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Elastically stretchable microelectrode arrays �SMEAs� were fabricated, and their functionality was tested by recording field
potentials from neural tissue. The SMEA includes 11 microelectrodes, each with a recording area of 100 � 200 �m and a
reference electrode. The microelectrodes were fabricated by depositing and patterning thin-film gold conductors on the elastomeric
substrate poly�dimethylsiloxane�. A photopatternable silicone was used to encapsulate the microelectrodes and pattern vias for
electrical contact. The recording sites of the microelectrodes were electroplated with platinum black to reduce the impedance of
the electrode/electrolyte interface. Spontaneous and stimulus-evoked activity was recorded from hippocampal slices placed on an
array that was biaxially stretched up to 13.3%. No appreciable difference in microelectrode properties was detected before and
after stretching, demonstrating that the microelectrodes can be stretched reversibly.
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We describe the fabrication and properties of soft microelectrode
arrays for neural interfaces. Stiff microelectrodes have been used for
decades as interfaces with neurons for the recording and stimulation
of intra- and extracellular electrophysiological activity.1,2 Multiple
individual microelectrodes can be combined to form microelectrode
arrays �MEAs�, which are used for extracellular recording from neu-
ral populations in vivo3 and in vitro.4 The number of microelec-
trodes on a MEA can range from �10 to �100.5 Thus, MEAs allow
for the simultaneous recording of signals from multiple neurons at
multiple locations, thereby improving our understanding of signal
propagation in a neural network. Initially, MEAs were applied to
neuroscience research. Recently, clinical applications have been in-
troduced, including deep brain stimulators to alleviate the symptoms
of Parkinson’s disease6,7 and cochlear implants to overcome
deafness.8,9 Other applications, such as retinal implants,10 brain-
computer interfaces,11 and control of prosthetic limbs,12,13 are under
development but are currently limited to small-scale clinical trials.
Many of the potential applications for neural interfaces suffer from
hard, rigid electrodes �elastic modulus �100 GPa� interacting with
soft tissue �elastic modulus ranging from �1 kPa for brain tissue14

to 100s of kilo-pascal for peripheral nerves15�, inducing gliosis as a
result of motion at the electrode-tissue interface.16-18 These ad-
vanced applications need improved MEAs. Here we report an im-
portant step in this direction by fabricating MEAs on soft �elastic
modulus 1 MPa�, elastically stretchable, silicone membranes for the
recording and stimulation of hippocampal brain slices in vitro under
biaxial strain of up to 13.3%.

MEAs made of tungsten, gold, platinum-iridium, or stainless
steel wires3,19 have been in use for decades. These metal wire elec-
trodes are still widely used today because they are mechanically
robust �e.g., elastic modulus 158 GPa for Pt20�, easy to use, and
achieve high-quality electrical recordings. Advances in microfabri-
cation following the invention of the integrated circuit enabled the
development in the 1970s of silicon-based MEAs. Two varieties of
silicon-based MEAs are the Michigan probe21,22 and the Utah
array,23 which are both popular for in vivo recording of extracellular
neural activity. Silicon-based MEAs are superior to metal wire ar-
rays in several ways: �i� the number and spatial layout of the record-
ing sites on a silicon-based MEA can be customized easily to fit
application requirements, �ii� silicon microfabrication technology
enables the fabrication of probes with very small and well-defined
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recording sites, and �iii� the surface of silicon MEAs can be func-
tionalized with bioactive molecules.24 However, they are mechani-
cally fragile and have an elastic modulus �160 GPa25� similar to
metal wire MEAs. In recent years, MEAs have been fabricated on
flexible polymeric substrates, such as polyimide foil.26,27 These can
adapt to different shapes, which is important for applications such as
retinal implants,28 epidural recordings,29 or interfaces with periph-
eral nerves.30 Polyimide-based MEAs have an elastic modulus
�2.8 GPa26� that is lower than that of metals or silicon but still sev-
eral orders of magnitude higher than any relevant tissue. These
MEAs therefore suffer from similar issues at the interface with liv-
ing tissue as the silicon-based or metal wire MEAs.

Elastomeric silicones, such as poly �dimethylsiloxane� �PDMS�,
have elastic moduli between 100 kPa and 10 MPa, depending on the
fabrication conditions.31 Several methods have been adopted to fab-
ricate elastically stretchable microelectrodes on silicone substrates.
In one method, the conducting, meander-shaped gold lines are first
electroplated on a silver32 or copper33 substrate. The gold lines are
then bonded to an overmold of PDMS, and the sacrificial copper or
silver substrate is etched away. A second layer of PDMS is used to
encapsulate the metal lines. The gold tracks remain electrically con-
ducting at uniaxial strain levels exceeding 50%. In another method,
a metal film was deposited on a silicone substrate and patterned by
photolithography.34 A second layer of silicone is used to encapsulate
the electrodes and is selectively plasma etched to open electrical
contacts to the electrodes. In uniaxial strain tests, straight microelec-
trodes failed to conduct at 3% strain and serpentine-shaped elec-
trodes at 8% strain. These MEAs were used to stimulate evoked
compound action potentials in the isolated spinal cord of a rat in
vitro. Lacour et al. discovered that flat and straight gold conductors
patterned on PDMS can be stretched by over 30% and remain elec-
trically conducting.35 The width of the metal lines in these studies
was defined by shadow masking and was several hundred microme-
ters. To interface effectively with a small group or a single neuron,
metal electrodes of sub-100 �m dimensions are required.

