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Abstract

Micromachined probes, with iridium (Ir) microelectrodes on silicon shanks, were evaluated to assess their suitability for cardiac electrogram
recording. The electrochemical activation (anodic oxidation) procedure for the circular Ir microelectrode was investigated using the square
wave potential according to the electrode size, number of cycles, and cathodic–anodic potential level of the square wave. Increase in the charge
storage capacity was pronounced either in smaller electrodes or with higher potential level of the square wave. The electrode impedance reduced
in a similar manner with increasing number of cycle irrespective of the electrode size. With either lower potential level (−0.70/+0.60 V) or
smaller number of cycle (200 cycles) than those for the activation of stimulating electrode, the likelihood of overactivation of the recording
microelectrode can be minimized. These anodic IrOx film (AIROF) microelectrodes were used for the recording of extracellular electrograms
in two different ex vivo cardiac tissue preparations. A single-shank microprobe was applied to the left ventricle of a mouse heart. Both
the spontaneous and paced transmural responses propagating between epicardium and endocardium were obtained. Longitudinal cardiac
wavefronts propagating along the rabbit papillary muscle were also recorded with a unique multiple-shank design. The measured mean
amplitude and the propagation velocity of the extracellular voltage were 12.2 ± 1.8 mV and 58.9 ± 2.2 cm/s, respectively (n = 27). These
microprobes with precisely defined electrode spacing make a useful tool for the spatial and temporal mapping of electrical properties in
isolated heart tissues ex vivo.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Progress in solid-state microfabrication technologies has
led the development of various types of integrated micro-
electrodes (Najafi, 1994). The most common use of these
devices has been in neurological stimulation and record-
ing applications, such as studies related to rehabilitative
prosthesis and cognitive research. When applied to car-
diac tissue, such microprobes hold promise as a means to
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map extracellular voltage fields, characterize the resistive
properties and define the sequence of electrical activation
within small tissue preparations or small hearts such as the
mouse.

Some pioneering attempts of cardiac recording with mi-
crofabricated probes in isolated hearts ex vivo have been
reported. Multiple-electrode arrays fabricated on rigid and
flexible substrates were developed for transmural cardiac
recordings (Mastrototaro et al., 1992). Uni- and bi-polar
recordings with these microprobes during normal sinus
rhythm yielded recordings of similar quality to handmade
probes. Linear and two-dimensional arrays of microelec-
trodes on a glass substrate were used to record multiple
extracellular signals with high temporal and spatial resolu-
tion (Hofer et al., 1994). Activation patterns with a spatial
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resolution within one cell length were measured at the
surface of a papillary muscle to obtain a micromap of the
spread of excitation.

We have been evaluating the suitability of micromachined
silicon probes (Kléber et al., 1995; Smith et al., 1996), pro-
vided by the Center for Neural Communication Technology,
University of Michigan (CNCT, 2003), for cardiac applica-
tions. These silicon microprobes have iridium (Ir) microelec-
trodes for the stimulation and the recording. Iridium oxide
(IrOx) layers can be grown on the surface of Ir electrodes
by an electrochemical procedure (Robblee and Rose, 1990),
thereby reducing the impedance and increasing the charge
storage capacity of the electrode. This technique, known
as the electrochemical activation procedure, has been well
studied and optimized for maximal charge storage capacities
during stimulation. However, we could not find a published
activation protocol for recording applications for “smaller”
passive recording microelectrodes. Thus, activation proce-
dures of Ir for the recording purpose were systematically
investigated with a variety of circular microelectrodes by
different activation protocols.

We utilized two different microprobe designs. Single-shank
microprobes as provided by CNCT were used in con-
junction with a remote reference electrode to record the
spatiotemporal sequence of transmural cardiac activation in
isolated mouse hearts. A new multiple-shank microprobe
was designed during this study and fabricated by CNCT for
the purpose of measuring cardiac wavefronts propagating
along the surface and intramural muscle layers of the iso-
lated ventricular papillary muscle of the rabbit heart. With
these microprobes, cardiac extracellular electrograms, for
both spontaneous and paced responses, were obtained.

