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Encapsulating Elastically Stretchable Neural Interfaces: Yield, 
Resolution, and Recording/Stimulation of Neural Activity
A high-resolution elastically stretchable microelectrode array (SMEA) for 
interfacing with neural tissue is described. The SMEA consists of an elasto-
meric substrate, such as poly(dimethylsiloxane) (PDMS), elastically stretch-
able gold conductors, and an electrically insulating encapsulating layer in 
which contact holes are opened. We demonstrate the feasibility of producing 
contact holes with 40 μm × 40 μm openings, show why the adhesion of the 
encapsulation layer to the substrate is weakened during contact hole fabrica-
tion, and provide remedies. These improvements result in greatly increased 
fabrication yield and reproducibility. An SMEA with 28 microelectrodes was 
fabricated. The contact holes (100 μm × 100 μm) in the encapsulation layer 
are only ∼10% the size of the previous generation, allowing a larger number 
of microelectrodes per unit area, thus affording the capability to interface with 
a smaller neural population per electrode. This new SMEA is used to record 
spontaneous and evoked activity in organotypic hippocampal tissue slices at 
0% strain before stretching, at 5% and 10% equibiaxial strain, and again at 
0% strain after relaxation. Stimulus–response curves at each strain level are 
measured. The SMEA shows excellent biocompatibility for at least two weeks.
1. Introduction

Elastically stretchable conductors have great potential for 
applications in dielectric elastomer actuators (DEAs),[1] 
sensitive electronic skin,[2,3] interconnects for stretchable 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

DOI: 10.1002/adfm.201102290

Prof. O. Graudejus
Department of Chemistry and Biochemistry 
Center for Adaptive Neural Systems 
Arizona State University 
Tempe, AZ 85287, USA 
E-mail: oliver.graudejus@asu.edu
Prof. B. Morrison III, Dr. C. Goletiani
Department of Biomedical Engineering 
Columbia University 
New York, NY 10027, USA
Prof. Z. Yu
Institute of Biomedical and Health Engineering 
Shenzhen Institute of Advanced Technology 
Chinese Academy of Sciences 
1068 Xueyuan Avenue, Shenzhen University Town 
Shenzhen, 518055, China
Prof. S. Wagner
Department of Electrical Engineering and Princeton Institute for the  
Science and Technology of Materials 
Princeton University 
Princeton, NJ 08544, USA
electronics,[4,5] and neural interfaces in 
biomedical engineering.[6–8] These elas-
tically stretchable conductors consist of 
an elastomeric substrate, such as the 
silicone poly(dimethylsiloxane) (PDMS), 
and a microcracked gold film,[9,10] a 
buckled film,[11–13] copper meanders,[14] 
or embedded carbon nanotubes.[15] Most 
applications of stretchable conductors 
require their encapsulation for electrical 
insulation and mechanical protection. 
While the encapsulation layer is an impor-
tant component in stretchable electronics 
applications, it has received relatively little 
attention in the literature.[7,10,16]

The focus of this article is the reli-
able fabrication of soft (Young’s modulus 
∼2 MPa) and stretchable neural inter-
faces and their application for neural 
field potential recording and stimulation. 
Stiff and rigid microelectrodes have been 
used for decades for extracellular stimula-
tion and recording of neural activity.[17,18] 
There are several advantages for neural interfaces based on 
soft, compliant, elastically stretchable materials compared 
to conventional materials. In vivo, the reduced mismatch in 
mechanical properties between the surrounding tissue and 
the microelectrode, as well as the compliance of the microelec-
trode, causes less inflammation and scar tissue formation.[19,20] 
In vitro, stretchable microelectrode arrays (SMEAs) allow the 
simultaneous application of mechanical and electrical stimuli 
to a tissue, while concurrently recording the tissue response. 
This is important for the study of neurotrauma, particularly 
traumatic brain injury.[6,10]

Major challenges of encapsulating stretchable neural inter-
faces are the biocompatibility of the encapsulating material, 
adhesion of the encapsulation layer to the substrate, and the 
capability to produce contact holes to the underlying conductor, 
which acts as an electrode. These contact holes need to be small 
enough to allow recording/stimulation of individual neurons or 
a small neural population. However, the noise of the recording 
and the charge density during stimulation of neural activity 
both increase with decreasing size of the contact hole. The ideal 
diameter of the contact hole therefore depends on the specific 
application, and is typically between 10 μm and 50 μm in com-
mercial microelectrodes.[21] Five different methods are currently 
used to pattern PDMS encapsulation layers: i) laser ablation,[22] 
ii) wet etching,[23] iii) dry etching,[7,24] iv) casting,[14,16,25–28] and 
v) photopatterning an elastomeric photoresist.[10,29–31] For a 
more detailed review, see Schuettler et al.[32]
eim Adv. Funct. Mater. 2012, 22, 640–651
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Table 1. Comparison of commercially available rigid and flexible MEAs[21] 
with SMEAs presented in this work.

rigid MEA flexible MEA stretchable MEA 
(SMEA)

substrate material glass polyimide PDMS

number of recording 

electrodes

60/256 24/32/64 28

electrode diameter 10–30 μm 30–100 μm 40–100 μm

electrode spacing 
(center-to-center)

100–200 μm 300–700 μm 200 μm
i) Laser ablation is the only patterning method that does not 
require photolithography, however, a powerful laser is required 
and the minimum attainable feature size is >100 μm.[32] The 
ablation process needs to be carefully optimized to avoid dam-
aging the metal underneath the encapsulating PDMS. ii) Wet and  
iii) dry etching both require the deposition and patterning of a 
hard mask (typically aluminum) before etching and the removal 
of this hard mask after etching, adding complexity to the fabrica-
tion process. In the dry etch process, the PDMS is removed by  
reactive ion etch (RIE) in an oxygen plasma with a fluorine con-
taining source gas, such as CF4