We have developed a stretchable microelectrode array �SMEA�
to interface with mechanically active tissue. These SMEAs are fab-
ricated by patterning gold conductors on PDMS and encapsulating
them with a photopatternable silicone. In most biomedical applica-
tions, SMEAs would undergo slow stretches to �10%. As a de-
manding proof-of-concept application, we have developed SMEAs
as a research tool to study traumatic brain injury �TBI� in vitro. This
application requires the rapid biaxial straining of the membrane in
excess of 10%. In this TBI model, an organotypic hippocampal slice
culture is grown on an SMEA such that the tissue adheres well to the
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membrane. Pushing a hollow cylindrical indenter into the membrane
induces a biaxial strain in the membrane and the hippocampal tissue
slice. The tissue is stretched in the x and y directions, whereas it is
compressed in the z direction, thus mimicking the biomechanics of a
traumatic injury.36 The applied strain and strain rate can be precisely
controlled. This in vitro model accurately mimics the events during
a TBI. Combining stretchability and microelectrodes into a single
device enables the direct comparison of electrical activity from the
same location on the tissue before and after mechanical stimulation.
For this application, the SMEA needs to meet the following require-
ments:

1. biaxial stretchability to strains exceeding 10% to induce
TBI.37

2. electrode impedance of �100 k� at 1 kHz for low noise re-
cordings.

3. small electrode dimensions for high spatial resolution.

Our goal is to develop a silicone elastomer-based SMEA with the
electrode size and impedance needed for research on TBI. We fol-
lowed three aims: �i� fabricating �100 �m wide gold electrodes on
PDMS that can be stretched repeatedly and reproducibly by �30%
while remaining electrically conducting; �ii� electroplating platinum
on the recording sites of the SMEA to reduce the impedance of the
electrode/electrolyte interface, which reduces the noise during re-
cording �particularly important for the recording of spontaneous,
extracellular activity, whose signal amplitudes are typically
�100 �V� and the stimulus artifacts during stimulation; and �iii�
recording extracellular spontaneous and evoked electrophysiological
activity of neurons while the electrodes are under biaxial strain. It is
important for this and other applications that the electrical properties
of the electrodes and the electrode/tissue interface remain un-
changed after relaxation from stretching.

In this article, we describe the fabrication of straight 40 �m wide
metal conductors on a PDMS substrate that can be stretched uniaxi-
ally by �30% while remaining electrically conducting. We also
describe the fabrication and application of a pilot SMEA with 11
electrodes. We measure the impedance of the microelectrodes and
reduce it significantly by electroplating platinum black. Finally, we
apply the microelectrodes while under biaxial strain of up to 13.3%
to the recording of spontaneous and stimulated activity from hippoc-
ampal tissue slices.

Experimental

Fabrication of microelectrode arrays.— Figure 1 schematically
shows the process sequence for fabricating SMEAs. A glass slide
�75 � 75 mm�, which was used as a rigid backing during fabrica-
tion, was coated with a monolayer of 1H, 1H, 2H, 2H perfluoro-
octyl-trichlorosilane �Sigma Aldrich� to facilitate the removal of the
silicone membrane at the end of fabrication. The silicone was mixed
from the prepolymer and the cross-linker in a 10:1 ratio by weight
�PDMS, Sylgard 184 from Dow Corning�, degassed in vacuum,
spun on the glass slide at 250 rpm for 50 s, and cured at 60°C for at
least 24 h �Fig. 1a�, producing a 280 �m thick layer of an elasto-
meric silicone membrane.

A metal stack of 3 nm chromium, 25–100 nm of gold, and 3 nm
of chromium was deposited on the PDMS substrate by electron
beam evaporation �DV-502A, Denton; Fig. 1b�. The electrode pat-
tern was created by conventional photolithography and etching. The
photoresist was spun at 4000 rpm for 40 s �AZ5214, Clariant�. Ex-
posure �MJB3, Karl Suss� through a photomask and development
�AZ312MIF, Clariant� transferred the electrode pattern into the pho-
toresist �Fig. 1c�. The exposed top chromium layer was etched with
CR7 etch solution �CeIV�NH4�2�NO3�6, KClO4 in H2O, Cyantek�,
gold was then etched with GE6 solution �KI, I2 in H2O, Transene�,
and the bottom chromium layer again was etched with CR7 etch
�Fig. 1d�. The resist was then stripped by UV exposure and soaked
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in AZ312MIF developer �Fig. 1e�. If photoresist residues persisted
after strip, then the sample was exposed to an O2 reactive ion etch
for 60 s.

The electrodes were encapsulated with a layer of photopattern-
able silicone �WL5150, Dow Corning� in which contact holes to the
electrodes were opened. To improve adhesion, the PDMS surface
was first oxidized in an oxygen plasma for 20 s. The photopattern-
able silicone was spun at 3000 rpm and soft baked �2 min at 110°C�
�Fig. 1f�. UV exposure through a photomask was followed by a hard
bake step �2 min, 150°C�. The negative-tone silicone was developed
with a mesitylene soak followed by a dynamic rinse with isopropyl
alcohol �Fig. 1g�, leaving a 10–15 �m thick encapsulation layer.
After a cure at 60°C for 24 h, the completed SMEA was removed
from the glass slide.

