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Abstract

Interfacing electronics and recording electrophysiological activity in mechanically active biological tissues is
challenging. This challenge extends to recording neural function of brain tissue in the setting of traumatic brain
injury (TBI), which is caused by rapid (within hundreds of milliseconds) and large (greater than 5% strain) brain
deformation. Interfacing electrodes must be biocompatible on multiple levels and should deform with the tissue
to prevent additional mechanical damage. We describe an elastically stretchable microelectrode array (SMEA)
that is capable of undergoing large, biaxial, 2-D stretch while remaining functional. The new SMEA consists of
elastically stretchable thin metal films on a silicone membrane. It can stimulate and detect electrical activity from
cultured brain tissue (hippocampal slices), before, during, and after large biaxial deformation. We have incor-
porated the SMEA into a well-characterized in vitro TBI research platform, which reproduces the biomechanics
of TBI by stretching the SMEA and the adherent brain slice culture. Mechanical injury parameters, such as strain
and strain rate, can be precisely controlled to generate specific levels of damage. The SMEA allowed for
quantification of neuronal function both before and after injury, without breaking culture sterility or reposi-
tioning the electrodes for the injury event, thus enabling serial and long-term measurements. We report tests of
the SMEA and an initial application to study the effect of mechanical stimuli on neuron function, which could be
employed as a high-content, drug-screening platform for TBI.
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Introduction

Traumatic brain injury (TBI) is a major public health
problem, which is mainly due to motor vehicle accidents,

falls, and firearms. Approximately 2% of the U.S. population
lives with disabilities caused by TBI, and nearly 15% of re-
turning infantry soldiers from Iraq exhibit symptoms of brain
injury (Hoge et al., 2008). TBI, caused by an acceleration or a
blow to the head, results in deformation of the brain tissue,
and a significant literature on TBI biomechanics concludes
that stretch is the primary mechanism of cell and tissue
damage (Zhang et al., 2001). The devastating consequences of
TBI are ultimately the result of the disruption of normal brain
function, including loss of consciousness, coma, epilepsy,
motor deficits, and cognitive impairment (Frey, 2003; Schre-
tlen and Shapiro, 2003). At a cellular level, the correlate of

these macroscopic changes in behavior and function is the
alteration of neuronal electrophysiology.

Microelectrode arrays (MEAs) have been used to evaluate
brain function and principles of neural signal processing, both
in vitro and in vivo (Beggs and Plenz, 2003; Buzsaki, 2004;
Hochberg et al., 2006), increasing our understanding of
disease-related dysfunction of brain (Sanchez et al., 2006).
Unlike single electrode recordings, the long-range connec-
tivity of neural networks can be studied with these arrays, due
to their capability of simultaneous multisite recording, pro-
viding additional insight into neuronal information proces-
sing and function (Kralik et al., 2001; Diogo et al., 2003). For
example, MEAs can record the spatial-temporal pattern of
field potentials (Christensen et al., 2000), from which the cur-
rent source density (CSD) can be calculated (Cheung et al.,
2007) to explore the flow of electrical current through
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the hippocampal circuitry. CSD has been previously applied
to interpret changes in synaptic transmission, such as long-
term potentiation (LTP) (Taube and Schwartzkroin, 1988),
which could be applied to better understand post-traumatic
alterations in learning from a spatial-temporal viewpoint
(Schwarzbach et al., 2006). With the CSD analysis, it would be
possible to identify localized dysfunction after TBI to specific
subfields of the hippocampus and even within dendritic, ax-
onal, or cell body layers, depending on the spatial-temporal
pattern of current sources and sinks. In addition, higher order
behaviors are likely to be dependent on ensemble network
behavior rather than on the activity of individual neurons
(Deadwyler and Hampson, 1995; Doetsch, 2000), and MEAs
can be used to quantify this distributed processing with a level
of detail not possible with single electrodes. Current MEAs
consist of microfabricated wires, 3-D microstructures, or
planar thin-film electrodes on stiff glass or silicon (Nisch et al.,
1994; Thiebaud et al., 1999; Yu et al., 2007), or on flexible
polyimide foil (Cheung et al., 2007). Neither traditional rigid
MEAs nor flexible MEAs withstand deformation above *1%
strain (Pashley, 1960; Chiu et al., 1994; Spaepen, 2000), which
is smaller than the mechanical stimuli required for the study
of TBI (Cater et al., 2006; Elkin and Morrison, 2007). Recording
from the same sites pre- and post-injury is unlikely if the
array must be removed during the injury event. Without
pre-injury baseline data, normalization becomes problematic,
especially in light of a recent report that existing normaliza-
tion strategies were not valid (Santhakumar et al., 2003).

