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Abstract

The release of neurotransmitters and hormones from secretory vesicles plays a fundamental role in
the function of the nervous system including neuronal communication. High-throughput testing of
drugs modulating transmitter release is becoming an increasingly important area in the fields of cell
biology, neurobiology, and neurology. Carbon-fiber amperometry, provides high-resolution
measurements of amount and time course of transmitter release from single vesicles, and their
modulation by drugs and molecular manipulations. However, such methods do not allow the rapid
collection of data from a large number of cells. To allow such testing, we have developed a CMOS
potentiostat circuit that can be scaled to a large array. In this paper, we present two post-CMOS
fabrication methods to incorporate the electrochemical electrode material. We demonstrate by proof
of principle the feasibility of on-chip electrochemical measurements of dopamine, and catecholamine
release from adrenal chromaffin cells. The measurement noise is consistent with the typical electrode
noise in recordings with external amplifiers. The electronic noise of the potentiostat in recordings
with 400 μs integration time is ~0.11 pA and is negligible compared to the inherent electrode noise.
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I. Introduction

In response to specific signals, many eukaryotic cells release pre-formed molecules packaged
into secretory vesicles that fuse with the plasma membrane and release their contents into the
extracellular space. This process is called exocytosis. The released contents of a single vesicle
represent a unit or quantum and quantal size refers to the number of molecules released from
a single vesicle. Various transmitter molecules, such as dopamine or its conversion products
adrenaline and noradrenaline, are readily oxidizable, and hence quantal release events can be
measured as brief current spikes using carbon-fiber-electrode (CFE) amperometry [1] with
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high resolution. The drug L-Dopa, which provides symptomatic relief to patients with
Parkinson’s disease, increases the quantal size, while amphetamines decrease the quantal size
[2]–[4]. The high-resolution amperometric current traces exhibit foot signals, that have a
typical amplitude of 1–10 pA [5], and which indicate the slow flux of catecholamines through
a narrow fusion pore [6]. Quantification and analysis of the foot-signal properties can lead to
valuable knowledge of the fusion pore structure and dynamics. However, CFE amperometric
experiments are slow and laborious requiring a large number of single-cell experiments to
obtain statistically significant data on the effects of various drugs [7]. Miniaturized high-
performance CMOS biosensor arrays have the potential to provide high-throughput recording
of amperometric events and subsequently provide statistically significant data. In recent years,
several CMOS devices have been developed for applications to such diverse fields of study as
drug design, neurobiology, DNA sequence analysis and cellular metabolism [8]–[11]. CMOS
potentiostats for the electrochemical detection of biomolecules, for measuring ion channel
current, and for cyclic voltammetry using off-chip transducers have been developed [12]–
[17]. Recently, wireless circuits for in vitro measurement of dopamine using amperometry
[18], as well as in vivo detection of dopamine using fast-scanning cyclic voltammetry [19],
[20] were developed. CMOS chip designs have also been developed for electrochemical on-
chip recordings [21], [22]. However, for practical use a suitable polarizable working electrode
material needs to be incorporated such as gold or platinum. On-chip gold electrodes have been
incorporated into a four by four active sensor array for cyclic voltammetry [23], which requires
measurement of large currents and which is not suitable for the resolution of sub-pA currents
associated with the detection of quantal transmitter release events. We recently described a
CMOS potentiostat design that is scalable to an array, that would allow simultaneous high-
resolution on-chip measurement of exocytosis from a large number of cells, that meets the
requirements of high time resolution, and that has an electronic noise of ~0.11 pA for a 400
μs integration period [22].

In this paper, we describe the post-CMOS deposition of polarizable electrode material on the
on-chip aluminum electrodes and packaging of the chip to enable on-chip experiments. Using
a single potentiostat circuit, we demonstrate the ability of the potentiostat circuit to measure
electrochemical reactions and cellular exocytotic events with high sensitivity. In Section II,
we describe the post-CMOS fabrication techniques employed to incorporate the transducer
onto the potentiostat circuit. In Section III, we describe the experimental setup, materials, and
methods used to conduct on-chip electrochemical measurements. In Section IV, we discuss the
experimental results. Finally in Section V, we summarize the paper and describe our vision of
developing a large-scale array for measuring electrochemical currents.