Figure 1. �Color online� Process sequence for fabricating the SMEA: �a�
spin on and cure of the PDMS substrate on a self-assembled monolayer
�SAM�-coated glass slide, �b� deposit a Cr/Au/Cr stack by electron beam
evaporation, �c� spin on and pattern photoresist, �d� pattern electrodes by
etching gold and chromium, �e� strip photoresist, �f� spin on photopatternable
silicone, and �g� expose and develop photopatternable silicone �active elec-
trodes exposed in center, contact to electronics near edges�.

Figure 2. �Color online� Top view of the prototype SMEA array with 11
recording electrodes and 1 reference electrode.
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Figure 2 shows a top view of a completed SMEA. The array had
11 recording electrodes and 1 reference electrode, which we labeled
E1–E11 and ref in the photograph. Each microelectrode consisted of
three distinct parts: �i� a peripheral pad �1.8 � 5.6 mm� that was not
encapsulated for contact to the printed circuit board �PCB�, �ii� a
tapered encapsulated interconnect, and �iii� the recording area in the
center of the array that was not encapsulated and through which the
contact to the tissue was made.

For the electroplating, the SMEA was sandwiched between two
PCBs that had circular openings in their centers �Fig. 3a�. This stack
was held together by nylon screws �Digi-Key�. Metal pads on the
top of the upper PCB electrically connected to metal pads on the
bottom side of the upper PCB, which made contact with the pads on
the SMEAs through silver paste. A nalgene cylinder �Thermo Fisher
Scientific�, with a diameter slightly larger than that of the openings
in the PCBs, was attached with epoxy adhesive �Tra-Bond BA-
FDA2, Tra-Con� to the upper PCB. The cylinder, whose bottom was
closed by the exposed portion of the SMEA, contained the plating
solution �prepared by dissolving 5.27 g H2�PtCl6�·aq, Sigma-
Aldrich, and 71.4 mg lead acetate, Sigma-Aldrich, in 350 mL deion-
ized water�. A Pt sheet counter electrode welded to a Pt wire was
suspended in the plating solution. A constant current source �261
Picoampere Source, Keithley Instruments� was used for the plating
with the Pt sheet as the anode, and the microelectrode as the
�grounded� cathode. The plating charge was set by the period of time
that the constant current was applied, which ranged from 7 s for a
plating charge of 1.2 mC at a current density of 800 mA/
cm2 to 300 s for a plating charge of 0.6 mC at a current density of
10 mA/cm2. The plating solution was agitated with ultrasound dur-
ing electroplating to shake off loosely adhering platinum from the
underlying gold.38 Only firmly adhering platinum remained on the
electrode. After plating, the SMEA was soaked in deionized water
for at least 24 h to wash out adsorbed lead.

Evaluation of the functionality of SMEAs.— After plating the
electrodes, we tested the functionality of the SMEA to record and
stimulate neural activity. The PCBs described above had similar size
�49 � 49 mm� as commercially available MEAs on glass to fit into

Figure 3. �Color online� �a� SMEA mounted between PCBs; �b� PCB fitted
into the Multichannel System preamplifier. See text for detailed explanation.
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the recording slot of an amplifier from Multichannel Systems �Fig.
3b�. Gold-plated pins on the amplifier made electrical contact with
the metal pads on the top side of the upper PCB. The cylinder
contained the culture medium or artificial cerebrospinal fluid
�aCSF�. This assembly was used to carry out a series of experiments
to determine key features of the SMEAs. The noise of the electrodes
during recording was examined for different plating conditions.
Spontaneous and evoked activity of hippocampal slices were re-
corded and the biological origin of these signals was confirmed.

The noise level of the microelectrodes on the array was calcu-
lated as root-mean-square �rms� from a 10 s recording interval in
aCSF, using a Ag/AgCl reference electrode lowered into the aCSF
medium. No tissue was present during this recording.

Hippocampal slices were prepared for recording of electrophysi-
ological activity as described previously.36 Figure 4 shows a hippoc-
ampal slice that was placed on the recording area of the SMEA. The
five horizontal lines across Fig. 4 were part of a Nylon mesh that
was placed on top of the slice to hold it down for intimate contact
with the electrodes. Biaxial strain in the SMEA was generated by
pushing it over a hollow cylindrical indenter with a diameter slightly
smaller than that of the openings in the PCBs. The strain was cal-
culated as Lagrangian strain from the displacement of the SMEA
over the indenter.36 Photographs taken before and during stretching
were used to calculate strain. In these experiments, only the SMEA
was stretched but not the hippocampal tissue.

Spontaneous and evoked electrophysiological activity were re-
corded from the hippocampal tissue slice while the SMEA was
stretched and relaxed in the following sequence: 0, 3.4, 7.8, 13.3,
and 0%. First, the SMEA was stretched to the desired biaxial strain
level. Then, the spontaneous activity was recorded, followed by the
evoked activity. After recording the evoked activity, the SMEA was
stretched to the next strain level.

To evoke activity in the hippocampal slices, a biphasic rectangu-
lar current pulse was applied through two of the recording elec-
trodes. At the first electrode, a positive pulse was injected for a
duration of 100 �s followed by a negative pulse of 100 �s duration.
The pulse sequence at the second electrode was 180° out of phase
with the first electrode such that no net charge was injected into the
electrolyte by the end of the pulse sequence. The amplitude of the
current pulse was increased from 0 to 200 �A in steps of 10 �A.
The interstimulus interval was 10 s. For each current amplitude,
three consecutive measurements of evoked activity were carried out.