We have recently discovered that thin metal films on com-
pliant elastomeric substrates remain electrically conducting
even under large and repeated stretching and relaxation (La-
cour et al., 2003; Li et al., 2004). Taking advantage of this elastic
metallization, we developed an elastically stretchable MEA
(SMEA), which is capable of undergoing large, biaxial 2-D
stretch. Herein, we demonstrate the utility of this system by
stimulating and recording evoked electrical activity in hippo-
campal slice cultures subjected to biaxial stretch mimicking the
biomechanics of TBI. In the current study, the SMEAs were
biaxially stretched up to 20% and remained functional, allow-
ing for recording before and after these large stretches. More-
over, it was possible to record signals during less severe biaxial
stretch (<8% stretch). Discovering how mechanical stimuli
alter brain function is fundamental to understanding post-
traumatic brain damage, identifying therapeutic targets, and
developing therapies for TBI patients. Because the SMEAs are
functional under these rigorous loading conditions, they will
also perform under less severe loading conditions applicable to
other fields of research.

Materials and Methods

Fabricating and packaging SMEAs

The elastically stretchable MEA was based on the large
elastic stretchability of gold thin-film conductors fabricated
on an elastomeric membrane (Lacour et al., 2003). Our SMEA
was a patterned metal film (3 nm Cr=75 nm Au=3 nm Cr)
sandwiched between a silicone membrane with Young’s
modulus (E) * 1 MPa and a silicone layer with E * 160 MPa.
The membrane was a 280mm thick layer of polydimethylsi-
loxane (PDMS, Sylgard 184, Dow Corning). The Cr=Au=Cr
layers were sequentially deposited by electron beam evapo-
ration and patterned by microfabrication techniques into

twelve conductors. The conductors were encapsulated with a
15mm thick layer of photo-patternable silicone (WL-5150,
Dow Corning) that functioned as an elastomeric, electrical
insulator. Vias were opened in the insulator to expose 11 re-
cording electrodes (100mm�200mm; Fig. 1), a reference elec-
trode, and 12 peripheral contacts. Platinum black was
electroplated on the surfaces of the recording electrodes.
Each SMEA was packaged between two printed circuit
boards with circular openings in their centers (Fig. 1). The
membrane exposed in the circle formed a culture well. The
circuit boards interfaced with a commercial MEA amplifier
and data acquisition system (MultiChannel Systems, Ger-
many). The packaged SMEA was incorporated in our in vitro
TBI research platform (Morrison et al., 2006). It was stretched
biaxially by pushing the exposed membrane over a tubular
indenter; imposed strain and strain rate were controlled by
computer (Fig. 2). High-speed video recorded the imposed
deformation.

Organotypic hippocampal slice cultures
on Millicell-CM membranes

All animal procedures were approved by the Columbia
University IACUC. The hippocampus of a post-natal (day
8–11) rat pup was removed aseptically and cut into sections
400mm thick with a McIlwain tissue chopper (Brinkmann In-
struments). Slices were transferred to Millicell-CM membranes
(Millipore) and fed through the membrane with nutrient me-
dium (50% minimum essential medium with Earle’s salts, 25%
heat inactivated horse serum, 25% Hank’s balanced salt solu-
tion, 1 mM glutamine, and 4.5% glucose; Invitrogen). Cultures
were maintained in an incubator (5% CO2, 378C) before use.
Prior to recording, individual cultures were cut from Millicell-
CM membranes, inverted onto SMEAs, and held in place with
a nylon mesh. Cultures were perfused with artificial cerebro-
spinal fluid (aCSF in mM: 125 NaCl, 3.5 KCl, 26 NaHCO3, 1.2
KH2PO4, 1.3 MgCl2, 2.4 CaCl2, 10 glucose; pH 7.40), which was
bubbled with 95% O2=5% CO2 and pre-warmed to 378C.