II. Post-CMOS Fabrication

Several biomolecules and neurotransmitters are oxidizable, and therefore can be measured as
an amperometric current trace. In order to oxidize these molecules, an appropriate transducer
electrode is required. Typical transducer electrode materials include carbon, platinum, and
gold. The CMOS chip was fabricated using AMIS C5F 0.5 μm technology. The interconnect
material used in this technology is Al, but Al is not a suitable material for electrochemistry.
The transducer electrode that facilitates electrochemical reactions is called a polarizable
electrode [25]. When a polarizable electrode is immersed in salt solution, no current flows
through the electrode-liquid interface. When a voltage is applied to the polarizable electrode,
excess charge accumulates on the electrode surface, and is counter balanced by the ionic charge
in the electrolyte solution at a finite distance from the metal electrode called the Debye length
[26]. Current does not flow through the interface when the voltage is held constant. However,
when oxidizable molecules diffuse to the surface of the electrode, electrons are transferred,
and a Faradaic current is generated. Therefore, the surface of the Al electrode must be covered
with a polarizable electrode material. Here, we describe polarizable material deposition using

Ayers et al. Page 2

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2010 October 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



two methods: focused-electron-beam deposition of platinum and physical vapor deposition of
gold/platinum using photolithography.

A. Focused-Electron-Beam Deposition

During the development phase of new CMOS circuit techniques, small-geometry dies are
preferred because they are economical. However, post-CMOS fabrication of small-geometry
dies present several challenges including handling the chips. On small geometry CMOS dies,
platinum can be deposited with relative ease using the focused-ion-beam (FIB) or focused-
electron-beam techniques. The FIB system is generally used by circuit designers to make
device/circuit edits on prototype integrated circuits, in order to correct simple mistakes in and
to test minor alterations to circuits without going through a whole fabrication cycle. This system
facilitates making metal connections, disconnections and probe pads. The metal that can be
deposited using the FEI strata 400 Dual Beam FIB system at the Cornell Center for Materials
Research (CCMR) is platinum. Using a low-current (<100 pA) focused ion beam, the native
oxide layer on Al is milled away. Precursor gases flowing over the chip interact with the
electron column. The electron-beam-induced chemical reaction results in the deposition of Pt
with sub-micron-scale resolution on the electrode surface, as shown in Fig. 1a. For
electrochemical on-chip recordings, the electrode was fully covered with Pt (Fig. 1b). The
composition of the deposited amorphous layer was platinum : carbon : gallium : oxide in
proportions of 45 : 24 : 28 : 3, with a resistivity in the range of 70–700 μΩcm [27].

The CMOS die is covered with a thick overglass layer, and this insulating layer gets charged
under electron bombardment, which makes identification of regions of interest difficult. In
order to alleviate these problems, the layout design must include alignment marks on the top
metal layer, metal3, with openings in the overglass layer. In our case, the Al pads were not
covered with the overglass layer, and thus were easily located. Penetration of impurities in the
focused-electron-beam deposited film depends on the interaction between the electron beam
and the sample, the beam current, and the grounding of the sample. The exposed Al pads could
be located with a low-current electron beam without excessive charging, by properly grounding
the chip. When a 5.0 kV, 25 pA electron beam was used to deposit the platinum layer, no
evidence of damage was observed and the functionality of the CMOS chip was not affected.
A schematic of the various layers of the circuit pre-FIB fabrication is shown in Fig. 1d, and a
cross-sectional FIB image of the CMOS potentiostat circuit post fabrication is shown in Fig.
1c.