The following “on-off-on” test proved the neural activity origin
of the recorded signals. Electrophysiological activity of the tissue �i�

Figure 4. Hippocampal slice placed on the SMEA; the parallel, near hori-
zontal lines, are part of a mesh that holds down the tissue.
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was recorded, �ii� disappeared after drugs that suppress the tissue
activity were added, and �iii� reappeared after the drugs were
washed out. All spontaneous and evoked activity was blocked by
adding a cocktail of 1 �M Tetrodotoxin �TTX�, 50 �M bicuculline
�competitive antagonist of GABAA receptors; Sigma�, 100 �M D-2-
amino-5-phosphonovaleric acid �N-methyl-D-aspartate �NMDA� re-
ceptor antagonist; Sigma�, and 100 �M 6-cyano-7-nitroquinoxaline-
2,3-dione disodium salt �non-NMDA glutamate receptor antagonist;
TOCRIS�. About 10 min after the drugs were added to the aCSF,
spontaneous and evoked activity was recorded in the same manner
as described above. The drug cocktail was then washed out by drain-
ing and refilling the cylindrical reservoir several times with aCSF,
and spontaneous and evoked activity were recorded using the pro-
tocol described above. Disappearance of electrophysiological activ-
ity after adding the drug cocktail and its reappearance after washing
out the drugs confirmed the biological origin of the signals.

Evaluation of electrical properties.— Electrical resistance of the
metal lines under one-dimensional strain.— To evaluate the electri-
cal resistance under uniaxial strain, unencapsulated metal lines of
constant width were fabricated using the same process as for the
fabrication of SMEAs. A Keithley Instruments, 2410 1100V source
meter was used to measure the resistance of these straight metal
lines during cycles of mechanical stretching and relaxation with a
custom-built stretcher.39 The strain was increased or decreased in
steps. The magnitude of the strain step and the time interval between
steps could be varied to set a strain rate. A maximum strain was
specified.
Capacitance of metal/silicone encapsulation/metal structures.— This
measurement and the following measurement of dielectric strength
characterized the electrical property of the encapsulation layer after
its immersion in phosphate buffer solution �PBS�. To evaluate the
effect of the surface roughness of the PDMS on the capacitance, we
deposited the capacitor stack on a PDMS-coated glass slide �Fig.
5a�, or directly on a glass slide �Fig. 5b�. A bottom electrode con-
sisting of 26 Å of chromium, 750 Å of gold, and 27 Å of chromium
was deposited with an electron beam evaporator. Photopatternable
silicone was then applied using the same process conditions as used
for the fabrication of the microelectrodes; no openings were pat-
terned, however. The relative dielectric constant � of the photopat-
ternable silicone is 3.2 �WL5150, Dow Corning� and its measured
thickness �P-15 surface profiler, KLA Tencor� was 11–12 �m. The
top electrodes of the capacitors �26 Å Cr + 750 Å Au� were then

(a)

(b)

Figure 5. �Color online� Capacitor stack of metal/photopatternable silicone/
metal �a� on PDMS/glass and �b� on glass.
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deposited by electron-beam evaporation through a shadow mask
with square openings of sizes 1, 4, 9, and 16 mm2. The capacitance
was measured �4275A multi frequency LCR meter, Hewlett Pack-
ard� through gold wire contacts mounted on micromanipulators. The
contact to the square top electrodes was made directly. The contact
to the common bottom electrode was made on the edge of the glass
slide. The capacitance of the encapsulation layer was measured im-
mediately after deposition and at intervals after soaking the whole
capacitor stack in PBS.
Dielectric strength.— The capacitors from the previous experiment
were used to determine the leakage current through the encapsula-
tion layer after soaking in PBS for up to 230 days. The contact from
the top capacitor electrodes to the micromanipulator was made via a
compliant Ag paste. The contact to the common bottom electrode
was made as described above. The leakage current through the en-
capsulation layer was measured with a Hewlett Packard 4155A
Semiconductor Parameter Analyzer. The positive voltage applied to
the top capacitor electrode with respect to the bottom electrode was
ramped in steps of 2 V from 0 to + 40 V ��35 kV/cm maximum
electric field�.
Impedance of the microelectrodes in a physiological salt solution.—
This measurement characterized the electrode/electrolyte interface,
which dominated the impedance of the microelectrodes. SMEAs
that were sandwiched between the PCBs were immersed in PBS.
The impedance was measured �HP 4274A Multi frequency LCR
meter� at 100 mV and at frequencies ranging from 100 Hz to
100 kHz against a Pt reference electrode that was dipped into the
buffer. The impedance at 1 kHz was usually used to evaluate the
electrode’s capability of electrophysiological recording because
most neural activity occurs with roughly this frequency.

Results and Discussion

Stretching and relaxation of single lines.— When a straight 40
�m wide, 75 nm thick, and 5 mm long gold conductor on PDMS is
stretched uniaxially up to a maximum strain of 30% �in steps of
0.1% every 3 s�, the increase in electrical resistance is nearly linear
with strain over the whole stretching and relaxation cycle �Fig. 6�.
No significant difference in the change of resistance with strain is
observed for strain rates between 0.1% every 18 s and 1% every 3 s.
The increase in resistance on stretching is caused by �i� elastic de-
formation of the metal line and �ii� the lengthening or shrinking of
microcracks in it.