[7] or SF6.[24] Neural interfaces 
with 60 μm wide electrodes[7] and square test structures with 
openings of 30 μm have been created using this approach.[24] 
However, the metal conductors (even Au and Pt) underneath the 
PDMS are also chemically attacked by the fluorine atoms in the 
plasma discharge, thus careful process optimization is required. 
Process complexity, small process window, attack of the metal 
conductor and long etch times are drawbacks of dry etching. 
In the wet etch process, the PDMS is removed in a solution of 
tetrabutylammonium fluoride (N(C4H9)4F) in n-methyl-2-pyrro-
lidinone (C5H9NO).[23] Because the metal is not attacked by the 
etchant, the selectivity for etching PDMS over the metal is very 
high. However, the process complexity and the minimum attain-
able feature size of >100 μm due to the isotropic nature of the 
etching process are major drawbacks. iv) The process flow for 
patterning the encapsulation layer by casting is reversed from 
the methods mentioned above. A thick photoresist (e.g., SU-8) 
that serves as a mold is patterned first, followed by spin-on of 
the PDMS at a thickness that is lower than the height of the pho-
toresist. The photoresist is stripped after curing of the PDMS. 
The process affords a high resolution and aspect ratio, and can 
be done reliably. It is therefore widely used in MEMS applica-
tions. Neural interfaces with <100 μm diameter microelectrodes 
have been fabricated using this technology.[16] However, this pat-
terning method limits the thickness of the encapsulation layer 
to the thickness of the photoresist. Furthermore, some PDMS 
often sticks to the top of the photoresist and needs to be gently 
removed by swabbing before stripping the photoresist, which 
makes it challenging to pattern complex features. 

v) Photopatterning contact holes directly in the encapsula-
tion is conceptually similar to patterning a negative photoresist. 
In this method, a photosensitive catalyst in the pre-polymer is 
activated by UV exposure. The activated catalyst facilitates the 
crosslinking reaction in which a vinyl-terminated siloxane and 
a poly(methylhydro-siloxane) oligomer are coupled in a hydrosi-
lylation reaction. The crosslinking reaction, i.e., the hardening 
of the pre-polymer, only occurs in the UV-exposed regions. The 
pre-polymer in the unexposed regions is not crosslinked (cata-
lyst is not activated), thus remains soluble in the developer and 
can be rinsed off. The resulting pattern in the silicone is there-
fore equivalent to the one of a negative photoresist. The WL5000 
series of photopatternable silicones (PPS) from Dow Corning[33] 
uses a Pt-catalyst to mediate the crosslinking. In another variety 
of this method, photosensitive compounds (2,2-dimethyl-2-
phenyl acetophenone, DMAP, or 2-hydroxy-2-methylpropiophe-
none) are added to the pre-polymer mixture to impart photo-
patternability.[29] A positive image of the photomask is obtained 
by adding benzophenone as photoinhibitor.[29,31] In either variety,  
the processing sequence is similar to patterning a photoresist: 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 640–651
spin on, soft-bake, exposure, hard-bake, development and cure. 
An advantage of this method is that only standard microfabrica-
tion equipment and procedures are required, allowing for excel-
lent process control, high reliability and reproducibility, and 
low cost fabrication. The PPS WL5150 is commercially available 
and was demonstrated to be biocompatible in bioMEMS appli-
cations for at least 4 days.[30]

We adopted the method just described of photopatterning 
contact holes in the encapsulation. We already demonstrated 
the capability of SMEAs that were encapsulated with a PPS 
(WL5150 from Dow Corning) to record and stimulate neural 
activity from hippocampal tissue slices at equibiaxial strain of 
up to 13.3%.[6,10] The SMEAs in these previous experiments had 

11 microelectrodes with 300 μm × 300 μm wide contact holes 

and an active electrode area of 200  μm × 100 μm. To inter-
face with a small neural population and to significantly increase 
the number of electrodes that interface with the tissue (size: 
∼4 mm2), contact holes and active electrode areas with a dia-
meter of less than 100 μm are required. To achieve these goals, 
the resolution of the patterning process needs improvement. 
Another challenge is frequent delamination of the PPS from 
the substrate during the development process, which severely 
limits the fabrication yield.

The focus of this work is to improve the resolution and 
reliability of the encapsulation process, and to fabricate func-
tional SMEAs using this new high resolution process. We first 
describe how the resolution of patterning contact holes in the 
encapsulation layer can be improved such that contact holes 
with as small as 40 μm diameter can be opened. We identify the 
factors that lead to delamination of the PPS from the PDMS, 
and we demonstrate how the adhesion, and therefore yield, can 
be improved. We then describe the fabrication of SMEAs with 
28 microelectrodes and 100 μm openings. The contact holes 
have only ∼10% the area of those previously reported. Finally, 
we use these SMEAs for neural field potential recording and 
stimulation over one complete cycle of stretching and relaxa-
tion, i.e., before stretching, at up to 10% equibiaxial strain, 
and after relaxation. Specifically, we demonstrate (a) how these 
SMEAs are applied to record spontaneous and evoked neural 
activity from a hippocampal tissue slice, (b) how the sponta-
neous activity, the peak shape of stimulated activity, and the 
stimulus/response (SR) curve from a hippocampal tissue slice 
change with strain on the SMEA (the tissue was not stretched 
appreciably), and (c) that the SMEAs are biocompatible for at 
least two weeks in vitro. Table 1 compares dimensions and 
number counts of commercially available rigid microelectrode 
641wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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arrays (MEAs) on glass[21] and flexible MEAs on polyimide[21] 
with the SMEAs presented in this work.

For clarity, we use the term “microelectrodes” when referring 
to the whole conductor, and the term “recording site” when 
referring to the portion of the microelectrode that is exposed by 
the contact hole in the PPS.

2. Results

The fabrication of SMEAs has been previously described.[10] In 
short, a PDMS membrane is spun on a glass slide and cured. 
A Cr/Au/Cr metal stack is deposited and the microelectrodes 
are patterned by lithography and wet etching. The encapsula-
tion of the microelectrodes and the opening of contact holes are 
accomplished using a PPS.

2.1. Encapsulation with Photopatternable Silicone (PPS)

The PPS is essentially a negative elastomeric photoresist 
that remains on the sample after fabrication. The processing 
involves the following steps:

i) Exposure of the sample to an oxygen plasma: Enhancement 
of adhesion of PPS to PDMS.

ii) Spin-on of the PPS and soft bake for 2 minutes at 110 °C: 
Solvent evaporation.

iii) Exposure to broadband UV radiation: Conversion of the cata-
lyst in the PPS to the active form.

iv) Hard bake at 150 °C: Crosslinking of the PPS by the active 
catalyst.

v) Development: Removal of PPS not crosslinked.