B. Photolithography

Focused-electron-beam deposition has the advantage of high resolution and ease of handling,
but for larger areas and arrays with many electrodes, this method is too slow and involves chip
exposure to the ion beam for extended periods to locate the electrodes, and may eventually
alter the functioning of the circuit. As an alternative procedure, we investigated how physical
vapor deposition of Ti/Au could be utilized for post-CMOS fabrication of the chip. A process
flow diagram of the post-CMOS fabrication is shown in Fig. 2a. To allow proper handling, the
small 2.5 mm × 2.5 mm CMOS die was attached to a 4″ photoresist-coated wafer and baked.
Subsequently, a 1.3 μm thick photoresist (Shipley 1813) layer was spun on the chip surface.
The photoresist is patterned using a tone-reversed photomask, exposing all areas except the Al
electrodes. The chip was then developed (MF 321 for 60 sec) following image reversal.
Photoresist spins off of the edges of the small CMOS die due to its rectangular shape, thus, the
edges of the chip are initially not covered with photoresist. In some cases, the photoresist on
the edges is stripped during the photomask contact. This was corrected by manual application
of additional photoresist to the edges of the CMOS die (Fig. 2, step 4) before it was baked. The
chip was then descummed (stripped of organic materials and residual photoresist) using GLEN
1000p plasma cleaning system in the electron-free mode. Electron-free mode prevents
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electrostatic damage. In the electron-free mode, the samples to be cleaned are placed on a
floating shelf beneath the RF powered and ground shelf. Plasma is generated between the RF
powered and ground shelf. Heavy plasma gas ions pass through the perforated ground shelf
onto the samples, balancing the lighter electrons on the ground shelf and preventing surface
charge buildup on the sample. The metal (Pt or Au) was vapor deposited over the entire surface.
The next step was to lift-off photoresist along with the metal leaving behind only the metal in
direct contact with the Al pads. The deposited metal forms the new electrode surface.

C. Packaging

The CMOS die was epoxy glued to a dual-inline package (DIP), as shown in Fig. 3a. The
package cavity along with the die was subsequently covered with epoxy (Devcon 5 minutes)
to protect the sensitive bonding pads, wire bonds and connecting wires from contact with the
electrolyte solution. Only the central part of the chip (inside the square in Fig. 3b) is left open,
exposing only the surface of the CMOS die with electrodes (Fig. 3b). The layout of the chip
is designed such that the electrodes are positioned in the center of the chip, spatially well
separated from the I/O pads to avoid the epoxy encapsulating the active electrode area.

III. Materials and Methods

A schematic of the experimental setup is shown in Fig. 4. This schematic represents a single
element of the proposed sensor array. In contrast to a conventional carbon-fiber apparatus, this
device includes sensor circuits at the site of detection for improved sensitivity. A high-gain
amplifier A holds the electrode at the oxidation potential of the target molecule and the
transistor M conveys the electrons to the capacitor C, which is periodically reset by switch S.
At the end of the integration period, the voltage on the capacitor is buffered to the data
acquisition board (National Instruments PCI-6251). The recorded data is subsequently
analyzed using the software program IGOR PRO (Wave Metrics, Lake Oswego, OR). The
printed circuit board, along with the CMOS chip is mounted on an adjustable microscope (Ziess
Axioskop 2) stage. The whole setup is housed in a properly grounded Faraday cage placed on
a vibration isolation table.

A. Cell and Bath Solution Preparation

Bovine adrenal glands obtained from a local slaughterhouse were prepared according to
established protocols [24]. The resulting chromaffin cells were suspended in the tissue culture
medium and stored in a T-25 flask in a 10% CO2 incubator at 37 °C. Cells were used on days
1–3 in culture. On the day of the experiment, cells in the medium were transferred to a 15 mL
tube and pelleted in a centrifuge at 5000 rpm for 10 minutes, and resuspended in 1–2 mL of
bath solution. The bath solution contains 150 mM NaCl, 5 mM CaCl2, 5 mM KCl, 2 mM
MgCl2, 10 mM HEPES buffer and 20 mM glucose. The osmolarity of the solution was
measured to be 300–310 mOsm and the pH was 7.25.

