2MgCl2, 20
HEPES, pH 7.3, with CsOH plus amphotericin B. Ca2+ currents were
sampled at 10 kHz and filtered at 2 kHz. Depolarization-evoked
exocytosis was measured as membrane capacitance increases by
applying a sinusoidal wave function on the holding potential, as
previously described (Carabelli et al., 2007; Marcantoni et al., 2009).
Fast capacitive transients due to depolarizing pulses were min-
imized online by the patch-clamp analog compensation. Series
resistance was compensated by 80% and monitored during the
experiment.

3. Results and discussion

3.1. Transparency of the NCD-based device

Due to their intrinsic transparency, NCD microelectrodes should
facilitate simultaneous detection of optical and electrochemical
signals. For this reason we investigated the spectral transmittance
of the complete stack (fully processed device) in the wavelength
range between 350 and 900 nm. It is easy to predict any complex
optical behavior of the device stack due to the different optical
properties of the individual layers. In fact, as extensively discussed
elsewhere (Gao et al., 2010), the heavily boron-doped electrode
layer, the undoped diamond support layer, the Si-based nucle-
ation interlayer and even the SU-8 photoresist used for passivation,
in addition to the scattering behavior due to the nanocrystalline
structure of the film together with the little yet non-negligible sp2

content at the grain boundaries, cause composite optical absorp-
tions and interferences. The overall transmittance is shown in
Fig. 2A. Worth mentioning is the systematic decrease of the average
transmittance as the wavelength decreases (Gao et al., 2010). This
feature is superimposed on the interference fringes due to multi-



V. Carabelli et al. / Biosensors and Bioelectronics 26 (2010) 92–98 95

F mitta
c insic a
i ) and D
A three

b
(

e
a
6
a
e
p
t
m
d
t
a
t
r

3

m
a
w
i
t
w
e
a
m
e
(
r
t
e

ig. 2. Electrochemical characterization of the NCD microelectrode array. (A) Trans
onsisting of the sapphire substrate, the silicon-based nucleation interlayer, the intr
n the presence of the Tyrode solution and 1 mM adrenaline (B), poly-l-lysine (PLL
g/AgCl reference electrode. (D) Response of a boron-doped NCD microelectrode to

eam interference occurring at the interfaces of the thin-film stack
Gao et al., 2009).

Looking more carefully at the spectrum of transmittance it is
vident that the NCD-based device is suitable for biofluorescence
pplications. In fact, in the wavelengths range between 500 and
00 nm where typical fluorophores, such as Fluo-3 and Texas Red
re used to monitor intracellular Ca2+ (Titus et al., 1982; Minta
t al., 1989), the device shows a transparency of 30–40% on the
assivated surface (Fig. 2A), and even higher values (40–60%) in
he area uncovered by the photoresist, where the amperometric

easurements take place (Gao et al., 2010). Considering a typical
ynamic range of 104 for the laser induced fluorescence (LIF) detec-
ion method, it is possible to conclude that in spite of the marked
bsorption in the blue–violet region, the average transmittance of
he device in the visible range allows fluorescence analysis with a
esidual dynamic range larger than three orders of magnitude.

.2. Cyclic voltammetry on NCD microelectrodes

The cell culture environment contains several ion species and
olecules, ranging from simple electrolytes to complex nutrients,

ntibiotics and growth factors. These components could interfere
ith the targeted amperometric detection and spoil both sensitiv-

ty and signal-to-noise ratio. It was therefore of primary importance
o investigate not only the dark current and the hydrolysis potential
indow of the electrode in distilled water, but also the redox prop-

rties of the saline solution, culture medium and other protein-like
dhesion substrates used. To this purpose, four cyclic voltammetric
easurements were undertaken to characterize the NCD micro-
lectrode material in the working environments (see Fig. 2B and C):
i) NCD in Tyrode saline solution (pH 7.4), which showed neither a
edox activity within the ∼3 V hydrolysis window nor a degrada-
ion of the 1 nA/mm2 dark current, (ii) NCD in DMEM solution that
xhibited little oxidation activity at +900 mV, (iii) NCD in Tyrode
nce spectrum of the central area (∼400 �m in diameter) of the fully processed chip
nd boron-doped NCD layers and the SU-8 passivation. (B and C) Cyclic voltammetry
MEM solution (C). Scan rate is 20 mV/s, all the potentials are measured versus an
consecutive drops (arrows) of 1 mM adrenaline solution.