2. Materials and methods

2.1. Animal preparation and experimental setup

New Zealand white rabbits of either sex weighing 2–3 kg
were heparinized (200 U/kg, IV) and euthanized with
sodium pentobarbital (120 mg/kg, IV). Mice of either sex
weighing 35–37 g were euthanized with sodium pentobar-
bital (120 mg, IP bolus). The animal preparation protocols
and methodologies employed conformed to the guidelines
advocated by the National Institutes of Health. A right
ventricular papillary muscle and septum of the rabbit were
isolated and perfused via the septal artery (Kléber and
Riegger, 1987) with an erythrocyte-free perfusate com-
posed of Tyrode’s solution (in mmol/l: Na+, 149; K+, 4.5;
Mg2+, 0.49; Ca2+, 1.8; Cl−, 133; HCO3

−, 25; HPO4
2+,

0.4; glucose, 20) plus insulin (1 U/l), heparin (400 U/l), al-
bumin (2 g/l), and dextran (MW: 70,000; 40 g/l). Likewise,
the intact mouse heart was excised and perfused retrograde
via the aorta. The time elapsed between cross clamping
the aorta and perfusion was<5 min for both preparations.
Once perfused, the rabbit septum or mouse heart was se-

cured in a lexan chamber, and the perfusate was delivered
by a peristaltic pump. The preparations were enclosed in
the chamber, surrounded by a humidified atmosphere and
maintained between 36.5 and 37.5◦C. A membrane gas ex-
changer controlled the PO2 and PCO2 of the perfusate, and
maintained the pH at 7.38. Perfusion pressure was recorded
using a transducer (TCB-500, Millar) for both aortic and
septal artery preparations; about 70 mmHg at flow rate of
1.5 ml/min both for mice and rabbits. The PCO2 and PO2
in the chamber were measured using a gas analyzer (Model
3750, Illinois Instruments) and were adjusted to match the
values of the perfusate. A schematic representation of the
experimental setup is provided inFig. 1(a).

The microprobes are inserted into the arterially perfused
papillary or isolated mouse heart as shown inFig. 1(b). The
mechanical strength of the silicon shank was satisfactory for
cardiac applications. The microprobes are rigid enough for
impaling the tissue, yet flexible enough for making record-
ings in an actively beating heart or tissue preparation. Other
types of microprobe substrates made of rigid (molybdenum
foil) or flexible (polyimide) materials (Mastrototaro et al.,

Fig. 1. Experimental setup. (a) The tissue preparation within a chamber
with externally controlled environments and arterial perfusion; (b) A
four-shank microprobe before (left) and after (right) insertion into the
rabbit papillary muscle.
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1992) can be alternatives to avoid the brittleness of the sili-
con microprobes. The silicon wafer, however, exhibits better
standard processibility than metallic foils and does not need
an additional cumbersome impaling apparatus to introduce
the flexible microprobe into the tough cardiac tissue.

2.2. Micromachined probes

The single-shank design (Model 5 mm 100) with micro-
electrodes array provided by the CNCT was appropriate to
study transmural cardiac activation in a small animal heart
or isolated perfused cardiac tissue. This microprobe includes
16 circular Ir sites (177�m2) with spacings between 50 and
100�m as shown inFig. 2(a). A silk-wick reference elec-
trode, Pt stimulating electrode, and Ag/AgCl pellet elec-
trode (as the counter electrode for the stimulating electrode)
were used in conjunction with this microprobe as shown in
Fig. 1(a).

A second microprobe inFig. 2(b) (Model four-shank-3)
was specially designed in this study and fabricated by CNCT
for recordings in the papillary muscle. Each shank has an
array of three microelectrodes at different levels. A group of
four microelectrodes in the same level on each shank rep-
resents one set of electrodes for activation measurements.
Microelectrodes in the far left (or far right) shank can serve
as reference electrodes for the other microelectrodes at the
same level. This microprobe was employed to make multi-
ple recordings of planar activation wavefronts propagating
along the isolated papillary muscle by impaling the muscle
perpendicular to its long-axis as shown inFig. 1(b).