IV. Experimental Results

The first measurements of catecholamine release from chromaffin cells were performed with
a 5 μm diameter CFE externally connected to the CMOS chip. The CFE extending from a
pipette filled with 3 M KCl was positioned near a chromaffin cell (Fig. 5a). A Ag|AgCl wire
placed in the same pipette translates ionic current to electronic current. The Ag|AgCl wire was
connected to the input of the potentiostat circuit, which held the CFE at a potential of 0.7 V
relative to a Ag|AgCl reference electrode placed in the solution bathing the cells. A second
pipette filled with a bath solution containing 20 μM calcium ionophore ionomycin was
positioned nearby. The cell was stimulated by ejecting ionomycin and the amperometric current
that was recorded is shown in Fig. 5b. The amperometric current indicates the time course of
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the catecholamine release from the cell. Chromaffin cells release preferentially norepinephrine
and epinephrine, which are readily oxidized when they come into contact with the CFE. The
current exhibits spikes as well as considerable fluctuations. Near the end of the recording, the
current approaches zero and the fluctuations cease. The rms noise at the end was ≈ 0.3 pA,
which is typical electrode noise for carbon fiber microelectrodes of this diameter. The
electronic noise of the potentiostat was previously reported to be 0.11 pA [22] and represents
a minor contribution to the measurement noise. During the release phase, the current
fluctuations had increased to ≈ 1.65 pA rms, for an integration time of 0.4 ms. The additional
fluctuations presumably reflect unresolved vesicle release events or background release of
catecholamines from nearby cells leading to fluctuations in local catecholamine concentration
at the CFE. The measured current was analyzed using the IGOR procedure
Quanta_Analysis_ver.ipf (downloadable at www.sulzerlab.org/download.html) [28]. Two
events are shown on expanded scales with the fits from spike parameter analysis. The time
course of an amperometric spike indicates the time course of transmitter release from an
individual vesicle and is typically characterized by the amperometric spike amplitude and by
its half width t1/2. The integral of the amperometric spike provides the amperometric spike
charge or quantal size, which indicate the number of catecholamine molecules released in an
individual event. Amperometric spikes are often preceded by a pre-spike foot signal (Fig. 5d),
which reflects the flux of catecholamines through the initial narrow fusion pore. The duration
of the foot signal signifies the lifetime of the narrow fusion pore and its amplitude is related
to the permeability of the fusion pore for catecholamines and counterions [29]. The
amperometric spike parameters (Fig. 5c, d) are within the range previously reported [4]–[6]
indicating that the CMOS potentiostat provides a properly resolved record of individual release
events.

A. On-Chip Dopamine Measurements

To demonstrate on-chip detection of dopamine release, the exposed cavity of the chip (white
box shown in Fig. 3b) was filled with ≈ 20 μL of bath solution. Glucose was not added to the
bath solution for dopamine experiments. A micropipette containing bath solution supplemented
with 50 μM dopamine was immersed and positioned over the electrodes (Fig. 6b). Using a
picospritzer (Picospritzer III, Parker Hannifin Corp., Fairfield, NJ), small amounts of solution
were ejected from the pipette onto the 12 μm ×20 μm Pt electrode. The Ag|AgCl reference
electrode was located inside the ejection pipette. Ejection of dopamine solution produced a
clear amperometric response to the dopamine ejection followed by a decay, presumably
reflecting dilution by diffusion. The background current of ~40 pA before the pressure pulse
was applied is similar to that measured with surface patterned Pt electrodes of similar area
connected to external amplifiers (manuscript in preparation). The noise in this recording was
dominated by a superimposed sawtooth waveform of ≈ 20 Hz frequency, that we noticed in
some recordings during preparation of the manuscript after the set-up was dismantled and the
origin of which thus remains unknown. The rms noise level, after subtracting the sawtooth
waveform from the original trace shown in Fig. 6b, was 0.35 pA for an integration time of 0.4
ms. The electronic noise of the potentiostat (0.11 pA rms) [22] is thus a minor contribution to
the measurement noise. Shot noise associated with a current I is given by