Organotypic hippocampal slice cultures on SMEAs

Before being used for culture, SMEAs were cleaned by air
plasma treatment (Harrick PDC-32G, Harrick Scientific) for
30 s, coated overnight with a mixture of poly-L-lysine (320mg=
mL; Sigma) and laminin (80mg=mL; Invitrogen), and then in-
cubated with culture medium overnight. Hippocampal slices
were cultured on SMEAs for 2 weeks, and their neural activity
was recorded every 2–3 days.

Verification of induced strain

The induced strain within the SMEA electrodes and the
cultured hippocampal slices was analyzed from images of
the stretch event. Adhesion of the cultured tissue to the
SMEA during stretch was verified with high-speed video
(1280�1280 pixels at 50 frames=s; Motion Pro 2000, DEL
Imaging, Cheshire, CT). Total area of the hippocampal tissue
before stretch (A0) and during stretch (Amax, at the maximum
strain) was measured with ImageJ software. Deformation was
quantified by calculating Lagrangian strain:

ELagrangian¼
1

2

Amax

Ao
� 1

� �
(1)
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Electrophysiological recording

The SMEAs were mounted in the multichannel amplifier
(MEA1060-Inv-BC, MultiChannel Systems), and signals were
recorded with a sampling rate of 20 kHz and a 5 kHz analog,
anti-aliasing filter. An integrated heater maintained the tem-
perature of the cultures at 378C. Spontaneous firing rate
was calculated from 10 s bins. A programmable stimulator
(STG2004, MultiChannel Systems) was used to generate con-
stant current, bi-phasic stimuli (a positive phase first for 100ms
followed by a negative phase for 100ms) to evoke responses. A
sync pulse was simultaneously generated by the stimulator to
provide a stimulus trigger for the recording system. Stimulus
magnitude is indicated in the discussion below.

Stimulus-response curves

From evoked responses, S=R curves were constructed by
increasing the intensity of the stimulus in 10 mA increments
from 0mA to 200mA and recording the response at the other
electrodes. The response magnitude was plotted against the
stimulus magnitude and fit to a sigmoidal function of the
form:

R(S)¼R0þ
Rmax

1þ em�(I50 � S)
(2)

where R was the evoked response, R0 was the background
response, Rmax was the maximum amplitude of the response,

FIG. 1. Schematic and image of the SMEA package. (A) After fabrication, the SMEA was clamped between two printed
circuit boards (PCB) to form an interface between it and the amplifier. A plastic well was cemented onto the top PCB to form
a tissue culture chamber. (B) Image of a packaged SMEA. The 49 mm�49 mm sandwich of PCB-SMEA-PCB was used as an
interface with the MCS multichannel amplifier for recording and stimulation. (C) Image of the 11-electrode array in the center
of the SMEA. The tips (100 mm�200 mm) of the patterned conductors were exposed by photopatterned vias in the encap-
sulation layer to form 11 independent recording electrodes and were modified by platinum black to reduce electrode
impedance. (Color image may be found on our website at www.liebertpub.com/jon)
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I50 was the current that produced a half maximal response, S
was the intensity of stimulus, and m was proportional to the
slope of the linear region of the sigmoid.

Results

Measuring impedance of SMEAs during deformation

A 0.1 mA peak-to-peak 1 kHz sine wave was applied to the
electrodes of SMEA with aCSF inside the well. The potential
difference was recorded at different strain levels. The im-
pedance of the medium plus the reference electrode (platinum
wire) was negligible compared to the impedance of the mi-
croelectrodes. The impedance at 1 kHz of individual SMEA
electrodes in aCSF was 50–150 kO before stretch, increased
with stretch, and recovered during relaxation to its original
level when completely relaxed (Fig. 2). At biaxial strains
below 8%, the impedance (at 1 kHz) was between 0.1 MO
and 1.0 MO, which was adequate for extracellular electrical
recording. The increase in electrode impedance during de-
formation was reversible, and the metal traces remained
conductive. The gradual increase of impedance during stretch
indicated that the SMEA electrodes were electrically robust
during large biaxial deformation.