2.1.1. Resolution

To improve the resolution of the patterning process, we mini-
mized (1) thermal and (2) photochemical activation of the cata-
lyst in the contact holes, (3) improved the development process, 
and (4) evaluated reducing the thickness of the PPS.

2.1.1.1. Reduce Thermal Activation and Lateral Diffusion of the 
Catalyst During Hard Bake. The catalyst in the PPS can be acti-
vated photochemically (desired), and thermally (not desired). 
To achieve the best resolution, thermal activation of the catalyst 
must be avoided. There are two thermal treatment steps during 
processing of the PPS: (1) the soft bake (110 °C), which reduces 
the solvent content before exposure, and (2) the hard bake 
(150 °C) which produces the crosslinking in the PPS.

The duration of the soft bake step at 110 °C (2 min or 5 min) 
did not affect the resolution appreciably (data not shown), sug-
gesting that a temperature of 110 °C is not sufficient to ther-
mally crosslink the PPS. One advantage of a longer soft bake 
is the reduction of the tackiness of the PPS which eases subse-
quent handling.

The duration of the hard bake step at 150 °C did appreci-
ably affect the resolution of patterning the PPS. To evaluate the 
maximum hard bake time before appreciable thermally induced 
crosslinking occurs, PPS was spun on three glass slides with the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
process described above, skipping the UV exposure, however. 
Photochemical catalyst activation is therefore negligible, and 
any PPS residue on the glass slide after development originates 
from thermal crosslinking only. Hard bake times of 120 s, 150 s 
and 180 s were evaluated (all at 150 °C). After development, 
interference fringes (data not shown) indicated that silicone 
residue covered a large part of the glass slide when the sample 
was hard baked for 180 s, but less so for 150 s. For a hard bake 
time of 120 s no silicone residue was observed. The effect of 
thermal crosslinking on the size of the “foot” at the bottom of 
a feature was evaluated by exposing half of the glass slide fol-
lowed by hard bake for 120 s, 150 s, and 180 s: The longer the 
hard bake, the larger the “foot” (see Supporting Information). 
At 120 s hard bake time, the “foot” is small.[34]

To compare the resolution for different process conditions 
and hole sizes, we fabricated a photomask with square features 
ranging from 10 μm to 500 μm. Figure 1 shows the residue in 
the contact hole after development (300 μm thick PDMS, and 
1 mm thick glass plates). 180 s hard bake time causes significant 
thermal crosslinking in the contact hole, thereby deteriorating the 
resolution. However, even at 120 s hard bake time, the resolution 
of the patterning process is only 300–500 μm, which is insuf-
ficient for the intended application. Further reducing the hard 
bake time reduces adhesion of the PPS to the PDMS substrate.

2.1.1.2. Minimize Photochemical Activation of the Catalyst  
in Unexposed Areas. Reflection and scattering of photons into the 
contact holes can be greatly reduced by covering the (metallic, 
and therefore reflective) sample tray of the mask aligner with a 
black sheet or by coating the back of the glass slide with a poorly 
reflective coating (e.g., a 20–30 nm thick Cr film). Reducing 
reflection of UV light during exposure reduces the “foot” in 
the contact holes and thus improves the resolution (see Sup-
porting Information). Figure 1 shows that the resolution of the  
patterning process can be improved to 50 μm by covering the 
sample tray with a black sheet and using a hard bake time of 
120 s. Figure 2a shows the profilometer scans across 25 μm to 
500 μm wide square contact holes. There is no residue in the 
contact hole with sides that are 50 μm or longer. A residue of 
about 4 μm of PPS remains in 25 μm square holes. A metal 
electrode at the bottom of this contact hole would be electri-
cally insulated. Figure 2b shows Sscanning electron micro-
scope (SEM) images of 25 μm, 50 μm and 100 μm wide square 
contact holes. The 50 μm and 100 μm wide features are well 
resolved. The 25 μm wide features are rounded.

2.1.1.3. Exposure Dose. The exposure dose for the PPS pat-
terning was chosen to be (a) long enough to ensure complete 
crosslinking, and (b) not longer than necessary to avoid overex-
posure which increases the size of the foot, thus, reduces reso-
lution. The PPS thickness after the hard bake step is 20–22 μm. 
This thickness is reduced during the development step as some 
PPS dissolves in the developer.[33] The thickness of the PPS after 
development is a strong function of the exposure time, i.e., of 
the extent of the crosslinking. For an exposure time of 60 s, the 
PPS thickness is about 7 μm, i.e., two thirds of the PPS was 
removed during the development. The PPS thickness increases 
with exposure time and reaches a maximum of 14–15 μm at 
an exposure time of 240 s, i.e., the PPS is completely cured. 
Increasing the exposure time beyond 240 s does not further 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 640–651
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Figure 1. PPS residue in contact hole vs. the size of the square contact hole for different encapsulation processes: coated vs. not coated, hard bake 
times, and development.
increase the PPS thickness after development (see Supporting 
Information), but increases the size of the foot.

When glass slides or silicon wafers are used as substrates for 
PPS, even low exposure times (e.g., 60 s) provide well defined 
features with adhesion adequate for tolerating the development 
process. However, when PDMS is used as a substrate, underex-
posing often leads to complete delamination of the PPS during 
the development process. We therefore chose an exposure time 
of 300 s to ensure complete crosslinking and to provide a suffi-
cient process window to allow for sample-to-sample variations.

2.1.1.4. Development. The resolution of the patterning process 
is strongly affected by the development method. The standard 
method for the development is to puddle soak the PPS in mes-
itylene (or Stoddard developer) for 40 s, then shower rinse the 
spinning sample with 100 mL isopropyl alcohol (IPA), this 
sequence being carried out twice.[33] On a PDMS substrate 
without microelectrodes, doubling the time of the mesitylene 
puddle soak in the first step of the development from 40 s to 
80 s reduces the residue in the 25 μm contact holes from >4 μm 
to about 0.8 μm (see Figure 1). This potentially allows for an 
increased process margin for patterning 50 μm wide features.