solution with 1 mM adrenaline to assess the catalytic properties of
the electrode material and determine the optimal biasing voltage.
This was at around +650 mV, where the oxidation current reached
its maximum, (iv) finally, we tested the effects of poly-l-lysine (PLL)
to evaluate whether this commonly used cell adhesion layer could
modify the electrode properties. In the presence of PLL the native
redox electrode responded almost linearly with a large background
current that was about 30% of that measured with adrenaline at
+650 mV. To better understand this latter result, we also checked
the bulk conductivity of Tyrode solution with and without PLL using
a pair of non-polarizable Ag/AgCl electrodes, but we found no sig-
nificant deviation from the normal value of 14 ± 1 mS/cm. It appears
evident that the polycathionic structure of PLL modifies the electro-
chemical properties of the solid/liquid junction and therefore this
adhesion substrate is not compatible with amperometric measure-
ments performed with NCD planar electrodes. Because of this we
avoided using PLL-treated NCD devices.

All the above results clearly show the wide application potential
of the being presented device, which extends not only to anodic
overpotentials, but has also a remarkably wide working range for
electrochemical reduction reactions in the cathodic regime, where
other transparent materials degrade rapidly.

3.3. NCD microelectrode responses to adrenaline solutions

In a preliminary series of experiments we also tested the elec-
trochemical responsiveness of the NCD on sapphire to oxidizable
molecules by direct application of adrenaline (1 mM). For amper-
ometric recordings, a constant +650 mV potential (with respect to

the Ag/AgCl reference electrode) was applied to the microelectrode.
The NCD microelectrode array was initially bathed with a standard
Tyrode solution (control). Addition of three consecutive drops of
adrenaline (as indicated by the arrows in Fig. 2D) caused the gen-
eration of oxidation currents which reached maximum amplitude
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Fig. 3. Ca2+ channels functional coupling to the secretory apparatus in floating chromaffin cells. (A) Mouse chromaffin cells were cultured in BSA-treated dishes, to avoid
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Sequences of amperometric spikes lasting 2–3 min started soon
after cell stimulation with the KCl solution (arrows in Fig. 4) and
were absent prior to the stimulation with KCl or when stimulating
with KCl-free solutions. Addition of the unspecific Ca2+ channels
blocker Cd2+ (200 �M) completely prevented the secretory activity
dherence to the microelectrode surface. A ramp command (from −60 to +60 mV
urrents (2nd peak at more positive potentials). (B) Depolarization-evoked secretion
10 mV. The membrane current (Im) is shown at the bottom. The shaded areas indica
rotocol used for measuring the size of the readily releasable pool (RRP).

1.8 nA) within approximately 30 s. The upward drifts in the current
ver time are due to the diffusion of adrenaline molecules reaching
he electrode. The current persisted at its steady-state value for over
0 s, thus confirming the sensitivity of the NCD electrode on sap-
hire to oxidizable molecules and the presence of a negligible dark
urrent. As a control, we also tested the effects of adrenaline-free
yrode solutions and had no detectable responses, thus excluding
he possibility that the current changes of Fig. 2B were caused by
olution-exchange artifacts.

.4. Ca2+-dependent secretion measured in floating chromaffin
ells

Due to the different culture conditions with respect to our stan-
ard protocols in which amperometric signals are measured from
ells adherent to a substrate layer (Carabelli et al., 2007; Marcantoni
t al., 2009), we first tested the functionality of non-adherent (float-
ng) mouse chromaffin cells by evaluating the size of voltage-gated
a2+ channel currents and their coupling to the Ca2+-dependent
ecretion of catecholamines. Recordings were performed in the
erforated-patch configuration to avoid the dialysis of the cell inte-
ior. By applying ramp commands from −60 to +60 mV (Fig. 3A),
a2+ currents reached peak values between +10 and +20 mV (in
0 mM external Ca2+) and had peak amplitudes comparable to
hose of mouse chromaffin cells cultured in standard conditions
mean current 256 ± 47 pA/pF, n = 5). The shadowed area is arbi-
rarily drawn to highlight the I/V relationship of voltage-gated Ca2+

hannels that is typically recorded in the absence of functioning Na+

hannels (Marcantoni et al., 2009). Depolarization-evoked secre-
ion was measured by means of membrane capacitance increases
Fig. 3B). Test pulses of 100 ms duration at +10 mV caused a

ean 3.5 ± 0.4 pC/pF Ca2+ influx and a corresponding 45.5 ± 3.8 fF
apacitance increase (n = 5), in full agreement with measurements
erformed in 5 mM external CaCl2 on cells adherent to a bottom
late (Marcantoni et al., 2009).

