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Abstract
Surface patterned platinum microelectrodes (PtEs) insulated with 300 nm thick fused silica were
fabricated using contact photolithography. These electrodes exhibit low noise and were used for
monitoring single vesicle exocytosis from chromaffin cells by constant potential amperometry as
well as fast scan cyclic voltammetry. Amperometric spike parameters were consistent with those
obtained with conventional carbon fiber electrodes (CFEs). Catecholamine voltammograms acquired
with PtEs exhibited redox peaks with full width at half maximum of ~45 mV, much sharper than
those of CFE recordings. The time course of voltammetrically measured release events was similar
for PtEs and CFEs. The fused silica insulated PtEs allowed incorporation of micrometer precision
surface patterned poly-D-lysine (PDL). PDL-functionalized devices were applied to stimulate mast
cells and record single release events without serotonin pre-loading. Microfabricated PtEs are thus
able to record single exocytotic events with high resolution and should be suitable for highly parallel
electrode arrays allowing simultaneous measurements of single events from multiple cells.
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INTRODUCTION
Exocytosis is a fundamental cellular mechanism by which cells extrude the contents of
membrane bound vesicles into the extracellular space. Many techniques have been employed
to investigate single exocytotic events including whole cell patch clamp capacitance
measurements 1-4, cell attached capacitance measurements 5-8, carbon fiber amperometry
9-11, patch amperometry 12-14, and total internal reflection fluorescence microcopy 15-19.

The probably most widely used method for the study of single exocytotic events utilizes CFEs
20, which record the release of oxidizable compounds, such as catecholamine release from
chromaffin cells 9-11 or even dopamine release from dopaminergic neurons 21-24 at
extraordinary resolution. Low noise and high temporal resolution has been achieved, due to
the CFE's small size and fast response time.

There are, however, two limitations to the CFE technique: (i) In order to obtain statistical
significance, experiments need to be performed on a large number of cells 25, 26, which is time
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consuming for single cell experiments under a microscope, and (ii) the simultaneous
electrochemical detection of release and fluorescence imaging of the same vesicle is not readily
possible. Fluorescence imaging can often provide important complementary information on
vesicle motion 17 or molecular events associated with vesicle exocytosis 27.

To overcome this limitation, surface patterned electrochemical microelectrodes have recently
been fabricated using platinum (Pt) 28, 29 or indium-tin-oxide (ITO) 30, 31 as the working
electrode material. Here, we describe an improved design of reusable surface-patterned, glass
insulated PtEs and characterize their properties in amperometric as well as fast-scan cyclic
voltammetric modes for their use in the study of single exocytotic events.

MATERIALS AND METHODS
Cell preparation, reagents and solutions

Bovine chromaffin cells were cultured on 8 mm glass coverslips as described 32. Mast cells
were isolated from the peritoneum of adult Sprague-Dawley rats as described 33. The solution
used for all electrochemical recordings contained (in mM) 140 NaCl, 5 KCl, 5 CaCl2, 1
MgCl2, 10 HEPES/NaOH, 20 glucose (pH 7.3). Dopamine hydrochloride, (±)-Epinephrine
hydrochloride, DL-Norepinephrine hydrochloride, and Poly-D-Lysine (PDL) were all
purchased from Sigma (Milwaukee, WI) and used without further purification. Experiments
were performed at room temperature, at day 1 after isolation for chromaffin cells and at the
day of isolation for mast cells.

CFE fabrication
Carbon fiber electrodes were fabricated as described 11. Briefly, a single carbon fiber (5 μm
diameter) was inserted in a borosilicate glass capillary (1.8 mm outer diameter, Hilgenberg
GmbH, Germany). The capillary was then pulled using a pipette puller (Model P-97, Sutter
instrument, USA) producing two CFEs, which were separated with scissors. CFE tips were
dipped in melting wax (Sticky Wax, Kerr Corporation, USA) for 2 min and subsequently cut
using a blade (No 10, Feather Safety Razor Co, Japan). Prior to experiments, CFEs were
backfilled with 3M KCL solution.

PtE microfabrication
Single or triple PtEs were surface patterned on 4” diameter borosilicate glass wafers of 160-190
μm thickness (ThermoFisher Scientific, Portsmouth, NH) using contact photolithography
techniques and metal lift-off.