Recording neural activity after multiple
cycles of stretch

An SMEA was stretched and relaxed for 30 cycles (*0.5 s
for each cycle)––10 times to 10% strain, 10 times to 15% strain,
and 10 times to 20% strain––before organotypic hippocampal
slice cultures were placed on it, and neuronal activity was
recorded. The CA1, CA3, and dentate gyrus (DG) regions of a
hippocampal slice culture were positioned over electrodes of
the SMEA (Fig. 3A) while being perfused with oxygenated
aCSF. The low electrical noise of 1.86 mVrms (rms, root

mean square) was comparable to commercial MEAs (MEA-
PARRAY 200=30iR-Ti-gr; MultiChannel Systems). Constant
current stimuli were applied through two SMEA electrodes
beneath the DG region (Fig. 3A). Spontaneous activity and
evoked field potentials were recorded (Fig. 3B and C). Sup-
pression of spontaneous activity by 1mM tetrodotoxin (TTX,
voltage sensitive sodium channel antagonist; Sigma) con-
firmed its biological origin (one channel shown in Fig. 3B).
Stimulus-response data from one electrode in the CA3 region
are shown in Figure 3C, together with the stimulus-response
(S=R) curve fitted to a sigmoidal function (Fig. 3C, dashed
line). A cocktail of 1mM TTX, 50 mM bicuculline (BIC, com-
petitive antagonist of GABAA receptors; Sigma), 100mM
D-2-amino-5-phosphonovaleric acid (APV, NMDA receptor
antagonist; Sigma), and 100mM 6-cyano-7-nitroquinoxaline-
2,3-dione disodium salt (CNQX, non-NMDA glutamate re-
ceptor antagonist; Tocris) blocked evoked activity, leaving
only stimulus artifacts (Fig. 3C). These results show that the
SMEA can be stretched biaxially many times and remain ca-
pable of neural recording and stimulation.

Recording neural activity during a cycle
of stretch and relaxation

In this subset of studies, organotypic hippocampal slice
cultures were placed on the SMEAs and held in place with a
nylon mesh using standard electrophysiological procedures
(Heuschkel et al., 2002). Neuronal activity was measured
while the SMEA underneath the tissue was stretched biaxi-
ally. In this way, the SMEA was stretched but not the tissue
such that the recording performance of the SMEA could be
evaluated without the confound of tissue injury caused by its
deformation. Bursting activity was induced with 100 mM BIC
to reduce tonic inhibition. The signals’ biological origin was
confirmed pharmacologically, as it was blocked by a combi-
nation of 1 mM TTX, 100 mM APV, and 100 mM CNQX (data