We evaluated alternative development processes to elimi-
nate or reduce the mechanical force, such as a mesitylene 
puddle followed by an IPA puddle, or an immersion-soak 
with up to 9 repetitions. The resolution of the patterning did 
greatly deteriorate compared to the standard process, and even 
300 μm × 300 μm contact holes could not be fully opened (data 
not shown). This indicates that mechanical force is required 
to remove from the contact holes the WL5150 that is not 
crosslinked. Using an air-brush (≈30 psi pressure) instead of a 
shower rinse, allows to reliably produce 75 μm × 75 μm holes 
in the PPS (Figure 1).
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 640–651
2.1.1.5. PPS Thickness. The PPS has a sloped sidewall profile, thus, 
reducing the PPS thickness may improve the resolution. The PPS 
thickness was reduced by diluting the WL5150 with mesitylene, 
which is also the solvent in commercial PPS. The PPS thickness 
decreases with dilution and with increasing spin rate (see Sup-
porting Information). However, striations, i.e., inhomogeneities, 
form in the film at 25 vol% and 50 vol% dilution regardless of spin 
rate, rendering these films unusable. Although WL5150 diluted 
with 10 vol% mesitylene does not show striations and the PPS thick-
ness is reduced by 50% compared to undiluted PPS, it did not appre-
ciably improve the resolution over undiluted PPS (data not shown).

2.1.2. Adhesion

In our original process, the PPS adheres poorly to PDMS after 
microelectrodes are patterned, and often delaminates during the 
development step of the encapsulation process. Figures 3a and 3b  
show contact holes of identically processed samples without 
and with PPS delamination, respectively. PPS adheres well to 
plasma oxidized PDMS without microelectrodes (Figure 3c). 
Thus, the process of patterning microelectrodes on PDMS is 
likely the reason for the weakened adhesion between the PDMS 
substrate and the PPS, which is applied after metal patterning. 
We first identify the cause for the weakening of the adhesion, 
and then describe remedies.

2.1.2.1. Root Cause Analysis for PPS Delamination. The metal pat-
terning process includes lithography, metal etch, and resist strip, 
and exposes the PDMS surface to three solutions: I) the photo-
resist (PR) developer (AZ312MIF, Clariant), II) the chromium 
etchant CR7 (CeIV(NH4)2(NO3)6, KClO4 in H2O, Cyantek), and 
III) the gold etchant GE6 (KI, I2 in H2O, Transene). To examine 
which interaction causes the weakening of the adhesion, PDMS 
643wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 2. a) Profilometer scans of 25–500 μm wide square contact holes in PPS (the “spike” on the right side of each contact hole is an artifact of 
the measurement, caused by the stylus pushing against the soft wall of the contact hole[35]), and b) SEM images of 25 μm, 50 μm, and 100 μm wide 
contact holes with and without tilt of the sample.
membranes without microelectrodes were immersed separately 
in one of each solution, before PPS was spun on. The duration 
of the immersion was chosen to considerably exceed the typical 
duration employed for patterning microelectrodes on SMEAs. 
Immersing the PDMS for 600 s in CR7 solution (Figure 3d) or 
for 1200 s in the PR developer (Figure 3e) did not appreciably 
affect the adhesion of the PPS. However, immersing the PDMS 
in GE6 solution for 600 s (Figure 3f) caused complete PPS dela-
mination. The PDMS also takes on a faint yellow color which 
indicated that it absorbed iodine. When the PDMS is immersed 
for only 15 s in GE6 the PPS partially delaminates (Figure 3g), 
and leaves a pattern that is very similar to the delamination 
pattern that is often observed during the encapsulation of 
644 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
SMEAs (Figure 3b). These findings strongly suggest that the 
interaction of the iodine in the etchant with the PDMS causes 
the adhesion to the PPS to weaken.

2.1.2.2. Remedies Against PPS Delamination. We explored three 
remedies against PPS delamination from the PDMS.

Chemical reduction of iodine: Gold is a noble metal and 
therefore requires an etchant with high oxidation potential. 
Etching with GE6 is a very efficient yet gentle method to pat-
tern gold films. Most other gold etchants, such as aqua regia, 
would also oxidize the PDMS and/or the PR. We therefore 
opted to minimize the detrimental effect of the GE6 etchant on 
PPS adhesion rather than to change the etchant. To minimize 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 640–651
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Figure 3. Optical microscopy images of PPS patterned on PDMS; a,b) with microelectrodes – a) without, and b) with delamination, and c–g) without 
microelectrodes – c) no pre-treatment, d) 600 s in CR7, e) 1200 s in PR developer, f) 600 s in GE6, and g) 15 s in GE6. Scale bar: 1 mm.
exposure to GE6, the sample is taken out of the solution as 
soon as the gold is etched (no over-etching). The sample is 
immersed in a 0.1 m solution of sodium thiosulfate immedi-
ately after etching. The thiosulfate chemically reduces to iodide 
the iodine that remains on and in the PDMS: I2+ 2S2O3

2− → 
2I− + S4O4

2−. We found that a 30 s immersion of the sample in 
the thiosulfate solution results in the best adhesion. In nearly 
all instances this procedure prevented the delamination of the 
PPS from the PDMS substrate. A shorter immersion does not 
provide adequate iodine reduction, and prolonged immersion 
did not improve the adhesion, but had the opposite effect. We 
have not observed any detrimental effects of this treatment on 
the capability of the SMEA to record/stimulate neural activity.

Deposition of an adhesion layer: Coating the PDMS surface 
with a layer of 1–2 nm Cr or Ti after gold etching and before 
PPS application greatly improves the adhesion to the PDMS. Cr 
or Ti layers of such thickness on PDMS are discontinuous and 
do not conduct electrically.

Reduction of mechanical force: Weak adhesion causes the 
PPS to delaminate from the PDMS. Using an air brush instead 
of a shower rinse for the development of the PPS reduces 
the mechanical force. The contact holes that can be produced 
with the air brush process are slightly larger than what can be 
achieved with the IPA shower rinse, however, the air brush pro-
vides an improved process window against delamination.