Briefly, the fabrication procedure was as follows. The glass wafers were cleaned with acetone
and baked for ~3 min on a hotplate at 115°C. The wafers were then vapor primed with
hexamethyldisilazane (HMDS) in a YES LP-III (Yield Engineering Systems, Inc., Livermore,
CA) oven. Following vapor priming, the wafers were spin-coated (4,000 rpm for 30 s) with
Shipley S1813 photoresist, and baked on a hotplate at 115°C for 1 min to remove excess solvent.
A mask containing the electrode design was used to selectively expose the wafers to UV light
using a contact aligner (EV620, EV Group, Scharding, Austria). Wafers were then baked for
2.5 min on a hotplate at 115°C (post-exposure bake) to harden the resist. Subsequently, wafers
were ammonia-baked in an image reversal oven (YES oven) and exposed to UV light for 60 s
using the contact aligner (flood expose). Following UV exposure, the photoresist was
developed in a positive developer (AZ© 300MIF, which contains 2.38% by weight tetramethyl
ammonium hydroxide) for 1 min. Residual photoresist (<10 nm) was removed using O2 plasma
clean for 30 s with a PT 72 (PlasmaTherm Inc., Kresson, NJ) tool, such that the wafers were
coated with photoresist everywhere except where the metal electrodes would be deposited.
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The wafers were then placed in an evaporator, and 5 nm of adhesion layer metal (chrome) was
deposited at a ~1 A/s deposition rate. After depositing the adhesion layer, 150 nm of Pt was
deposited on the wafers at a ~5 A/s deposition rate. The wafers were then placed upside down
in a beaker containing Microposit remover 1165 (Shipley Co Inc, Austin, TX) and were set
aside overnight for the photoresist to come off (metal lift-off). The wafers were removed from
the beaker and thoroughly rinsed with isopropanol to remove residual metal sheets from the
wafer surface. The metal electrodes were then coated with 300 nm of SiO2 using a plasma-
enhanced chemical vapor deposition (PECVD) system (IPE 1000). Silane (SiH4) and nitrous
oxide (N2O) were flowed in the PECVD chamber, which was maintained at a constant
temperature of 240°C. These conditions typically result in a SiO2 deposition rate of ~40 nm/
min although rates may vary for different PECVD tools. The wafers were then vapor primed
using HMDS, spin-coated with S1813 photoresist, and baked on a hotplate at 115°C for 1 min.
A second photo-mask was used in the contact aligner (EV620 as above) to selectively expose
UV light and define the insulation layer on the wafers. The wafers were then baked for 2.5 min
on a hotplate at 115°C, the photoresist was developed using positive developer, and residual
photoresist was removed using O2 plasma clean. In order to harden the photoresist, wafers
were baked for 5 min on a hotplate at 115°C. The SiO2 was then etched using trifluoromethane
(CHF3) and oxygen (O2) at a ratio of 50 sccm/2 sccm. An Oxford 80 (PlasmaLab 80+, Oxford
Instruments, Oxfordshire, UK) tool was used for this step. To remove any residual photoresist,
wafers were placed in a beaker containing sulfuric acid (H2SO4) and hydrogen peroxide
(H2O2). Wafers were then cut into 2.5×2.5 cm2 pieces using a wafer saw.

The microfabrication protocol described above routinely resulted in well defined PtE arrays
with uniform SiO2 insulation layer thickness throughout the wafer. Fig. 1 shows a photograph
of a coverslip containing four PtE arrays.

Chemical functionalization
For mast cell recordings, coverslips with microfabricated PtE arrays were coated with ~1 μm
thick Parylene-C using a Model PDS 2010 Labcoter (Specialty Coating Systems, Indianapolis,
IN, USA), followed by spin coating of ~1.3 μm thick S1813 photoresist. A 5 μm diameter
circular region of the photoresist at the center of the PtE array or next to a single PtE was
removed using standard photolithography techniques, and the exposed Parylene was etched
with a reactive ion etcher (PlasmaTherm 72). 10 μL of 0.1% PDL in distilled water was applied
to the surface (Fig. 2A), after allowing 1h for surface coating the unbound PDL was washed
off with distilled water. The coverslips were dried at room temperature for 15 min and stored
overnight at 4°C after which the Parylene was carefully removed using tweezers. Thus, the
PtE array center was selectively coated with PDL (Fig. 2B). Prior to the electrochemical
recordings ~100 μL of freshly isolated mast cell suspension was added via a pipette onto the
coverslips.