Elastic deformation changes the geometry of the metal conductor
and, thereby, its resistance. The length of the conductor is increased

Figure 6. �Color online� Measured and calculated �elastic contribution� nor-
malized electrical resistance R of a 40 �m wide, 75 nm thick, and 5 mm
long straight gold conductor vs uniaxial strain over one stretch and relax
cycle up to 30% strain at a strain rate of 0.1% every 3 s. R0 is the value of
the initial electrical resistance.
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on stretching, whereas the thickness and the width are decreased.
This change in geometry on stretching results in an increase in the
resistance that can be calculated using

R

R0
=

1 + �

�1 − ���2

where R is the resistance under strain, R0 is the resistance at zero
strain, � is the applied strain, and � is the Poisson ratio ��Au
= 0.44�.40 Applying this equation, stretching a gold conductor by
30% would result in an increase in electrical resistance of �70% if
elastic deformation were the only contributor to resistance increase.
The theoretically calculated and measured R/R0 are plotted in Fig. 6
vs uniaxial strain.

Typically, the observed increase in resistance on stretching is
larger than the increase that is calculated based on elastic changes in
the dimensions of the metal line. The measured resistance at 30%
strain is �2.8 times the resistance at 0% strain �i.e., the observed
resistance increases by 180%, in contrast to the theoretical value of
70%�. The difference between the measured and calculated values
can be attributed to a reversible increase in the size of cracks, both
large39 and small,35 in the metal line. The increase of the measured
resistance on stretching can therefore be attributed to a combination
of change in dimension of the metal line and an increase in the size
of cracks in the metal line, both reversible. Previous research has
shown that crack propagation can be prevented by nanopatterning
the PDMS substrate.41 In this case, the increase in resistance of a
gold conductor on stretching can be limited to the elastic contribu-
tion. All information about microcracks and their widening with
stretching was obtained on PDMS/Cr/Au structures with free Au
surfaces. We have not yet studied the structure of encapsulated Au
films as used in the present study.

Figure 7 shows 21 cycles of stretching and relaxation of the
metal conductor from Fig. 6; first 11 cycles to a maximum strain of
30% uniaxial strain, followed by 8 cycles to a maximum strain of
60% and then 2 cycles of stretching to 90%, after which the line
failed �all at a strain rate of 0.1% per step every 3 s�. At 30%
maximum strain, the resistance increase/decrease on stretching/
relaxation is completely reversible, the metal conductor stretches
elastically. At 60% maximum strain, the metal line remains electri-
cally conducting but the increase in resistance is not linear for strain
levels above �50%. After several cycles of stretching to a maxi-
mum strain of 60%, the resistance increase/decrease of the metal
line deviates from linearity also for strain levels of �50%, indicat-
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Figure 7. �Color online� Resistance of a 40 �m wide, 75 nm thick, 5 mm
long straight gold line over several cycles of stretching and relaxation to a
maximum strain of 30 �11 cycles�, 60 �8 cycles�, and 90% �2 cycles�. The
strain rate is 0.1% per step every 3 s.
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ing that cracks do lengthen permanently. At 90% maximum strain,
these metal conductors typically lose electrical conduction after a
few cycles.

Electrode impedance.— As neural interfaces, the microelectrodes
record neural activity in a biological, electrolytic environment. It is
important to have a low input impedance of the microelectrodes to
keep the noise level low during recording and to minimize the volt-
age spike �“artifact”� during stimulation. The impedance across the
electrode/electrolyte interface typically makes the largest contribu-
tion to the overall circuit impedance. After fabrication of an SMEA,
the impedance between the microelectrodes and the electrolyte is
reduced by electroplating platinum black on the recording sites. We
examine the effect of the plating current density and the total charge
transfer during plating on electrode impedance.

Platinum black adheres well to the electrode surface when cur-
rent densities of 25–50 mA/cm2 are used during electroplating.
However, the platinum black does not adhere well to the electrode
surface when current densities of �100 mA/cm2 are used. Figure 8
clearly illustrates this. Five electrodes are electroplated with current
densities between 200 and 800 mA/cm2. None of these electrodes
shows platinum deposits that adhere well to the electrode surface,
regardless of the total electroplating charge �0.6 or 1.2 mC�. Four
electrodes are electroplated with current densities of 25 and
50 mA/cm2, respectively. In contrast to electrodes plated at high
current densities, all of these electrodes show platinum deposits that
adhere well to the electrode surface, regardless of the total electro-
plating charge �0.6 or 1.2 mC�. The current density of 100 mA/cm2

appears to be a threshold, sometimes producing platinum deposits
that adhere well but sometimes poorly.

The platinum black of well-adhering deposits develops a distinct
coverage pattern. The electrodes are not covered uniformly with
platinum black, but typically along lines across the width and length
of the electrode �see Fig. 8�. The fact that the recording sites are not
uniformly covered with platinum black suggests that either the sur-
face properties of the gold are not uniform or that the potential
difference between electrode and electrolyte is not uniform. It ap-
pears that the platinum black grows preferentially along cracks on
the surface of the gold electrode. These cracks are often formed
when the SMEA is peeled off its glass backing plate at the end of
fabrication. The orientation of the cracks depends on the orientation
of a given microelectrode with respect to the peeling direction. The
pattern in the platinum deposit results from a nonuniform current
distribution across the electrode surface, which may be caused by �i�
a low overpotential along the edge of the cracks due to exposure of
“fresh” gold that has not been exposed to post metal deposition
processing or �ii� a high overpotential of the region between the
cracks due to residues of photoresist or encapsulating silicone.