In addition to those microprobe designs, the Model
three-shank-2 with 50�m2 sites and the model passage with
413 and 1013�m2 sites were also obtained. These larger
Ir microelectrodes have been used to study the effect of
electrochemical activation for biopotential recording sites
over a range of areas of the Ir microelectrodes.

We have been using the microprobes for short-term
recordings approximately up to 6 h. The microprobes are di-
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Fig. 2. Two microprobe designs used in papillary muscle experiments.
(a) Model 5 mm 100 with 177�m2 circular iridium sites; (b) Model
four-shank-3 with 133 and 3847�m2 circular iridium sites.

rectly mounted and packaged on a rigid printed circuit board
with a standard connector. The microprobe on the circuit
board connector is plugged into a preamplifier held tightly
by a micromanipulator. The micromanipulator is used to
impale the microprobe into the papillary muscle or isolated
mouse heart. During the experiment, the microprobe is held
in a fixed position as the cardiac tissue beats.

2.3. Electrochemical activation of iridium microelectrodes

A three-electrode electrochemical setup was used to
compensate solution resistance with the Ir microelectrode
as the working electrode, a saturated calomel electrode
(13-620-51, Fisher) as the reference electrode, and a plat-
inum foil (+99.99%, Goodfellow) as the counter electrode.
All electrodes were placed in an electrolytic solution of
0.3 M Na2HPO4 (Research grade, Alfa Chemicals). A po-
tentiostat (IM6, BioAnalytical Systems) provided all elec-
trochemical functions necessary for the electrochemical ac-
tivation study, including ac impedance measurement, cyclic
voltammetry, and controlled potential pulse operation.

Electrochemical activation waveforms were applied to the
microelectrodes by the potentiostat in a controlled poten-
tial pulse mode and the resulting current was monitored.
Square-wave cycling between a specified anodic and a ca-
thodic potential level was used as the activation waveform.
The impedance of the microelectrodes was determined using
a 20 mV peak sinusoidal signal of various frequencies. For
every microelectrode evaluation, the impedance spectrum
and cyclic voltammogram were obtained before the elec-
trochemical activation procedure was begun and after each
consecutive activation step (50, 100, 200, 400, and 800 cy-
cles). At each activation step, the cyclic voltammetries were
performed only for one cycle with a scan rate of 100 mV/s
at each activation step to minimize the contribution of cyclic
voltammetry itself to the activation process.

2.4. Instrumentation

In the rabbit papillary muscle studies using microma-
chined silicon probes, we found that noise in our signals
from the biopotential electrode sites was masking the char-
acteristics of the extracellular electrograms. The noise com-
ponents originated from two sources: stimulation artifacts
and capacitive coupling in the lead wires. A preampli-
fier was constructed to minimize the effects of this noise
(Andrews et al., 1994). This circuit used an operational
amplifier (Burr-Brown OPA 404) in a voltage follower
configuration, which was chosen specifically for its high
input impedance (1014� in parallel with 3 pF) relative to
the output impedance of the microelectrode sites. Its high
input and low output impedance minimizes the noise effects
due to capacitive coupling. Input voltage clamping using a
diode (National Semiconductor JFET 2N4117A) between
the non-inverting input of the amplifier and a fixed refer-
ence potential (−3 V) prevented saturation of the amplifier
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during the delivery of the stimulation pulse. In this way, the
noise effects due to the stimulation artifact were minimized.
Signals from the microprobe and reference electrodes were
differentially amplified (an additional reference electrode
has been used in case of the single-shank microprobe ex-
periment). Current stimulation was controlled by the data
acquisition/control system as shown inFig. 1(a).

Data were collected on a Dell Pentium III PC run-
ning Windows ME using a National Instruments AT-
MIO16E1 analog-to-digital converter. Custom software
(flexiDAQTM v1.7 written using National Instruments
LabWindows/CVITM v5.5 in concert with NI-DAQTM v6.8)
was used to direct the digitization of 16 data channels
(10 K samples/s with 2 s duration). Sub-threshold (5�A
with 20 ms duration) and threshold (150–500�A with 2 ms
duration) stimulation pulses, separated by 20 ms, were de-
livered at a rate of 2–4 Hz using a WPI Linear Stimulus
Isolator A395 driven byflexiDAQTM D-to-A commands.