Amperometry
Coverslips containing the PtE arrays were mounted on a custom built stage for a Zeiss 135TV
microscope, and the individual PtEs were connected to individual amplifiers via spring loaded
gold contact pins. A small amount (~100 μL) of buffer solution was added on the PtE array, a
coverslip containing chromaffin cells was placed on top of the coverslip containing the PtE
array, and individual cells were placed on the electrodes using a glass micropipette as described
28, 29. A chlorinated silver wire (Ag|AgCl) was immersed into the buffer solution and served
as the reference electrode. Amperometry was performed with a four-channel amplifier (VA-10,
NPI Electronic, Tamm, Germany). The measured current was low pass filtered at 100 Hz using
the built-in analog low pass filter of the VA-10 amplifier. The electrodes were held at +700
mV versus the reference Ag|AgCl. Amperometric data was digitized at 2 kHz sampling rate
using a 16-bit resolution analog-to-digital (A/D) converter (BNC-2090, NIDAQ, National
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Instruments, Austin, TX, USA). If necessary, line frequency noise was removed by fitting a
sine wave (baseline, amplitude, frequency and phase) to portions of the recordings without any
amperometric spikes and subsequently subtracting the resulting sine wave from the data 28.
Amperometric spike parameters were extracted as described 25 using procedures written in
Igor Pro (WaveMetrics, Lake Oswego, OR, USA). The criteria used for identifying
amperometric spikes were 10 pA minimum amplitude and 100 ms maximum half-width. The
thresholds used for identifying foot signals were 1 pA amplitude and 5 ms duration. Following
measurements from single cells, the functionality of individual electrodes was verified
applying buffer solutions containing catecholamines of ~10 μM concentration. When a
particular electrode consistently measured low signals compared with the rest of the electrodes
in the PtE array, then experiments with that PtE array were not included in the data analysis.

Fast-scan cyclic voltammetry
Fast-scan cyclic voltammetry was performed with an EPC-8 patch-clamp amplifier (HEKA-
Elektronik, Lambrecht, Germany). The amplifier's built-in analog low pass filter was set to 5
kHz. The standard voltage waveform applied to the working PtE versus the reference Ag|AgCl
wire consisted of a 10 ms triangular segment, during which the electrode voltage was scanned
from −500 mV to +1,000 mV and back to −500 mV at a rate of ±300 V/s. The triangular segment
was followed by a 90 ms resting period during which the electrode potential was held constant
at −500 mV. For experiments at increased time resolution (see Results) the duration of the
resting period was reduced to 15 ms and the ramp speed was doubled to ±600 V/s, while the
resting and peak potentials remained unaltered. Voltammetric currents were digitized at a rate
of 25 kHz using a 16-bit A/D converter (ITC-18, Instrutech Corp, Bellmore, NY, USA), and
analyzed using procedures written in Igor Pro 34.

RESULTS
Chromaffin cell amperometry

Fig. 3A shows an electron microscope (Zeiss Supra 55VP) image of a 3-electrode PtE array
insulated with SiO2. The oxide layer is highly uniform and homogenous. The PtEs are arranged
in a circle with ~12 μm diameter. This size was chosen because it approximately matches the
diameter of a typical chromaffin or mast cell. Therefore during experiments when bovine
chromaffin cells are placed on top of PtE arrays using patch pipettes as described 28, 29, the
detector fits the cell dimensions.

The placement procedure stimulated exocytotic catecholamine release, which was recorded by
the PtE array. Fig. 3B shows an amperometric recording obtained with this 3-electrode array
from a chromaffin cell that produced more than 100 exocytotic events, many of which were
detected by multiple electrodes. From the total of 138 identified events of this recording, 102
were detected by at least two electrodes and 55 by all three electrodes. We have chosen PtE
arrays with 3 electrodes because it has been demonstrated that employing multiple electrodes
allows for spatial localization of the individual exocytotic events provided that amperometric
signals are detected by at least three electrodes 29. The spacing between the electrodes allows
fluorescence monitoring of exocytotic events 29. The electrodes are arranged in a triangle to
maximize the fraction of events detected by all three electrodes.