FIG. 2. Average impedance at 1 kHz of SMEA electrodes during stretch (n¼ 10,� standard error). The SMEA was biaxially
stretched up to 11% strain and then released incrementally. The impedance of each electrode at each static stretch was
measured in aCSF. During SMEA stretch, the impedance gradually increased up to approximately 2.8 MO and recovered to
about 100 kO after release. (Inset) the packaged SMEA was mounted on our injury device, which precisely displaced the
SMEA over a hollow tubular indenter, resulting in a biaxial strain in the SMEA that was verified optically. (Color image may
be found on our website at www.liebertpub.com/jon)
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FIG. 3. Spontaneous activity and evoked field potentials were recorded from a hippocampal slice using the SMEA. Before
recording, an SMEA was subjected to 30 cycles of stretching to demonstrate its mechanical robustness. (A) A light micrograph of
a hippocampal slice (5 DIV) on the SMEA (a nylon mesh holds the slice in place) and a schematic of the hippocampal anatomy.
(B) Spontaneous activity of spikes was recorded using the SMEA, and the activity was diminished by 1mM TTX. (Inset)
Spontaneous activity before and after TTX from one electrode (E10). The peak-to-peak amplitude of spontaneous spikes ranged
from 15mV to more than 60mV over a noise level of 1.86mVr ms. After 1mM TTX was applied to the recording chamber, the firing
rate monotonically decreased from approximately 8 Hz to 0 in 2 min. (C) Evoked field potentials were recorded from a
hippocampal slice using the SMEA. A series of constant current, bipolar, biphasic stimuli (with increasing amplitude) was
applied through two SMEA electrodes (E05 and E11) located within the DG region, and evoked field potentials were recorded
from the other nine electrodes. The amplitude of evoked response in one channel (E10) located in the CA3 region was plotted
versus intensity of applied stimuli (n¼ 3 each). The S=R curve was fitted with a sigmoidal function (dashed line). (Inset) An
evoked field potential (at a stimulus intensity of 150mA) recorded from one SMEA electrode (E10) before and after the cocktail
was given. The response was essentially eliminated with a pharmacological cocktail of neuronal channel and receptor antag-
onists (1mM TTX, 50mM BIC, 100mM APV, and 100mM CNQX), and the remaining signal was attributed to stimulus artifact.
The artifact was generated, in part, by the stimulator sync pulse and was present even when the stimulus intensity was set to 0.
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not shown). Figure 4A shows BIC-induced activity when the
SMEA was in the resting state. The SMEA was then biaxially
stretched up to 8.1% strain (Fig. 4B and C) and relaxed
gradually (Fig. 4D–F). Neural activity was detected at all
stages except at 8.1% strain, where the neural signals were
submerged in the noise from increased SMEA resistance (Fig.
4C). Signal-to-noise ratio (SNR) was calculated as the power
ratio between a signal (meaningful information) and the
background noise. As shown in Figure 4, the SNR decreased
as the SMEA was stretched and then increased back as the
SMEA was released. During relaxation the noise receded,
neural activity was detected again, and the recording per-
formance of the SMEA recovered. These results show that the

SMEA remained functional during and after sustained me-
chanical deformation.

Stretching and monitoring organotypic hippocampal
slices directly cultured on SMEAs

In this subset of studies, organotypic hippocampal slice
cultures were directly grown on SMEAs to mechanically bond
culture and SMEA, as previously shown (Morrison et al.,
2006). The SMEAs were then biaxially stretched by precisely
displacing them over a hollow, tubular indenter (Fig. 2, inset).
In these studies, the adherent cultures stretched with the
substrate SMEA (Fig. 5). The cultures were maintained in

FIG. 4. Recording of bicuculline-induced bursting activity from a hippocampal slice culture (24 DIV) during stretch of the
SMEA. 50mM BIC was applied to the culture to induce robust electrical activity. The SMEA was stretched and released
incrementally while activity was continuously recorded at each step. The signal recorded from one electrode is presented: (A)
before stretch, (B) 4.8% biaxial strain, (C) 8.1% biaxial strain, (D) 4.0% biaxial strain, (E) 1.6% biaxial strain, and (F) completely
released. The noise level increased along with stretch and then recovered after the SMEA was completely released. The initial
signal to noise ratio (SNR¼ 24.6 dB) decreased as the SMEA was stretched, but recovered when it was completely released
(SNR¼ 26.0 dB).

FIG. 5. Images of an SMEA with an adherent hippocampal slice culture before, during, and after stretch. The hippocampal
slice culture (5DIV) underwent deformation with the embedded SMEA electrodes. Confirmed by image analysis, a maximum
deformation of 20% biaxial strain was imposed on the slice culture. Further analysis determined that the relative positions of
the electrodes within the tissue slice remained fixed.
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sterile conditions at all times. The actual deformation of the
tissue was verified by image analysis for calculation of La-
grangian strain. As shown in Figure 5, the tissue was stretched
up to 20% together with the SMEA (a cycle duration of
*0.5 s), indicating that the adhesion force between the tissue
and the SMEA was sufficient to impart the substrate defor-
mation for strains as large as 20%. This result was consistent
with our previous data, which demonstrated that organotypic
hippocampal slices cultured on silicone membranes could be
stretched up to 35%, and then were injured due to the induced
mechanical deformation (Morrison et al., 2000, 2003). During
relaxation, both the tissue and the SMEA electrodes recovered
to their original shape, and no relative displacement between
them was observed (Fig. 5). This result demonstrated that the
substrate-embedded SMEA electrodes deformed with the