3. Results and discussion

3.1. Characterization of iridium microelectrodes

The basic electrochemical activation scheme recom-
mended by the University of Michigan was adopted as the
starting condition for this study (CNCT): 1 Hz square wave,
cycling the potential between−0.85 and+0.75 V versus
saturated calomel electrode (SCE), for approximately 600
cycles in 0.3 M Na2HPO4 solution. This procedure was
developed for activating stimulating electrodes with rela-
tively large areas for large charge storage capacity. This
activation process can also be applicable to decrease the
microelectrode impedance for recording applications.

Several variations of the square wave (frequency,
anodic–cathodic potential level, and number of activation
cycles) were considered to determine an optimal activation
procedure for small recording microelectrodes. Two pre-
vious reports described the dependence of activation rate
on the frequency. In a triangular activation mode (Buckley
et al., 1976), the charge capacity after activation with the
waveforms in the range of 0.1–10 Hz did not exhibit a sub-
stantial change. However, an increase in the oxide growth
rate (in terms of anodic current peak in the voltammo-
gram) was reported with respect to square-wave frequencies
between 0.1 and 2 Hz (Vukovic, 1987). Therefore, all ex-
periments were done at an intermediate frequency of 1 Hz
in our study.

The effect of cathodic and anodic potential levels on Ir
disc electrodes have been investigated as well (Bock and
Birss, 1999; Buckley et al., 1976; Burke and Scannell, 1984;
Gottesfeld and McIntyre, 1979; Zerbino et al., 1978). Low
potential levels in both polarities do not contribute to the
oxide growth. Increasing the cathodic (making it more neg-
ative) and the anodic (making it more positive) potentials
accelerates the rate of oxide growth. Energetic gas evolu-

tion, however, at potential levels beyond the water electrol-
ysis window leads to a rapid increase of current, which may
cause delamination of the IrOx layer. The activation potential
for the microprobes provided by the University of Michigan
was determined to be optimum (−0.85/+0.75 V) just inside
the water electrolysis window for the stimulating applica-
tion (CNCT). In our voltammetric study, abrupt increases of
currents at both extremes of the applied potential levels were
observed occasionally. This phenomenon was avoided by
decreasing the potential to lower values (−0.70/+0.60 V).
Fig. 3(a)shows a lower degree of oxide activation (area un-
der the traces) at reduced potential levels. With this proce-
dure, occasional cracking on the microelectrode surface was
not found.

Charge storage capacities of different microelectrode ar-
eas activated with this procedure are plotted inFig. 3(b).
The densities of positive and negative charge storage ca-
pacity (the integral area under positive and negative current
traces of the cyclic voltammogram, respectively) of smaller

Fig. 3. Effect of potential levels and electrode area on the electrochemical
activation of iridium oxide. (a) Cyclic voltammogram of iridium oxide
with different cathodic–anodic potential levels (177�m2 electrodes; after
800 activation cycles); (b) effect of electrode area on charge storage
capacity (after 800 activation cycles; potential level−0.70/+0.60 V).
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electrodes are higher than those of larger electrode. In cir-
cular microelectrode, the flux of electrochemical species re-
acting at the surface is not uniform and a hemispherical
diffusion layer can be envisioned over the entire electrode
surface (Wightman and Wipf, 1989). This convergent dif-
fusion behavior is due to the edge effect in which a signif-
icant portion of the electrochemical reaction takes place at
its circumference. This fact is supported by the behavior of
ring electrodes that is a similar configuration with a circu-
lar electrode from which a central portion of less use was
eliminated (Wightman and Wipf, 1989). Therefore, it is con-
sidered that a lower form factor (i.e. the circumference to
enclosed area ratio) of larger microelectrode caused a lower
density of charge storage capacity.