Fig. 3C shows on an expanded time scale the single amperometric event indicated by the arrow
in Fig. 3B. The inset of Fig. 3C shows the running integrals of the current traces, which indicate
the time course of measured charge by each electrode. The sum of the final values of the three
integrated traces corresponds to the vesicle quantal size, which for this particular event is 6.9
pC or ~21.6 million molecules.
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Four distinct events from the recording of Fig. 3B are shown on an expanded time scale in Fig.
3D. These events have short half widths and significantly different foot signal time courses,
demonstrating that PtEs can closely follow the time course of catecholamine release from
individual chromaffin granules. To quantify the performance of microfabricated PtEs, the
amperometric spikes were analyzed as described 25 for quantal size, half width, foot signal
duration and foot signal mean amplitude. Quantal size was measured as the sum of charges
detected by all electrodes. The three other parameters were derived from the amperometric
spike measured by the electrode located closest to the release site (shortest half-width).

The averaged quantal size was 1.82 ± 0.15 pC and the averaged half-width 13.8 ± 0.6 ms (mean
± SEM, n = 138 events, where SEM is the standard error of the mean). Out of the total of 138
individual spikes, 90 had detectable foot signals (65%), with average foot signal duration 11.1
± 3.7 ms and foot signal mean amplitude of 4.0 ± 0.4 pA (mean ± SEM, n = 90 events). These
averaged values of the four amperometric spike parameters came from three PtEs and are
similar to those reported for CFEs 9, 35.

To determine the PtE electrical noise, the stored current traces for three individual electrodes
were examined in segments of 1 s duration that did not contain any amperometric spikes. For
each of the electrodes the root mean square (rms) noise was determined. Subsequently the noise
values of the three different electrodes were averaged yielding an average electrode noise of
75 ± 15 fA (mean ± sd, n = 3 electrodes, △f = 100 Hz). This noise level is indistinguishable
from the amplifier's feedback resistor (500 MΩ) Johnson noise (~65 fA with the head stage in
the open circuit configuration). The measured noise did not differ significantly from the

theoretically expected noise level σI, which can be calculated as , where k is the
Boltzmann constant, T the temperature in degrees K, △f the low-pass filter's cutoff frequency,
and R the feedback resistor's resistance value.

In addition to low current noise, the SiO2-insulated PtEs were mechanically and chemically
robust. Multiple single cell experiments followed by ethanol cleaning of the PtE coverslips did
not damage the electrode shape (compare Figs. 3A & E) and cleaned PtEs gave amperometric
spikes consistent with those measured by carbon fiber electrodes.

Mast cell amperometry
In contrast to excitable cells, exocytosis of mast cells is not mediated by ion channel activation,
but by chemical signaling 36. To determine if PtEs can be utilized to record exocytosis from
rat peritoneal mast (RPM) cells, PtEs were functionalized with PDL, an established activator
of RPM cell exocytosis 37.

A 5 μm diameter circular region at the center of the PtE array was selectively coated with PDL
using the dry lift-off technique 38 (see Materials and Methods). A single RPM cell (Fig. 4A)
was lifted with a glass micropipette and manipulated on top of a single Pt electrode (Fig. 4B),
the area in front of which was previously coated with PDL (Fig. 4C). Shortly after placement
on top of the electrode, the cell degranulated and a series of amperometric events was recorded
by the PtE (Fig. 4D). Amperometric events with quantal size as low as ~9.5 fC were resolved,
corresponding to the measurement of ~14,800 serotonin molecules, since electrochemical
oxidation of serotonin results in the donation of four electrons per molecule 39. PtE arrays can
thus measure very small amounts of electroactive compounds.

From twelve mast cells placed on top of two different PtE arrays that were not functionalized
with PDL, only two amperometric spikes were recorded. The functionality of the PtE arrays
was subsequently verified using catecholamine solutions. This indicated that unlike chromaffin
cells, mast cells were not stimulated by the mechanical placement procedure.
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Fast-scan cyclic voltammetry
While constant potential amperometry can measure single vesicle release with high resolution,
it does not allow identification of the detected compound. Such identification is, however,
possible using fast scan cyclic voltammetry (FSCV), as demonstrated for CFE detection of
catecholamines 11, 40, 41. To determine if microfabricated PtEs can also be utilized as the
working electrodes for FSCV, the potential waveform shown in the inset of Fig. 5 was applied
to the PtEs. In physiological saline the resulting current during the voltage ramps is largely due
to charging of the double layer capacitance, and is known as the background current. In the
presence of electrochemically active compounds in the buffer solution, the resulting current
consists of the background current plus a faradaic current due to the redox reactions at the
electrode surface 42. Subtraction of the background current recorded with the same electrode
results in the difference current, which when plotted versus the applied potential gives the
background-subtracted voltammogram. The background-subtracted voltammograms for the
catecholamines dopamine (DA), norepinephrine (NE) and epinephrine (EPI) contain two
peaks, one at positive potential due to oxidation of the catecholamine to its quinone form, and
a second at negative voltage due to reduction of the quinone back to the original catecholamine
43.