A combination of these remedies largely eliminated PPS 
delamination during SMEA fabrication.
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 640–651
2.1.3. Resolution of Patterning PPS on PDMS with  
Micro electrodes

To demonstrate the resolution of the PPS on the target device, 
we fabricated SMEAs with different contact hole sizes on the 
same substrate. The sizes of the contact holes were 25 μm, 
40 μm, 50 μm, 60 μm, 75 μm, and 100 μm. Figure 4a–c shows 
100 μm, 75 μm and 50 μm wide square contact holes to metal 
electrodes. Holes were opened with an air brush (Figure 4a) or 
a shower rinse (Figure 4b and 4c). Comparing the resolution 
of the patterning process with an air brush and with a shower 
rinse, both using a 40 s mesitylene soak, confirms the resolu-
tion obtained on bare PDMS (Section 2.1.1). 50 μm contact 
holes can be patterned with the shower rinse, and 75 μm con-
tact holes can be patterned using the air brush.

The shower rinse process coupled with an 80 s mesitylene 
soak gave the best resolution on PDMS without microelec-
trodes. However, when this longer mesitylene soak is used on 
PDMS with patterned microelectrodes, the PPS delaminates 
in most cases, even when all the precautions described in the 
preceding section were employed. This demonstrates that the 
remedies do not completely recover the adhesion of the PPS 
to a level that is comparable to untreated PDMS. This process 
therefore can not be used to fabricate SMEAs.

Figure 4d,e show the contact holes to microelectrodes that 
were patterned with a 40 μm and 25 μm square mask, respec-
tively, using the optimized process. In the 40 μm contact hole, 
the foot in the encapsulating silicone layer is clearly visible and 
645wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 4. Recording sites of microelectrodes encapsulated with PPS using different development processes: a) 40 s mesitylene, air brush, b,d,e) 40 s 
mesitylene, shower rinse, and c) 80 s mesitylene, shower rinse (no encapsulation layer left due to delamination). Scale bar: 100 μm.
extends 6–7 μm from the edge of the mask. The contact hole in 
the encapsulation is therefore only about 29 μm in diameter. 
The PPS in the 25 μm contact hole is not completely removed, 
i.e., the microelectrode underneath this contact hole is electri-
cally insulated. Impedance measurements confirm these results 
(data not shown). This process can therefore be used to pattern 
40 μm, but not 25 μm contact holes.

2.2. Stretchable Microelectrode Arrays (SMEAs)

An SMEA with 28 microelectrodes and 100 μm contact holes was 
fabricated with the new encapsulation process described in Sec-
tion 2.1. The size of the contact holes was chosen to be 100 μm 
to enable reliable, high yield fabrication, and because commer-
cially available rigid MEAs are available with this size electrodes. 
We first describe the fabrication and characterization of these 
6

Figure 5. a) SMEA with 28 microelectrodes and two reference electrodes sandwiched between 
two printed circuit boards and with a plastic cylinder attached to form a growth well, and  
b) optical microscopy image of the recording sites after electroplating.
SMEAs. We then demonstrate the application 
of these SMEAs to record and stimulate neural 
activity from a hippocampal tissue slice when 
the SMEA is stretched equibiaxially (tissue is 
not stretched appreciably). Finally, we show that 
these SMEAs are also biocompatible for at least 
two weeks in vitro.

2.2.1. Fabrication of SMEAs and Assembly

A detailed description for fabricating the 
new, higher resolution SMEA is provided in 
the experimental section. After fabrication, 
the SMEA with 28 microelectrodes and 2 ref-
erence electrodes is removed from the glass 
slide and sandwiched between two printed 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
circuit boards (PCBs) with circular openings in their centers 
(Figure 5a). Contact pads on the upper PCB allow the pins of 
an amplifier to make electrical contact to the microelectrode 
underneath. The microelectrodes are then electroplated with 
platinum black to reduce their impedance, hence the noise of 
the recording. Figure 5b shows the recording sites of the micro-
electrodes after electroplating. The microelectrode impedance 
at 1 kHz is reduced from ∼2–4 MΩ before to ∼100 kΩ after 
electroplating (see Supporting Information).

2.2.2. Recording and Stimulating Neural Activity in a Hippocampal 
Tissue Slice with Equibiaxially Stretched Microelectrodes

We demonstrated the capability of the SMEA to record and 
stimulate neural activity from hippocampal tissue slices over 
one complete cycle of stretching and relaxation, i.e., before, 
during, and after stretching the SMEA. Figure 6 shows details 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 640–651
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Figure 6. a) Photograph of an organotypic hippocampal tissue slice on the SMEA. Recording electrodes are indicated by circles with the electrode 
number indicated. Stimulating electrodes are indicated by squares. Frequency of spontaneous activity, Vrms, and Vpp before stretching (Pre), at 5% and 
at 10% equibiaxial strain, and after relaxation (Post); b) Representative traces of spontaneous activity recorded on electrode 28 before stretching (Pre), 
at 5% and at 10% equibiaxial strain, and after relaxation (Post). The frequency of spontaneous activity is indicated.
of the spontaneous activity recorded from the hippocampal 
tissue slice. The upper left corner of Figure 6a shows a higher-
magnification optical micrograph of the recording area of 
the SMEA and the hippocampal tissue slice. The microelec-
trodes are numbered clockwise. The other three corners of 
Figure 6a show the root-mean-square voltage (Vrms), the peak-
to-peak voltage (Vpp) and the frequency of spontaneous neural 
activity as recorded from electrode 28 before stretching (Pre), 
at 5% and at 10% equibiaxial strain, and after relaxation (Post). 
Figure 6b shows the corresponding representative recording 
traces in the different states.

Vrms and Vpp, i.e., the noise of the recording, both increase 
with increasing strain in the SMEA. Vrms and Vpp increase 
because the impedance of the microelectrodes increases when 
strained.[10] Upon relaxation (Post), the impedance, hence Vrms 
and Vpp, decreases to the level before stretching (Pre), indi-
cating that the SMEA is elastically stretchable. The frequency of 
spontaneous neural activity increases with strain, and remains 
high after relaxation.