Fig. 4(a) and (b)show impedance and phase spectra of a
177�m2 electrode activated with cathodic–anodic potential
levels of−0.70/+0.60 V. In both cases, the effect of the first
50 cycles is most pronounced. The impedance decreases as
the number of activation cycles increases. The impedance
continues to decrease as the activation proceeds beyond 50
cycles, but at a much slower rate, eventually reaching a min-

Fig. 4. Reduction of electrode impedance and increase of charge storage
capacity with consecutive activation cycles. (a) Impedance and (b) phase
spectra with consecutive activation cycles (177�m2 electrode; potential
level −0.70/+0.60 V).

imum value in an exponential manner. This type of eval-
uation was performed on various circular microelectrodes,
with electrode areas between 50 and 1013�m2. The first 50
cycles of activation appear to have the largest effect on mi-
croelectrode impedance, irrespective of the electrode area.

Fig. 5(a) illustrates the relationship between the activa-
tion potentials and microelectrode impedance at 1 kHz and
the charge storage capacity of 177�m2 electrodes. There
are initial steep decreases in impedance during the first 50
cycles of activation in both cases. An increase in charge stor-
age capacities can be observed with respect to the number
of activation cycles as shown inFig. 5(b). Changes in elec-
trode impedance and charge capacity are much more pro-
nounced for higher potential levels, which is also apparent
from Fig. 3(a).

3.2. Extracellular cardiac electrograms

The shape and amplitude of recorded extracellular po-
tential are affected by the electrical coupling between tis-
sue and electrode. During the ex vivo use of microprobe,
the interface of tissue and IrOx can be varied probably

Fig. 5. Effect of potential level on: (a) electrode impedance at 1 kHz; and
(b) corresponding charge storage capacity (177�m2 electrodes).
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Fig. 6. Recording of transmural cardiac activation with the 16-channel single-shank microprobe in the left ventricle of a mouse heart. (a) Location of
the electrodes in the preparation; (b) spontaneous transmural cardiac activation (M1→ M9 → S2→ S1); (c) stimulation artifacts and paced transmural
cardiac activation (S2→ M9 → M1 → S1); (d) an expanded view of one activation signal in (c).
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due to absorption of proteins or other biomolecules. The
exposure of the electrode surface to undefined body fluid
makes the change of impedance unpredictable. According
to an impedance model developed for the IrOx stimula-
tion electrode (Weiland and Anderson, 2000), the roughness
and porosity of IrOx surface further contribute to complex
and non-uniform frequency-dependent impedance. There-
fore, quantitative interpretations of recorded cardiac signals
with respect to a universally valid microelectrode impedance
model have yet to be firmly established (Connolly et al.,
1990). Under any circumstances, however, a recording elec-
trode should be prepared to have the minimum impedance
at a given geometry for high quality recordings.

The electrochemical activation of Ir microelectrode si-
multaneously decreases the electrode impedance and in-
creases the charge storage capacity of the electrode. For
the recording microelectrode low impedance is of primary
concern, rather than the high charge storage capacity which
is the critical factor in stimulating electrode. Therefore,
in this study, the microelectrode impedance was con-
trolled by one of two different activation procedures (see
Fig. 5(a); cycles with potential level of−0.85/+0.70 V,
or 400 cycles with−0.70/+0.60 V versus SCE in a 0.3 M
Na2HPO4 solution), which allows us to achieve maximum
reduction in the impedance with minimum electrochemical
activation.

The usability and functionality of the single-shank micro-
probe in cardiac application was first tested by recording of
the spontaneous transmural cardiac electrograms.Fig. 6(a)
shows the location of the electrodes in the mouse heart. A
silk-wick reference electrode (RE) was placed on the aortic
root. Two other silk-wick electrodes were placed to record
the spontaneous electrograms at the basal and apical left ven-
tricle for comparison with those recorded from the micro-
probe.Fig. 6(b)shows spontaneous transmural cardiac elec-
trograms in the left ventricle obtained with a single-shank
microprobe. Multiple electrograms from the microelectrodes
at the middle of the left ventricle and two silk-wick elec-
trodes exhibit a normal sequence of activation from the
atrium to the ventricle. In the ventricle activation of the
mouse ventricle proceeds from the endocardium (M1) to epi-
cardium (M9) as it does in the human heart (Durrer et al.,
1970).