For the background-subtracted voltammogram it is essential that the background current is
stable between successive measurements. For three electrodes of ~10 μm2 active area the
current at +160 mV applied potential of the anodic ramp was monitored for 10 sec segments
and the measured standard deviation was 8 ± 2 pA (mean ± sd, n = 3 electrodes, △f = 5 kHz),
which does not exceed the Johnson noise of the amplifier's feedback resistor and the A/D
converter quantization error (~6 pA). The background current of SiO2-insulated PtEs was thus
very stable between successive voltammetric measurements.

In vitro calibrations of the PtEs using 1 μM concentrations of the catecholamines DA, NE and
EPI resulted in similar background-subtracted voltammograms for all three compounds (Fig.
5). The voltage waveform of Fig. 5 (inset) was chosen because the negative resting potential
promoted adsorption of catecholamines onto the Pt surface, in a fashion similar to that for CFEs
44.

In several cases it was not possible to remove the catecholamines from the PtE surfaces such
that catecholamine voltammograms remained detectable in plain buffer even after washing the
PtEs with alcohol, distilled water, or oxygen plasma clean. This is presumably due to adsorption
of catecholamines on the PtEs 45. The adsorbed catecholamines were only removed from the
electrode surfaces when 0.18M H2SO4 was added onto the PtEs and the electrode potential
was scanned at a rate of 100mV/s between −500mV and +975mV. In some cases it was
necessary to perform this electrochemical cleaning for up to 1hour, until the cyclic
voltammogram of a pure Pt surface was detected 42.

In addition to this difficulty of removing the catecholamines from the PtE surfaces, some PtEs
did not produce a catecholamine voltammogram as shown in Fig. 5, although their functionality
was verified via amperometric detection of catecholamines. The reasons for this malfunction
remain elusive.

Chromaffin cell voltammetry
To test if PtEs could detect cellular release events in FSCV mode, individual chromaffin cells
were placed on top of single PtEs while the voltage waveform of Fig. 6A (inset) was applied
to the PtE. As in amperometry, the placement procedure stimulated the cells and voltammetric
spikes indicating chromaffin vesicle exocytosis 11 were observed. The time course of the
current sampled at the +230 mV applied potential of the anodic ramp is shown in Fig. 6A for
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successive sweeps. The averaged value of the first 10 cycles was subtracted from the current
trace.

Fig. 6B shows the background current (dashed black trace, corresponding in time to the arrow
marked a in Fig. 6A), the background plus faradaic current (solid red trace, corresponding in
time to the arrow marked b in Fig. 6A), as well as their difference (solid blue trace). The
difference current was plotted versus the applied potential and revealed the signature
voltammogram of catecholamine molecules (Fig. 6C), with two peaks, the first at +230 mV of
the anodic ramp and the second at −260 mV of the cathodic ramp. As is the case with CFEs
34, the redox peaks of Pt difference voltammograms consistently occurred at slightly different
potentials in single cell experiments (Fig. 6C) compared to in vitro calibrations (Fig. 5).

The background current of the PtE was very stable, such that no sweep averaging was necessary
to obtain the voltammograms. We conclude that SiO2-insulated PtEs are suitable for low-noise
FSCV applications to measure exocytotic release of oxidizable transmitter molecules.

PtE versus CFE voltammetry
Fig. 7A compares catecholamine voltammograms measured during release from single
chromaffin cells with a PtE (black) and a CFE (red) after normalizing to their respective peak
oxidation currents. The voltammograms obtained with CFEs are in good agreement with those
previously reported 34, 46, with oxidation/reduction peaks at +435 mV and −350 mV
respectively.