Figure 9 shows the impedance and capacitance of microelec-
trodes measured at 1 kHz after electroplating increasing amounts of
platinum at a current density of 50 mA/cm2. The impedance initially
drops rapidly from �5 M� before to 8 k� after a charge of

(a) (b)

100 µµm

Figure 8. �Color online� �a� Eleven electrodes of an SMEA array after elec-
trodeposition of platinum black. Labels show integrated charge �in mC� �first
number� and current density �in mA/cm2� �second number�. The typical elec-
trode footprint is 100 � 200 �m. �b� Magnified view of one electrode.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



P90 Journal of The Electrochemical Society, 156 �6� P85-P94 �2009�P90

D

�0.3 mC has passed, which is equivalent to 0.15 �g of platinum
deposit �assuming 100% Faraday yield�. Passing more charge does
not have the same effect as the first 0.3 mC and does not result in a
similar decrease in impedance. The capacitance varies similarly. It
increases sharply, from �50 pF before to �15,000 pF after passing
0.3 mC and does not increase substantially after passing more
charge. The sharp drop in impedance �increase in capacitance� is
caused by the increasing electrode surface as a result of platinum
deposition. We interpret the subsequent leveling off of the imped-
ance, with increasing plating charge, as a consequence of the fact
that the surface area on which platinum plates out does not increase
once all available surface sites are plated on. Similar observations
have been made for the electrodeposition of poly�3,4-ethylene-
dioxythiophene� �PEDOT� on the recording sites of Michigan
probes.42

Figure 10 shows the impedance and capacitance at 1 kHz of all
11 electrodes of an SMEA before and after electroplating. Various
current densities and total charge �top and bottom numbers above
the bars in Fig. 10� are used for the plating process on the different
electrodes. A minimum charge of 0.3 mC is passed to ensure reduc-
tion of electrode impedance to a minimum. As can be seen in Fig.
10, the impedance of the microelectrodes does not change much
when electroplated with different total charge or current densities,
provided that the charge is 0.3 mC or more. This holds true even for
high current densities that result in poorly adhering deposits �E10
and E11�, probably because enough platinum remains on the surface
of the electrode to significantly reduce its impedance.

The impedance at 1 kHz is reduced by 2–3 orders of magnitude
by electroplating platinum black. This reduction in impedance is the
result of an increase in capacitance of comparable magnitude. Figure
11 shows the impedance spectra for the 11 electrodes of a SMEA,
before and after plating the electrodes with platinum black. The
electrodes were platinized with a total charge of 0.6 mC. The charge
densities during plating were 10 mA/cm2 for E1–E3, 25 mA/cm2

for E4–E7, and 50 mA/cm2 for E8–E11. The impedance spectra
after plating are similar to those of Michigan probes coated with
PEDOT.43 The overall electrode impedance as well as the frequency
dependence of the impedance is greatly reduced after platinizing the
electrodes �Fig. 11�. Electrophysiological activity mostly consists of
components with frequencies of about 1 kHz. The reduction in im-
pedance after electroplating is most pronounced at these low fre-
quencies, which is favorable for recording signals from neurons.

The impedance spectra in Fig. 12 of the electrodes after electro-
plating add detail to Fig. 11. For the same total electroplating
charge, an electroplating current density of 10 mA/cm2 results in a
higher impedance than plating current densities of 25 or 50 mA/cm2
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Figure 9. �Color online� Microelectrode impedance and capacitance at
1 kHz after electroplating for 0, 15, 30, 60, 120, and 240 s at a current
density of 50 mA/cm2. The exposed, unencapsulated electrode area is
20,000 �m2 �100 � 200 �m�.
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at frequencies of �10 kHz. At 100 kHz, the difference of electrode
impedance due to different electroplating current density is not sig-
nificant. At all frequencies, no appreciable differences are observed

Figure 10. �Color online� �a� Impedance and �b� capacitance at 1 kHz of all
11 electrodes before and after electrodeposition of platinum black. The top
number on the bars is current density in mA/cm2, the bottom number is
charge in mC passed through the electrode.

Figure 11. �Color online� Impedance spectra of all 11 electrodes of an
SMEA before and after plating �the impedances at 100 Hz, before plating,
were too noisy for inclusion�.
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between electroplating current densities of 25 and 50 mA/cm2. To-
gether, these findings suggest that a current density between 25 and
50 mA/cm2 produces the lowest impedance. Current densities of
�50 mA/cm2 often result in poorly adhering deposits, whereas cur-
rent densities of �25 mA/cm2 result in electrodes with higher im-
pedance at low frequencies. These values are very similar to those
previously reported for electroplating electrodes on a silicon
substrate.44

A total charge between 0.3 and 0.6 mC gives excellent results in
lowering the electrode impedance. Less charge for the plating pro-
cess may not reduce the electrode impedance by as much, while
more charge provides no additional reduction of the impedance and
may weaken the adhesion of the platinum black. Two major advan-
tages of a microelectrode with low impedance, when used as a neu-
ral interface, are �i� reduced noise during recording and �ii� reduced
stimulation artifacts.