Also the entity of the readily releasable pool (RRP) was not
ignificantly affected by these different culture conditions, sug-
esting that voltage-gated Ca2+ channels are functionally expressed
nd effectively coupled to the secretory machinery. The mean RRP
as estimated by means of the double-pulse protocol shown in

ig. 3C (85 ± 6 fF; n = 5), in agreement with values reported by
arcantoni et al. (2009). The two pulses (1 and 2) were delivered

o produce the same quantity of Ca2+ charge. The RRP was deter-

ined by the equation (�C1 + �C2)/(1 − (�C2/�C1)2) (Gillis et al.,

996).
These preliminary experiments suggested that chromaffin cells,

hich were not stably attached to the adhesion layer but simply
ositioned over the NCD microelectrodes, possessed densities of
ed the activation of Na+ currents (1st peak at more negative potentials) and Ca2+

ated by means of capacitance increases (�C), following a 100 ms depolarization at
quantity of Ca2+ charge entering the cell during the depolarization. (C) Double-pulse

voltage-gated Ca2+ channels and secretory activity comparable to
the cells tightly adhering to the culture dish.

3.5. Quantal event detection by planar NCD microelectrodes array

In order to test whether the planar NCD device was able
to detect quantal release from isolated chromaffin cells, cate-
cholamine secretion was simultaneously assayed by NCD and CFEs
(see Fig. 1B). Both NCD microelectrodes and CFE were polarized
to +650 mV to detect maximal catecholamines oxidation currents.
Even though synchronization of the acquired signals obtained by
the two devices was not the purpose of this experiment, the
simultaneous acquisition of secretion using different detectors was
useful for testing the sensitivity of the NCD device (Fig. 4). Chro-
maffin cells were placed on the NCD microelectrode surface and
bathed in a KCl-free solution. If necessary, they were gently posi-
tioned on one of the four microelectrode wells by means of a glass
patch-pipette controlled by a motor-driven micromanipulator (see
Fig. 1B). The CFE was then positioned adjacent to the cell.
Fig. 4. Quantal secretory events from mouse chromaffin cells detected by the CFE
and the planar boron-doped NCD device. Mouse chromaffin cells were stimulated
by external KCl (30 mM) at the time indicated by the arrows. The inset shows repre-
sentative amperometric bursts recorded by the NCD chip on a more expanded time
scale.
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ig. 5. Simultaneous detection of catecholamine release by the four microelectrodes
ach microelectrode was in contact with at least one active chromaffin cell. Catech
ecorded for 80 s.

not shown). The amplitude of most visible amperometric spikes
ere well above the background noise (15 pA peak-to-peak) and

aried from 10 to 120 pA. Spikes with amplitudes below 10 pA were
iscarded from the analysis. Amperometric spikes recorded by the
CD microelectrode (n = 127 spikes) and the CFE (n = 91 spikes, n = 3
ells) had comparable mean amplitude and quantity of charge:
4 ± 5 pA versus 21 ± 3 pA, and 0.39 ± 0.05 pC versus 0.32 ± 0.05 pC,
espectively. The number of detected spikes by the NCD microelec-
rode was higher than the one with CFE, presumably because of

he larger detection area of the NCD device with respect to the car-
on fiber (∼310 �m2 versus 40 �m2), respectively. In conclusion,
hese experiments suggest that the NCD microelectrode array is
ble to detect amperometric signals with the same amplitude and
ignal-to-noise ratio as compared to the commonly used CFE.

ig. 6. Comparison of amperometric spikes recorded using the conventional CFE and the
t two different time scales. (B) Distribution of the cubic root of the vesicular charge (Q1

ith a sum of two Gaussian functions (see text for details). Table: Mean ± SEM of the ma
nd NCD device (158 spikes).
. Single quantal release events recorded with four NCD microelectrodes on sapphire.
ne secretion was stimulated by 30 mM KCl at the time indicated by the arrows and

3.6. High-resolution of amperometric signals through the NCD
multielectrode array

The planar device has been designed with a simple four micro-
electrodes geometry array, in order to detect secretion by means of
four independent channels. The responsiveness of the NCD by four
different channels was achieved by positioning the chromaffin cells
on the four electrode wells. Cells were stimulated by a KCl external
solution, as indicated by the vertical arrows (Fig. 5), to depo-