tissue during stretch, such that the electrodes would monitor
neuronal activity from the same anatomic locations before,
during, and after deformation.

In a follow-up experiment, organotypic hippocampal slice
cultures were directly grown on SMEAs (Fig. 6A) and
dynamically deformed. On the fifth day in vitro (5 DIV), a
culture was stretched to 8.0% biaxial strain and relaxed
(a cycle duration of *0.5 s). Image analysis of high-speed
video confirmed the extent of deformation of both the SMEA
and adherent tissue. Pre- and post-injury neuronal activity
was recorded from the same culture, which is a significant
advantage of the SMEA over other electrode designs. Im-
mediately post-injury, we observed spontaneous and con-
tinuous bursting (Fig. 6B), which was not present prior to
injury. This intense synchronized bursting lasted for 20 s and

FIG. 6. Spontaneous activity and evoked field potentials were recorded from an injured hippocampal slice using the SMEA.
(A) A light micrograph of a hippocampal slice (2DIV) cultured on an SMEA with electrodes contacting the CA1, CA3, and DG
regions. At 5DIV, the tissue and SMEA were biaxially stretched to 8.0% strain, and neuronal activity was monitored with the
SMEA for an additional 9 days post-injury. (B) Immediately post-injury, spontaneous and continuous bursting was simul-
taneously recorded in multiple regions, which was not present before deformation. This bursting activity continued for 20 s
and was then followed for 3 min by synchronized single bursts recorded on multiple electrodes simultaneously. Recordings
from two electrodes (E05 in DG and E08 in CA3) are depicted. (C) Stimulus-response curves (stimulated at E05, n¼ 3) were
generated immediately pre-injury (5DIV, pre-inj), immediately post-injury (5DIV, post-inj), 4 days post-injury (9DIV), and
9 days post-injury (14DIV) with the response recorded from E08 shown. The S=R curves were fit with sigmoidal functions.
The maximum response amplitude (Rmax) decreased 36% at 9 days post-injury, indicating a loss of excitable neurons.
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then attenuated to sparse, synchronized, single spikes for at
least an additional 180 s. Because the cultures were injured
sterilely, serial recordings were conducted in the same culture
at 4 and 9 days post-injury. At these later time points, these
sparse synchronized spikes were not evident. Stimulus-
response curves were also constructed pre- and post-injury
(Fig. 6C). The Rmax in control cultures changed little during
the 2 week culture period on the SMEA (*5.4% decrease from
5 to 14 DIV), indicating good biocompatibility of the SMEAs
up to 14 DIV. However, an 8.0% biaxial strain markedly de-
creased Rmax (*36% decrease by day 9 post-injury), indicating
that the number of excitable neurons significantly decreased
after injury.

Discussion

We have developed a novel, elastically stretchable micro-
electrode array with fundamental differences to existing
MEAs. Our SMEAs were elastically stretchable and capable of
undergoing large, biaxial 2-D stretch while simultaneously
recording neuronal activity. Our results showed that the
SMEAs were capable of chronic and simultaneous multisite
recording of extracellular signals from brain slice cultures
before and after controlled deformation when integrated with
our in vitro TBI research platform (Kim et al., 2004). By cul-
turing cells or tissue directly on the SMEA, serial analysis of
neuronal network function over extended periods was pos-
sible. Because the substrate-embedded electrodes deform
with the substrate and adherent tissue, the electrodes re-
mained in the same relative position to the neural units
pre- and post-deformation, allowing for normalization of
post-traumatic changes to pre-injury values.