Noise during recording.— The impedance of a microelectrode is
an important contributor to the noise during recordings of neural
activity. Reducing the noise level increases the signal-to-noise ratio,
thus enabling detection of weak signals. In general, most of the
noise during the recording of electrophysiological activity is thermal
noise,45 which is associated with impedance. Because the impedance
across the electrode/electrolyte interface is typically the dominant
component of the overall circuit impedance, reducing it has consid-
erable impact on the reduction of thermal noise.

A low noise level is particularly important for extracellular re-
cordings of spontaneous neuronal activity, because the signal ampli-
tudes are typically only on the order of a few tens of microvolts. The
noise root-mean-squared levels during recording are plotted against
the impedance of the microelectrodes in Fig. 13. The noise values of
Fig. 13 and the impedance data in Fig. 10 are obtained from the 11
electrodes of the same SMEA. Figure 13 shows that the noise during
recording is correlated with electrode impedance; that is, in general,
the higher the impedance is the higher the noise. Thus, small differ-
ences in the electroplating conditions can significantly impact the
noise level, which justifies their careful optimization.

Stimulation artifact.— In addition to recording electrophysiologi-
cal activity, microelectrodes can be used to stimulate neural tissue.
Neurons are stimulated through microelectrodes by current injection
into the electrolyte. This current injection through one or more elec-
trodes causes a transitional change in potential of all electrodes,
which is recorded as an artifact of the stimulus. When the imped-
ance of the electrode-electrolyte interface is low, the artifact lasts for
a short time after the stimulating pulse because the charge buildup
due to the pulse is drained quickly. Reducing the duration of the
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Figure 12. �Color online� Impedance spectra of microelectrodes after elec-
troplating platinum black at three different current densities �charge:
0.6 mC�; three microelectrodes plated at 10 mA/cm2, two at 25 mA/cm2,
two at 50 mA/cm2.
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artifact enables the recording of evoked field potentials, which usu-
ally occur within 40 ms after a stimulus is applied. They are difficult
to observe if the artifact spike that follows a stimulating pulse lasts
long.

We applied a biphasic, constant current pulse of up to 200 �A
for stimulation such that there is no net charge injected into the
electrolyte, as described in the Experimental section. Figure 14
shows this artifact before and after the electroplating of platinum
black on the electrode. Note that the duration of the artifact is re-
duced from �40 to � 20 ms, which is important for recording
evoked field potentials.

Stability of electrical characteristics.— The electrical character-
istics of microelectrodes exposed to an electrolyte should be stable
over time. This is particularly important for chronic in vivo and in
vitro applications. By far the largest area of the SMEA that is in
contact with the electrolyte is the silicone encapsulation layer, which
covers the entire array within the well of Fig. 3 except for the
recording electrodes. Incorporation of ions from the electrolyte or
leaching of low molecular weight oligomers may alter the dielectric
constant properties of the photopatternable silicone. Therefore, we
measured the capacitance and conductance of gold/photopatternable
silicone/gold structures fabricated on PDMS after exposure to PBS
for various time intervals. Figure 15a shows the capacitance as a
function of the area of the top electrode before and after immersion
in PBS. There is no appreciable change in capacitance after soaking
in PBS for 230 days. Figure 15b compares the capacitances of ca-
pacitor stacks �gold:photopatternable silicone:gold� deposited on
glass and on PDMS/glass. There is no appreciable difference in the
capacitance, indicating the surface roughness of the PDMS does not
appreciably increase the surface area. The measured capacitances
are in good agreement with the calculated values.

Figure 13. �Color online� Noise level ��Vrms� during the recording of spon-
taneous electrophysiological activity plotted vs electrode impedance.

Figure 14. �Color online� Stimulation artifact �a� before and �b� after elec-
troplating of platinum black �stimulating pulse: +200 �A for 100 �s fol-
lowed by −200 �A for 100 �s�.
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The leakage current through the encapsulation layer after soaking
in PBS for 230 days was examined at voltages up to +40 V on 1
� 1 mm and 4 � 4 mm top electrodes. The leakage current is
mostly within the noise of the instrumentation, but at most 10 pA at
+40 V.

Previous approaches have typically used PDMS for both the un-
derlying substrate membrane that carries the metal electrodes and
the encapsulation layer. Using a photopatternable silicone instead of
PDMS to encapsulate the electrode and open contact vias is much
faster and less complex than a hard-mask approach and may allow
more reliable patterning than the stencil approach. While laser abla-
tion for patterning PDMS does not require photolithography, a pow-
erful laser is needed that risks damaging the underlying metal.46

Recording of neural activity.— Next, we examine how well the
microelectrodes can record neural activity from rat hippocampal
slice cultures. For recording from tissues undergoing deformation, it
is of utmost importance that the recording characteristics of the mi-
croelectrodes remain unaltered after deformation. First, we record
the spontaneous and stimulation-evoked activity from the hippocam-
pal slice in the relaxed �i.e., unstretched� state of the membrane. We
then stretch the SMEA to several levels of biaxial strain followed by
relaxation to 0% strain. At each strain level, spontaneous and stimu-
lated activity is recorded. In this experiment, the membrane is
stretched whereas the tissue is not stretched. We apply biaxial strain,
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Figure 15. �Color online� Capacitance of gold/photopatternable silicone/
gold structures as a function of top electrode area, �a� after soaking in PBS
solution for up to 230 days and �b� as fabricated on PDMS or on glass
substrates.
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instead of uniaxial strain, to the SMEA because it mimics more
closely the biomechanics of brain tissue during a traumatic brain
injury.36