In contrast, the peaks for the Pt voltammogram are shifted to approximately +230 mV and
−260 mV for oxidation and reduction respectively. Interestingly, the full width at half
maximum (FWHM) of the oxidation peaks of voltammograms obtained with PtEs was ~ 45
mV, which corresponds to the Nernstian limit for a 2-electron transfer reaction 42, indicating
very rapid catecholamine oxidation. The FWHM for the CFE oxidation peak was ~ 310 mV,
~7-fold larger than the corresponding value for Pt.

Another interesting characteristic of catecholamine voltammograms is that the reduction peak
is usually significantly smaller than the oxidation peak, presumably due to diffusion of the
oxidized quinone away from the electrode surface. For the voltammograms of Fig. 7A, the
reduction peak measured with PtEs was ~73% of the oxidation peak, while the reduction peak
was decreased to ~55% of the oxidation peak for the CFE.

The higher reduction to oxidation ratio suggests stronger adsorption of catecholamines onto
PtEs 45 compared to CFEs. To determine if this affects the time course of voltammetric spikes
we compared single events measured with CFEs and PtEs. For increased time resolution the
resting period of the applied potential waveform was reduced to 15 ms and the ramp speed was
increased to ±600 V/s resulting in a voltage waveform of 20 ms total duration and thus a higher
temporal resolution for the FSCV measurements (Fig. 7B inset). Using this waveform, single
exocytotic events were recorded using PtEs and CFEs. The half widths of voltammetrically
measured spikes are determined not only by the granule secretion time course, but also by the
diffusion of the catecholamine molecules away from the electrode surface and the low temporal
resolution of the measurements (20ms). Fig. 7B shows the average time course of the 20 largest
voltammetric spikes recorded with PtEs or CFEs. For this purpose, spikes were normalized to
their peak amplitude, aligned in time at the point of their maximum value and averaged. The
average time course appears to be slightly faster for PtEs. However, the measured mean half
width of voltammetric spikes from chromaffin cells was 56 ± 5 ms (mean ± SEM, n = 59 spikes)
for PtEs and 71 ± 11 ms (mean ± SEM, n = 31 spikes) for CFEs was not significantly different
(p=0.17). The value obtained with CFEs is in excellent agreement with data reported in the
literature 47.
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DISCUSSION
The electrode of choice for electrochemical recordings of catecholamine release from single
cells has traditionally been the carbon fiber electrode 48. Recently, however, Au was utilized
as the working electrode in catecholamine measurements in vitro 49, and recordings of
transmitter release from single chromaffin vesicles were performed using Pt working electrodes
28, 29.

Microfabricated PtE arrays 28 can correlate amperometric and fluorescence measurements
corresponding to the same single exocytotic event 29. Here, we described an improved design
of PtE arrays and their application in FSCV recordings and stimulus-secretion coupling.
Insulating the PtE arrays with fused silica (SiO2) instead of photoresist increases the robustness
of the devices (compare Fig. 3A & E) allowing cleaning and multiple use, thus reducing
electrode fabrication time and cost. Photoresist-insulated PtEs 29 detect single catecholamine
release events from chromaffin cells with properties that are indistinguishable form obtained
with the “gold standard” carbon fiber electrodes. We show here that amperometric spike
parameters from recordings with glass-insulated PtEs are also in good agreement with data
obtained using carbon fiber electrodes. PtE arrays worked reliably in amperometry mode even
after multiple use and cleaning cycles. PtE arrays could be fabricated reliably. A small fraction
that was not fabricated properly (e.g. damaged electrodes, misaligned insulation, cracked
connections) could be easily identified by inspection under an optical microscope. Overall we
had the impression that reliability of PtE fabrication and functionality for amperometric
recordings were similar those of CFEs. For PtEs, however, fabrication failure was more easily
identified by visual inspection under an optical microscope. We conclude that these results
validate the PtE arrays as reproducible and reliable amperometric sensors for monitoring
catecholamine release from single chromaffin granules.

In fast-scan cyclic voltammetry mode, some electrodes did record the time course of release
from single vesicles and in this case the time course was again very similar to that recorded by
carbon fiber electrodes in this mode. The FWHM of the oxidation peaks of catecholamine
voltammograms obtained with PtEs was ~ 45 mV, approaching the Nernstian limit for a 2-
electron transfer reaction 42, indicating very rapid catecholamine oxidation. To the best of our
knowledge there is no previous report describing the application of Pt microelectrodes for fast-
scan cyclic voltammetry measurements of catecholamines.