Electrophysiological studies in animal models of TBI have
yielded mechanistic insights into the causes of post-injury
neuropathology including an increased hyperexcitability of
the hippocampus and a reduced threshold to seizure-like
discharges (Reeves et al., 2000; Golarai et al., 2001; Santha-
kumar et al., 2001). Understanding the mechano-transduction
mechanisms that produce pathological changes in cellular
physiology is facilitated by precise control over the inducing
mechanical stimulus, as well as the extracellular environment.
The difficulty of control over the transfer of mechanical forces
to cells in vivo and the complex extracellular environment
have motivated the development of in vitro models to me-
chanically stimulate neurons (Morrison et al., 1998). Not
meant to replace, but to complement in vivo models, in vitro
models allow for the precise mechanical stimulation of
cultured neurons by the deformation of their underlying
substrate, which in turn deforms the adherent cells (Ellis
et al., 1995). The induced pathology has been shown to reca-
pitulate multiple aspects of the in vivo pathology (Kao et al.,
2004).

The long-range connectivity of neural networks can be
studied with MEAs, which allow for the simultaneous re-
cording from up to 100 discreet locations with recording rates
up to 30 kHz (Warren et al., 2001). These arrays provide ad-
ditional insight into neuronal information processing and
function compared to recordings from single electrodes
(Kralik et al., 2001; Diogo et al., 2003). Techniques such as
patch clamping provide detailed information about a single
cell, and field potential recordings provide information within
a restricted spatial region (Santhakumar et al., 2003). How-

ever, given the distributed processing and storage of infor-
mation in the brain, recording from an extended network of
interacting neurons may be more appropriate since this en-
semble network behavior of large populations of neurons
probably encodes for higher order behaviors (Engel et al.,
2001; Harris et al., 2003).

Traditional microelectrode array (MEA) technologies,
based on integrated circuit (IC) and microelectro-mechanical
system (MEMS) fabrication processes using materials with no
or limited deformability (Madou, 2002; Cao et al., 2008), are
simply not compatible with existing in vitro models of TBI,
which rely on deformation of the underlying culture substrate
(Egert et al., 1998; Warren et al., 2001). PDMS as a soft,
stretchable substrate has been used for fabricating elastic and
foldable semiconductor circuits (Sun et al., 2006; Kim et al.,
2008) and multielectrode arrays for surface stimulation
(Meacham et al., 2008). However, no previous work has de-
veloped stretchable microelectrode arrays that have the ca-
pability of detecting weak bioelectrical signals from nerve
tissues. An alternative method could use an in vivo style MEA
consisting of pin-like electrodes approaching the tissue from
above (Williams et al., 1999; Diogo et al., 2003). However, if
the MEA were left in place during deformation, the rigid
electrodes would act like micro-knives and slice the tissue
during deformation, severing connections and tearing cells.
Less rigid arrays for in vivo implantation have been developed
on the substrates with limited deformability, e.g. polyimide
substrates (Rousche et al., 2001). However, they cannot en-
dure large biaxial tensile strain and are not compatible with
deformations necessary for TBI research (Chiu et al., 1994;
Spaepen, 2000). Moreover, compared to brain, these elec-
trodes are stiff and would have a similar cutting effect. Taking
a baseline recording, and then reimplanting such an array
post-injury can be considered, but recording from the same
neurons would be unlikely, thereby complicating analyses. As
an alternative, one could injure cultures or tissue by crush;
however, these biomechanics are not representative of the
most common TBIs such as falls, car accidents, or blunt
trauma in which the major injury mechanism is stretch
(Zhang et al., 2001; Ommaya et al., 2002). Another alternative
deformable MEA technology uses conductive rubbers—
silicones filled with carbon or silver particles—as the electrode
material. However, they cannot be patterned with submilli-
meter feature sizes and present high electrical resistivity that
may change significantly under stretching, leading to poor
electrode performance and reliability (Tamai, 1982; Liu et al.,
2001).