(1)

where q is the value of the charge of an electron e0. However, for dopamine oxidation, the unit
is twice that charge, 2e0, because two electrons are transferred for every detected dopamine
molecule. The noise bandwidth Δf for an averaging time interval τ is Δf = 1/(2τ). In this
recording, with τ = 400 μs, the rms noise current is given by
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(2)

For a current of ~40 pA (Fig. 6), even assuming that all the background current has a valence
of 2, the rms shot noise would only be 0.18 pA, which also represents a minor contribution to
the total observed noise variance in the recording. The measured 0.35 pA noise level is,
however, typical for amperometric recordings of catecholamines with ~200 μm2 Pt electrodes
connected to a conventional low-noise amplifier (manuscript in preparation). The noise is
therefore dominated by the thermal noise of the electrode-electrolyte interface [30].

B. On-Chip Cellular Release Measurements

To demonstrate on-chip recording of single-release events, a pipette, approximately 100–200
μm in diameter, was filled with physiological saline containing suspended adrenal chromaffin
cells and was positioned close to the electrodes, similar to the dopamine experiments described
earlier. Gentle pressure was applied allowing the cells to move out of the pipette tip and settle
randomly on the surface (Fig. 7b). To stimulate the cells, a small volume of a solution
containing the calcium ionophore ionomycin at 20 μM concentration was added from a 10 μL
pipette and amperometric currents were recorded. Most experiments showed no amperometric
spikes, presumably due to cells not settling onto the recording electrode. However,
amperometric spikes were recorded in a few successful experiments, as shown in Fig. 7c. The
trace shows amperometric spikes as expected for a series of release events. Two events of
different amplitudes are shown on expanded scale with peak currents of 23.6 pA and 4.8 pA,
respectively. Event detection and analysis was performed automatically and the detection
threshold for the events was set to 0.68 pA, four standard deviations of the average baseline
current noise. For the two expanded events the fits for spike parameter determination are also
shown in Fig. 7c. Statistical analysis of the 40 detected events revealed a median full width at
half maximum of 12.8 ms and median peak current amplitude of 13.4 pA. These values are
consistent with typical parameters of amperometric measurements of individual catecholamine
release events from bovine chromaffin cells [4]–[6]. During the experiment, direct observation
of cells through the microscope was difficult due to the curvature of the solution meniscus and
the ionomycin application. However, these results suggest that a cell was presumably attached
on or positioned very close to the electrode and that these events reflect single exocytotic
events. However, in contrast to conventional carbon-fiber recordings, we observed few events
which exhibited an extended pre-spike foot signals, which would normally be expected to occur
among these events. An alternative possibility would be that the recorded events reflect release
from vesicles that were liberated intact from damaged cells and which burst upon contact with
the electrode. At this stage, we have demonstrated by proof of principle the feasibility of on-
chip recording of single vesicle release events with high resolution.

V. Conclusions

In this paper, we described the post-CMOS processing of CMOS chips to incorporate the
transducer. We conclude that the layout floor plan must include considerations of the post-
CMOS processing procedure. Photolithography is more desirable both for faster fabrication
and for less damage to the electronics when large electrode arrays are processed. The results
achieved with this process were variable because photoresist thickness was uneven across the
die. However, complete coverage of the electrode with Ti/Au layer was obtained in some cases,
as shown in Fig. 2b. Some of the patterning problems could be avoided by making the openings
in the passivation layer larger than the Al pad area. Provisions including extra die area for
handling and packaging the die, as well as placement of electrodes in the center of the die must
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be made to ensure high post-CMOS processing yield. We demonstrated the feasibility of on-
chip recording of catecholamine release with high resolution. With this proof of concept, we
envision building large-scale arrays. Furthermore, on large scale arrays, it is possible to treat
the electrode areas with poly(D)-lysine to promote cell adhesion. This treatment would allow
the cells to stick to the electrode during experimentation and provide high experimental yield.
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Fig. 1.