In contrast to amperometry, during fast-scan cyclic voltammetric detection of catecholamines
the PtE arrays exhibited some problems with reliable functionality. The most plausible cause
for these problems is adsorption of catecholamines onto the PtE surface 45. So far this could
only be reversed when the electrode potential was scanned at a rate of 100mV/s between
−500mV and +975mV in the presence of 0.18 M H2SO4. It is thus recommended that FSCV
recordings of catecholamines with PtEs should be treated with caution.

In contrast to photoresist 50, the SiO2 insulation is not fluorescent, thus improving sensitive
fluorescence measurements. Furthermore, the sensor's low electrical noise, as demonstrated in
the present study, makes it suitable for electrochemical monitoring of exocytosis in cell systems
that release small numbers of electroactive molecules per vesicle, such as mast cells or
dopaminergic neurons. The SiO2 insulation makes it furthermore possible to incorporate
surface patterned stimuli for the study of stimulus-secretion coupling. RPM cells can be
stimulated by a chemical cue patterned with micrometer spatial resolution 51. Here, we show
that this can be combined with secretion measurements using SiO2 insulated PtEs.

PtE arrays may also be used for parallel recording from multiple cells at the single cell level,
particularly utilizing newly developed low-noise amplifiers 52 which can be integrated with
the PtE arrays. The FSCV experiments indicate that SiO2-insulated Pt microelectrodes exhibit
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stable background currents and the catecholamine cyclic voltammograms are much sharper
than those measured with CFEs. They are thus suitable for analytical electrochemistry in cell
cultures and possibly in vivo 53, after fabrication of appropriately shaped Pt microelectrodes
54.
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Figure 1.
A photograph of a coverslip containing sixteen PtEs, spatially separated in four groups of four
electrodes. Each group contains a single PtE as well as a tri-electrode array. Photo: courtesy
of O.D. Escanilla.
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Figure 2.
Schematic of the surface patterning of poly-D-lysine (PDL) on the platinum (Pt) electrode
arrays before (a) and after (b) dry lift-off.
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Figure 3.
(a) Electron microscope image of a platinum electrode (PtE) array immediately after
fabrication. Scale bar: 1 μm. (b) A characteristic amperometric recording from the 3-electrode
Pt array of (a). Different colors represent signals measured by different electrodes in the array.
(c) The exocytotic event indicated by the arrow in (b) is shown on an expanded time scale. The
inset shows the integrated traces which correspond to the charges measured by each electrode.
(d) Four different exocytotic events from the recording in (b). (e) Electron microscope image
of the same PtE as in (a) after multiple single cell experiments and alcohol cleanings. Scale
bar: 1 μm.
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Figure 4.
(a) A peritoneal mast cell. Scale bar: 5 μm. (b) The mast cell of (a) on top of a single platinum
electrode (PtE). (c) Different regions indicated by numbers. 1: SiO2 insulated part of Pt
conductor, 2: PDL coated area, 3: exposed area forming the active PtE, 4: All the area outside
the large circle including area 1 is covered with the SiO2 insulation layer. (d) The corresponding
amperometric recording from the cell shown in B.
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Figure 5.
In vitro background subtracted voltammograms obtained from PtEs after addition of 1 μM
dopamine (DA), norepinephrine (NE) or epinephrine (EPI) respectively. The inset shows the
applied potential waveform.
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Figure 6.
(a) Catecholamine release indicated as current spikes recorded by a platinum electrode (PtE).
The current was sampled at the +230 mV applied potential of the anodic ramp. The average
value of the first 10 cycles was subtracted from the current trace. The inset shows the applied
potential waveform. The red dot indicates the voltage at which the current was sampled (+230
mV of the anodic ramp). (b) Background (dashed black trace, corresponding to the vertical
arrow marked a in panel (a)), background plus faradaic (solid red trace, corresponding to the
vertical arrow marked b in panel (a)), and their difference (blue trance). (c) The difference
current plotted versus the applied potential revealing the voltammogram for catecholamine
molecules with an oxidation peak at +230 mV and a reduction peak at −260 mV.
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Figure 7.
(a) Typical cyclic voltammograms normalized to their peak oxidation values, obtained from
chromaffin cells using either Pt microelectrodes (black) or CFEs (red). (b) Time course of
voltammetric spikes for Pt (black) and CFE (red). Curves are the average of 20 individual
spikes measured with 20 ms time resolution using the voltage waveform shown in the inset.
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