Figure 7 shows the evoked activity of hippocampal tissue 
slices, at strains of 0% before stretching, at 5% and 10% equibi-
axial strain, and again at 0% strain post-stretch. Figure 7a shows 
representative evoked responses and the quality of the recorded 
signal. The biphasic stimulating pulse is given through elec-
trodes 10 and 11; the recordings shown are from electrodes 
3 and 4. The stimulating pulse from the microelectrodes is 
capable of evoking activity from the tissue before, during, and 
after stretching. The noise of the evoked recordings increases 
with increasing strain, and returns to pre-stretch levels after 
relaxation. This is equivalent to the behavior observed for spon-
taneous activity.

Figure 7b shows the stimulus/response (SR) curves obtained 
for the stimulation of the tissue for different strains of the 
SMEA (the tissue did not stretch appreciably). The SR curves 
show the magnitude of the evoked response (in μV) for dif-
ferent stimulus intensities (in μA). Before stretching (Pre-
strain), the SR curve shows the typical sigmoidal relation-
ship.[36] At low stimulus intensities, the evoked responses are 
small. With increasing stimulus intensity, the magnitude of the 
evoked response increases, and reaches a plateau when essen-
tially all available neurons are excited. At 5% strain, the SR 
curve retains the sigmoidal shape, but the maximum evoked 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 640–651
response is reached at a stimulating current of ∼100 μA com-
pared to ∼130 μA before stretching. At 10% strain, the record-
ings are very noisy, thus determination of the magnitude of the 
evoked response is challenging. In addition, the increased elec-
trode resistance leads to an increased stimulus artifact which 
has a tendency to saturate the amplifiers. After relaxation, the 
quality of the recordings improves as the electrode imped-
ance returns to pre-stretch values. The SR curve regains the 
sigmoidal shape with a maximum evoked response at ∼60 μA 
stimulating current.

2.2.3. Biocompatibility Studies

To evaluate the biocompatibility, hippocampal tissue slices 
were cultured for two weeks on an SMEA. The slices were 
then treated with propidium-iodide (PI) which is a fluorescent 
indicator of dead cells. The cultures show a well-preserved 
morphology of the hippocampus with very little PI staining, 
indicating very few dead cells (see Supporting Information).

3. Discussion

The research we report here provides solutions for two impor-
tant issues for applications in stretchable electronics in general, 
and to neural interfaces specifically: resolution of patterning 
contact holes and adhesion of the encapsulation layer to the 
PDMS substrate.

According to product specifications, features of <15 μm width 
can be patterned with the PPS WL5150, and even 10 μm feature 
sizes have been reported.[30] In practice, the realized minimum 
feature sizes for applications in stretchable neural interfaces are 
much larger. There are two main reasons for the discrepancy 
in specified and achieved resolution. i) The substrate: WL5150 
was developed for packaging applications in the semiconductor 
industry to alleviate the thermal stress between the PCB and 
the die.[33] It is also used in bioMEMS applications.[30,37,38] In 
these applications, silicon or silicon dioxide are the typical sub-
strates. In neural interface and stretchable electronics applica-
tions, the substrate is PDMS. The adhesion between WL5150 
and PDMS is weaker, particularly after the patterning of micro-
electrodes, than the adhesion between WL5150 and SiO2. 
647wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 7. a) Maximum evoked responses during stimulus-response measurements, and b) stimulus-response curves, both at strains of 0% before 
stretching, at 5%, 10%, and again at 0% strain post stretch conditions, from electrodes 3 and 4.
Therefore, a development process that uses shorter mesitylene 
soak and IPA rinse with less force is necessary to avoid delami-
nation of the WL5150 from the PDMS, causing the resolution 
to deteriorate. ii) The features: The nature of the patterned fea-
tures is different for packaging or bioMEMS applications than 
for neural interfaces applications. Whereas silicone mesas are 
patterned in packaging applications, contact holes are patterned 
in neural interface applications. In the former case, most of the 
WL5150 is removed during the development process leaving 
silicone pillars behind. In the latter case, most of the WL5150 
remains on the substrate and small contact holes are formed. 
For a given PPS thickness, complete removal of the WL5150 
becomes increasingly difficult with decreasing hole size. On 
the other hand, removal of the WL5150 does not necessarily 
become more difficult for mesas of smaller dimensions. For 
both of these reasons, substrate and the nature of the features, 
the resolution of the WL5150 is often lower for neural interface 
applications than for packaging applications.

In neural interface applications, the recessed electrode must 
be cleared of electrically insulating PPS residues inside the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
contact hole. If the metal electrode at the bottom of a contact 
hole is covered with residues of PPS, electrical contact to the 
tissue can not be established and electrical signals from the 
tissue can not be recorded. The resolution of the patterning 
process is limited by the slope of the sidewall and the forma-
tion of the “foot” at the bottom of the contact hole. The “foot” 
is caused by activation of the catalyst in the WL5150 in the 
unexposed areas of the sample. This activation may be induced 
thermally during hard bake, or photochemically by light scat-
tering during exposure. For optimum resolution, thermal and 
photochemical activation of the catalyst in unexposed regions 
must be minimized.

To photopattern PPS at high resolution, thermal activation of 
the catalyst during the thermal treatment steps needs to be mini-
mized. On the other hand, the PPS must be sufficiently cross-
linked to provide mechanical stability and to prevent delamina-
tion of the encapsulation layer during the development process. 
The hard bake step therefore needs to be long enough to ensure 
adequate crosslinking but short enough not to significantly impact 
the resolution. Our results demonstrate that 120 s is the optimum 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 640–651



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
hard bake duration. A longer hard bake causes thermal activation 
of the catalyst inside the contact hole, while a shorter hard bake 
does not provide sufficient crosslinking. The optimized hard bake 
time depends on the thickness of the PDMS and on the thickness 
and the thermal conductivity of the backing plate.