In contrast, our approach combines an elastomeric sub-
strate with photolithographically patterned metal conductors
to produce submillimeter elastic structures that remain elec-
trically conductive while being stretched up to 90% uniaxially
(Lacour et al., 2004). We have leveraged this technological
advance to produce SMEAs that combine the utility of MEAs
for recording of ensemble electrical activity with the ability to
induce mechanical deformation in cultured tissue. We have
demonstrated simultaneous mechanical stimulation and re-
cording, making possible recording from the same set of
neurons pre-, during, and post-mechanical stimulus. Fur-
thermore, because the culture’s sterility was maintained, long-
term in vitro recordings were possible.

Compared to traditional MEAs, our SMEAs have some
limitations in terms of materials and dimensions. The re-
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cording area of our SMEA electrodes is larger than current
rigid or flexible MEAs with electrodes between 10 and 50mm
in diameter. The result is that recordings cannot be assigned
as precisely to anatomical structures as is possible with rigid
arrays. Our electrode dimensions are constrained by the di-
mensions of the smallest features that can be reliably pat-
terned on the PDMS substrate and within the encapsulating
silicone. For example, smaller vias in the encapsulating sili-
cone are currently not feasible because of residual encapsu-
lation, which is not fully developed in smaller features. A
second limitation of the SMEA electrode size is the number of
electrodes that can be patterned in an array the size of a hip-
pocampal slice. The reported SMEAs consisted of 12 elec-
trodes, compared to the 60 electrodes of the commercially
available MCS arrays. A denser electrode array would im-
prove spatial resolution of the recorded signals and subse-
quent analyses such as CSD. Currently we are advancing our
fabrication techniques to produce a new generation of SMEAs
with increased electrode density (i.e., reduced electrode size
and increased number per area) to address these limitations.
A higher electrode density will also allow for stimulation of
more specific anatomic locations and circuitry. Moreover, we
continue to improve the robustness of the stretchable gold
layer with the goal of recording during larger biaxial defor-
mations. However, we have shown that the current SMEAs
were functional after repeated 20% biaxial strain, which is
sufficient to induce a moderate-to-severe injury correspond-
ing to 20–40% cell death in the pyramidal cell layers (Cater
et al., 2007).

In the area of TBI research, the significance of our proposed
technology is several-fold. An in vitro model using SMEAs
could form the basis of a rapid screening tool for the discovery
of novel neuroprotective compounds. Because cultures ad-
here to the integral electrodes on the substrate, recordings will
be made from the same neurons pre- and post-injury,
whereby post-injury response can be normalized to pre-injury
data. Analysis of electrophysiology can be automated by
computer and multiplexed to record from multiple cultures
simultaneously (van Bergen et al., 2003). This increased
throughput and reduced cost of in vitro models compared to
cost with animal models would make such a system attractive
for screening and discovery of therapeutic compounds (Shi-
mono et al., 2002; Ray et al., 2003). Moreover, electrophysio-
logical measures are likely to be the most relevant in terms of
behavior, cognition, or consciousness and are likely to be a
sensitive measure of the function and health of neurons to
complement other experimental measures, such as cell death.
Significantly, therapeutic strategies directed at repair and
restoration of function could be assessed with this system. Use
of the SMEA in long-term recording of long-distance con-
nectivity in hippocampal slice cultures could be used in the
assessment of new repair strategies that hold the promise to
restore function for the 5.3 million Americans currently living
with a long-term disability due to TBI.

Research into the mechanisms that are responsible for post-
traumatic neuronal dysfunction has the potential to reduce
the associated mortality, morbidity, and health-care costs as-
sociated with TBI. The technological innovation of SMEAs
could enable new studies to understand these mechanisms in
greater detail with the long-term goal of developing new
therapies for head injured patients. In addition, the ability to
fabricate micro-electromechanical systems onto substrates

that are flexible and even conformable to the human body
promises breakthroughs in biological and biomedical fields
beyond the study of TBI. Retina-shaped implants, skull-
conformal sensor arrays, deformable electrodes for medical
devices, such as endotracheal tubes or smart pacemakers, and
even artificial electronic skin are a few examples of potential
future applications.
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