An electrode pair of a platinum stimulation wire and a
Ag/AgCl pellet were introduced to produce paced electro-
grams as shown inFig. 6(a). During unipolar left ventricular
pacing near the left ventricular apex, local unipolar electro-
grams are recorded as shown inFig. 6(c). After each stimu-
lation artifact caused by the pacing signal (500�A with 2 ms
duration), cardiac activation signals are recorded in each
channel.Fig. 6(d), an expanded time scale of one activation
signal inFig. 6(c), shows a sequence of left ventricular and
transmural activation. Propagation proceeds from the apex
(S2) to the basal left ventricle (S1), and from the epicardium
(M9) to the endocardium (M1), which takes about 24 and
2 ms, respectively.

The four-shank microprobe was used to record longitu-
dinal wavefronts of a rabbit papillary muscle in response
to sub-threshold current injection. In the isolated perfused
papillary muscle, sub-threshold current (10�A with 20 ms
duration) and supra-threshold current (200�A with 2 ms du-
ration) were injected at the tendonous end of the muscle.
The stimulation waveforms and the resulting responses are
shown inFig. 7(a). The amplitude of voltage response to
sub-threshold stimulation is proportional to the distance be-
tween the recording electrodes and the reference electrode.
An expanded view inFig. 7(b) shows longitudinal propa-
gation of the activation signal along the papillary muscle.
As presented inFig. 7(c), the three microelectrodes in the
proximal shank to the septum served as reference electrodes
(RE), each for the microelectrodes of the same depth in
other shanks. The mean amplitude of the measured extra-
cellular voltages by nine microelectrodes during the three
consecutive supra-threshold stimulations was 12.2±1.8 mV
(n = 27). The propagation velocity estimated from the time

Fig. 7. Recording of longitudinal cardiac wavefronts and sub-threshold
signals with the four-shank microprobe in the rabbit papillary muscle. (a)
Sub-threshold responses and paced electrograms; (b) an expanded view of
paced electrograms in (a); (c) location of the electrodes in the preparation.
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interval between the onset of supra-threshold stimulation and
the maximum negative slope of extracellular voltage activa-
tion was 58.9± 2.2 cm/s (n = 27), which is consistent with
the reported value of 57 cm/s (Kléber and Riegger, 1987). It
is expected that the shape of cardiac wavefront in the pap-
illary muscle according to the depth can be identified with
much refined microprobe design.

One limitation of the microprobe is that some relative mo-
tion between the microelectrode and the surrounding cardiac
tissue can be present depending on the position of the micro-
probe and the vigor of tissue contraction. A future improve-
ment in the experimental method will incorporate a flexible
cable between the microprobe and the circuit board connec-
tor to minimize the effect of cardiac tissue movement. We
further envision the utility of the four-shank microprobe we
designed in this study for application to the microscale tis-
sue impedance measurements. The larger electrodes in the
pair of outer shank may be used as the current injecting elec-
trodes and their counter electrodes in the 4-point impedance
measurements. The electrodes in the pair of inner shank can
then be used for the recording electrodes and reference elec-
trodes.

4. Conclusion

The proposed electrochemical activation procedure, with
either lower potential level or smaller number of cycle than
those for the activation of stimulating electrode, the likeli-
hood of overactivation of the recording microelectrode can
be minimized. The microprobes utilized in this study pro-
vided advantages to perform two important cardiac phys-
iological experiments. First, the 16-channel single-shank
microprobe was able to record the sequence of transmu-
ral electrical activation in the mouse heart. Second, the
four-shank microprobe is capable of measuring longitudi-
nal electrical activation and extracellular voltage distribu-
tions in the isolated arterially perfused papillary muscle
in a well-defined spatial distribution. These microprobes
with precisely defined electrode spacing are an useful tool
for advanced spatial and temporal recordings of extracel-
lular voltage profiles in isolated cardiac tissues ex vivo.
A quantitative analysis of the correlation of the obtained
electrogram and the microelectrode impedance requires
more information for the modeling of the tissue–IrOx in-
terface and complex real tissue environment surrounding a
microelectrode.
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