For high resolution patterning, photochemical catalyst acti-
vation in the unexposed areas due to scattering of photons 
needs to be minimized. This can be realized with the following 
approaches. i) Avoid reflection of photons from the mask aligner 
sample tray: The reflection of photons can be minimized by 
either coating the glass backing plate with an opaque film or 
covering the sample tray with a black sheet. This is not nec-
essary if a backing plate made of an opaque material is used. 
ii) Avoid over- and underexposure: Increasing the exposure time 
beyond 240 s does not increase the PPS thickness after devel-
opment, indicating complete catalyst activation. Much longer 
exposure times increase the size of the foot, thus, reduce the 
resolution of the process. An exposure time of less than 240 s 
causes the PPS thickness to be lower because not all of the cata-
lyst is activated, resulting in incomplete crosslinking which con-
tributes to delamination. To account for sample-to-sample vari-
ation, an exposure time of 300 s was chosen for the fabrication 
of SMEAs. iii) Bring sample close to mask: The sample can not be 
brought into physical contact with the mask during exposure 
because the tacky PPS sticks to the mask and easily delami-
nates from the underlying PDMS upon removal. Increasing the 
soft bake time reduces the tackiness of the PPS, but not enough 
to eliminate delamination after contact with the mask. Cov-
ering the sample with Mylar foil during exposure reduces the 
delamination, but does not eliminate it. Bringing the sample 
close to the mask without actually touching it minimizes the 
photochemical activation of the catalyst by photons arriving at 
an oblique angle at the sample.

During the development process, a mechanical force is 
required for high resolution patterning to clear the contact 
holes from PPS residues. On the other hand, the larger the 
mechanical force is, the higher the possibility for delamina-
tion. Using an air brush instead of a shower head reduces the 
mechanical force on the PPS, thus delamination. However, the 
resolution of the patterning process deteriorates from 50 μm 
contacts holes that can be produced using a shower rinse to 
75 μm contact holes employing an air brush.

The resolution of the encapsulation process is largely unaf-
fected by the PPS thickness. Dilution of the PPS with mesity-
lene produces thinner films, however, the minimum size of the 
contact holes remains the same. This suggests that the “foot” at 
the bottom of the contact holes, and not the sidewall slope, is 
the main factor that limits the resolution.

PPS adheres strongly to many substrates, such as glass, SiO2, 
and even plasma oxidized PDMS (without microelectrodes). 
However, when a gold film is first deposited and patterned 
lithographically on the PDMS to create microelectrodes, the 
adhesion of PPS is compromised, and it delaminates frequently 
during the development process. This delamination must be 
avoided to prevent shunts between the electrodes. The extent of 
delamination varies from small areas to the whole surface.

We identified absorption by the PDMS of the iodine in 
the gold etchant as the cause for the deterioration of the PPS 
adhesion. The adhesion can be improved to a level sufficient 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 640–651
for the fabrication of SMEAs by immersion of the sample after 
etching in thiosulfate solution, deposition of a 1–2 nm thick 
(therefore non-conducting) layer of Cr or Ti, and, if 75 μm or 
larger contact holes are required, use of an air brush for the 
development. However, the adhesion can not be recovered 
to the same level as on pristine PDMS. This is illustrated by 
the fact that the PPS delaminates from PDMS with patterned 
microelectrodes when a long (80 s) mesitylene soak is used for 
the development process, whereas it does not delaminate from 
PDMS without microelectrodes.

The SMEA consists of three materials: PDMS, PPS, and 
gold. PDMS and PPS have similar chemical composition but 
different mechanical properties. The maximum elastic elonga-
tion of PDMS and PPS are >140% and 37.6%, and the Young’s 
moduli are 2 MPa and 160 MPa, respectively.[39] The Young’s 
modulus of gold is 79 GPa, and thin gold films (250–2000 nm) 
on the polymer polyimide fracture and lose electrical conduc-
tion at strains <1%.[40] However, stretching a composite of a 
thin gold layer (38 nm) sandwiched between PDMS (300 μm) 
and PPS (<15 μm) does not result in appreciable delamination 
or fracture of the gold or the PPS up to strains of at least 80%. 
The gold remains electrically conducting provided the film has 
a microcracked morphology.[9] A gold film on PDMS that is 
not microcracked fractures and loses electrical conduction at 
strains <2%. Microcracked films are obtained at low deposition 
temperatures (<65 °C), gold thickness of 20–120 nm, and Cr or 
Ti adhesion layer thickness of less than 6–8 nm.[41]

The optimized process is capable of patterning 40 μm con-
tact holes while providing adequate adhesion for the PPS. 
Layer-to-layer registration has not been an issue because the 
recording characteristics of the microelectrodes are not strongly 
affected by small misalignments. We fabricated SMEAs with 
28 microelectrodes and 100 μm contact holes to demonstrate 
their capability to record and stimulate neural activity, even 
while the SMEA was mechanically strained. We recorded the 
spontaneous and evoked activity of a hippocampal tissue slice 
before stretching, at 5% and 10% equibiaxial strain, and after 
relaxation. The frequency of the spontaneous neural activity 
and the noise of the recording both increase with strain. After 
relaxation, the noise of the recording returns to pre-stretch level 
whereas the frequency of the neural activity remains elevated 
for up to 30 min.[6] The observed increase in the frequency of 
neural activity after the SMEA was stretched may be caused 
by an irritation of the tissue due to shearing along the SMEA 
underneath. At 10% equibiaxial strain, the SMEA remains 
functional for the recording of spontaneous activity. However, 
the noise of the recording is high, and only neural activity with 
high amplitude can be observed. The SMEA demonstrated good 
biocompatibility making possible long term studies.

These results illustrate that SMEAs with dimensions and 
number of microelectrodes similar to those of commercial 
MEAs on glass or flexible MEAs on polyimide can be fabricated.

4. Conclusions

Our findings illustrate a new and improved fabrication process 
of elastically stretchable neural interfaces. We demonstrate that 
these SMEAs are capable of recording and stimulating neural 
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activity in hippocampal tissue slices when stretched equibiaxi-
ally up to at least 5%. In previous generations of SMEAs, the 
number of microelectrodes was limited by the resolution of the 
encapsulation process. In this article, we have demonstrated 
how improvements in the resolution of the encapsulation layer 
allow us to increase the number of microelectrodes on the 
SMEA from 11 to 28 while maintaining the ability to record 
neural signals. This increase in the number of microelectrodes 
is accompanied by a reduction in the minimum feature size 
in the encapsulation layer from 300 μm × 300 μm (equal to 
90 000 μm2) to 100 μm × 100 μm (equal to 10 000 μm2). We also 
demonstrate the feasibility of patterning 40 μm × 40 μm (equal 
to 1 600 μm2) features, which will allow a further increase in 
the number of microelectrodes in future generations of SMEAs. 
Smaller contact holes in the encapsulation layer allow the 
microelectrodes to interface with a smaller neural population.