2+
larize the membrane and activate voltage-gated Ca -channels.
Sequences of quantal events could be independently detected by
the four output channels (ch1–ch4) with no visible correlations
between the recorded signals. This excludes cross-talk between the
four detecting NCD microelectrodes. In the case of Fig. 5, microelec-

NCD-based device. (A) Representative spikes obtained by the NCD microelectrode
/3) from amperometric spikes detected with NCD chips and CFEs. Data were fitted
in parameters describing the shape of amperometric spikes using CFE (505 spikes)
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rode #1 (white trace) showed two intense secretory activities in
he form of bursts within 35 s and no activity afterward. Also elec-
rode #4 (blue trace) recorded large amperometric spikes up to 42 s
nd then remained silent, while electrodes #3 (green trace) showed
mall amperometric signals up to the end of the recording interval
80 s), when all other channels were silent.

The four NCD microelectrode array allowed us to collect enough
mperometric signals to undertake a detailed analysis of their time
ourse and showed that the NCD array is equivalent to the CFE
ystem. An enlarged view of some representative spikes recorded
ith the NCD array is given in Fig. 6. The analysis of the indi-

idual amperometric spikes was performed using Igor macros,
s previously described (Marcantoni et al., 2009). Specifically, we
easured five characteristic parameters of the spikes (Machado

t al., 2001): the maximum oxidation current (Imax), the vesicular
harge content (Q), the rise-time of the spike 25–75% (m), the width
t half-maximum (t1/2) and the time to the peak (tp). Spike parame-
er values obtained by means of the NCD were then compared with
hose of classical CFEs. Notice that in the latter case chromaffin cells
ere plated in poly-ornithine treated plastic dishes (see Section 2).
s indicated in the table of Fig. 6, we found no significant differences
etween the two recording conditions: the quantity of charge mea-
ured by CFEs and the planar device were not statistically different
0.35 ± 0.07 pC versus 0.29 ± 0.04 pC).

In agreement with previous data (Marcantoni et al., 2009),
howing that mouse chromaffin cells possess a dual population
f vesicles with different mean diameter (d) (due to the spherical
hape of chromaffin vesicle, d is proportional to Q1/3), the distri-
ution of the cubic root of vesicle charge (Q1/3) was fitted with a
ouble Gaussian function. By comparing data with NCD and CFE, we
ound that the two peaks were 0.44 (55%) pC1/3 and 0.67 (45%) pC1/3

ith the NCD electrode, and 0.39 (75%) pC1/3 and 0.65 (25%) pC1/3

ith the CFE. Correlation coefficient of the fit (r2) was good (0.98)
or data with the CFE and somehow smaller for NCD data (0.85),
ue to lower number of statistical events. The form and amplitude
f the amperometric spikes and the dual Gaussian distribution of
esicle diameter (Q1/3) were not significantly different when using
FEs and NCDs, suggesting that the two devices have the same sen-
itivity, low background noise and high-time resolution. The NCD
iosensor has, however, the advantage that it can monitor secretory
vents simultaneously from multiple channels.

. Conclusions

We fabricated a microelectrode array that takes advantage
f nanocrystalline boron-doped diamond planar technology on
apphire to detect single Ca2+-dependent exocytotic events with
igh-time resolution, high degree of biocompatibility and reliabil-

ty. The novel biosensor is chemically inert and has suitable optical
ransparency to allow cell manipulations under optical micro-
copes and the potential ability to be employed for fluorescence
etection.
Given its wide hydrolysis potential window (∼3 V), the NCD
ultielectrode array can be also employed for monitoring elec-

roactive species which are relevant for living cell functioning (e.g.
2, CO2, H+, NO) (Patel et al., 2008). Thanks to its chemical stability
nd wide hydrolysis potential window, the NCD microarray can be
oelectronics 26 (2010) 92–98

also employed for detection of other organic molecules besides cat-
echolamines in both the cathodic and anodic regimes (Show et al.,
2003). By differently polarizing the detecting electrodes, the chip
has potential application for high-throughput screening of drugs
and toxins acting on exocytosis and for measuring neurotransmit-
ter release from in vitro neuronal networks or brain slices.

Finally, the combination of NCD diamond films with the sap-
phire substrate will allow the integration of the device into GaN
electronics, widening the possibility of having with the same device
amperometric and potentiometric measurements (Dipalo et al.,
2009).
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