Figure 16 shows the recordings of spontaneous and stimulated
activities of a hippocampal slice with the electrodes at 0% biaxial
strain. All 11 microelectrodes appear to be electrically conducting.
The peak-to-peak noise of the electrodes varies from �20 �V
�Vrms = 1.8 �V� to �80 �V �Vrms = 15 �V�. The variation in the
noise is largely due to different input impedances of the electrodes.
The input impedance of the electrodes differs mainly because of
differences in the electroplating process. The noise of the best
stretchable microelectrodes is comparable to commercial rigid ar-
rays fabricated on glass �Multichannel Systems�. The neural signals
recorded from different microelectrodes vary because the electrodes
are located at different anatomic regions of the hippocampus, which
show different neural activity. Figure 16a shows the spontaneous
activity of the hippocampus at one moment recorded from all 11
electrodes, and E1, E2, and E4 recorded obvious spontaneous popu-
lation spikes at this moment. The other electrodes do not record any
activity because they may �i� not have a low impedance to the neu-
rons �E8–E11� or �ii� have a low impedance to neurons which how-
ever are not active at this point �E3, E6, E7 show activity at other
times�, or �iii� have a noise level that is larger than the signal �E5�.
Figure 16b shows the recording of evoked neural activity with bi-
phasic current stimuli �130 �A� applied through electrodes E4 and
E5. E1–E4, E6, and E7 show evoked field potentials. E8–E11 only
show the stimulus artifact. E4 and E5 are the stimulating electrodes.
E5 has larger input impedance than E4, and therefore, a stimulus
artifact that lasts longer, masking any evoked neural activity.

Figure 17 shows the evoked activity �120 �A� of a hippocampal
slice with the microelectrodes at 3.4, 7.8, 13.3, and 0% �after
stretch� biaxial strain. The biphasic stimulating pulses are applied
through electrodes E4 and E5. At 3.4% biaxial strain, all electrodes
appear to be functioning �Fig. 17a�. At 7.8% biaxial strain, most but
not all electrodes are functioning �Fig 17b�. The stimulus artifact
and the thermal noise for E8 disappear, indicating saturation of the

Figure 16. �Color online� Activity from a hippocampal slice placed on top
of a SMEA with 11 electrodes at 0% strain. �a� Spontaneous activity is
recorded on E1, E2, and E4. �b� Evoked field potentials �FPs� are recorded
on E1–E4, E6, and E7. The stimulating pulse was applied through electrodes
E4 and E5. The stimulation artifact is present on all recording electrodes.
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amplifier by the high impedance of a broken interconnect. On E4,
the voltage spike due to the stimulating pulse becomes longer due to
the increased electrode impedance at 7.8% strain compared to 3.4%
strain, thereby obscuring evoked field potentials. At 13.3% biaxial
strain, E1–E3, and E7 still record evoked field potentials �Fig. 17c�.
However, the amplifier is saturated on E6 and E8. After relaxation of
the membrane back to 0% strain, the electrical characteristics of all
microelectrodes recover �Fig. 17d� and display similar recording
characteristics as before stretching �Fig. 16b�. That is, stretching the
membrane biaxially first to 3.4%, then to 7.8%, and 13.3%, keeping
the membrane stretched for �20 min at each strain level and fol-
lowed by relaxation to 0% strain does not appreciably alter the prop-
erties of the SMEA.

Conclusions

Our findings illustrate that SMEAs fabricated on the elastomeric
silicone polymer PDMS can be used as “soft” interfaces with neural
tissue, and 40 �m wide gold electrodes can be stretched reversibly

Figure 17. �Color online� Recording of evoked field potentials �FPs� a hip-
pocampal slice placed on a SMEA with 11 electrodes. The SMEA is under
�a� 3.4, �b� 7.8, �c� 13.3, and �d� at 0% �after stretch� biaxial strain during the
recording. The tissue slice itself is not strained but rests on the encapsulation
layer above the electrodes.
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to �30% uniaxial strain while remaining electrically conducting.
We describe the fabrication process for elastomeric SMEAs and
characterize their electrical properties. Electroplating platinum black
on the recording sites of these microelectrodes reduces the imped-
ance in PBS to �10 k� �at 1 kHz�. Electroplating with a charge of
0.6 mC and a current density of 25–50 mA/cm2 gave the best re-
sults in lowering electrode impedance. The low impedance of the
microelectrodes means that �i� the noise level is sufficiently low
��5 �Vrms� to allow recording of spontaneous and evoked activity
and �ii� the stimulation artifact is minimized allowing the recording
of evoked field potentials from neural tissue. The fabricated SMEAs
were used to record and stimulate activity from organotypic hippoc-
ampal tissue slices. In a slow, static stretch experiment, SMEAs
were stretched biaxially in steps from 0 to 13.3% biaxial strain
followed by relaxation to 0% strain. At each strain level, spontane-
ous and evoked activity was recorded. The recording characteristics
of the electrodes before and after stretch are the same. Even at
13.3% biaxial strain, most electrodes remain functional.

The electrical attributes of the microelectrodes are not changed
by severe stretching, thus enabling the application of this technology
as a research platform to study TBI in vitro. Our technology may be
extended to other injuries of neurons, such as spinal cord injury, or
to the stimulation of mechanically active muscles. The conformal
nature and low elastic modulus of these SMEAs also may enable
applications as “soft” neural interfaces in vivo.
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