Importantly, this new fabrication process also greatly 
increases the adhesion of the encapsulation layer in SMEAs to 
the underlying PDMS after microelectrodes are patterned on 
it. The delamination of the encapsulation layer severely limited 
the yield of SMEA fabrication in the past. We describe experi-
ments to determine the cause of poor adhesion, and demon-
strate which remedies are suitable to increase adhesion. Imple-
mentation of these remedies greatly increases the fabrication 
yield for SMEAs.

In sum, our improved encapsulation process has several 
advantages over extant methods. These will contribute to the 
future development of neural interfaces for in vitro and in vivo 
biomedical applications that involve the recording and stimula-
tion of neural activity.

5. Experimental Section
Fabrication of Microelectrode Arrays: A glass slide was coated with a 

monolayer of perfluorooctyl-tricholorsilane (Sigma Aldrich) to facilitate 
the removal of the silicone membrane at the end of fabrication. The 
PDMS membrane (Sylgard184, Dow Corning) was prepared using 
standard methods.[10]

A film of 3 nm of Cr or Ti and 38 nm of Au was deposited on the PDMS 
substrate by electron beam evaporation (DV-502A, Denton). The pattern 
for the microelectrodes was created by spinning on the photoresist 
(AZ5214, Clariant), exposure (MJB3, Karl Suss) through a photomask 
and development. The exposed gold layer was etched with GE6 solution, 
and immersed in a solution of sodiumthiosulfate pentahydrate (0.1 m, 
Sigma-Aldrich) for 30 s. To remove the bottom chromium layer, the 
sample was dipped briefly in CR7 etch. The resist was stripped by UV 
exposure for 10 min and soak in AZ312MIF developer.

A 1–2 nm thick layer of Cr or Ti was deposited on the sample by 
electron-beam evaporation. The encapsulation process is carried out as 
described in section 2. The air brush (Badger Airbrush Co, Model 200) 
pressure is estimated to be 30 psi (inlet air pressure: 60 psi).

Dilution Experiments: For a 10, 25, and 50 vol% dilution, 10 mL of the 
solution were comprised of 9, 7.5, and 5 mL WL5150 and 1, 2.5, and 
5 mL of mesitylene, respectively.

Thickness and Residue Measurements: The thickness of the WL5150 was 
measured with a profilometer (P-15 surface profiler, KLA Tencor), using a 
downward force of 1 mg. The residue in the contact holes was calculated 
as the difference between the thickness of the PPS of typically 14–15 μm 
next to the largest openings and the depth of a given contact hole. A 
residue of 0 μm means that the depth of the contact hole equals the 
thickness of the PPS, i.e., a microelectrode in the contact hole would not 
be electrically insulated. The error bars in Figure 1 indicate the maximum 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
and the minimum residue measured (i.e. the range of residue) for a 
given hole size for at least three measured holes. The generally larger 
error bars for larger contact holes reflect a higher variability in the depth 
of the contact hole, i.e., the amount of residue inside the contact hole. 
For thickness measurements in the exposure dose experiment, a glass 
substrate was used to accurately measure the PPS thickness.

Assembly: The SMEA was sandwiched between two PCBs which were 
held together by nylon screws (Digi-Key, Figure 5a). Silver paste (Epoxy 
Technology) on the contact pads of the microelectrodes facilitated the 
electrical contact to the PCB. A plastic cylinder (Nalgene, 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 to form a culture well.

Electroplating: The culture well was filled with the electroplating 
solution (5.27 g H2[PtCl6]·aq, Sigma-Aldrich, and 71.4 mg lead acetate, 
Sigma-Aldrich, dissolved in 350 mL de-ionized water), and a Pt counter 
electrode (anode) was suspended in it. The microelectrodes were the 
(grounded) cathode. The electroplating was carried out at a constant 
current (261 Picoampere Source, Keithley Instruments) of 1.2 μA for 
60 s (current density: 40 mA/cm2). The plating solution was agitated 
with ultrasound during electroplating to shake off loosely adhering 
platinum from the underlying gold. After plating, the SMEA was soaked 
in de-ionized water for at least 24 h to wash out adsorbed lead.

Impedance Measurement of the Microelectrodes: 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 counter 
electrode that is dipped into a phosphate buffered saline (PBS) solution 
that filled the culture well. The impedance at 1 kHz is usually used to 
evaluate the electrode’s capability of electrophysiological recording 
because most neural activity occurs with roughly this frequency.

Evaluation of the Recording and Stimulation Capabilities of the SMEAs: 
Stimulators and amplifiers from MultiChannel Systems were used to 
evaluate the SMEAs. During recording, the well on the PCB contained the 
culture medium and a hippocampal tissue slice. The hippocampal tissue 
slice, which was grown on a Millipore membrane (PTFE), was prepared 
for recording of electrophysiological activity as described previously.[6,42] 
The tissue is sandwiched between the Millipore membrane above and 
the SMEA below. Bi-axial strain in the SMEA is generated by pushing it 
over a hollow cylindrical indenter with a diameter slightly smaller than 
that of the openings in the PCBs.[43] The induced SMEA strain is verified 
by image analysis of photographs taken before and during stretch.[42] 
Spontaneous and evoked electrophysiological activity were recorded 
from the hippocampal tissue slice about 5 minutes after stretching the 
SMEA, and SR curves were derived according to published methods.[36] 
To evoke activity in the tissue, a biphasic rectangular current pulse is 
applied through two of the microelectrodes. At one microelectrode, a 
positive pulse is injected for a duration of 100 μs followed by a negative 
pulse of 100 μs duration. The pulse sequence at the other stimulating 
microelectrode is 180° out of phase with the first one. The amplitude 
of the current pulse is increased from 0 μA to 150 μA in steps of 10 μA. 
The inter-stimulus interval was 10 s. For each current amplitude, three 
consecutive measurements of evoked activity were carried out.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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