Post processed CMOS chips. (a) Top-view of Pt deposited on an Al pad using the focused
electron beam. Openings in the over glass/passivation oxide layers are made at the CMOS
foundry. Post CMOS processing includes the removal of the native oxide layer and deposition
of the Pt layer. Only a portion of the Al pad is covered with platinum to show more clearly the
contours of the deposited layer. (b, top) Al pad completely covered with a layer of 200 nm Pt
as used for electrochemical on-chip detection. To inspect the chip for damage from the post-
processing procedure, the central part (red box) was first covered with an additional layer of
~1 μm Pt for protection. Subsequently the areas indicated by the yellow boxes were milled
away using the ion beam. (b, bottom) The resulting shape of the surface shows a central part
that is exposed at its side to a depth of 10 μm and can be inspected when viewed from the side
as indicated. (c) Cross-sectional view of the CMOS die after FIB processing as indicated in
(b). No evidence for impurities is observed. The orange outline indicates the extra layer of
platinum that was deposited to protect the sample during the processes of milling the sample.
M1–M3 indicate the interconnect metal layers, oxide the SiO2 layers, and Pt is the platinized
electrode surface. Poly indicates polysilicon used as conducting gate material and substrate the
silicon wafer. Panel (c) was stretched vertically to show the layer structure. (d) Schematic of
the CMOS die prior to post-CMOS fabrication. Openings in the overglass layer are made at
the CMOS foundry.
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Fig. 2.

(a) Schematic of the process flow for deposition of polarizable material on Al electrodes using
photolithography. There are six steps associated with the post-CMOS fabrication using
photolithography. In the first step, the CMOS die is placed on a 4″ carrier wafer coated with
photoresist and baked. The following steps illustrated in the figure do not show the carrier
wafer. (b) Microscopic image of a single Al electrode coated with 10 nm Ti layer for adhesion
and 200 nm Au layer.
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Fig. 3.

(a) A photograph of a CMOS chip in the package and a microscopic image of the bonding pads
and wire bonds. (b) Photograph of the CMOS chip covered with epoxy excluding the boxed
area. Microscopic image showing the epoxy covered and exposed areas
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Fig. 4.

Schematic of the experimental setup: The printed circuit board is mounted on an adjustable
microscope stage. A pipette holder is placed on another adjustable microscope stage to position
the pipette near the electrode. The microscope along with the adjustable holders is housed in
a properly grounded faraday cage to eliminate power line noise. The output is connected to a
16-bit A/D converter, clocked externally to sample data at the end of the integration period.
The A/D converter is connected to a computer where the data is acquired and analyzed.
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Fig. 5.

Amperometric recording of catecholamine release from a chromaffin celll using a CFE
connected to the CMOS potentiostat. (a) Microscopic image of the CFE touching the cell and
stimulation pipette containing 20 μM ionomycin positioned close to the cell. (b) Amperometric
current after ionomycin stimulation. (c, d). Two events (smoothed) of varying amplitudes and
half-widths on expanded scales with fit lines from the spike parameter analysis.
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Fig. 6.

(a) Current trace recorded by ejecting 50 μM concentration dopamine onto the chip electrode
(b) Experimental setup showing the solution filled pipette containing the ground electrode
ejecting solution on the electrode.
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Fig. 7.

(a) Microscope image of on-chip Pt electrode dimensions. (b) Bovine chromaffin cells dropped
onto the chip surface. The image was taken for demonstration purposes only and not during
actual experimentation. Cells were released onto the electrodes and a water immersion
objective focused on the cells. In the background electrodes can be seen as dark shadow. (c)
Amperometric current trace showing spikes of variable amplitude up to ≈ 55 pA. Two events
on expanded scales with fit lines from the spike parameter analysis.
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